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Topical issues of personnel training in the field of unmanned
aircraft systems

L.V. Blagodaryashchevl, M.A. Kiselev 2, R.S. Naumovl,

V.S. Shapkin'
'FSBI “The National Research Center “Zhukovsky Institute”, Moscow, Russia
’Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The legal regulation, and hence, the training system in the field of unmanned aircraft systems (UAS) in the Russian
Federation, the European Union and the United States is based on the unmanned aerial vehicles (UAV) rating with respect to UAS
maximum take-off weight (MTOW) and their purpose (method of use). In this regard, small-unmanned aircraft (SUAS) are
identified — in our country up to 30 kg, in the EU and the USA up to 55 Ibs (25 kg) and UAV with larger weight. In the USA and
Europe, the training of remote pilots for SUAS is differentiated based on the degree of risk that UAV can represent for public safety.
Thus, the training of remote pilots to use UAVs with MTOW less than 25 kg (55 1bs) in a sparsely populated area during daylight
hours under the conditions of visual range is conducted in the online format, the result of which is taking tests. In the United States
and Europe, the UAV application with MTOW more than 25 kg (55 Ibs) or performing UAV operations, presenting a potential risk
for public safety, requires more comprehensive and long-term training of remote pilots. In the Russian Federation, UAS personnel
training is conducted in educational organizations according to different programs, which vary significantly depending on a specific
type of aviation UAVs refers to: State, Civil or Experimental. UAS personnel training programs for various aviation types are not
harmonized, which leads to the failure to credit previously received education in training to perform activities in another aviation
type. The article describes the analysis results of the international and national experience, perspectives for the development of the
UAS personnel training system, as well as formulates the proposals concerning further development of the national system for UAS
specialists training.

Key words: unmanned aircraft system, unmanned aerial vehicle, remote pilot, training, personnel training.

For citation: Blagodaryashchev, L.V., Kiselev, M.A., Naumov, R.S. & Shapkin, V.S. (2022). Topical issues of personnel training
in the field of unmanned aircraft systems. Civil Aviation High Technologies, vol. 25, no. 4, pp. 8-19. DOI: 10.26467/2079-0619-
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AKTyaJibHbI€ BONPOCHI MOJATOTOBKH KAIPOB B 00J1aCTH 0€CNMJIOTHBIX
ABUAINMOHHBIX CHCTEM

N.B. BnaronapﬂmeBl, M.A. Kuceaes?, P.C. HayMOBl, B.C. Ilankuu'
'orpy «HUL] « Uncmumym umenu H.E. JKykoeckoeoy, e. Mockea, Poccus
’Mocroesckuii 20CY0apCmeeHHblll MeXHUYECKULL YHUBEPCUMem 2paicOanHCcKoll asuayul,
2. Mockea, Poccus

AunHoraumsi: [IpaBoBoe perynupoBaHue, a 3HAYUT U CHUCTEMa IMOJTOTOBKH KaJIpOB B OOJIACTH OECHUJIOTHBIX aBHALMOHHBIX
cucreM, B Poccuiickoit @Deneparnn, EBpomeiickom coroze u CIHIA crpourcss ucxoms u3 KiacCH(pUKAIMKA OCCIMIOTHBIX
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BO3/IYIIHBIX CY/IOB [0 MaKCUMaJIbHOM B3JIETHOM Macce M Ha3Ha4YeHHWIO (CrocoOy WCIOJb30BaHMs) OECIMIOTHBIX aBHALIOHHBIX
cucTeM. B 3TOM cMbICie BBIIEISIIOT Maible OSCIMIIOTHBIE BO3IYyILIHbIE cyna — y Hac B crpaHe 1o 30 xr, B8 EC u CIIA mo
55 ¢ynTOB (25 KT') M OeCITIIOTHBIC BO3MYIIHBIEC cyaa ¢ OombimmM BecoM. B CIIIA u EBporie moAroToBKy BHEITHUX MHJIOTOB IS
MaJIbIX OECIMIIOTHBIX BO3YIIHBIX CYIOB UG (EepeHIMPYIOT UCXOS U3 CTENIEHN PHUCKa, KOTOPYIO OECITMIIOTHBIE BO3IYLIHBIE Cy/Ia
MOTYT IIPEACTABIISITE I OKPYKAFOIIHX. TaK, MOATOTOBKA BHEIIHIX MIJIOTOB K HCIIONF30BaHUIO OECITMIIOTHBIX BO3IYIIHBIX CYIOB
MaKCHUMAITLHOH B3JIETHON Maccoii MeHee 25 KT (55 (yHTOB) B MAJIONIOAHON MECTHOCTH B THEBHOE BPEMSI B YCIIOBHSX BU3YaJIBHON
BUIIMMOCTHU TIPOBOIWTCS B BHAE OHJIAHH-OOYUESHHSI, HTOTOM KOTOPOTO SIBIIETCS cada TecToB. lcmonm3oBaHue OECIMIOTHBIX
BO3YIIHBIX CY/IOB MaKCHMAaJIbHOM B3JIETHOW Maccoit 6oree 25 kr (55 (yHTOB) WM BBIIOJHEHHE ONEPAIi C MCHOJIB30BAHIEM
OECMIIOTHBIX BO3AYIIHBIX CY/IOB, MPEACTABILIONINX OTSHIMAIBHBIN pHCK s okpyxaromux, B CILIA u Eporne TpebyeT nHOM,
0ostee CI0KHOM M TPOJODKUTETLHOM MOJArOTOBKM BHEIIHUX TIOTOB. B Poccuiickoit Deneparuy MoAroToBKa KaipoB B 00JIaCTH
6eCl'II/lJ'IOTH])lX ABHUAIIMOHHBIX CHUCTEM OCYLICCTBIIACTCA B OGpaSOBaTeH])HLIX opraHvzalugax IO pa3HbIM IMporpaMmmam, KOTOPLIE
3HAQYUTECJIBHO OTJIMYAKOTCA B 3aBUCUMOCTH OT MPHUHAAJICKHOCTU 6eCHI/lHOTHle BO3AYIIHBIX CYAOB K OIPEACICHHOMY BUIY
aBHAIMK: TOCYIAPCTBEHHOM, MPAXKIAHCKON MITH SKCIIEPHUMEHTATLHOM. [IporpaMMbl IOATOTOBKH KAJPOB B 001aCTH OCCIMIOTHBIX
ABHALIOHHBIX CHCTEM JUISl PA3JIMYHBIX BUJIOB aBHALMM HE TapMOHM3MPOBAHbI, YTO TPUBOJIUT K HEBO3MOXKHOCTH 3a4eCTh paHee
TIOJIy4eHHOE 00pa3oBaHME TP TOATOTOBKE K BBHINOJIHEHHUIO JESTEILHOCTH B JAPYroM BHIE aBHAalMU. B craThe mpezacraBiieHbI
Ppe3yNbTaThl aHAIM3a MEX/YHaPOIHOTO M OTEUECTBEHHOTO OIBITA, IIEPCIIEKTUB Pa3BUTHs CUCTEMBI ITOATOTOBKH Ka/IpoB B 00J1aCTH
OECIMIIOTHBIX aBHAIMOHHBIX CHUCTEM, a TakKe CQOPMYIHPOBAHBI MPEUTOKEHHS 10 JAIBHEHIIIEMY Pa3BUTHIO OTEYECTBEHHOM
CHCTEMBI TIOATOTOBKH CIICHAJIMCTOB B 001aCTH OECITIIIOTHBIX aBHAIIHOHHBIX CHCTEM.

KnroueBble cioBa: OecnmyioTHas aBHAIFIOHHAS CUCTeMa, OCECIIIIOTHOE BO3AYIIHOE CYJHO, BHEUIHHHA IMJIOT, OOydYeHHe,
MOATOTOBKA KaIPOB.

Jnst murupoBanns: brarogapsimes 1.B. AkryaiibHbIe BOMPOCHI MOATOTOBKU KaJpPOB B 00JAaCTH OCCIMIOTHBIX aBHUAIIMOHHBIX
cucteM / 11.B. Brnaronmapsiies, M.A. Kucenes, P.C. Haymog, B.C. Illankun / Hayunsnii Bectauk MI'TY T'A. 2022. T. 25, Ne 4.
C. 8-19. DOI: 10.26467/2079-0619-2022-25-4-8-19

Introduction the above, the process of education and train-
ing for UAS specialists takes on particular sig-
nificance.

In the 12" edition of Annex 1 to the Conven-
tion on International Civil Aviation “Personnel
Licensing” of ICAO dated from 2018, the re-
quirements, as standards, have already been in-
cluded for remote pilots, remote student pilots
and instructors (further — Annex)’, which shall
enter into force dated from November 3d, 2022.
For example, in Clause 2.13, Section B of the
Annex, the following requirements, regulating
the issue of a UAV remote pilot certificate, are

Lately, the growth of the world’s market of
robotic engineering, including unmanned aircraft
systems, has featured an exponential character.
Economic branches are increasingly emerging,
where the most diverse tasks are solved using
UAS'.

In conformity with various estimates, a range
of UAS applications encompasses not less than
1000 proposals in over 20 economic sectors. As
the key examples of possible UAS use, one can
give:

. orine [1-31: formulated:
monitoring [1-3]; . e an applicant must be not younger than
e photogrammetry and aerial photography oper- 18 years old:;

ation [4, 5];
e cargo delivery [6-8];
e educational objectives and entertainment pur-
poses [9];
e special tasks of government entities [10].
Safety and efficiency of UAS application
are substantially specified with special skills of
respective specialists: UAV remote pilots and
servicing aeronautical personnel. Considering

e an applicant demonstrated proficiency;

e an applicant demonstrated requirements being
met for a competence level specified by the
adapted model of qualification criteria at the
level required to perform duties of a remote
pilot-in-command;

 Annex 1 to the Convention on International Civil Avia-
tion "Personnel Licensing" (2018). 12th ed. ICAO,
' The Drone Industry Barometer (2020). Germany, 18 p. 148 p.
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e an applicant has the 34 class in effect-Medical
Assessment Report (MAR) or the 1% class in
effect-MAR.

UAS personnel training is regulated with na-
tional regulations in every state.

UAS personnel training in the USA

In the USA, the training of remote pilots for
small-sized UAVs (sUAS) with MTOW less
than 551lbs (24.95 kg), used for commercial pur-
poses, is conducted under Part 107, Section 14 of
the FAA Code of Federal Regulations®.

sUAS remote pilots with MTOW less than
55lbs (24.95 kg) are entitled for flights provided
that an applicant:

e is at least 16 years old,

e can read, write, speak and understand English;

e is in a physical and mental condition to safely
fly an UAV;

e passed the initial aeronautical knowledge
exam.

The Study Guide to prepare for the FAA
knowledge exam is posted on the FAA official
site. Preparing of the FAA future remote pilots
for the test can be done online on the FAA web-
site — faa.psiexams.com.

For recreational pilots, the FAA has devel-
oped a Special Manual for a SUAS remote pilot’
representing the study material for test-taking to
obtain a Remote Pilot Certificate (RPC) with
sUAS rating.

If necessary, an applicant can apply to spe-
cialized educational institutions for a training
course to prepare for a test, the duration of which
mainly does not exceed 20 hours. The test, com-
prising 60 assignments, is conducted as a class-

3 Operations over people general overview. (2021). Fed-
eral Aviation Administration of the USA. Available at:
https://www.faa.gov/uas/commercial _operators/
operations_over_people/ (accessed: 27.11.2021).

* Remote pilot small unmanned aircraft systems study
guide. (2016). Federal Aviation Administration of the
USA. 80 p. Available at:
https://www.faa.gov/regulations_policies’handbooks
manuals/aviation/ media/remote pilot study guide.pdf
(accessed: 27.11.2021).
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room-based format in the FAA certified centers
of knowledge evaluation.

It should be noted that in the USA, UAS re-
mote pilots are obliged to complete a recurrent
training (test) every 24 calendar months as well
as the recurring online training to perform night
flights.

The FAA focuses on UAV implementation
with MTOW more than 55 Ibs. If earlier, to op-
erate an UAV with MTOW more than 55 Ibs, the
RPC was not valid, and a full pilot’s certificate
under Part 61 FAR was required, at present the
situation has changed. In accordance with Sec-
tion 49USC 44807 a temporary special body for
UAS was established which takes a decision to
issue the FAA authorization to operate an UAV
with MTOW more than 551b in the National
System of the US air space (NAS) based on the
risk-oriented approach. To obtain the authoriza-
tion, it is necessary to submit a request with the
enclosed relevant training program of a remote
pilot, developed by an applicant.

The experience of synergies of the USA
higher educational institutions and colleges with
the aviation authorities and industry is of an ac-
tive interest. The collaboration is organized and
executed under the FAA guidance in the form of
the FAA special programs so-called the Initiative
programs of university training (Collegiate
Training Initiative Program (CTI). The Initiative
program of university training UAS-CTI was
launched in 2020. Currently, 58 colleges and
26 universities participate in this program. The
FAA considers educational institutions con-
cerned as experts in the field of the learning the-
ory and administering academic programs. The
program UAS-CTI contributes to schools to de-
velop special education for their students using
training programs which prepare students for
careers in UAS.

Moreover, the baccalaureate and master’s
degree programs are implemented in the US avi-
ation universities.

UAS personnel training in Europe

In Europe, based on the EU Regulation
2019/945, which entered into force on Decem-
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Table 1

Requirements for the training of remote pilots of the "open" category in Europe

UAV MTOW

UAY subcatego-
ry of the “open”
category

UAY remote pilot expertise

Remote pilot’s
minimum em-
ployment age

<0,25 kg

<0,5kg

Al (can also fly
in A3) — flights
over people, but
not over populat-
ed areas

No preparation is required

No age limit

e [t is required to learn the UAV operational manual

e [t is necessary to undergo training, pass an exami-
nation and obtain the Confirmation about complet-
ing online training for subcategory A1/A3 of the
“open” category

16 years old

<2kg

A2 (can also fly
in A3) — flights
close to people

e [t is required to learn the UAV operational manual
o [t is necessary to undergo training, pass an exami-
nation and obtain the RPC for subcategory A2 of

the “open” category

16 years old

<25kg

A3 — flights far
away from peo-
ple

e [t is required to learn the UAV operational manual

e [t is necessary to undergo training, pass an exami-
nation and obtain the Confirmation about complet-
ing online training for subcategory A1/A3 of the
“open” category

16 years old

ber 31*, 2020, the remote pilot training is differ-

entiated and based on an extent of risk, which

UAS:s can pose for public safety, and it basically

depends on UAV MTOW. By reference to an

extent of risk, the following UAV classification

can be given:

e “open” — specifies performing operations with
the least risk for public safety;

e “special” — specifies performing operations
with a higher risk;

e “certified” — specifies performing operations
with a high risk.

The European regulator (the European Avia-
tion Safety Agency (EASA)) has developed the
relevant methodical recommendations, which are
in the public domain on the official website’,
where all the required information is available to

> Easy access rules for unmanned aircraft systems (Regu-
lation (EU) 2019/947 and Regulation (EU) 2019/945).
(2019). EASA. Available at:
https://www.easa.europa.eu/document-library/easy-
access-rules/easy-access-rulesunmanned-aircraft-
systems-regulation-eu (accessed: 27.11.2021).

obtain a certificate to operate the “open” — cate-
gory sUAS of subcategories A1/A3 and A2 (Ta-
ble 1). A process of completing an exam to ob-
tain these certificates takes place in the online
mode.

In accordance with the EU Regulation EC
2019/947°, for operating UAVs with MTOW
more than 25 kg or performing flights to carry
out more risky missions, an authorization from
the concerned National Department of Civil
Aviation, in which UAVs are registered, is re-
quired. But if an operation is routine for the UAS
application, it is necessary to only notify the Na-
tional Department of Civil Aviation.

Currently, the routine standards concern:

e missions performed by class C5CE UAVs
within a zone of direct visibility at a maximum

S Commission implementing regulation (EU) 2019/947 of
24 May 2019 on the rules and procedures for the opera-
tion of unmanned aircraft. (2019). EASA. Available at:
https://www.easa.europa.eu/document-
library/regulations/commission-implementing-
regulation-eu-2019947 (accessed: 27.11.2021).
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height 120 m over a densely populated area
(routine scenario STS-01);

e missions performed by class C6CE UAVs be-
yond direct visibility in the distance of not
more than 2000 m from a remote pilot over a
sparsely populated area in the presence of air
space observation scouts (routine scenario
STS-02).

To operate a special category UAV to per-
form missions of routine scenarios, a remote
pilot must run an online training course suc-
cessfully and obtain the certificate of theoreti-
cal operation knowledge based on routine sce-
narios (RPC) and the accreditation to under-
take on-the-job training. The RPC is valid for
5 years.

To perform UAV flights of the category “cer-
tified” to carry out high risk missions, a remote
pilot must have a Commercial Pilot License.

Both in the EU and the USA, the training is
conducted in accordance with master’s degree
programs. For example, the program “Master of
Science in Unmanned Systems” is announced by
one of the oldest universities of Spain — the Uni-
versity of Santiago de Compostela (Universidade
de Santiago de Compostela, USC) in the city of
Santiago de Compostela as well as in one of the
largest universities of Rome — the State Univer-
sity of Tor Vergata (Universita degli Studi di
Roma Tor Vergata). The similar programs are
available in the universities of Hungary “Wa-
geningen University & Research” and the Neth-
erlands “University of Twente”.

UAS personnel training
in the Russian Federation

In the Russian Federation, specialists take the
UAS professional education and training in differ-
ent educational institutions under various programs
which substantially differ depending on the speci-
fied aviation classification’: State, Civil or Exper-
imental. The training for UAS specialists to oper-

" The Aviation Code of the Russian Federation. (1997).
Dated from March 19th, 1997, Ne 60-FZ (ed. February
18th, 2020). Available at: http://www.consullant.ru/
document/cons_doc LAW 13 744/ (accessed:
27.11.2021).
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ate and apply UAS for State Aviation is conducted
in 924 State Center of Unmanned Aviation of the
Ministry of Defense (924 Center), the Military Ed-
ucational and Scientific Center of Zhukovsky and
Gagarin Air Force Academy.

The training for civil UAS specialists is con-
ducted within the framework of the further voca-
tional education (FVE) and secondary vocational
education (SVE) programs. In addition, it is
planned to start specialists training to operate
UAS under the higher education (HE) programs
in 2022.

UAS specialists training for Experimental
Aviation (remote test pilots, test operators of
control facilities of payload) is conducted in Fe-
dotov Test Pilot School of Gromov Flight Re-
search Institute (FRI).

UAS personnel training for State
Aviation in the Russian Federation

Currently, in the Russian Federation Armed
Forces, the priorities for UAV systems are [11]:
e object striking;
the execution of aerial reconnaissance;
the target indication and fire correction;

a radio-electronic attack of radio-electronic

systems of objects;

retransmission of control commands.

Unmanned Aircraft Systems of the Ministry
of Defense of the Russian Federation [12] are
classified depending on the operation radius:

e a short range (up to 100 km);

e aclose range (up to 250 km);

¢ a medium range (up to 500 km).

The training system for UAS specialists of
the Ministry of Defense is represented in Fi-
gure 1 [13].

In 924 Center, the training for UAS special-
ists is conducted in compliance with the follow-
ing FVE programs regarding the professional
recurrent training and skills enhancement of mil-
itary specialists [14]:

e groups for skills enhancement in 4 specializa-
tions, the duration of a study course — 1 month
(flight management, UAS crew guidance,
cryptanalysis of special information);
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Fig. 1. Architecture of personnel education and training of the military-purpose robotic systems (option)

e groups for the recurrent training in 8 speciali-
zations, the duration of a study course — 2...4
months (UAS application and operation).

In the Military Educational and Scientific
Center of Zhukovsky and Gagarin Air Force
Academy, the training for UAS specialists is
conducted in compliance with the following
programs of higher vocational education (HVE)
and FVE for skills enhancement of military
specialists:
an area of expertise “Application and Opera-
tion of Systems with Unmanned Aerial Vehi-
cles”, the duration of a study course — 5 years,
engineer proficiency;
an area of expertise “Application of Aerial
Navigation Systems with Unmanned Aerial
Vehicles”, the duration of a study course —
5 years, engineer proficiency;
specializations in 3 areas of expertise, the du-
ration of a study course — 5 years, engineer
proficiency;
groups of officers’ skills enhancement of un-
manned aviation services, the duration of a
study course — 1 month.

13

The training of attendees of the Military Ed-
ucational and Scientific Center of Zhukovsky
and Gagarin Air Force Academy for UAS is
conducted in compliance with 4 Federal State
Educational Standards of Higher Vocational Ed-
ucation (FSES HVE):

e FSES HVE 25.05.04 “Flight Operation and
Application of Aviation Systems”;

e FSES HVE 11.05.03 “Application and Opera-
tion of Facilities and Systems of Special Mon-
itoring”;

e FSES HVE 25.05.01 “Maintenance and Re-
pair of Combat Vehicles and Engines”;

e FSES HVE 25.05.03 “Maintenance of Aircraft
Radio Facilities”.

It should be noted that currently, the uniform
FSES HVE for UAV systems has not been de-
veloped. In the meantime, The Military Acade-
my of Strategic Rocket Forces named after Peter
the Great has developed FSES HVE 15.05.02
“Military and Special-Purpose Robot Engineer-
ing”, the duration of a study course — 5 years
(specialist), engineer proficiency. The specializa-
tion “Special-Purpose Unmanned Aircraft Sys-
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tems” is stipulated within the framework of

FSES HVE 15.05.02.

The high-qualified specialists training for
UAV systems is conducted in military educa-
tional institutions and research institutes of
the Ministry of Defense of the Russian Feder-
ation mainly on the specializations 20.02.14
“Weapons and Military Equipment. Military-
Purpose Complexes and Systems” and
20.02.12 “System Analysis, Simulation of
Combat Operations and Military-Purpose Sys-
tems, Computer-Aided Technologies in the
Military Arts”.

Let us highlight the key issues in the sphere
of personnel training to apply and operate UAS
for State Aviation [14]:

e lack of a sufficient number of military ser-
vicemen applying to undergo recurrent train-
ing to take up military posts as operators, en-
gineers, technicians;

e the requirement of specialists training on a
regular basis for subunits of unmanned avia-
tion for taking up posts by compulsory-duty
servicemen,;

e discrepancy in regulatory requirements and
thus in programs of civil and military-purpose
specialists training, and consequently, the
problem for civilian readjustment of armed
forces personnel upon the completion of a mil-
itary service.

UAS personnel training for Civil
Aviation in the Russian Federation

As per 21 Article of The Aviation Code of
the Russian Federation, the aviation used to cater
to the public and economics needs is referred as
Civil Aviation.

Civil UAS can be applied for both the per-
sonal use and aerial application such as:

e acrial distribution of agricultural chemicals;

e acrial survey;

e aerial forest protection;

e construction and mounting, cargo handling
work;

e medical assistance;

14
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e acrial checks of on-ground facilities of flight
radio-technical support, aeronautical tele-
communication and systems of lighting navi-
gational aids of civil aerodromes.

Moreover, in conformity with the common
approach, the use of civil UAS can be segmented
into the groups of consumers and branches of
application [15].

Currently, we can attribute a variety of UAS
of domestic and foreign production with a wide
range of performance to civil UAS. A consumer
segment of the Russian market is represented
with UAS manufactured by DJI, Zala Aero, Ge-
oskan, Unmanned Systems, Ptero, Copter Ex-
press, etc.

Civil UAS specialists training is conducted in
more than 10 professional educational institu-
tions within the framework of FSES of second-
ary vocational education on the specialization
25.02.08 “Operation of Unmanned Aircraft Sys-
tems” (The Order of the Ministry of Education
and Science of the Russian Federation dated
from December 9", 2016, Ne 1549) on the spe-
cializations:

e “Operator of Ground Control Facilities of an
Unmanned Aerial Vehicle”, the duration of a
study course — 4 years (primary general educa-
tion) or 3 years (secondary general education),
intermediate-level specialist proficiency;

e “Aecronautical Instruments Repair Mechanic”,
the duration of a study course — 4 years (pri-
mary general education) or 3 years (secondary
general education), intermediate-level special-
ist proficiency.

In different educational institutions, in com-
pliance with the professional standard “Special-
ist on Operation of Unmanned Aircraft Systems,
Integrating One or Several Unmanned Aerial
Vehicles with MTOW 30 kg and Less” (The Or-
der of the Ministry of Labor and Social Protec-
tion of the Russian Federation dated from July
Sth, 2018, Ne 447n), the activity is conducted on
the professional and further vocational training
for the positions:

e 10005 “Aviation Engines and Airframe Me-
chanic (Technician)”;

e 10008 “Aviation Instrument and Electrical
Engineering Mechanic (Technician)”;
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e 18529 “Aviation Radio Facilities Mechanic
(Technician)”;

e 24331 “Operator of Ground Control Facilities
of an Unmanned Aerial Vehicle”.

The duration of a study course can vary from
1 week to several months.

There is also a big number of organizations
which conduct a training process for skills en-
hancement (expansion of learning competencies)
related to UAS operation, maintenance, payload.
The duration of a study course can vary from
1 week to several months.

Let us highlight the key issues in the sphere
of personnel training to operate civil UAS:

e there are no rules for training and the proce-
dure for conducting appraisal of specialists on
civil UAS operation;

e there are no general routines to train special-
ists for UAS operation approved by an author-
ized body in Civil Aviation, and documents of
a standard form which should be issued upon
the study completion according to general rou-
tines;

e there are no requirements to the Aviation
Training Centers which conduct the training
for specialists to operate civil UAS and are
authorized to issue documents of a standard
form to confirm expertise of a crew member
when the UAS operator’ s certificate is ob-
tained.

It is worth noting that several months are left
prior to the development and approval of the
stated above documents, since in concordance
with the Order of the Ministry of Transport of
the Russian Federation dated from November
19™, 2020, Ne 494, Clause 2.7 FAR-494, setting
new standards for the employment of UAV re-
mote pilots shall enter into force from March 1,
2022. Thus, from March 1%, 2022, an operator,
carrying out aviation UAV operations including
one with MTOW 30 kg and less, must employ or
engage specialists under an independent contrac-
tor agreement to do a job. It concerns specialists
who completed the academic training according
to training programs, approved by an authorized
body, exercising functions to render government
services in the field of Civil Aviation.
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UAS personnel training for
Experimental Aviation in the
Russian Federation

As per 23 Article of The Aviation Code of
the Russian Federation, the aviation used to car-
ry out research, development (R&D), experi-
mental operations as well as test operations of
aeronautical equipment and other engineering is
referred as Experimental Aviation.

The experimental aircraft are classified into
the prototype, modified, aircraft laboratories,
production-standard and support vehicles.

Regarding UAS for Experimental Aviation, it
should be emphasized that currently, only air-
craft laboratories, developed on behalf of the
Ministry of Defense of the Russian Federation,
have been designed and registered. Notably, a
peculiar situation has arisen when the organiza-
tions, developing civil UAV prototypes with
MTOW more than 30 kg, bypassing Experi-
mental Aviation, give requests for the certifica-
tion of the stated UAVs to the Federal Air
Transport Agency.

UAS personnel training for Experimental
Aviation is conducted by Fedotov School of Test
Pilots of Gromov FRI in compliance with the
FAR “Requirements to specialists as per the list
of specialists of aeronautical personnel of Exper-
imental Aviation. The procedure of aeronautical
personnel training of Experimental Aviation.
The requirements to the procedure of develop-
ment, approval, content of programs for training
specialists as per the list of specialists of aero-
nautical personnel of Experimental Aviation”
(the Order of the Ministry of Industry and Trade
of the Russian Federation dated from April 20™,
2018, Ne 1570) on the specializations:

e a remote test pilot of UAV, the duration of a
study course — 2 months;

e a test operator of control facilities of UAV
payload, the duration of a study course —
2 months.

The programs of aeronautical personnel
training for Experimental Aviation on these spe-
cialties were approved by the Order of the Min-
istry of Industry and Trade of the Russian Feder-
ation dated from February 25th, 2019, Ne 532.
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Let us highlight the key problems in the
sphere of personnel training regarding UAS tests
for Experimental Aviation:
¢ a training and methodology center of Fedotov

School of Test Pilots of Gromov FRI requires
technological upgrading including the delivery
of state-of-the-art UAV of different types,
simulators, and associated training devices;

e instructional staff of Fedotov School of Test
Pilots of Gromov FRI requires reinforcement
of specialists who have the test experience of
different-type UAS.

Conclusion

The given above analysis revealed a host of
issues regarding personnel training in the field of
UAS in the Russian Federation. The solution of
these problems requires the conduction of spe-
cial research to formulate scientifically valid so-
lutions and implementation of events aimed at
the most expeditious development of the com-
petitive and high-tech UAS sector. Among the
overriding priorities, let us note the urgency of
the development of a new methodology for per-
sonnel training in the field of UAS operation
which addresses:

e a variety of UAS types, a vast array of UAS
take-off weight, a potential of UAS operation
both in the segregated and not segregated air
space;

e the requirement in a multi-level system of
training that covers work force ranging from
secondary school students to highly trained
staff to ensure flexibility to meet the state in-
terests and economic demands of the Russian
Federation;

e the relevancy in the unifying requirements for
training aids of aviation training centers, con-
ducting UAS personnel training for different
types of aviation;

o foreign experience regarding a differential ap-
proach to UAS personnel training depending
on the extent of UAS perceived risk for public
safety.
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TexHoJiorus ABTOMATU3UPOBAHHOI'O BI/II[eOHaﬁJIIOI[eHI/Iﬂ
KOHYCa-JaT4YuKa B 3a/1a4c aBTOMATHYECKOM Ao3allpaBKH TOILIMBOM
B I10JIETE

A.B. FaﬁneHKOBl,\M.I/I. Kanescknii', A.C. OCTPOBCKHﬁz,
O.1. FaHmc3, H.IO. Yuxos*

"40 «bopmosvle asponasucayuonnvie cucmemuly, 2. Mockea, Poccus
’Mockosckui 2ocyoapcmeenHulll mexnudeckuti ynueepcumem um. H.D. Baymana,
2. Mockea, Poccus
‘oryir «L{enmpanvHulii aspo2udpoouHamuyecKuil UHCMumym
umenu npogheccopa H.E. JKykoseckoeon, e. ’Kykosckuui, Poccus
4HH[I LJHUU BBC Munoboponsl Poccuu, 2. Jlrobepywl, Poccus

AnHoTammsi: B pabore mpemiokeHa TEXHONOTHMS AaBTOMATHU3MPOBAHHOIO BHICOHAOMIOACHHS KOHYCa-JaTiMKa B 3amade
aBTOMAaTHYECKOH J103alpaBKU TOILIMBOM B 1oJieTe. TeXHOJIOTHsl OCHOBaHa Ha UCIOJIb30BAHUM MACCHBHOW ONTHUKO-3JIEKTPOHHOM
CHCTEMBl ¥ BKIJIIOYAET JIOTUKY AaBTOMAaTH3MPOBAHHOIO HAOJIOJEHMS CLEHbI JO03allpaBKd C HCHOJB30BaHHEM AJITOPHTMOB
aBTOMATHYECKOr0 OOHAPYXKCHHST W COMPOBOXKICHUS KOHYCA-IaTYMKa, METOAMYCCKUNA armapar MOJONTHMAIBHON JIMHEHHON
(uIhTpaMy HaOIFOJAEMOTO TPOIIECCa B YCIOBUAX MPOCTPAHCTBCHHOW M BPEMEHHOH HECTAIIMOHAPHOCTH CIICHBI, ATOPHTMEI
aBTOMATHYECKOTO KOPPEIIIMOHHOTO OOHAPYKEHUSI M COIPOBOXKICHUS KOHYCA-JIATYMKA C HCIIONH30BAHUEM IOIONTHMAIBHOMN
(ubTparmy. BRITOMHEH aHaIM3 MOCTPOSHHUS OMBITHBIX 3apYOSKHBIX CHCTEM aBTOMATHYSCKOW J03aIpaBKU TOILIMBOM B TIOJICTE.
O0ocHOBaH BHIOOp anropuTMa (HYHKIMOHUPOBAHUS CHCTEMBI TEXHUYECKOTO 3PEHUS. Y CTAaHOBJIEHO, YTO OCHOBHEIE TIPOIICITYPEI
HaOIFOIeHUST: OOHApY KEHHE, 3aXBaT Ha COMPOBOXKACHUE W OIPEICNICHHe TEKYIMX KOOPAWHAT KOHyca C 3aIaHHBIM TEMIIOM U
KaueCTBOM — JIOJDKHBI BBIIONHATHCS aBTOMATUYECKH, JIETUHK-OIEPaTop MPHUHAMACT Y4acTHe B pabOTe CHCTEMbI TEXHHYECKOTO
3peHHs TpH OIMOKAaX 3axBaTa WM CPbIBaX CONPOBOXKICHHWS. BBITIONHEHAa IOCTAHOBKA 33/1a4ll aBTOMATHU3MPOBAHHOTO
BUJICOHAOMIONCHNST  KOHyca-faTynka. [IpemioxkeHa CTPYyKTYpHO-JIOTHYECKas CXeMa IpoLecca aBTOMATH3HPOBAHHOTO
HaOJFOIeHNs, BKITIOYAIOMasi OOHAPY)KEHHE M CONPOBOXK/ICHHE KOHYCa, a TAKXKe NMPUHATHS PELICHHWH JETYMKOM B PA3IMYHBIX
curyarusix. [IpencraBieH MOZENMPYIONMI KOMIUIEKC OTPa0OTKM CHUCTEMbI TEXHHUYECKOro 3peHust. [IpuBeneHbl pesysbTarsl
SKCIICPUMEHTAITBHBIX UCCIICI0BAHUH 3(PEKTUBHOCTH CHCTEMbI TEXHUYECKOTO 3peHus. Ha ocHOBE pa3paboTaHHOW TEXHOJIOTHH U
IO pe3yJIbTaTaM OICHKU 3(P(EKTUBHOCTH aJIrOPHUTMOB aBTOMATH3HMPOBAHHOIO HAOIOACHHMS MPEJIOKeHA CTPATEIHsl BBITIOJIHCHHUS
aBTOMATU3UPOBAHHOM JI03alIPaBKHA B YCIOBUSIX PA3IMYHON TypOYJIEHTHOCTH, MPU TOM B YCIOBHUSIX CIIAa00H TypOYJICHTHOCTH
YCIICITHOE KOHTAKTHPOBAaHHE OOCCIICYMBACTCS COMPOBOXKICHUEM IICHTpa KOJeOaHWI KOHYCa, B CBOKO OYEpEllh B YCIOBHSX
CHJIBHOH TypOYyJIEHTHOCTH YCIICIITHOE KOHTAKTHPOBAHIE MOXKET OBITh 00ECIICUCHO COMPOBOXKIICHUEM KOHYCA, YIPABISIEMOTO I10
JITAHHBIM CUCTEMBI TEXHUYECKOT'O 3PEHMSI.

KuroueBble cj10Ba: 103anpaBKa TOIUTMBOM B IOJIETE, BUICOHAOIIOICHHE, CHCTEMbI TEXHUYECKOTO 3PEHHS, ONTHKO-3JICKTPOHHbIC
CHCTEMBI, 0OHapy>KEHHE U PACIIO3HaBaHNE OOBEKTA, ABTOMAT COMPOBOKICHHS O0OBEKTA.

Jns nutupoBanus: [aiinenkoB A.B. TexHomorus aBTOMaTH3MPOBAHHOTO BHICOHAOMIONECHHS KOHYCa-JaT4MKa B 3aade

aBTOMATHYECKOM Jo3ampaBku TormBoM B monere / A.B. Taiinenko, M.M. Kanesckuii, A.C. Octposckuii, O.U. Tansik,
H.1O. YmkoB // Hayunsiit Bectouk MI'TY TA. 2022. T. 25, Ne 4. C. 20-43. DOI: 10.26467/2079-0619-2022-25-4-20-43
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Technology of automated video observation of a drogue-sensor basket
in the problem of autonomous aerial refueling

A.V. Gaidenkov', |M.I. Kanevskiy1|, A.S. Ostrovskiy?, O.I. Ganyak’,
N.Yu. Chizhov*

!JSC “dirborne Navigation Systems”, Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia
'FSUE “Central Aerohydrodynamic Institute”’, Zhukovsky, Russia
*dir Force Research Establishment, Central Research Institute of the Ministry of Defense
of the Russian Federation, Lyubertsy, Russia

Abstract: The paper proposes a technology for automated video-based observation (VBO) of a drogue-sensor in the problem of
aerial refueling. The technology is based on the use of a passive optoelectronic system and incorporates the logic of automated
refueling observation of a refueling process using algorithms for the automatic detection and tracking of a drogue-sensor, a
methodical apparatus for suboptimal linear filtering of the observed process under the conditions of spatial and temporary non-
stationarity of the refueling process, algorithms for automatic correlation detection and tracking of a drogue-sensor using
suboptimal filtering. An analysis of the design of experimental foreign systems for autonomous aerial refueling is carried out. The
choice of the algorithm for the functioning of the synthetic vision system is substantiated. It is established that the main observation
procedures: detection, capture for tracking and determination of the current drogue coordinates with a given rate and quality should
be performed automatically, the pilot-operator takes part in the operation of the synthetic vision system in case of capture errors or
mistracking. The statement of the problem for automated VBO of a drogue-sensor is formulated. A structural-logical diagram of the
automated observation process, including the detection and tracking of a drogue, as well as decision-making by the pilot in various
situations, is proposed. A modeling complex for a synthetic vision system operation is presented. The results of experimental
studies of the synthetic vision system efficiency are presented. Based on the developed technology and the results of evaluating the
effectiveness of automated observation algorithms, a strategy for performing autonomous refueling in conditions of various
turbulence is proposed, while, during weak turbulence, a successful engagement is provided by tracking the center of drogue
oscillations, in turn, under conditions of severe turbulence, a successful engagement can be provided by tracking a drogue
controlled according to the synthetic vision system data.

Key words: aerial refueling, video-based observation, synthetic vision systems, optoelectronic systems, object detection and
recognition, object tracker.

For citation: Gaydenkov, A.V., Kanevskiy, M.I., Ostrovskiy, A.S., Ganyak, O.I. & Chizhov, N.Yu. (2022). Technology of
automated video observation of a drogue-sensor basket in the problem of autonomous aerial refueling. Civil Aviation High
Technologies, vol. 25, no. 4, pp. 20-43. DOI: 10.26467/2079-0619-2022-25-4-20-43

MICYMBAIONIHIE PEIICHUE 3a/1a4l aBTOMATHYECKOTO
OOHapyKEHUs KOHyCa-1aTInKa.

Aneopumm CT3, peanuzosanmnwiii 6 «Cmpa-

AHanu3 MOCTPOEHUS OMBITHBIX 3apyOEKHBIX meauu A8MOHOMHOU 003aNPAsKU MONIUBOM 8
CHCTEM aBTOMATHUYECKOM T03alpaBKU TOIUIMBOM noneme Ha ocHose guoeocucmemvly [1-4]. An-
B TI0JIETE MOKAa3bIBACT, UTO KOHEYHBIN dTamn cOIu- TOPUTM OOECIeUrBaeT aHAIMU3 CIEHbl Ha JTare
JKEHHSI 3alpaBsieMOro JIETaTeIbHOTO armapara OoOHapy>KeHHUSI U COMPOBOXKICHUS KOHYyca-JaT-
(JIA) c taHKepoM, BKJIIOYAIOMIMKA COJIMKEHUE W YUKAa TACCUBHBIMU OITHUKO-3JIEKTPOHHBIMU CH-

BBenenue

KOHTaKTUPOBAHUE 3alPaBOYHON IUTAHTU U KOHY- cremamu (ODC). Anroput™m oOHapy>KeHHs KO-
ca, OCYILECTBIIIETCSI HA OCHOBE JTaHHBIX ONTHUKO- HyCa MOCTPOEH Ha OCHOBE KJIACCUYECKOTO KOp-
AIIEKTPOHHON CHUCTEMBI TEXHHYECKOTO 3pEHHUS PEISILMOHHOI0 00HAPY>KEHUS 3TAIOHA C UCIIOJb-
(CT3). Ananu3 myOauKaiui, MOCBSAIICHHBIX BO- 30BaHUEM HOPMHUPOBAHHOW KOPPEISIIUOHHON
npocam noctpoeHus naccuBHbIX CT3 mns peme- (YHKIMH, pacCUUTBIBAEMOW B IMPOCTPAHCTBEH-
HUS 33]a4 aBTOMATUYECKOMN J03alpaBKH B I0JIe- HOM 00J1aCTH, U JONOJIHEH HECKOJbKUMHU XapaK-
T€, a TAK)KE COBPEMEHHBIX METO/IOB BU/ICOAHAIH- TEPHBIMU Pa3IUYUTEIbHBIMU MPU3HAKAMU, MPH-
3a CIIEH MO3BOJIAET BBIACIUThH AJITOPUTMBI, oOec- CYILLIUMU KOHYCY.
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Koppensuuonusiii MeTos; oOHapy>kKeHHsl 00-
JalaeT BbBICOKOM MOMEXO3aUIUILIEHHOCTHIO IS
MIPOCTPAHCTBEHHO-OJTHOPOJHBIX TMPOIIECCOB, YTO
HE BBINOJIHAETCS A7 3a7auyd OOHAapy>KEHUsl KO-
Hyca Ha ()OHE AIEMEHTOB KOHCTPYKIIMH TaHKEpa
u atMocdepHbix oOpasoBanuili. Kpome toro, Ha
3¢ GEKTUBHOCTH KOPPENALIMOHHOTO OOHAPYKEHUS
CYILLIECTBEHHOE BIIMSHUE OKa3bIBaeT Ipenodpa-
00TKa M300paKeHUs, BBIMOIHAEMAs B MPUBEICH-
HOM CJIy4a€ Ha OCHOBE IMPOCTEUILEH MOPOroBOil
Ounapuzanuu. TakuM oOpa3oM, HCIOIL30BaHHE
JAHHOTO aJIrOpuTMa MOXET NOTpedOoBaTh psAa
OTPaHWYECHUN Ha JOMYCTUMYIO MOMEXOBYIO 00-
CTaHOBKY (TIOJIO)KEHUE COJIHIIA, XapakKTep aTMo-
cepHBIX YCIOBHM, NOMYCTHMbIC MPOEKIH KO-
HycCa Ha JIEMEHTHI KOHCTPYKIUH TaHKEPa).

Anroputm CT3 peanusoBaH B «YHUPUIU-
POBaHHOW CHCTEME Ha OCHOBE ONTHYECKUX U3-
MepeHul s no3anpaBku JIA Ha mnpumepe
o6ecriunotHoro JIA X-47B». Anroputm obec-
MEeYMBaeT OTCJIC)KMBAHHUE 3aKOHIIOBOK KpbLia,
MOTOTOH/I0JIbl, XBOCTOBOTO ONEPEHUS U KOHY-
ca-JaT4yuKa, MapKUPOBAHHBIX KPacHBIMU Map-
KepaMu, Kak Habopa Touek. OOHapykeHue
00BEKTOB UHTEpECA TPOU3BOIUTCS C TOMOIIBIO
IpocTOro (GUIbTpa YCHICHUS KPACHOTO IIBETA
C LENbI0 BBIJEJCHUS MSATEH, OTHOCAIIUXCA K
KpacHbIM MapkepaM. Ilocne BwigenaeHus u300-
paXeHUsT MapKepoB Ha POHOBOM M300paKeHUH
JUTSL BBIIETICHUSI KaXKJIOTO OTAENBHOTO MSATHA U
MPUCBOCHUS €My METKH MPUMEHSIETCS TMpole-
nypa MOp(OJOTHYECKOTO aHajdn3a C 3aMKHY-
TOW M pa3oMKHYTOM neTieu. [1aTHo cunTaeTcs
00Hapy>XEHHBIM, €CIIH OHO COJEPXKAIO0 KOJIU-
YeCcTBO MHKCENeH, TMpeBbIIIaloniee 3apaHee
omnpeaeneHHslil mopor [5-8].

AnropuTMHUYecKas peaau3alus CUCTEMbI 00-
Hapy>KeHUsI 00bEKTa, MAPKUPOBAHHOTO TEM WIIU
UHBIM 00pa3oM, XapaKTepu3yeTcs MPOCTOTOM,
OJIHAaKO BO3HMKAIOIIME IPU 3TOM OTrpaHUYEHUs
M0 BO3MOKHOCTSIM CEJIEKIIMH TIOMEXOBBIX 00Opa-
30BaHMI 3HAYUTEIBHOW MHTEHCUBHOCTU (BO3HH-
KalolUX B YCIOBHUSX NPSMOW COJHEYHOM 3a-
CBETKM WM HAIWYMs OJIMKYIOIIMX IOBEPXHO-
CTeil) MOTYT MPUBOAMUTH K BBICOKOMY YPOBHIO
JIOXKHBIX IIeJICyKa3aHUi CUCTeME 3aXBaTa OOBEK-
Ta COMPOBOXKICHUS.

Hetipocemesvie ancopummvl  06Hapyscenus
(pacnosnasanus). llponemypa HeHWpoOCEeTEBOTO
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oOHapykeHUs] 00bEeKTa OCHOBAHA Ha OMeEpaIlHsIX

CBEPTKU M300paKEHUs aHAJIU3UPYEMOM CLIEHBI C

TPyMIOi MaTpHIl Pa3IMYHON pa3MepHOCTH, Pop-

MHPYEMBIX aBTOMAaTHYECKH B Iporecce oOyue-

Hus. [lpouenypa oOHapyskeHHUs 3TajoHa Koppe-

JSITUOHHBIM  aJITOPUTMOM TaK)K€ OCHOBaHa Ha

CBEpTKE HM300paXEHHs CIICHBI C H300paKeHHEM

MaTpUIbl, 3a/1aBAEMOM SIPKOCTHIO IHUKCEJIEH dTa-

noHa. [Ipuuem ecnu B iepBOM ciiyyae OObEKT UH-

Tepeca OOHapyKMBAETCSI MO KOPPESALMOHHOMY

O0HApYyKEHUIO OTIENBHBIX DJIEMEHTOB 3TaJOHA,

TO BO BTOPOM I10 KOPPEJSLIMU HETIOCPEACTBEHHO

co BceM stanioHoM. Ecnu macmitab u pakypc o6-

Hapy»XUBaeMoro oOBbekTa (KOHyca) aIrpHOpHO

U3BECTECH, a 3TO UMEHHO TakK, MOCKOJBKY OOHa-

py’XK€HHE KOHyCa OCYIIECTBISETCS IMpPHU H3BECT-

HOM B3aUMHOM TI0JIOKEHUH TaHKepa U 3ampaBJis-

emoro JIA, XapaKTepUCTHKU KOPPEISLHUOHHOTO

oOHapy>KeHUsI Kak MUHUMYM He OyIyT ycTynartb

XapaKTEPUCTHKAM HEHPOCETEBOr0 OOHAPYIKEHHS

KaK M0 MOMEXO3alUILIEHHOCTH, TaK U MO BBIYHUC-

JUTEIBHBIM 3aTparaM, JIOIyCKasi MPH STOM Iielie-

HaMpaBJICHHYIO aJalTalyi0 K KIIOYEBBIM OCO-

OCHHOCTSIM pelIaeMoi 3a/1auu.

[IpuBeneHHBIN aHAIW3 TO3BOJISET BHIOPATH
KOPPEISLHUOHHBIA AJITOPUTM ISl TAJIBHEHIIErO
paccMoTpeHusl U Oosiee NeTalbHON OLIEHKH BO3-
MOKHOCTH OOHapy>XeHUsS KOHYyCa-laTYhKa CH-
CTEMOM TEXHUYECKOTO 3PEHUS.

ABTOMaTH3UPOBAHHOE HAOIIO/IEHUE KOHYCa-
JaT4rKa TOCPEICTBOM CHCTEMbI TEXHHYECKOIO
3pEHMsI BKIIIOUAET PEIICHHUE CIETYIONINX 3a/1a4:

e HaOMIOEHUS BO3AYIIHONM OOCTAaHOBKH TIO-
cpeactsom OOC B HarpaBIeHUH HA YHUDHUIIH-
POBaHHBIM MOJIBECHOM arperar 3ampaBKu ca-
MOJIeTa-3aNpaBIIMKa HOYBIO U JHEM, IJi pa3-
JIMYHOTO YTJIOBOTO MOJIOXKEHHUS COJIHIIA, B 1Ie-
J51X UH(POPMAIIMOHHOTO 00ECTIeYeHHs aBTOMa-
TUYECKOM J03ampaBKi TOIUIMBOM B TOJIETE Ha
OCHOBE BHUJICOJIAHHBIX;

e aBTOMATH3MPOBAHHOTO OOHApY>KEHHUS 3alpaBoy-
HOTO KOHyCa IO BUJICOJIAaHHBIM HAOJIONICHUS, B
3aJIaHHOM HMHTEpBaje TaJbHOCTEH, pean3yeMo-
ro MOCPEACTBOM (DYHKIIMOHATBHOTO MPOTPaMM-
Horo oOecneueHus (PIIO) aBromaruyeckoro
oOHapyxeHuUs (J1aiee — OOHAPYKUTEb);

e aBTOMAaTHYECKOI'O COIPOBOXKACHUS KOP3UHBI
OT MOMEHTa OOHAPYXCHHsS O KOHTaKTUPO-
BaHUS C 3aMPABOYHON IITAHTOM MO BUIACOIAH-
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HBIM HAaONIOJICHUS, pPean3yeMoro Mocpe-
ctBoM DIIO aBTOMaTHUECKOTO COMPOBOXKIE-
HUS (1ajee — aBTOMAT COMPOBOXKACHHUS);

e BBIJAYM KOOPJHMHAT KOHyca (B MPOTpaMMHBIN
MOAyNb (OPMUPOBAHUS JAUPEKTOPHBIX OTMe-
TOK JJIS PyYHOTO YIPABICHUS WA B CUCTEMY
aBTOMATUYECKOTO YIPABICHUS 3aIMpPaBIIIeMO-
ro JIA, B 3aBUCHUMOCTH OT CTEIIEHH aBTOMAaTH-
3alMU MpoLecca 103aMpaBKu).

ABTOMAaTH3UpPOBaHHOE OOHAPYKEHHUE OJIK-
HO BKJIFOYATh:

e AaBTOMATHYECKOE MPHUHATHE PEIICHUS O HaJIH-
YHH, a TaKK€ OTCYTCTBUM KOHYcCa B MOJ€E 3pe-
Hust CT3 oOHapyxutenem;

e ONpe/eNeHne KOOpAUHAT KOHyca Ui IMOoclie-
JTYIOIIEr0 aBTOMATHYECKOTO 3axBaTa KOHycCa
Ha COIIPOBOXJICHHUE.

Pemenne 00 OTCYTCTBUU KOHyca MpUHUMA-
€TCsl CUCTEMOW TEXHUYECKOTO 3pEHUsl B Clyyae
OIIMOKY B3aMMHOTO MTO3UITUOHUPOBAHMSI 3aIIPaB-
nsgemoro JIA 1 TonamBo3anpaBIlIHKa:

e BBI3BIBAIOIIECH CMEIICHHE KOHyCa 3a IMpeIesbl
nosst 3penust CT3;

e BBI3BIBAIOLLIECH MPEBBILICHUE PACUETHOM AJIb-
HOCTH OOHApY>KECHHsI KOHYCA.

B crmydae aBromaTtnueckoro oOHapyXeHUS U
3axBaTa OOBEKTAa COMPOBOXKICHHS JICTUUK (WM
onepatop BIIJIA) Bu3yanbHO, Ha SKpaHE UHIU-
KaTopa J0JHKEH KOHTPOJIMPOBATh 3aXBaT KOHYCA:
e ©CJIM 3aXBau€H KOHYC, JICTUYMK HAYMHAET COJH-

KEHHE ¢ KOHYCOM CO CKOPOCTBIO, OIpeese-
MO TpeOOBaHUSMHU PYKOBOJCTBA IO JICTHOU
SKCIUTyaTallid, [0 KOHTaKTUPOBAaHUSA CO
IITAHT OM;

e €CJIM 3aXBade€H JIOXKHBIA IEJIENONO0HBIA 00h-
eKT (nBurarenb, oOBOJ (ro3esKa TaHKepa,
obnmayHoe oOpa3zoBaHMe, OJIUK U T. 1.), JICTYUK
nocpeacTBoM opraHoB ynpasieHust CT3, Bbl-
BEJICHHBIX HAa WHIUKATOp, JIOJDKEH BBIIATh
KOMaH/y Ha repe3axBaT KoHyca. B aTom ciy-
gae CT3 cOpachiBacT 0OBEKT COMPOBOXKICHHS
1 BBITIOJTHSIET MIOBTOPHOE aBTOMATUYECKOE 00-
Hapy>XeHHe U 3aXBaT KOHYyca.

Takum 00pa3oM, OCHOBHBIE TPOIEAYPHI Ha-
OmoieHNsT — OOHapyXEHHUe, 3axXxBaT Ha COIPO-
BOXKJICHUE U OIpENICIICHHE TEKYIIUX KOOPAMHAT
KOHyCca C 3aJaHHBIM TEMIIOM M KauyecCTBOM,
JTOJI’KHBI BBITIONHATHCS aBTOMaTHYeCKH. JIeTdnk-
OMepaTop HCIOJIHAET KOHTpOJUpYyIomue (QyHK-

23

Civil Aviation High Technologies

MM U IpuHUMaeT ydactue B padore CT3 mpu
ommOKax 3aXBaTa WIK CPbIBaX COMPOBOXKICHUSI.

MeToabl 1 METOA0JIOTUSA
HCCJICIOBAHUSA

ABToMaTHdeckoe HaOIIOIEHUE B 3agade J0-
3ampaBKy TOIUIMBOM B BO3JlyXe TpeOyeT MmocTpo-
€HHsI AJITOPUTMOB aBTOMATHYECKOTO OOHapyxe-
HUSl U COTPOBOXKACHHS KOHYCa-IaTurKa Mo JaH-
HeIM OOC 1HEM U HOYbBIO, B YCIOBHUSX paziny-
HOM TypOYyJIEHTHOCTH aTMOC(hEpHI.

[TocTpoeHre MOMEXO03alIUIEHHBIX AITOPHT-
MOB aBTOMAaTHYECKOrO0 OOHapy>KeHHs KOHyca
TpeOyeT HCIIOJIb30BaHUS M300paKeHUH (PoHOIIe-
JeBOi 0OCTAaHOBKH, BKJIIOYAIOIIUX KOHYC, 3Je-
MEHTBI KOHCTPYKIIMU 3alpaBIIUKa, a TAKKe aT-
MochepHbIe 00pa30BaHUs B Pa3JIMUHBIX yCIOBH-
SIX OCBEIIICHUSI.

[TocTpoeHne yCTOMYMBBIX K CPBIBY aJITrOpPHUT-
MOB CONPOBOXJICHUSI KOHyca TpeOyeT HCIIOJb30-
BaHUS BBIOOPKU HAOJIOJICHHIA, TTOJYYCHHBIX B 3a-
JTAHHOM JIMaTia30He TypOyJIeHTHOCTH aTMOC(EPHI.

N3BecTHO, 4TO OmnTUMaIbHOE OOHApYXKEHHE
CUTHAJIa IIeJI1 MOXKET OBITh PeaTu30BaHO HA OC-
HOBE BMHEPOBCKOH (PUIBTpallK C HCIOJIBb30BaA-
HUEeM JuHelHHoro ¢uibTpa BuAa [9]. Bmecrte
C TEM ONTHUMAIBHOCTh JIMHEHMHOW (PHIbTpanuu
(v 0OHapy>KeHUs) JOCTUTACTCS TOJNBKO B YCJO-
BUSX KOBapHALIMOHHOW CTAllMOHAPHOCTU HAOIIIO-
naemoro mporecca [10]. Takum oGpaszom, mo-
ctpoeHne >(PPEKTUBHBIX AITOPUTMOB OOHApPY-
KEHUS KOHyca TpeOyeT AEeTalIbHOro y4yeTa dHep-
TFeTUYECKUX U TPOCTPAHCTBEHHBIX XapaKTepH-
CTHK aHaIM3upyemou creHbl. K ux umcmy cie-
JyeT OTHECTH:

e TIOKa3aTeib IPOCTPAHCTBEHHOH HEOJHOPOIHO-
CTH (KOBapHAIIMOHHOM CTAITMOHAPHOCTH) CIICHBI,

e HaJM4We LEJICTOJO0OHBIX MAaCKUPYIOIUX 00b-
€KTOB, (hopMa KOTOPBIX OJM3Ka K (opme Ko-
Hyca.

CraTuctuueckas OLIEHKAa MPOCTPAHCTBEHHOU
HEOJTHOPOJTHOCTH M300paxeHuit onrcana B [11].
OrneHka HEOTHOPOJAHOCTH CIIEH JT03aIPaBKHU IO-
Ka3ajla KaK BBICOKYIO CTEIMEHb MPOCTPAHCTBCH-
HOM HeCTalMOHAPHOCTHU (BBI3BAHHOW CITydaii-
HBIM OTHOCHUTEJIHHBIM TIOJIO)KEHHUEM COJHIIA, O-
HOBPEMEHHBIM Hamuuuem B mnoje 3penus CT3
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JTUHEHHO-TIPOTSHKEHHBIX 3JIEMEHTOB  (Pro3emsika
U KPBUIBEB 3alpaBLINKa, COJTHEUHBIX OJIMKOB Ha
KOHCTPYKILHUAX, 00JauHbIX OOpa3oBaHUU C pe3-
KUMH KPOMKAMHM, IIOJCBEUYEHHBIMH COJHIIEM,
U T. J.), TaK ¥ HAJIMYHUE TEIEeTI0JOOHBIX 00BEKTOB
(TakMx, Kak IBUTaTeNd 3alpaBIINKa, OOBOJBI
¢rozensrka, KOMIAKTHBIE OOJIauyHbIE 00pazoBa-
HUS1), UMEIOIINE BBICOKYIO KOPPEIMPOBAHHOCTH
¢ n300pakeHneM KOHyca.

VYuuTteiBas BBICOKYIO POCTPAHCTBEHHYIO He-
OJIHOPOJHOCTh M CIOKHOCTh 3aKOHOB CTaTHCTH-
YECKUX paclpereieHil (OTOOTCUETOB peab-
HBIX CIICH JI03alPaBKU B COUETAHUH C HaJIHMUYHUEM
1EJIeN0100HBIX 00BEKTOB, UCTIOIB30BAHKE YIIPO-
[ICHHBIX, CHHTETHYECKUX Mojenel (oHa mpea-
CTaBJISIETCS HELlEJIeCO00pa3HbIM, TaK KaK MOXKET
MPUBECTH K HEOIMPaBAAHHO 3aBBIIICHHOW 3¢-
(DEeKTUBHOCTH TECTHPYEMBIX aJTOPUTMOB aBTO-
MaTHYECKOro OOHapY>KEHHS KOHYyCa.

CnepoBarenbHO, B KaueCTBE IEPBUYHBIX
JTAHHBIX OOHAPYXKUTENS CIEAyeT HCIOJIb30BATh
BBIOOpKY HaONIONEHUI peaNbHBIX CIEeH J103a-
MPaBKH, TMOJTYYEHHBIX ONTHKO-3JIEKTPOHHBIMU
JaTYUKaMH, pacrojaraeMbIMU Ha OOpTy 3arpas-
asiemoro JIA.

Mogenb OBMKEHUS KOHyca B TypOyJIEHTHOM
atMocepe, OCHOBaHHasi HAa CTATUCTHYECKOM
ONKCAaHUM TOJIOKEHHUs KOHyca, Oasupyercsi Ha
MPEIONIOKEHNH, YTO TYpOYJIEHTHbIE MOPBIBBI
NPEJCTaBIAIOT CO00M  JIOKaIbHO-HOPMAJIbHBIN
CITy4YailHBIN Mpolecc, pa3/leICHHbIA B TPOCTPaH-
CTBE Ha 30HBI C pa3IMYHBIMH HapaMeTpamH.
TypOysneHTHbIE TOPBIBBI 337al0TCSI B CHCTEME
KOOPJMHAT, CBA3aHHOW C BEKTOPOM BO3IyLIHOU
ckopocTd. KOMITIOHEHTBI MOPHIBOB CUUTAIOTCS
HEKOPPEIMPOBAHHBIMU MeXay coboil. Komrio-
HEHTBl TYpOYJEHTHOCTH, MEPIEeHIUKYJISIPHBIC
BEKTOPY BO3JyIIHON CKOPOCTH, HMMEIOT CIIEK-
TpaJibHbI€ IUIOTHOCTH OJWHAKOBOrO BHAA (MO-
nenb JlpaiieHa), 1OoMyCKarolue UCI0Ib30BaHUE
nuHenHoro hopmupyromero ¢uibTpa [12]

1+3(wL)?

S(w) = o* i([1+(wL)2]2)' ()

2n
IJI€e W — MPOCTPAHCTBEHHAS 9acTOTa; 0% — JHUC-
nepcusi KOMIOHEHTOB MOpbIBOB; L — macmTal
KOMIIOHEHTOB TIOPBIBOB.

VYpaBHeHus g GopMHUpYIOIUX (UIBTPOB,
MHTETPUPYEMBIX MO BPEMEHHU, AJII BEPTHKAIb-

24

Vol. 25, No. 04, 2022

HOM U OOKOBOW KOMIIOHEHTHI (B yTJIOMECTHOU U
a3UMYyTQJIbHON  IUIOCKOCTH  COOTBETCTBEHHO)
uMeroT Bu [12]

y _ v _ 1) [Bv o,
w1yt (1 «/5) L 3% )
dz -v 1 3v
a=Trt(1-5) [Fot

IJIe V — CKOPOCTh BETPa, M/C; &, &, — HE3ABUCH-
MBbI€ TayCCOBCKHE O€JIbIe IyMbl €IUHUYHON WH-
TEHCUBHOCTH.

Takum o00pazoMm, BXOJHBIMHM NapaMeTpaMu
NP OTPECNICHUHU TOJO0XKEHHUS KOHYCa SBIISIOT-
Csi: CKOpPOCTb JBW)KEHMS, MacluTtad BHUXpEH,
CpelHue KBaJpaTHUeCKUe OTKJIOHEHUS U Oembli
myM. BBIXOAHBIM MapamMeTpoM MOJENH JIBHKE-
HUSl KOHYCa SIBIISIETCS TOCJIEI0BATEIBHOCTh KO-
OpAMHAT Ha MHTEpBajle COMMKEHHSI KOHyca C
3aMpaBOYHOM MITAHTOM OT MOMEHTa OOHapyXke-
HUS 710 KOHTakTupoBaHus. Ha ocHoBe koopau-
HATHBIX JAHHBIX CHHTE3UPYIOTCS BHJICOMOCIE-
JOBAaTEJIbHOCTH, WMUTUPYIOIIKME HAOII0ACHNE
KoHyca Buzneokamepon CT3, pacnonaraemoii Ha
Oopty 3ampasisiemoro JIA.

CdopmupoBano 18 BuaeomnocnaenoBaTeabHO-
CTel COMMKEHHU C KOHYCOM OT JUCTaHIMH 25 M
0 KOHTakTupoBaHus. lMcmonb3oBanuck 3 CKo-
poctu commxkenus: 0,5, 1, 1,5 m/c, a Takxke
6 cpelHeKBaApaTUUECKUX OTKIOHEHHH CKOPOCTH
konebanuit komyca: 0,25, 0,5, 0,75, 1, 1,25,
1,5 M/c, oxBaThIBalOUIMX AMANAa30H TypOyJIeHT-
HOCTH OT c1a00ii 10 0OYCHb CUITLHOM.

CTpyKTypHO-JIOTHUYECKasi CXeMma Ipoliecca
ABTOMATH3UPOBAHHOTO HAOJIO/ICHUsS, BKJIIOYA-
folasi oOHapyKeHHE U COMPOBOXKACHHE KOHYcCa,
a TaKKe MPUHATUS PELICHUN JIETYUKOM B pas-
JUYHBIX CUTYAIUsX, MpuUBeJeHa Ha puc. 1. UuH-
TEpBaJIbI 1aJIbHOCTH, pEriIaMEHTUPYIOIIUE QYyHK-
[IMOHUPOBAHHE aBTOMaTa OOHApYXXEHUS U CO-
npoBoxaeHuss CT3 npusenensl Ha puc. 2. Tene-
BU3UOHHBIA natuuk CT3 pacnosaraercst B Hava-
JIe KOOPJMHAT JUarpaMMbl.

[Tocne BwIBoma 3ampasisieMoro JIA B 30HY
oOHapyxeHHs (puc. 2) mojmaeTcs KOMaHIa Ha
BmtoueHne wmoxayis CT3 u  ocymiecTBiseT
commkenue ¢ konycom. Komanaa Ha BKIIIOUeHHE
CT3 wmoxer ¢opMHpOBaTECS KaK CHCTEMOM
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Fig. 1. The logic of automated drogue-sensor observation by a synthetic vision system
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Puc. 2. [luarpamma qansHOCTEH pabOTHI CHCTEMBI TEXHUYECKOTO 3PCHHUS
Fig. 2. Diagram of the synthetic vision system operation range

MEXXCAMOJIETHON HaBUTaLMU, TaK M JIETYUKOM.
B ciyuae aBTOMaTmMueckoro OOHapyEHHUS KO-
HyCa-JIaTYMKa IeJieyKa3aHue OT aBToMara oOHa-
pY>KEHHsI TIOCTyIaeT Ha BXOJ aBTOMaTa COIMpo-
BoxkJieHUs1 KoHyca (AC), mpu 3TOM IocienoBa-
TEIBHOCTh KOOPJAMHAT KOHYyCa, NpHBSI3aHHAs K
KapTUHHOW IIockocTu  u3o0paxenuss CT3,
HA4YMHAET NMOCTYNaTh MOTPEOUTEITIO.

B cnyuae ecnu BuU3yanbHBIH KOHTpPOJb, BbI-
MOJIHSIEMBIA JIETYMKOM IO BUIACOKOHTPOIBHOMY
YCTPOMCTBY, MOKA3bIBAET, UTO 3aXBAYEH JIOKHBIN
00BEKT, JIETYMKOM BBHITIONHSETCS Tepe3axBar
KoHyca. Ilepe3axBar npuBoauT K cOpocy compo-
BOXKJIA€MOT0 O0BEKTa U IUKIUYECKOMY BBIMOJ-
HEHUIO MpOoLEayphl OOHApYKEHUsI KOHyCa aBTO-
MaToOM OOHapy>KeHHus A0 TeX Mop, MoKa HE CO-
CTOMTCS 3aXBaT O0OBEKTA HHTEpECA.

Ecnu 3axBaT KOHyca aBTOMAaroM COIIPOBOX-
JIEHUS] COCTOSUICA, JIETYMK HAUMHAET COJMKEHHE

25

JIA ¢ KOHyCOM-IaTYUKOM, OCYILECTBIISIS MIEPUO-
TUYECKUI BU3YalbHBII KOHTPOJIb pabOTHI aBTO-
Mata conpoBoxaeHuss CT3 1mo BUACOKOHTPOJIb-
HOMY YCTpOMCTBY. B ciydae cpbiBa compoBOX-
NeHus (HampuMmep, U3-3a BbIXOJla KOHyca 3a Ipe-
JIEJTBI TIOJISt 3pEHHS], CKAYKOOOPA3HOTO CMEIICHUS
KOHyca B OJIM)KHEH 30HE C BBICOKOM YTJIOBOM
CKOPOCTBIO U T. J.) BBITIOJHSETCS MOBTOPHBIN
BBIBOJI B 30HY OOHapyXE€HMUsI, MIOCJIE YEro JIETUH-
KOM BBIJIA€TCSl KOMaH/1a Ha Tepe3axBaT KOHyca.

Ecnu conpoBoskaeHne KoHyca IpoIuIo ycIel-
HO, HO KOHTaKTHPOBaHHE MPOM3OILIO HEYAa4dHO,
JICTYUKOM BBITIOJTHACTCS TMOBTOPHBIN BBIBOJ B 30-
Hy OOHapy>KeHHsI C ToJjaueii KOMaH/Ibl Ha Tiepe3a-
XBaT KOHYyca.

Taxkum 006pa3oM, aBTOMATU3UPOBAHHOE YIIPaB-
nenue CT3 co CTOPOHBI JIETYMKA 3aKIIFOYACTCS B
koHTposie pabotel CT3 mo n300pakeHUI0 Map-
Kepa LIeJM Ha BUJIEOKOHTPOJILHOM YCTpPOICTBE U
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B cllyyae HE0OXOAMMOCTH I0Ja4M KOMAaH[bl Ha OOHapy’KUTelsl ¢ aJalTUBHBIM IOPOTOM MPHUHS-
nepe3axBar KoHyca (puc. 1, 3JIeMEHT CXeMbl, TUSl PEIICHWH Ha OCHOBE OLIEHKH BEPOSTHOCTU
BbIJICJIEHHBIN CEPBIM I[BETOM). AHOMAJIbHBIX OIIMOOK B 3aBUCUMOCTH OT MHTEH-

®oHo-1eneBasi 00CTaHOBKAa B 3ajade OOHa- CUBHOCTH HOPMaJbHOI'O IIyMa Ha BBIXOJIE CO-
PYXEHHs KOHyca XapaKTepU3yeTcs IpOCTpaH- IJIACOBAHHOTO (hUIIBTPa M BEPOATHOCTHU MOSBIIE-
CTBEHHOM HEOJHOPOJAHOCTHIO U HEPABHOMEPHO- HUS 11e71en0J00HBIX TTOMEX Pa3INyYHbIX KIacCOB.
CThIO creKkTpa mymMoB. Ilox crmekTpoM mIymoB AHanu3 cleH J03alpaBKH TOKa3bIBaeT, 4YTO B
NoJipa3yMeBaeTcsl aJIUTUBHAsI CMECh MPOCTpaH- 3aBUCHUMOCTH OT YCJIOBHM OCBELIEHHOCTH, IO-
CTBEHHO-YaCTOTHOTO CIEKTpa (POHOBBIX OMEX U JIOXKEHHUsl COJIHIIA, XapakTepa 00JayHOCTH Mapa-
cooctBeHHbIx IymMmoB OJC. IlockonbKy H300- METpPbl 3aKOHA paclpeiesieHus aHOMAaJbHBIX
pakeHHE CLEHbI JI03alpPaBKU BKJIHOYAET OObEK- OoMOOK M3MEHSIOTCs. YcToluuBas paboTta 00-
Thl, CYIIECTBEHHO pa3JIMYaOIIHECs IPOCTpaH- Hapyxwurtens [14] nmorpeOyeT OLIEHKH 3BPHUCTHU-
CTBEHHO-IHEPreTUYECKUMHU XapaKTEePUCTHKaMH, YEeCKH MOJTYYEHHOW BEpOSITHOCTH IMOSIBIICHUS He-
NPOCTPAHCTBEHHBIN CIEKTp (poHa XapakTepuzy- CTallMOHAPHBIX BO BPEMEHH IIEJIETIOOOHBIX IT0-
eTcs 3HAUUTEIbHOM HEPaBHOMEPHOCTBIO. MeX, 3aBUCSIIUX OT XapakTepa CLeHbl. Bpemen-

[Iponiecc oOHapykeHusT BKIIOYaeT 1Be (hasbl Hasl HECTALIMOHAPHOCTh IOMeX 00yCIIOBJIEHA OT-
(3auacTyl0 HEOTAeNuMble ApPYyr OT JApyra) — paKEHHEM COJIHEYHOTO U3Iy4EHHUs 3JIeMEHTaMU
GWIbTpaluIo IIyMa M COTJIACOBaHHYIO (DUIIb- KOHCTPYKLIMM 3alpaBIIMKa TpU MEHSIOUIeMCs
Tpauuto curHaia. OOmiee peuieHue 3aiay oI- OTHOCHUTEJIBHOM YTJIOBOM IOJIOXKEHUHU COJIHLA, &
TUMAaJIbHOU (PMIIBTPALMU CUTHAJIA HECTAllMOHAP- TaKKe U3MEHUMBOCTBIO MPOCTPAHCTBEHHON KOH-
HOTO TMpoIlecca ¢ HEPABHOMEPHBIM (IIBETHBIM) burypanun o0javHBIX 0OpazoBaHWil. OnTH-
CHEKTPOM IlyMa B M3MEPEHHSX IPHBEICHO MaJIbHOE PEelLIeHHE 3a7a4il OOHAPYKEHUsI CHTHa-
B [13]. Ilogxox OCHOBaH Ha PEUIEHUH CUCTEM Jla HECTAlMOHAPHOIO TMPOIECCa C IBETHBIM IIIy-
MaTpUYHBIX AU depeHInalIbHBIX YpPaBHEHUH ¢ MOM Ha OCHOBE JIMHEHHOH (unbTpanuu Tpedyer
UCTIOIb30BAaHUEM PEryJpU3allMd B  KaKJIOM OLIEHKU U ydeTa pacHpeeseHU HecTalnoHap-
TakTe OOHApyXeHUs U TpeOyeT HEempuemiIeMo HBIX BO BPEMEHHU (POHOBBIX TIOMEX M COIPSIKEHO
BBICOKUX BBIUMCIIUTENIbHBIX 3aTpar. CO 3HAYUTEJIBHOM HEOIPeIeIEHHOCTBIO.

Anroput™m nuHEHHON (uIbTpanMM cUrHama YacToTHass  XapakTepuUCTHKA  JIMHEWHOIO
MIPU HAJTMYUHA aHOMAJIBHBIX OIMHMOOK, BRI3BAHHBIX buIbTpa ONTHUMAIBHOTO OOHAPYKUTEST H300-
OTOXKJECTBIICHHEM C IEJIENOJOOHBIMU IMTOMEXa- pakeHus: 00beKTa Ha (poHe MOACTUIIAIONICH TO-
Mu, npuBeneH B [14]. B pabore mpemmaraercs BEpXHOCTU UMeeT BU [15]

MaTeMaTUYeCKUil amnmapaT KOppeJSLHOHHOIO

cs*(wxwy) _
Wor(onay L0 T 0330)] @)

H (wx, a)y) =
rne H (wx, wy) — YaCcTOTHBIN KO3(P(GUIMEHT Tepeaadn ONTUMaIbHOrO PuibTpa; S *(a)x, wy) — KOM-

o 2
TJICKCHO-COTIPSDKEHHBIN  CIIEKTP OOHApY’>KUBAaeMOTO OO0BEKTa (ITaJIOHA); |F (a)x, wy)| — DJHepre-

TUYECKUU criekTp ¢oHa; Ny — myM C paBHOMEpPHBIM crieKTpoM; C — HOPMHPYIOUIHMA MHOKHTEIb;
Xo, Yo — KOOpAMHATHI LIEHTpa 001aCTH aHAIM3A.

Tam ke [15] oTmMeuaeTcs, 4TO HCTIONB30BaHHE MOJIeH CTEeKTpalbHON MIOTHOCTH HaOII0/1aeMOro
ONTUMAIBHBIX (UIBTPOB JJIsi 00paboTKH pe- nporecca, He TPeOYIOMMI anmpHOPHOW OICHKU
albHBIX CIEH 3aTPYAHEHO TJaBHBIM 00pa3oM pacripenienieHuii poHOBBIX HIyMOB. DUIbTp oOn-
CJI0)KHOCTBIO 3aKOHOB pacIIpe/ieIeHUs] BEPOSITHO- TUMU3UPYET OOHApy>KEHHE Ha OCHOBE PErucTpa-
creit poHoBBIX 1ryMoB. B [11] mpuBenen croco6 MM U yYeTa JIOKAJbHBIX aBTOKOPPEISALIMOHHBIX
MOCTPOEHMSI aJAITUBHOTO 10 IOJII0 ONTUMAJIBHO- XapaKTEepPUCTHK (POHOBBIX IOMEX, OJHAKO TPeOy-
ro ¢uwibTpa Ha OcHOBE (4) C HCIOIB30BaHHEM €T JOCTaTOYHO BBICOKHUX BBIUMCIUTENbHBIX 3a-

26
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Puc. 3. [losicenne BbI0Opa rpaHUYHBIX YaCTOT MOAONTUMAIBHOTO TIOJIOCOBOTO (DMIIBTPa Ha MpUMEpE NepelaTOuHOM
(GYHKIMM OHOW TIepeMeHHON
Fig. 3. Explanation of the choice of cutoff frequencies of a suboptimal band pass filter using the example of a transfer
function of one variable

TpaT, YTO TaKXke 3aTPYIHSIET €ro HCIOIb30BaHHE
B OOPTOBBIX CHCTEMAX.

TakuMm o0pa3zom, Ipu peanuzanuu 0OpTOBOM
CUCTEMBbI AaBTOMAaTUYECKOTO OOHAPYKEHUSI KOHY-
ca Ieecoo0pa3HO HKCIOJIb30BaHUE MOJONTH-
MaJbHON (UIbTpAIMK, COYETAIOIIEH HEBBICOKHE
BBIUHCITUTENbHBIE 3aTPAThl C COXPAHEHHUEM IPH-
emsieMoit 2 PEeKTUBHOCTH OOHAPYKEHHUSL.

BapuanT noctpoeHus mogonTUMAIbHOTO -
HEHHOTO (HUIbTpa OOHAPYKUTENS ATAJOHHOTO
CUTHalla OCHOBAaH Ha CIEAYIOIIMX palllOHab-
HBIX TIOJIOKEHUSX:

1) momaBneHUE HU3KHX MPOCTPAHCTBEHHBIX
4acTOT B U300PAKEHUU CLIEHBI YIy4IllaeT Xapak-
TEPUCTUKH  KOPPEIALHUOHHOTO  COBMEIICHUS
N300paxKeHMUI;

2) mepemaTrodHas XapaKTEpUCTHKA OMNTH-
MaJIbHOTO (MIBTpa B 00JaCTH BBICOKHX YacTOT
MPOMOPILMOHATIFHA OTHOILIEHUIO CUTHAJ/IIYM.

Pa3paboTurku  KOppENSAIMOHHO-IKCTPEMAITh-
HBIX CHCTEM, B YaCTHOCTH [15], oTMeuaroT BIHsHKE
BBICOKOYACTOTHOM  (PMIIbTpallui Ha CHWKEHHUE
YPOBHSI BCTIOMOTaTEIbHBIX 3KCTPEMYMOB KOpPpEIs-
monHor pyrkuun (K®). [Nepenarounas dhyHKIms
1o100HOTO (hUIBTpa HOHT(a)x, a)y) MMEET BUJL

HOHT(a)x, wy) =10 = wy;

HOHT(a)x, a)y) =0,w<w

()

rp’

TIE Wy = Wyp (wx, wy).

27

O6ocHoBaHMe BBIOOpA TPAHUYHOW YACTOTHI
Wrp TpuUBENEHO B [16], wy, cooTBeTCTBYET Ya-
CTOTEC, Ha KOTOpOfI BBITIOJIHACTCA YCIIOBUC

2 —
v Gcnn—x(wx' C‘)y) =
_ BZGCHFH(wxrwy) + aZGCMFH(wx'wy) _
dw2 w3

0, (6)

rae GCHFH(a)x,wy) — TPOCTPAHCTBEHHO-YACTOT-
HBIN CTIIEKTP CUTHAJIA (M300pa)KeHUS ATAJIOHA).
Takum 00pasoM, w, — 9acToTa, Ha KOTOPOi
MPOUCXOIUT MAKCUMAIbHBINA CIIa]] aMIUTUTYIbI
criekTpa curHana G,y (wx, a)y) (puc. 3, a).

B otcyrctBHe mymoB mpenoOpaboTka mu300-
paxeHusi CueHbl B cOOTBETCTBUU C (5) u (6)
obecrieunna Ob1 PHEKTUBHOE TOJABJICHHUE TI0-
MEXOBBIX IKCTpeMyMoB K®, MOCKOIBKY BBIfC-
nseT HamOosiee WH(POPMATHBHYIO, BBICOKOYA-
CTOTHYIO YacTh CHEKTpa (hoHa, COTTIACOBAHHYIO
CO CIIEKTPOM CHTHasla. B peansbHBIX YCIOBHSIX
IIYMBI Pa3IUYHONW Tmpupoasl (Irymbl (oHa, Iie-
JENO00HBIX TIOMeX, (POTONPUEMHHUKA) CKJIAJIbI-
BalOTCA M CYIIECTBEHHO YMEHBIIAIOT OTHOIIIE-
Hue curHain/mym. C y4eToM TOJ00HOTO BIIHS-
HUS, & TAK)KE YUUTHIBAs BTOPOE JOMYIIEHUE, OC-
HOBaHHOE Ha (4), Ha dTamne npenoopadoTKU Tpe-
OyeTcst Takxke (pUIbTpAIMsl BBICIIMX MPOCTpPaH-
CTBEHHBIX YaCTOT, HA KOTOPHIX OTHOIICHHUE CUT-
HAJI/IITyM CTAaHOBHUTCS MajbIM (MEHEE €IMHHUIIBI),
puc. 3, 6, rpadux 1 — cnekrp Qona (cueHsl),
rpa¢uk 2 — cnekTp ImymoB. Takum oOpazom,
JUHEHHBIN (QUIBTP, ONTHUMHU3UPYIONIUN KOppe-
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JSIIIMOHHOE OOHApy>KEHHE CHTHaJa,
OBITh MTOJIOCOBBIM (pHC. 3, 8).

OnbIT MPAaKTHYECKOW pealn3alui Koppes-
[IMOHHO-3KCTPEMAITBHBIX CHCTEM TIOKA3bIBACT,
YTO CHHTE3 B MPOCTPAHCTBEHHOW OOJIACTH IOJIO-
cosoro ¢uistpa T(i,j) ¢ mepeaaToyHoi xapax-
TEPUCTUKOW, TMPEICTaBICHHOH Ha pwuc. 3, s,
oOecreynBaeTCcsl Ha OCHOBE JIMHEHHOW KOMOM-
HAIlMK TPOCTPAHCTBEHHBIX (PUIBTPOB HU3KHX U
BBICOKHMX YacCTOT C Pa3JIMYHBIMU Mackamu. Tak-
K€ Ha OCHOBE 3KCIICPHMEHTAIBHBIX HaOJII0/Ie-
HU# [17] MOKHO OTMETUTH, YTO CYIIECTBYET OII-
TUMAJIbHOE COOTHOIICHUE MEXIY CPEIHUM 3Ha-
YEHHEM TPOCTPAHCTBEHHON YaCTOTHI IOJIOCOBO-
ro GuiIbTpa W, U pa3mMepoM OKHa (Q KOppesiu-
OHHOM 00pabOTKH, COTIACOBAHHBIM C Pa3MEPOM
oOHapy>KuBaeMoro o0bekTa. MUHUMU3ALUS
ypoBHsSI OOKOBBIX JenecTkoB K@ mpu Hanumuuu
IIYMOB W MAacCIITaOHO-PaKypPCHBIX HCKaKEHHIA,
OTPaHWYCHHBIX OTKIIOHEHHWEM MaciuTaba He 0o-
jee 4yeMm Ha 5 % W MOBOPOTOM He OoJiee 4eM Ha
3% nocruraercs, eciii Ha JUHEWHBIN pa3Mep OK-
Ha OOpabOTKM YKJIaabIBaeTCsl S5+7 TIEPUOIOB
MPOCTPAHCTBEHHON YaCTOTHI, 33/1aBAEMON W, .

Takum oOpazom, mpenodpaboTka aHAIHU3H-
pyeMoil CIEHBI, 3aJaBaeMoOi HM300paKeHHUEM
B(x,y), BBITIONHACTCS Ha OCHOBE CBEPTKH C TI0-
s0coBeiM (uibTpoM T (i, ), 94TO CHMBOIUYECKH
MOJKET OBITh MPEJCTABICHO B BHUJIC

JIOJDKEH

Boﬁp(x'y) = T(l,]) * B(X'J’) =
= Z(l,])E ST(l,])B(X - l'y _]), (7)

r7ie CUMBOJI * O3HAa4daeT CBEPTKY; S — IUIOMIAIb
OKHa (QUIBTpPa, X,y — JNEKapPTOBBl KOOPIAMHATHI
HU300paKeHHUS.

O603naunMm gepe3 I(x, y) MaTpUIly BECOBBIX
koahuimenToB (u3obOpaxenue) stanona. I[lo
ompezeNneHnIo GYHKIUS B3aUMHONW KOBapHAIUU
Rpr m300pakeHWi CHEHBI M JTajoHa Oyner
UMEThb BU]I

Rp;(4x, Ay) =

1
= EZ(x,y)EQ B(x, y)I(x —Ax,y — Ay)'

rae Q — momaab okHa 3tanoHa, Ax, Ay — ne-
KapTOBBI KOOPAMHATHI B3aUMHOW KOppPEJAIIU-

Vol. 25, No. 04, 2022

OHHOM (YHKIMHM DTajOHA M aHAIM3HPYyEMOMU
CIIEHBI.

Beenem 0003HaYeHHe [(Ax, Ay) =
I(x — Ax,y — Ay), Torma HEHOPMHUpPOBaHHAsI
KOppeJsIisl 3TajJOHAa W CIEHBI MOXET OBITh
IpEJICTaBIIEHA B BHIE

R (4x, 4y) = B(x,y) * [(4x, Ay).

Koppemsiiiust  mpenobpaboranHoro wu3o0pa-
JKEHUS CIIEHBI M AITAJIOHA MPUOOpPETaeT CUMBO-
JIMYECKUI BU

R(Ax' AJ’) = B06p(xﬂy) * i(Ax;AY) =
=T(i,j) * B(x,y) * [(4x, Ay). ®)

KoppensiuonHoe oOHapyXeHHE LEIH BBI-
MOJIHSIETCSI Ha OCHOBE IOPOTOBOM 00pabOTKH
CTaTUCTHUKH (8), MOJIydeHHOU B pe3ysbTaTe KOp-
PENSILIMOHHOTO COBMEILIEHUSI 3TajoOHA U aHAJu-
3upyeMoi cueHbl. [IpeBbllieHHe JByMEpHOU
byukimelr B3aumHOM Koppemsiiuun R (Ax, Ay)
HEKOTOPOTr'o Topora h NMPUBOIUT K OOHApyKe-
HUIO LIeTH (WK 1eJIenog00H0M TOMEXH) ¢ KOOp-
muHaTamu (x,y):

{(x,v):R(4x,4y) > h}. 9)

N3BecTHO, 4TO Ha BEIMYMHY KOPPENSIIMOH-
HOTO JKCTpPEeMyMa CYIIECTBEHHOE BIIMSHUE OKa-
3bIBAIOT  MAacCHITA0OHO-PaKypCHblE HMCKa)KEHUS.
Conmxenue 3anpasisieMoro JIA ¢ 3anpaBIIMKoOM
MPOUCXOIUT B y3KOM MPOCTPAHCTBEHHOM KOPH-
Jope, TaK 9TO BO3HUKAIOIIUE PAKypPCHBIE HCKa-
JKEHUS CUTHaJIa IOCTaTOYHO Majbl. MHas kapTu-
Ha CBsI3aHA C MACIITAa0HBIMU HCKaXeHUsIMH. OT-
JUYHS MacIITabOB N300pakKeHUI CUTHAIA U dTa-
JoHa Ha 5 % MOXET MPUBECTU K IBYKPATHOMY
YMEHBIICHUIO aMIUIUTYABl KOPPENISILHOHHOTO
skcTpeMyMa [17], CyIIeCTBEHHO CHIKAIOIIEMY
BEpPOATHOCTh OOHapyxkeHus: wnenu. CooTBer-
CTBEHHO, TPOTSDKEHHOCTh HWHTEpBalla OOHApy-
JKEHUs Ha JII000H (PUKCHPOBAHHOMN HAIBHOCTH B
nuramnaszone 15+20 M cocraBut He Ooiee 0,7+1 M.
BrinepkuBaHue ¢ yKa3aHHOM TOYHOCTBIO M-
CTaHIIMK B3aUMHOTO TO3UI[MOHUPOBAHUS 3a-
npaBiivka W 3amnpasisiemoro JIA cpenctBamu
MEKCAaMOJICTHON HaBHWTAIlMM Ha 3Tane OOHapy-
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KEHHUs KOHyca TE€XHHYECKH CJOXKHO U Hellese-
coobpa3Ho. Pemenue 3amaun oOHapYKEHUS «HA
IpoXo/e» — B MpoILecce HENpepbIBHOITO cOU-
KEHHS C 3aIPaBIIMKOM — B TIOZOOHOHN CUTyaIlH
HeapdekTuBHO. TakT OOHapyXeHHS 3aHHMAET
ONPEEICHHbIN BPEMEHHOW MHTEPBaJ, KOTOPBINA
MOJKET HE COBIACTh C BPEMEHHBIM MHTEPBAJIOM
MIPOXOKJCHUS OTPE3Ka OOHAPYIKECHHUS.

Bo3HukaeT 3amadya paciumpeHus Juana3oHa
JAbHOCTEH 0OHAPYKEHHS KOHYCa ¢ COXPaHEHH-
eM sddexTuBHOCTH OOHapyxuTens. Pemenue
NoJ00HOH 33291 BO3MOKHO C HCIIOJIb30BaHHEM
MacmradupyeMoro stanoHa (wiu (HopMHpOBa-
HUS M 3TaJIOHOB pa3IMYHBIX MacIITabOB), COOT-
BETCTBYIOUIMX Pa3IMYHONW JaJbHOCTH OOHapy-
KeHHs. BprunciauTenbHbIe 3aTpaThl HA peajn3a-
LU0 OOHAPYXKUTENS C PACIIMPEHHBIM pabouuM
JIMara3oHoOM JalbHOCTEH BO3pacTaioT MPOIOp-
IIUOHAJIBHO KOJMYECTBY JONOJHHUTEIbHBIX Mac-
MITa0MPYEMBIX ATAJOHOB. B 1ensax cokparieHus
3aTpar 1enecoo0pa3HoO MOCTPOCHHE OOHAPYKH-
TN MO JABYXKOHTYpPHOH cxeme. B o0oux KoH-
Typax 00padoTKa MPOU3BOIUTCS B COOTBETCTBUH
¢ (8)~9). OcHoBHOE OTIMYHME 3aKJITIOYACTCS B
WCIIOJIh30BaHUU (PUIBTPOB TMPeaoOpadOTKH ¢
pa3NIUYHBIMH TiepeaTouyHbIMU (yHKIMAMU. [le-
penatouHas (QyHKIUA (QUIBTpa MPEIBAPUTEIh-
HOro (mepsoro) koutypa Tp,(i,j) u coorser-
CTBYIOIME €MY MAPAMETPhI W1rp, W1y CMEIIECHBI
B oOyacTe HWXHUX dYacToT (puc. 4). OuibTp
BTOPOIO0 KOHTYpa OCTaBJIEH HEM3MEHHBIM, TaK
4T0 W1y < Wrp, W1p < Wy

[IpenoGpaboTka, coXpaHsrOIIasi HU3KUE MPO-
CTPAHCTBEHHBIE 4YacCTOTbI, CHU)XAET YyBCTBH-
TEJIBHOCTh K MAacCIITaOHO-paKypCHBIM HCKaXe-
HUSIM, CHIDKAeT BEPOSTHOCTh NPOIYyCKa IIEJH,
HOBBIIIASL TP 3TOM BEPOSITHOCTH JIOXKHBIX 3a-
XBaToB. B pe3ynbTare 06paboTKu

{Gen )i R™(Ax, 4y) > hyp}, (10)
rae  R™(4x, Ay) = Ty, (i, j) * B x [(4x, Ay) -
KOPPEJSLUOHHBIN (YHKIIMOHAT TpPEIBAPUTEIIh-
HOTO KOHTypa oOHapyxeuus; n = 1...N; hy,

(DUKCUPOBAHHBIA TMOPOT TPUHATHS PEIICHUHN
NPEIBAPUTEIILHOTO KOHTYpa OOHApY)KEHHUsI, BbI-

JACITACTCA N Y4aCTKOB I/I306pa)KeHI/ISI CHCHBI,
BKIIIOYAarOmux nIcjab U HGJ'IGHOI[O6HI)I€ IIOMCXH,
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4 H(oy)

d)lep

Puc. 4. [lepenaTounbie XapakKTepUCTUKH GUITBTPOB
peaoOpabOTKH: CILIONIHAS JIUHUS — QHIBTP
TpeBapuTenbHOro KouTypa Ty, (i, j), myHKTHpHAS
maus — gustp T (I, j)

Fig. 4. Transfer characteristics of pre-processing
filters: solid line — pre-loop filter T, (i, j), dotted
line — filter T (i, j)

CYMMAapHbIi 00bEM JaHHBIX KOTOPBIX (CymMMmap-
Has IUIOIMIAAb H300pakKeHHWs) CYIIECTBEHHO
MEHBIIIE 00beMa JAHHBIX UCXOTHOU CIICHBI.

[Tonyuennas BeioOpka N (hparMeHTOB CIICHBI
¢ koopauHatamu (X,,,V,) QUIBTpyeTCcs y3KOIIOo-
goceiM  puabTpoM T(i,j), ¥ B COOTBETCTBUH
¢ (11) mpuHUMaeTcs peleHre 0 HAIUYUH LIeITH:

{k: ® = R"™(4x, Ay) > h}, (11)
e k = k(x, Y, M) — BEKTOP IMOJIOKEHUS 00BEK-
Ta OOHAPYKEHUS: €r0 KOOPAUHATHI B TUIOCKOCTH
M300paKEHHS U TATbHOCTh KaK (YHKIIHS pa3Me-
pa I/1306pa)K€HI/I$[' ® = R™™(4x, Ay) =
T(i,j) * B, (x,y) * I,(Ax, Ay) — xoppensimoH-
HBIH (yHKIMOHAN OoOHapyxutens; n = 1...N;
m= 1...M. Ilpu »TOM cBepTKa KaXXIO0ro U3
N ¢parMeHTOB  OCYIIECTBIISCTCS  IMOCIIEIOBA-
TENBHO ¢ KaXKIbIM U3 M srtamonos [,,(x,y) pas-
JUYHOTO Macmitada, 3aJaBacMbIX MaTpUIIAMH
(BecoBBIX KOA(GUIIMEHTOB) pa3MepoM L,

B pesynbraTe 0oOHapyKuMBaeTCs €IMHCTBEH-
HBII 00BEKT, 3a/1aBaeMbIii BEKTOPOM OOHapyKe-
aus k = k(x,y, m), AMelowuit IPUBS3KY MO KO-
opauHaTtam (X,Yy), a TakkKe MPUBS3KY 110 Aaib-
HOCTH Ha OCHOBE KPHUTEPHUS MaKCHUMAIILHOU KOp-
pesaLuu ¢ 3TAIOHOM pa3MepoM L,,. Eciau nmopor
h mpeBBIIAIOT HECKOIBKO OOBEKTOB, BHIOUPAET-
Cs1 OOBEKT C MAKCUMAITBHBIM 3HaUeHHEM D.

Hcnonp3oBaHue JBYXKOHTYPHOTO KOppEIs-
IMOHHOTO OOHAPYKUTEJS TTO3BOJISIET B HECKOJIb-
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KO pa3 paclupuTh MPOTSHKEHHOCTh HWHTEpBala
0oOHapyXeHHUs KOHyca 0e3 3aMETHOTO yBeIudYe-
HUS BBIUMCIUTEIBHBIX 3aTpaT.

Hannune momex, cUTHaI KOTOPBIX OJIM30K 110
dbopMe K curHaly KOHyca, HE TMO3BOJIIET CHHU-
3UTh BEPOSITHOCTH JIOKHOTO OTOKICCTBIICHHUS
HUKe ompeaeneHHoro nopora. [losbienue 3¢-
(EeKTUBHOCTH OOHApyKEeHUsI TpeOyeT MpHUBIICUE-
HUSl JIOTIOJIHUTEIBHBIX PA3IUYUTENbHBIX MPH-
3HAKOB, MMEIOUINX CIIA0YI0 KOPPEISIUIO C MPH-
3HaKOM ()OPMBI U XapaKTEPU3YIOIIUXCSI HHBAPH-
AHTHOCTBIO K YCIIOBHSIM OcBemleHus. Vcnomip30-
BaHHE MOJOOHBIX MPU3HAKOB BO3MOXKHO IOCIE
oOHapy>keHUs! (JIOKaJIM3alui KOOpIUHAT) 00B-
eKTa WMHTEpeca B IENIX ero Kiaccuduxanuu B
KaTeropusax KOHYC / He KOHYC.

OpnHolt U3 0COOCHHOCTEH M300pakeHUs KO-
Hyca, OPHEHTUPOBAHHOTO I00KOH K Halironate-
JIIO0, SIBJISIETCSI HAJTMYME MPOEKIMU 3aMKa TOIUIH-
BONPUEMHHUKA. SIPKOCTh 3aMKa OTJIMYAETCS OT
SAPKOCTH TOJS B IMpejaenax OKH, 3a7aBaeMoro
U3YYCHUEM CLEHBI, MPOXOISAIIUM Yepe3 dJie-
MEHTBI KOHCTPYKIIMH KOHYcCa (CIHUIbI, COEANHSI-
IOIIHME 3aMOK TOIUITMBOIPUEMHHKA U 100KY). OT-
HOILIEHUE Pa3MepOB 3aMKa K pa3Mmepy I00KHU Io-
CTOSTHHO ¥ MOXET OBITh 3aJ]aHO KOHCTAaHTOM C;.
Pasmep n300pakeHUs: 3aMKa OMpeAesnsercs ye-
pe3 pasmep uzoOpakeHus: 100KH Ha 3Tare oOHa-
py>keHusi KoHyca ¢ ucrnoib3oBanuem (11). Torma
dbyuknuonan @, onpenaeNsonui HAIMIUe 3aM-
Ka TOIUITMBONIPUEMHHUKA B N300paKeHUH 00BEKTa
MHTEpeca, a TaKKe YCJIOBHE €ro KiacCH(HKa-
1[UU, TPUOOPETAET BUT

®; = V?(Skz(x,9)) > hq, (12)

rae SKZ(XIY)=Z(1'])*K7 K=K(X'J’) -
(dparMeHT W300pake€HHs CIIEHBI, COJEpPKAILIHA
00BEKT MHTEpEeca, 3a7aBaeMblii BEKTOPOM OOHa-
pyxenns k; Z(i,j) — cormacoBaHHblii (UIBT,
NpPEACTABISIOMUI CO00H MaTpuIly pa3MepoMm
¢1L,,, 3amaBaeMyr0 BeCOBBIMU KO3(duilMeHTa-
MU, TPOCTPAHCTBEHHOE pacHpeiesieHue KOTO-
PBIX COTJIACOBAaHO C M300pakeHHEM 3aMKa TOII-
JUBONIPUEMHUKA; hy — QUKCHPOBAaHHBIN MOPOT.
B memsx mocTmkeHHs MHBAapHAHTHOCTH K
ocnalbJeHnI0 W HM3MEHEHHIO 3HaKa KOHTpacTa
3aMKa B Pa3lINYHBIX YCJIIOBHSAX OCBEIICHHS Clie-
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HBI, pe3yJbTaT COIJIACOBAaHHOHN (uuibTpanuu
Z(i,]) ¢ uenenogo6ueiM o6bexToM K (X, y) mox-
BEpraeTcss MNpPOCTPAHCTBEHHOMY U QepeHII-
poBaHuIo oreparopoM Jlarutaca.

Bropas ocoOeHHOCTh M300pa)keHUs] KOHycCa
3aKIJII0YAaeTCs B TOM, YTO OHO COJCPKHT OOJIb-
IIO€ YHUCIO PETYISIPHO PACIOJIOKEHHBIX OJie-
MEHTOB, OTJIMYAIOUINXCS SIPKOCTHBIMH XapakTe-
pHCTHKaMu OT ()OHA, B CBSI3M C YEeM IPOCTPaH-
CTBEHHO-YaCTOTHBIM CIIEKTP KOHYCa COICPIKHUT
BBIDAKCHHBIC TapMOHHKH. OJIEMEHTaMH KOH-
CTPYKIMH, TIOPOXKIAIOIMINMH TapMOHHKH, SBIIS-
IOTCS CIIUIBI U CBETOOTPAKAIOIIUE TOJIOCKH Ha
100Ke KoHyca. LleHTpaibHO-CHMMETPUYHOE pac-
HOJIOKEHHE TOJO00HBIX OOBEKTOB TNPHBOAUT K
TOMY, 4TO Ha Qypbe-CHeKTpe (Ha n300pakeHuH,
oToOpaxaroreM Moayib (ypbe-npeoOpa3oBa-
HUsa (parmenTta creHbl K) COOTBETCTBYIOIIWE
TapPMOHHMKH  pAcIojlararoTcsi  KOJIBIIE0Opas3Ho.
OTHOmIeHUE paanyca KOJbIla TAPMOHHK K pa3-
Mepy U300pakeHHsI FOOKH MTOCTOSIHHO M 33aeTCs
KOHCTaHTON C,. DuiubTpanus CHEKTpa OcCy-
IIECTBIIACTCS COTJIACOBAaHHBIM  (DUIBTPOM
Zp(i,]). ©®yukiuonan @,, kmaccupUIUPyOMIHit
KOHYC Ha OCHOBe (yphbe-aHaJIn3a, MPHOOpeTaeT
BUJL

CI)Z = ZF(lf]) * |F{K(x:3’)}| > hZ' (13)

rne F{:} — omeparop ¢ypbe-npeobpasoBanus;
Zp(i,j) — cormacoBaHHbIH (GUIBTP, MPEACTAB-
JSOMUNA co00M MaTpuily pasmepoM 2¢,L,,, 3a-
JlaBaeMyl0 BECOBBIMU KO3((UIIMEHTaMH C MaK-
CUMaJIbHBIM 3HAYEHMEM Ha KOJIBLIE PaJnyCcoM
c,L,,, BOIUCaHHOM B MaTpuy; h, — Quxcupo-
BAHHBIN TOPOT.

C yueToM npuBeACHHBIX (YHKIIMOHAJIOB JIO-
THYECKOe TIPaBWIIO OOHApy)KEHUSI KOHyca IpH-
oOpeTaeT BUJ

(@>h)A(D,>h)A
A (D, > h,) = True. (14)

ITocne Brimouenuss CT3 uau moxauu KOMaH-
IbI Ha Tepe3axBaT KOHyca OOHApYXKHUTENIb OCy-
IIECTBISICT LUKINYECKOe OOHapy)KeHHE /0 TeX
nop, noka yciosue (14) He OyAeT BBIIOJIHEHO.
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ABTOMaTHYECKOE COMPOBOXKICHUE TIPEICTaB-
aseT co0oil mokaapoBoe OOHApyKEHUE KOHYCa B
o0nacTy, 3aJaHHOM B HA4YaJbHBIE MOMEHT BEK-

TOpPOM OOHApYKEHUS E, CKJIa/IBIBAIOIIEHCS W3
TEKyIIero pasMepa U BO3MOXHBIX CMEUICHH
KOHYcCa 3a MepHoJ KaJapa, [eHTPUPYEMOM OTHO-
CUTEIIHO TEKYIIETO TOJI0KEHUS KOHYCa.

B mponecce conpoBOXIECHHUSI KOHYC MOMXKET
MpOeUpPOBaThCA Kak Ha oOiayHble 00pa3oBa-
HUS, TaK ¥ Ha 3JIEMCHTHI KOHCTPYKIIMU 3aIpaB-
muka. [Ipu 5ToM KOHTPaCT OTAENbHBIX Y4aCTKOB
n300pakeHMsI KOHyca MOJYKET CYIIECTBEHHO Ba-
PBUPOBATHCS, BIUIOTH 10 MHBEPCUH, C MPOXOXK-
JIEHUEM KOHTpacTa dYepe3 HyJIeBble 3HAYCHHSL.
3HauuTeNbHAS Bapualus SHEPreTHUYeCKUX Iapa-
METpPOB 1€ MPUBOAUT K HedddekTuBHOCTH
OILICHKH CIBUTa Ha OCHOBE aHalIM3a aMIUIUTYIbI
SPKOCTHBIX MpU3HAKOB. COMPOBOXKICHUE HA OC-
HOBE HMCKYCCTBEHHO pPa3MelllaeMbIX Ha O0OBEKTe
M3ITYYaIoUX JJIEMEHTOB (HapUMep, MapKepoB,
Kak B [5-8]) Taxke mpobiemarnyHo. B peanb-
HBIX YCIIOBUSIX JIMAIa3OH OCBEIIEHHOCTH CIICH
(v cieH  ;o3ampaBKH OCOOEHHO) CYIIECTBEHHO
mFpe JUHAMHYECKOTO uana3oHa MaTPUIHOTO
dboTtonpueMHUKa BUACOCUCTEMBI, TOITOMY MH30-
OpakeHHE SPKUX OOBEKTOB IMOABEpPracTcs Ha
YPOBHE aImapaTHON MpeaoOopaboTKH aBTOMATH-
YECKOM KOMIIPECCUM, OTPaHUYMBAIOLIECH aMIUIK-
TyJAy UX CUTHajia. OTO NPUBOJUT K BBIPABHHBA-
HUIO aMIUTUTYbI CKOJIb YTOJIHO SIPKHX MapKepoOB
W TUIOHIAAHBIX OJUKOBBIX 0Opa3oBanuid. [lpm
OTIpE/ICIEHHBIX YCIOBUAX (COJIHIIE B TEpemHei
nosycdepe, 3epKagbHbIe OJMKOBBIC OTPAKEHUS
OT DJIEMEHTOB KOHCTPYKIIMH 3ampaBIIuKa) CO-
MPOBOXKJIEHHWE MO0 MapKepaM MOXET CTaTh He-
BO3MOXXHBIM. BeposiTHO, MCIIOJIb30BaHUE CIIEITH-
aJIbHBIX, MAJONIYMALIMX KaMmep C ammapaTHO-
pacIIMpeHHBIM TUHAMHYECKHM JHAMa30HOM H
3HAYUTEIHLHON TITyOMHON KBaHTOBAHHUS CUTHAJIA
(e menee 12+14 OWT/MHKCENb) IMO3BONHT CE-
JIEKTUPOBATh MapKepbl, OJHAKO JAaHHBIN BOMpOC
TpeOyeT IKCTIEPUMEHTATLHON MPOPAOOTKH.

CToXacTUYEeCKHIl XapakTep ABUKECHHUS KOHY-
ca B TypOyJleHTHOWH aTMocdepe HE MO3BOJISET
BOCIIOJIb30BaThCS MPEBICTOPUEN €Tr0 JBHKEHUS
JUISl OLICHKU (MJIM YTOYHEHMS) TEKYIIero IoJio-
KEHHSI, TOITOMY B KaXKJIOM TaKTe€ COMPOBOXKIeE-
HUSL HEOOXOJMMO HCIIOJIb30BaTh OOHApYy KEHHE
00BeKTa C ampUOPHO HEU3BECTHBHIM IMOJIOKEHH-
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eM. C y4eToM CI0KHOCTU (POHOBOI 0OCTaHOBKU
COIIPOBOKJICHHE KOHyca TpeOyeT HCIOJIbh30Ba-
HUSI TTOMEXO3alUIIEHHBIX AJITOPUTMOB OOHApy-
xenus. [IpuMmeHeHne pa3pabOTaHHOW TEXHOJIO-
THH KOPPEJIIUOHHOTO OOHApyXEHUs B TOI00-
HOM CIJTy4ae MpeJCTaBIseTCs eIecO00pa3HbIM U
omnpapaaHHbIM. [lokaapoBoe 0OHApYKEeHHE B 3a-
Ja4e COTPOBOKICHHS XapaKTEPU3YyETCs TEM, UTO
o0nacTh OOHApY>KEHUS JOCTaTOYHO Mala (Cou3-
MepruMa C pa3MepoM KOHyca), MacIITaOHBIE UC-
KaXCHHUS, «HAOETaIoNIMe» MEKIY COCCTHUMHU
peaM3anysiMKi, Majbl, HO TPU 3TOM HMEET Me-
CTO CYIIECTBEHHOEC HM3MCHEHHUE pa3Mepa H300-
PaKCHHS [T IPU COITPOBOXKICHUN OT MOMEHTA
3axBaTa JJ0 KOHTAaKTUPOBAHHUSI.

B mporecce cOmmkeHust JTUHEWHBIN pa3mep
n300paKeHHsI KOHYCa yBEIIMYUBACTCS OoJiee YeM
Ha TOPSAOK, MIPH 3TOM BBIYUCIUTEIBHBIC 3aTpa-
TBI Ha KOPPEISAIMOHHOE COMPOBOXKICHHE BO3-
pacTaioT B 3aBUCHUMOCTH, OJHM3KOM K KyOuue-
CKOM, TOCKOJBKY TpeOyeTcsi yBEeITHMYEHHE Kak
TI0IIAu cTpoda conmpoBOXKACHUS (OKHA) @, Tak
U BEJIMYHMHBI MHTEpBaja Koppensuuu. Bospac-
TAIOT M 3aTPaThl HA ONTUMHU3UPYIONIYIO MMPEI00-
paboTKy. BhlgepkuBaHue 3alaHHOTO COOTHO-
HICHUS MEXIY pa3MepoM OKHa (@ W MpOCTpaH-
CTBEHHBIM TIEPUOJIOM TT0JIOCOBOTO (BUIIbTpPA TIpe-
noopaborku T (i,j) (pPEeKOMEHIOBAHHOIO B
n. 3.1.1) IpUBOOUT K YBEIUYEHHUIO €r0 pa3Mmepa,
TaK YTO CBEPTKY MPHUXOJIUTCS BBITOIHATH B BO3-
pacraronieM OkHe ( TPOMOPIMOHAIBFHO YBEINH-
quBaOIIUMCS MaTpuUuHbIM pubTpom T (i, f).

Ilena mnpomycka oOHapykeHUS KOHyca Ha
JTamax paboThl aBTOMATOB OOHAPYKEHHS U CO-
MPOBOXKICHUS pa3iuuHa. [Ipomyck Ha 3tare 3a-
XBaTa KOHYCa MOJKET MPUBECTH K HE3HAYUTEIIb-
HOMY YBCIMYCHHIO BpPEMEHU OOHAPYKCHUS,
NPOMYCK B IUKJIE COMPOBOXKICHUS MOXET IMPH-
BECTH K CPBIBY COINPOBOXICHUS C HEOOXOIUMO-
CTBhIO MOBTOPHOTO BbIBOJA JIA B 30HY OOHapy-
KEHUS.

Takum oOpa3oM, peanu3anusi alropuTMa co-
MIPOBOXKJICHUSI HA OCHOBE KOPPEISIIUOHHOTO H3-
MEpeHUs] CIBUTA TPeOYyeT MPHUHATHS IOTOITHH-
TEBHBIX MEp, HANPABICHHBIX KaK Ha COKpalle-
HHUE BBIYMCIIUTEIFHBIX 3aTpar, BBI3BAHHBIX PO-
CTOM YTJIOBOTO pa3Mmepa IIeNid, TaK U Ha TMOBBI-
IICHUE TOMEXO3alIMIICHHOCTH OOHAPYKCHHUS
[EJIM B KaXJIOM TaKTe conpoBoxaeHus. [101006-
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o6nactv Q UCXoaHOro n306paxeHus,
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BM(xay:Z)
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M306paxkeHuns KOHyca
€O CTabUNN3MPOBAHHBIM
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n306paskeHnn KoHyca

Puc. 5. Crabunusanus Macimrada n300paxeHus LeJd B IIPOLIECCe COMPOBOKICHUS
Fig. 5. Target zoom stabilization while tracking

Has 3ajaya pemiaercs oOecredyeHrueM MpocTpaH-
CTBEHHOM M BPEMEHHOM CTallMOHAPHOCTU Ha-
OJr01aemMoro mporiecca (JIeKaluM B OCHOBE OI-
TUMH3AIHHU JTI000H KOPPENSIIUOHHONW CUCTEMBI).

CoxkpallieHue U3JEp>KeK, CBSA3aHHBIX C Bpe-
MEHHOH HECTallMOHAPHOCTHIO PEaTM30BaHO Ha
OCHOBE aJIalITUBHOTO MAacIITaOMpOBaHUS H300-
pakenus. C 3Toll nenpio pazmep U300paKeHUS
KOHYyca (M KOppeNslUOHHOTO OKHa (, obpamiis-
IOLIETO €r0) Ha BXOJ/I€ aBTOMATa COIIPOBOXKICHUS
MOJJIEP>KUBAETCS MTOCTOSSHHBIM Ha BCEM MHTEp-
Bajie gainbHOcTed. Craduim3anusa macimrabda 1e-
U obecneynBaeTcs MoaysiaeM udpoBoro mac-
MITAa0MPOBAHUSI HA OCHOBE OOPAaTHOW CBS3HM IO
JAaHHBIM OILIGHKH JIMHEHHOro pa3Mepa Leiau ¢
BBIXOJIa OOHAPYXKUTENS (pHC. 5). AHAJOTHYHBIM
0o0pa3oM 4yepe3 OOpaTHYIO CBS3b YUUTBHIBAIOTCS
KOOpJMHATHbIC JaHHBIC I ONpEAETICHUs IIO0-
JIO’KeHUsl MacuITabupyeMoit obnactu () Ha Kaj-
pax MepBUYHBIX BUJICOIAHHBIX.

OcyuiecTBieHHEe aJaTUBHOTO MaclITabupo-
BaHUsS BBINOJHACTCS Ha OCHOBE OWMJIMHEWHOTO
npeoOpa3oBaHus,  OMNUCAHHOTO,  HANpUMED,
B [17]. C »TOil 1enbl0 MPOU3BOIUTCS MOCTPOE-
HUe TmoclenoBaTenbHocTH okoH QM. mms xoto-
pbix MacmTab uzobpaxkenuit nenu By (x,y,z)
B KOKIOM Kajpe, 3a7JaBacMOM HOMEPOM Z, MOJ-
NepKUBAETCS TIOCTOSHHBIM:

By(x,v,z) =a+ b(x —ip,) +
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+c(y —jp) +dx — ip,))(y — jp,);  (15)
a=B(,j,2);
b=B(i+1,j,z)—a;
c=B(,j+1,2);

d=B(i+1,j+1,z2)+a—b—c,

rae B(i,j,z) — BXxomHO€e M300pakeHue; p, — KO-
3¢ dunreHT MacTabupoBaHUs H300paKEHUs

1

Pz = Zz:l...ZApz’

e z HOMEp TeKylero kaapa; Ap,
M/QM, — 1 — npupocr kosdduimenta mac-
mMTaOMPOBAHUS 32 KaJp.

[oBbliienue >PPEKTUBHOCTH TTOKAAPOBOTO
OOHapyXeHHUsI KOHyCa peaji30BaHO Ha OCHOBE
ydeTa KOBapUAIlMOHHOW HECTAlMOHAPHOCTH B
npejaenax OKHa QM. C oT0if 1ENBI0 OKHO Cer-
MEHTHpYyeTCcs Ha b X d TpsSAMOYTroJbHBIX 00a-
creit QM. compukacalomuxcs rpaHUIAMH, H TIO
Ka)XJOH 00JaCTH PaCCUUTBHIBACTCS KOPPEIISIHS
R’* nemu B m stanona I (puc. 6).

JIns kaxnoit KoppensiuonHoit GyHKun R/¥
BBITIOJTHACTCSI OLICHKA JUCIIEPCUM — 3HAYCHHS
dymkrum a1s Hysnesoro cmemenus R/€(0,0).
Ecnu mucniepeus yaactka ¢ koopaunaramu (J, k)
BBIIIIE HEKOTOPOro mopora hz, COOTBETCTBYIO-
mas JIOKaJlbHas KOPPEISAIMOHHAS — (PYHKIHS
BKIIOYaeTcs B pacueT pynkuuu RC(Ax,Ay). Pe-
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Puc. 6. K Bonpocy mokagpoBoro ooOHapy>XxeHus
KOHYCa C y4eTOM KOBApUALIMOHHON
HECTAI[MOHAPHOCTH B MpeJeiaxX OKHa
Fig. 6. On the question of frame-by-frame drogue
detection, considering the covariance non-stationarity
within the window

3yJNbTUPYIOIIAs KOPPEISILMOHHAs (QYHKLIUS 00-
JacTU MPOU3BOJIBHON (DOPMBI, COCTABICHHON U3
(parMeHTOB, pacCUMTHIBACTCA KaK MaTeMaTHye-
CKOE OKUIAHUE JIOKAIBHBIX KOPPEISIIMOHHBIX
byukmwmii [18-20].

[Ipenobpabotka u3o0paxenus B okHe QM
IIPOU3BOJUTCS B COOTBETCTBUHU C (8), MpUHSITHE
pelieHuss Ha OOHapykeHHe (M OLIEHKY KOOpIu-
HaT) KOHyca B Ipejesiax OKHa QM B xaxmoM
TaKTe CONPOBOXKICHHUS MPOU3BOJUTCA B COOT-
BeTcTBUU ¢ (9) U1 mopora NpUHATUS PELICHUN
h4. CxopocTh cOMMKEHUS C KOHYCOM (3ampaB-
IIMKOM) MOXET BapbHpOBATHCS, MO3TOMY CTe-
MeHb MAaCIITAaOMPOBAHMS IIEJIM 32 TAKT OOHApy-
KEHHs alpHOpHO HeusBecTHA. [loBbieHue 3¢-
(EKTUBHOCTH COBMEIIIEHUS TAJIOHA U LIEJIN Tpe-
OyeT B Ka)x/J0M TakTe cpaBHeHus ¢ W stanona-
mu I, (x,y) pasmuunoro macmraba. IIpaBuio
OoOHapy>KeHHUsI KOHyca B KaKJJOM TaKTE€ COIpO-
BOKJICHUSI IPUOOpETaeT BUJ

{(, k): R7*(0,0) > h3};
R9(Ax, 4y) = M{Z(j 1yeq R7*(4x, 4y)};(16)
{Gows Yw): RY(Ax, Ay) > hy},

rne j=1..b; k=1..d;, w=1..W; M{} -
orepaTop MaTeMAaTUYECKOTO OXKHIaHUS.
Hcnone3yemast Beibopka ¢ynkimii R/F xa-
paKTepu3yeTcs BBHICOKOW TUCTEPCUEH M MallbIM
B3alMHBIM pa30pocoM 3HaueHuil. Takum oOpa-
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30M, B Ka)XXJOM TaKTe CONPOBOXICHHS Ha M300-
paKEHUHM KOHYCa BBIOMPAIOTCS TOJBKO YYACTKH
C MaKCUMaJbHBIM OTHOIIEHHEM CHTHaJ/(pOH, 4TO
noBbIIaeT () (HEKTUBHOCTH CONPOBOXKACHUS 0e3
YBEJIMYCHHUS BBIYHUCIUTEIBHBIX 3aTparT.

PesyabraThl HcCae10BaAHUSA

Mopaenupyromuii KOMIUIEKC COCTOUT U3 UMHU-
taTopa ¢oHoreneBoi oocranoBku (PIO) u ma-
kera CT3 (puc. 7). Umuratop ®LIO BkItouaer
TEJIEBU30p C JMaroHaibio 75" u TpaHcIupyemble
Ha HEM BHJIEOIOCIIE0BATEIbHOCTH H300paxke-
HUI CLEHBl J03allpaBK{, IOJIyYEHHbIE KaK Ha
OCHOBE peaJbHBIX 3amucei (amns oueHku > dek-
TUBHOCTH OOHApYXHUTENS U BepUPHUKAIMH TIOJ-
HOIO [HMKJIa aBTOMAaTHU3UPOBAaHHOTO BHIECOHA-
OytosieHus1), TaK M CUHTE3UPOBAHHBIE 3aMUCU
JIBIDKEHUSI KOHYCa B YCJIOBHSX PA3IU4HOM Typ-
OyneHTHOCTH (I OUeHKH 3()(eKTHBHOCTH aB-
TOMaTa COINPOBOXKIACHUS).

Maker CT3 BkiIO4aeT TEIECBU3HOHHYIO Ka-
mepy BHV-1000 ¢ mmpokoyroabHbIM OOBEKTH-
BoM LM5JC10M (moue 3penust 60 x 30)) u ox-
HoIulaTHel  Bbrunucaurens CPB909  ¢opma-
ta 3,5" Ha Oasze 4-saepHoro mporeccopa Intel
Atom E3845 c ®IIO obHapyxkeHHS U CONIpO-
BOXKJIeHUS KOHyca noJ ynpasienueMm OC Linux.

B mpouecce ucnbitannii PO Bocnpousso-
JUTCSL Ha TeJeBU30pe. DKpaH TelleBU30pa CHHU-
Maerca kamepoit CT3. Bugeonansbsle ¢ kaMepsl
NOCTYNAlOT Ha BBIUMCIMTEND, Tae oOpabaThiBa-
IOTCSl aJTOPUTMHUYECKUM obecrieueHueM oOHa-
PYKEHHUS U COIPOBOXKICHUS KOHYCA.

Ha puc. 8 moka3aHbl HEKOTOpBIE JIEMEHTHI
TE€XHOJIOTMH aBTOMATUYECKOTO OOHApy>KEHUs U
cornpoBokaeHusa. OkHo 1, oOpamistomiee U300-
paxenue koHyca (OkHO (), IBWIKETCS M Mac-
mrabupyercsi COBMECTHO ¢ KoHycoM. [lo nan-
HOMY OKHY (TOUYHEE, IO €T0 MPHUBSI3KE K KOHYCY)
JAeTyuKk KoHTpoiupyer pabory CT3. Oxna 24
ABJIAIOTCA TEXHOJIOTUYECKUMU U BBIBEIEHBI JIS
nosicienust padotsr CT3.

B okze 2 oToOpakeHbl YYacCTKH CLIEHbl KOH-
Typa HpeABapUTEIHHOrO OOHApy)KEHUs, BKIIIO-
Yalonye 1eiab U 1enenogooHsie nomexu. M3o6-
paxenus (B konuuectse N = 9) aBTOMaTu4ecKu
(GuKCHUPYIOTCSI B MOMEHT OOHapyXeHHsI KOHYyca.
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Tenesuaop

(BUrieocucTeMa UMUTaTOPa

OpHonnaTHLIA KOMMbLIoTEp

Puc. 7. Mogenupyromuii KOMIIEKC OTPaOOTKN CHCTEMBI TEXHUYECKOTO 3pCHNUS
Fig. 7. Modeling complex for the synthetic vision system performance

I I A3 A=0 1 == 3 1= 13-

tracker tim

Puc. 8. MmmocTpanmst paboTel GyHKIIMOHAIBEHOTO TIPOTPaMMHOTO 00eCIIeYeHUsT OOHAPYKEHHUS F COTIPOBOXKICHHUS
KOHyCa Ha OCHOBE peaJbHOI 3aIMCH 103aIPaBKH
Fig. 8. Illustration of the operation of the functional software for detecting and tracking a drogue based
on a real-time refueling recording

Bunno, uto cymmapnas tomans N uzobpaxe-
HUH (OIpeaeNsoNnas BEIYUCIUTEILHBIC 3aTPaThl
NPEBAPUTEIILHOTO ~ KOHTYpa)  CYIIECTBEHHO
MEHBIIIEC IUIOMIAJAN HWCXOAHOW aHAIM3HPyEeMOn
CIICHBI.

B oxne 3 moka3zansl 3tanowsl I, (x,y) aBTO-
MaTa COMPOBOXKIEHUS, 00ECTIEUNBAIOIINE OICH-

34

Ky pasMepa H300paKeHHS KOHyCa B KaXIOM
takre. CrpaBa OT KaKIOro 5TajoHa MPUBEICHA
Busyammsamst pyrkumn RS (Ax, Ay).

B oxHe 4 mpexacraBieHsl 3 u300paxkeHUS.
IlepBoe U3 HUX COJAEPKHUT M300paKEHNUE KOHY-
ca By (x,v,z) B okae QY, macmtab6 kKoToporo
noaacpKNBACTCA NMOCTOAHHBIM B COOTBETCTBUU
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c (15). Bropoe npeacTaBnseT pe3ynbTaT oOpa-
oorkn By (x,y,z) nuHEeHHBIM  QHIBTPOM
T(i,j). Tperbe OTOOpaXkaeT mMoOJe KOPPEISIH-
OHHBIX (DYHKIUH RI¥ (cxeMaTU4eCcKHu MOKa3aH-
HO€ Ha puc. 6), B JaHHOM ciyyae j = 1...3;
k=1...3. KoppensiunoHHble (QyHKIUUA TIOIY-
YeHBl B pe3ysbTaTe cerMeHTanuu okHa QMua
3 x 3 obmacTi M CBEPTKH COOTBETCTBYIOIIMX
obnacteit QM; 1 obnacTeil cerMeHTUPOBAHHOTO
sTasioHa. AHanmu3 (QYHKIUH B COOTBETCTBHH C
npaBunoM (j, k)| ik g)y>p, 0OCCICUMBACT BbI-

00p ONTUMANBHBIX JIJIS1 COMPOBOXKICHUS YUYacT-
KOB KOHYcCa.

Jns oueHku 3¢pPeKTUBHOCTH OOHAPYKUTEISA
CT3 ucnonb3oBanack BUACO3ANKCH, TOTyYeHHAsS
¢ 6opra 3anpasisiemoro JIA B mporecce yueOHo-
TPEHUPOBOYHOIO TMOJeTa MO0 OoTpaboTKe 103a-
IIPaBKU TOIUIMBOM. TeleBU3MOHHAs KaMepa pac-
noJyiarajack B kabune seryuka. [IpoctpancTsen-
Hasl OPHEHTAIMS U 1o 3peHus (= 60 x 30) ka-
Mepbl oOecreunBayid HaONIO/IEHHE KOHyca Ha
BCEM paboueM HHTEpBajie NaIbHOCTEH paboThI
CT3. IIpomoKUTEeTbHOCTh TECTOBOM 3aIuCcH
coctaBuia 1 vac. 3a 3To BpeMs ObUIO MPOU3Be-
JeHo 15 cOnmkeHuil, 0XBaThIBAIOIIUX UHTEPBAI
301 M OT KOHyca A0 3alpaBOYHON IITAHIH.
ATMocdepa xapakTepu3oBalach HaJIUYUEM Ky-
YeBBIX OOJAKOB, MPHU ATOM IOJIETHl BBIMOJHS-
JUCh Haj o0javyHOCThIO. ['Opu3OHTaNBHAs BU-
JTUMOCTB cocTaiisa 6onee 10 kM. 3anpaBiiuk u
3anpaBisieMblii JIA BBINONHSIM MaHEBpBI, Tak
YTO OTHOCHUTENILHOE YTIIOBOE MOJIOKEHHUE COJTHIIA
U3MEHAIOCh B KPYrOBOM CcekTope. Bricora
COJIHIIA HaJl TOPU30HTOM COCTaBJIsjIa 10-15". B
IIPOLIECCE MAHEBPUPOBAHUS NPSIMOE COJIHEYHOE
U3IyYeHUe MOMaiajgo B IMOJie 3pEHUS TeleBU3H-
OHHOU KaMepsl.

[Tepuon oOHapy>KeHUs LIETH CUCTEMON TeX-
HUYECKoro 3peHus (Ha mporeccope Intel Atom
E3845) B kanpe dpopmarom 1280 x 720 mukce-
nel cocrasisier npumepHo 2 ¢ ((1,9 = 10 %) c).
3a 1 yac, Takum 00pa3oM, aBTOMAT MPOU3BOJIUT
1800 mwmknoB obuapyxkenus (N). Ilo pesynbra-
TaM HCHBITAHUI Ha OCHOBE TECTOBOM 3amucu
CyMMapHO€ KOJMYeCcTBO JOXHBIX TpeBor (JIT)
Nyt B cpeaneM coctaBuiio 21 (komudecTBo puk-
cupyeMbix JIT oT peanuszanuu K peaiM3anuu 1o
OJIHOHM U TOW K€ 3allMCH HE3HAUUTEIbHO MEHs-
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etcs). Takum oOpazoM, TSI UCHIONB3YEMOU BBI-
OOpKH BUACOHAOIIOICHUN BEPOSITHOCTH JIOXKHOU
TpeBoru P cocraBuiia

Ppr ="~ 1,2 %1072,

Ha ocHoBe TecToBO# 3amucu Oblja CKOMITH-
JUPOBAaHA BTOpas 3alUCh, NPEICTABIISIONIAS
cOOpKY BHJIEOCIOKETOB, Ha KOTOPOH KOHYC Tie-
pemeiaercs TOJBKO B HHTEpBalle JANbHOCTEH
15+22 M, B 30He, IIe aBTOMAT OOECIEUYUBAET
BO3MOXHOCTh OOHapyxkeHus. Ha npampHOCTH
CBBIIIE 22 M YIJIOBBIE pa3Mephl KOHyCa U JIBUTa-
TeJe BHIPABHUBAIOTCS, YTO MPUBOJUT K YBEJH-
YEHHUIO YPOBHS JIOXKHBIX TpeBor. s mpenot-
BpAlllCHUs] JIOKHBIX 3aXBaTOB BBEIEHO IPO-
rpaMMHOE OrpaHHYEeHHE Ha OOHApyKEHHE Lese-
NMoT0OHBIX OOBEKTOB (JBHTraTENeH, HAmpUMep),
pa3Mep KOTOPBIX MEHBIIE OMPEEIIEHHOTO MOPO-
ra. Tak 94To Ha IaTbHOCTHU CBBIIIE 22 M OOHApY-
YKEHUE HE MPOUCXOIUT Jake IPU HAIMYUH LENH
B nosie 3peHusd. CMEIIeHNe HUKHEH IpaHULlbl
(manpumep, 1o 10—12 M) mpuUBOAUT K HEOOXO-
JTUMOCTH UCTIONB30BaHUS JOMOIHUTEIBHBIX JTa-
J0HOB [, (X,y) yBelIWYEHHOTO MacimiTaba, BbI-
3bIBAIOIIMX IPONOPLUOHAIBLHOE YBEIUYECHUE
nepuoia OOHAPYKEHHsI, YTO TaKKEe HEIeIeco00-
paszHo.

[IpoMOmKUTENIBHOCTD TTOTYYEHHON COOpKH
3anMcel cocraBisieT 2 MUHYTHI 50 ceKkyHn, 3a
3TO BpeMsi KOHyC 15 pa3 mepecekaer 30Hy 0OHa-
pYXeHHs B Tpolecce COMKeHUs (pacxoxnie-
HUS) TOIUIMBO3AIpaBIIMKAa M 3aIllpaBiIsIEeMOrO
JIA. TIpooKUTENBHOCTD 3alTUCH 00eCTIeYrBaCT
85 TakToB 0OHapykeHus Ng.

CpenHee KOMMYECTBO MPABMIIBHBIX OOHapy-
keHuil Npg 1O BTOpPOM 3amucH COCTaBUJIO
60 £ 10 %. OcranbHple 25 peanuzanuii mpen-
CTaBJSIM COOOM TMpOIycK OOHapykeHus 0e3
JIOKHBIX 3aXBaTOB. BeposTHOCTH MpaBUIBHOIO
oOHapy>keHUs1 KoHyca Ppg, Takum obpazom, co-
CTaBJISIET

Nno
Prop=——=0,7.
no = N, :
COOTBETCTBEHHO, BEPOSITHOCTh MPOITyCKa

uenu Py coctasnstet Py = 1 — P = 0,3,
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[TomyyeHHble 3HAUYEHUS XapaKTEpU3YIOT Be-
POSATHOCTH OOHApPY)KEHUSI W TPOIYCKa 3a OJUH
TakT (2 ¢) paboThl OOHAPYKUTEIS.

B cootBercTBHM ¢ mpeanmaraemMoi B 1. 4 J0-
I'MKOM aBTOMATHU3MPOBAHHOI'O HAOIOJEHHS KO-
Hyca ero oOHapyXEeHHE JIOJKHO OCYIIECTBISTh-
csl B Ipoliecce COMMKEHHs B Ipejiesiax UHTepBa-
ma oOHapyxeHus. [Ipm B3aMMHON CKOpOCTH
commxkenus ~ 1 m/c Oyaer ocymiecTBIEHO OT 2
10 3 TakToB OoOHapykeHus. B mpeamnonoxenuu,
4TO MPOIYCKH B Ipolecce COMMKEHHsI PaBHOBE-
posTHBI (Pr; = Pryjz), BEPOATHOCTD Pppg, TOTO,
41O 3a 2 TakTa (4 ¢) mpousoiaeT oOHapyKeHHe
KOHYyca XOTs OBl B OZJTHOM TaKTe, paBHa

P, =1— PHL[1PHL[2 ~ 0,9.
AHaJIOTHYHO 11 TpeX TakToB (6 C)
Proz = 1 — Py Pz Pz = 0,973.

He cnegyer uckimouaTh cUTyaluio, Ipu Ko-
TOPOW B CHIIy OCOOEHHOCTEH OCBEIICHHS CIICHBI
P oxaxercs Huxke 0,7. B aToM ciydae HEoO-
XOJIUMO TOCJIEZIOBATEIbHO BBIMOJIHUTH COMMXKe-
HUE, a 3aTeM PAaCXOXJeHHUe (B MHTEpBAJC Najb-
HOoCcTeH ~ 22+15 M), uTo obecrmeuynuT 6 TaKTOB
oOHapyxenus. Ilpu »sTom, Hampumep, Aus
Pr0 = 0,5 pesynbrupyromas BeposSTHOCTh OOHa-
py’keHus cocTaBuT Ppgg = 0,98.

Takum 00pa3oM, BBIIIOJIHEHUE HECIIOKHBIX
TAKTUYECKUX MPHEMOB B MPOIECCE aBTOMATH3H-
POBAHHOTO HAOIIOACHHS KOHYCa IMO3BOJSET JI0-
outhcs HeoOxoaMMO 3(h(heKTUBHOCTH 3aXBarTa.

Jnst oneHku 3P GEeKTUBHOCTH aBTOMAarta Co-
MPOBOXKACHUS HCIOJIb30BAIKMCH BHJICOIMOCIEO0-
BaTEIbHOCTH JBIDKEHHUS KOHyCa B YCIIOBHSX
pa3iauuHOil TypOyJNEeHTHOCTH, MOJy4YeHHbIE Ha
ocHoBe (1) u (2). [TockonbKy MoJI0’KeHNE KOHYCa
B KaXJIOM KaJpe TECTOBBIX 3alucedl armpHOpHO
M3BECTHO, KOJMYECTBEHHBIE MOKa3aTenu d(dex-
TUBHOCTH OTPECIISIUCh Yepe3 CTAaTUCTHKY IO-
KaJpoBBIX omuoOoK. K mx ymcmy mpexnae Bcero
OTHOCHUTCSI BEPOATHOCTh YCIIEUTHOTO COMPOBOXK-
JeHUS KOHyCa B 3aBHCHMOCTH OT TIOKa3aTels
TypOyJNEeHTHOCTH, CpEIHEKBaJpaTHUECKOe OT-
kioHenne (CKO) u cpegHee 3HAUYCHHUE MOIYJIS
OIIMOKU COMPOBOXKICHUS OT NATbHOCTH AJIS 3a-
JAHHOU TYpOYJICHTHOCTH.

~
~
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DKCHEPUMEHTATIBHO MOTyUYeHHasl BEPOSITHOCTh
YCIIEIIHOTO COMPOBOXKJEHUSI PACCUUTHIBANIACH KAK
JI0JIs1 KaJIpOB BUJIEOTIOCIIEIOBATENBHOCTH, VIS KO-
TOPBIX TEKYIIas OIIMOKa COIPOBOXKIECHHUS KOHyCa
¢ BeposTHOCThIO 0,99 He mpeBbllIaga BHELIHHUMA
pamiyc 00k KoHyca. OLeHKa BEpOSTHOCTH pac-
CUHUTBIBAJIACh KaK Cpe/lHee apr(PMEeTHIecKoe Bepo-
ATHOCTEW YCHEIIHOIO COMPOBOKIACHUS B KaXKIOH
u3 18 cHHTe3MpOBaHHBIX TECTOBBIX 3aIuceil, Boc-
npou3BoauMbIx He MeHee 100 pa3. Pesynbrar uc-
IBITAaHUH MPEZCTaBIIEeH Ha puc. 9.

CKO ckopocTtr xosnebaHuil KOHyca MPUHITO
paBHbiIM CKO TypOyJneHTHBIX IMOPBIBOB G, TO
€CThb 3a/aeTcs IMoKa3aTelieM TypOyJIeHTHOCTH B
COOTBETCTBUU € Mozenbto /[lpaiinena. Buano,
4TO /Ui G CcBBIIE 1,2 M/c HabIIOHaeTcs OpicTpoe
CHI)KEHHE BEPOSITHOCTU YCHEIIHOIO COMPOBOX-
nenus. {1t o = 1 M/c BEpOSATHOCTh COCTABIISET ~
0,97 u B cpeHEM paBHa BEPOSATHOCTSM YCIIEHI-
HOT'O CONPOBOXKICHMS U MEHBIIUX I1OKa3aTe-
aeir typOynentHoctu. Takum oOpa3om, mopor
TypOyJIEHTHOCTH, O KOTOPOTO OOECIeuynBaeTCs
3 PEeKTUBHOE COMPOBOKICHNUE, COCTABIACT G =
1 m/c. Ha puc. 10 npuBeneHa momydeHHas 9Kc-
nepuMeHTaibHO 3aBucuMocTh CKO omubku co-
IPOBOXKJEHUS KOHYyCa OT JaJIbHOCTU JI0 HErO
i o =1 m/c.

Ha nanpHOCTH CBBIIIE 2 METPOB OHA HE Ipe-
Bbimaet 1,5 cMm. [Ipu naneHOCTH MeHee 2 M Ipo-
UCXOIUT OBICTPBIN pocT omuOKu. JlaHHbI 3¢-
(eKT cBs3aH C Te€M, YTO MPH MOJICITUPOBAHUM 3a-
nycell BUpTyallbHasi Kamepa HaOJI0ACHUs KOHyca
pasMeniajgach aHAJIOTUYHO OOPTOBOHM Kamepe, C
OOKOBBIM BBIHOCOM OTHOCUTEIBHO 3alpaBOYHON
LITaHTH, COCTaBIsAOmMM ~ 1 M. B pesynbrate B
OJVDKHEW 30HE BO3HMKAJIa 3HAUUTEIbHAs TaHICH-
[IMaJbHAsl COCTABIIAIONIAs CKOPOCTH, YBEJIMYMBA-
fomias omKnOKky m3Mepenus casura. Kpome Toro,
Ha MaJIOW JaJbHOCTU YIJIOBOM pa3sMep KOHyca
HAuMHAeT MPEBBIIATh I0JI€ 3PEHUS] KaMEpBbI, 4TO
NPUBOJUT K JOMOJIHUTENbHBIM ommoOkam. Ilpe-
OJI0JIEHHE ITONOOHBIX OMIMOOK BO3MOYKHO Ha OC-
HOBE DPALIMOHAJIBHOIO pa3MELICHUs KaMepbl OT-
HOCHUTENIBHO 3alpaBOYHOM IITAHTU MPU MPOEKTH-
poBaHuU U noctpoenun 6oprosoit CT3.

CpenHekBaApaTUUECKUE OTKIOHEHHs OILU-
OOK COMPOBOXKACHUS KOHYCa XapaKTEPH3YIOT MX
CllydaiiHble COCTaBJIAIOLIME, a CPEJHHE 3Haye-
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Puc. 9. 3aBHCHMOCTB BEPOSITHOCTH YCHEITHOTO
conpoBoxaeHus o CKO ckopoctu kojiebaHuii KoHyca
Fig. 9. Dependence of the probability of successful
tracking on the mean square deviation (MSD)
of the drogue oscillations velocity
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[ansHocTes A0 KOHYCa, M

CpenHEe 3HAYSHHE MOAYNA OWHEKKH CONPOBO#ASHHA

Puc. 11. 3aBUCHUMOCTb CpEHETO 3HAUEHUS MOAYJIS
OIIKMOKHU CONPOBOXK/ICHUS KOHYCa OT JIabHOCTH JI0 HETO
s CKO ckopoctu konebanuii konyca 1 m/c
Fig. 11. Dependence of the mean value of error modulus
of drogue tracking on the distance to it for the MSD
of the drogue oscillations velocity 1 meter per second

HUS Monyns omMOOK — cucreMaruueckue. Ha
puc. 11 mpuBeneHa 3aBUCUMOCTb CPEIHETO 3Ha-
YEHUsI MOIYJISl OIIMOKUA COTPOBOXKACHUS KOHYCA
ot panbHOoCcTH 10 Hero misi CKO ckopoctu ko-
nebanmii KoHyca 1 M/c, IOJTy4YeHHas! B pe3yJibTa-
T€ SKCIIEPUMEHTAIBHBIX HccenoBaHuil. BumanHo,
YTO CHCTEMATHYECKasl OIIMOKA OOJIbIIE U JOCTHU-
raeT 8 cM.

1.6

CKO owunBkn conpoBoxaeHus
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Puc. 10. 3aBucumocts CKO 0ommOKH COMPOBOXKACHUS
KOHYyca oT fanbHocTH 10 Hero 1t CKO ckopoctu

KoJsiebaHuii KoHyca 1 m/c
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Fig. 10. Dependence of the error MSD of drogue tracking
on the distance to it for the MSD of the drogue oscillations

18

37

velocity 1 meter per second

CpepgHee 3Ha4eHHe oWHEBKK
oNpenene’ia 0anEHOCTH

o 5 10 15 20
OansHocTs 00 KOHYCA, M

Puc. 12. 3aBHCHMOCTD CpeTHET0 3HaYECHNUS OIIUOKH
OTIpeJieNIeHNs] JATbHOCTH JI0 KOHYCa OT PAcCTOSIHUS 10
uero st CKO ckopoctu konebanwmii koHyca 1 m/c
Fig. 12. Dependence of the mean value of error in
determining the distance to the drogue on the distance
to it for the MSD of the drogue oscillations velocity
1 meter per second

3nech U Janee MPUBEACHBI Pe3yIbTaThl IKC-
NEPUMEHTOB, MOJTY4YEHHBIC TIPU YCPEITHEHUU IO
OTHOCHTEIIFHO HEOONBIIONW BBIOOpKE. DTHM U
CIIO)KHOCTBIO TIOAJCP)KaHUS (PUKCHPOBAHHOTO
YPOBHSI TIapameTpa JKCIEpHUMEHTa YPOBHS
TypOyJEHTHOCTH Cpeabl (WM, YTO TO )KE camoe
cornacHo npuHsATo runoreze, CKO ckopoctu
KOHYCa) OOBSICHSACTCS OOJbIIAs «H3PE3aHHOCTHY
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rpacdukoB. bojee KOppeKkTHOE MpeACTaBIEHUE —
CTUI&)KEHHBIE 3aBUCUMOCTH C YKa3aHHEM JIOBe-
PUTENBbHBIX HHTEPBAJIOB HKCIEPUMEHTAIbHBIX
TOYEK — B JIAHHOH paboTe HEe paccMaTpUBaETCS.

IIpy 5TOM Ha OCHOBE CBEICHMU O JIMHEUHBIX
pasMepax M300pakeHHsI KOHyca B MPOLIECCE €ro
BHECOHAOIONEHUS BBIINOJHAETCS OICHKA Jajlb-
HOCTH 10 Hero. Puc. 12 wmmoctpupyer momy-
YEHHYI0 SKCIIEPUMEHTAILHO 3aBUCUMOCTh CpE-
HETrO 3HAYCHUS OIIUOKU ONPEICIICHUS JaTbHO-
CTHU JI0 KOHyca OT pacctossHus A0 Hero qis CKO
ckopoctu Konebanuit konyca 1 m/c. Ilo rpaduxy
BUJIHO, YTO TOCJI€ YCTOMYMBOTO 3axBaTa H300-
pakeHus: KOHyca aBTOMATOM COIPOBOXKICHUS
cpelHee 3HaueHUE OMIMOKH OMpeAeNieHUs aib-
HOCTH HE MpEBBIIAET 2 M (Ha JaIbHOCTH MEHEe
18 m).

Oo0cy:kneHne mory4eHHbIX
pe3yJIbTaTOB

KonTakTupoBanue ¢ KOHyCOM Ha OCHOBE KO-
opauHaTHbIX AaHHBIX CT3 BO3MOXHO Ha OCHOBE
Pa3IMYHBIX CTPATETUM.

1. Conposoocoenue yenmpa KoneOaHuii Ko-
nyca. Ha ocnoBe panubix CT3 B mpouecce
CONMKEHUSI  OMpEACNeTCS  MaTeMaTH4eCKOoe
oxunaane (MOJXX) nmonmokeHus: KoHyca. 3amnpas-
nsieMbidt JIA nBMKETCSl B pacueTHYIO TOYKY, BO-
KpYyT KOTOPOH KOHYC COBepIIaeT KoneOaHus, ur-
HOPUpPYS €ro ClaydalHble TEKYIIHE IMOJIO0KECHHUS.
[Ipu OTCYTCTBMM pEryJsIpHBIX BO3MYIIAIOIINX
BO3/JCHCTBUII Ha KOHYC (HampuMmep, BbI3bIBac-
MBIX BO3JE€MCTBHEM BO3IYIIHBIX TOTOKOB, 00TE-
KaIoIIMX HOCOBYIO 4acTh JIA) BEpOATHOCTH IO-
naJaHusl ITAaHTOM B KOHYC MMEET BU[, Mpea-
CTaBJIeHHbIN Ha puc. 13. BuaHo, 4To 115 MabIx
3HaueHni TypOysneHtHoctu (Menee 0,4 m/c) Be-
POSITHOCTh YCIIEUIHOTO MOMAJaHUs JOCTaTOYHO
BbicOKa — Oosee 0,8. W HampoTtus, mis TypOy-
JEHTHOCTH 1 M/C BEpOSTHOCThH MOMATaHUS B KO-
HyC cHIKaetcs 10 ypoBHs 0,3. Takum obpazom,
JUTSET KOHTAKTHUPOBAHUSI B YCJOBHSIX BBICOKOM
TypOyJIEHTHOCTH TpeOyeTCsi COMPOBOXKICHHE
KOHYyca.

2. Conposooicoenue konyca. bynem cuutarb,
YTO CHCTEMa AaBTOMATHYECKOTO YIpPaBJICHUSA
(CAY) zampasnsiemoro JIA orpabaThiBaeT 1esne-
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Puc. 13. BeposTHOCTb NONaiaHus! IITAHIOM B KOHYC
nipu ommoke onpexaeneHnst MOX mosnoxxeHus koHyca
10 cm
Fig. 13. Probability of the penetration of a flying
boom into a drogue in case of an error in determining
the mathematical expectation of the drogue position
10 cm

ykazanue CT3 6e3 ommnboK NpocTpaHCTBEHHOTO
NOJIOXKEHHsT (IPUBOJIUT 3alPABOYHYIO IITAHTY B
3aJJaHHYI0 IPOCTPAHCTBEHHYIO TOUYKY B Ka)IIOM
TaKTE aBTOMAaTa COMPOBOXKICHHUS), HO C HEKOTO-
pO¥ BpPEMEHHOM 3aIEPIKKOA.

B momoOHOM citydae BEpOSITHOCTH TOTaja-
HUSI IITAHTOW B KOHYC 3aBUCHT KakK OT ITOKa3aTe-
7151 TYpOyJICHTHOCTH, TaK M OT BPEMECHHU PEaKIMK
CAY. llpu Hanmuuuu BPEMEHHBIX 3aJE€PKEK B
KOHTYpE YIpaBJICHHS HEOOXOIUM MPOTHO3 IO0-
JOXEHUsT KOHyca Ha BpPEMEHHOM HHTEpBale,
paBHOM BpemeHH peakinuu CAY. B atoMm ciydae
B K@XX/IOM TaKT€ COIPOBOXKICHHS 3aIPaBIIsieMbIN
JIA nBWXeTCS B MPOTHO3UPYEMYIO TOUKY, KOM-
NEHCUPYS OIIMOKHA BPEMEHHBIX 3aICPKEK.

Ha puc. 14 npuBeneHa 3aBUCUMOCTb BEpOSIT-
HOCTH TIOTIAJIaHUS IITAaHTOM B KOHYC OT BpEMEH-
HOT'O MHTEpBaja MPOTHO3UPOBAHUS IS MOKa3a-
Tens TypOynentHoctH, ¢ = 0,25 m/c. BuaHo,
4TO, €CJIM, HAalpUMeEp, BpeMs ITPOTHO3a (PeaKIiu
CAY) 6onee | ¢, BepoATHOCTh YCIHEIIHOTO KOH-
TaKTUPOBAHHUS C KOHYCOM CTaHOBUTCS Me-
Hee 0,8. [lepBas crparerus (puc. 13) ans Toi xe
typOynenTHoctu (0,25) obecrneunBaeT BEpOSIT-
HOCTh YCIIEUIHOTO KOHTaKTHPOBAHUSA, OJIM3KYIO
K 1. Takum 0Opazom, B yCIOBHUSIX MaJIOl TypOy-
JICHTHOCTH M JUISI MEUIEHHO MaHEBPHUPYIOIIETO
3anpaBisiemoro JIA s dexTuBHEEe conmpoBOXKIe-
HUE IIEHTpa KoJieOaHMii KOHYca.
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Puc. 14. 3aBuCHUMOCTh BEPOSITHOCTH TOMNAAaHUS IUTAHION
B KOHYC OT BPEMEHHOT'0 MHTEpBaJIa IIPOTHO3UPOBAHUS
JULsl TIoKasaresist TypOysentHocTH 0,25 M/c
Fig. 14. Dependence of the probability of the penetration
of a flying boom into a drogue on the forecasting time
interval for a turbulence index 0.25 meters per second

B ycnoBusix 3HaunTENbHON TYpOYJIEHTHOCTH
BpeMsa peakuuu CAY 1 ycnemHoro KOHTaK-
TUPOBAaHUSA JOJDKHO OBITh CYLIECTBEHHO MEHb-
me. Ha puc. 15 npuBegeHa 3aBUCUMOCTb BEpO-
ATHOCTH IONAaJaHusl IITAHIOW B KOHYC OT Bpe-
MEHHOI'0 MHTEpBaja MPOTHO3UPOBAHMS IJIsl TO-
Kazarens TypOyneHTHOcTH G = 1 m/c. BuaHo,
YTO IS JOCTIKEHUs BeposiTHoctH Oonee 0,8
Bpems peakiu CAY nomkHo 6bTh Meree 0,2 c.
Hns Tsoxensix 3ampaBisieMbix JIA nmoctuxkeHue
NoJOOHOTO BPEMEHHU pPEaKLUUU MpeACTaBIseTCs
npoOaeMaTHIHBIM. Pemenne npo6iemsl 3ampaB-
Ku ciabo MaHeBpupylommx JIA B ycCIOBHSIX
CHUJILHOM TYpOYJIEHTHOCTH MOXXET OBITh obecrie-
YEHO UCIOJIb30BaHUEM YIIPABIISIEMOIO KOHYCA.

3. ConpogooicOeHue ynpasisiemo2o KOHYCd.
O4eBUAHO, 4YTO NOTEHUUAIBHO JOCTUKHUMBIE
JWHAMHUYECKHE XapaKTePUCTUKU KOHYCA, B CHITY
ero MaccorabapUTHBIX XapaKTEPUCTHUK, BHIIIE,
yeM s 3anpasisiemoro JIA. Hcnonbs3oBanue
KOHYyCa-JJaTunMKa, CHA0)KEHHOTO MeXaHH3allhel,
dbopmupyroIel BEKTOp TITU, HOPMAIbHBIA BEK-
TOpPY BO3AYILIHOM CKOPOCTH, IO3BOJIAET Kadye-
CTBEHHO M3MEHHUTh CIOCO0 pelieHus 3ajadu
CTBIKOBKH. B ciydae moctpoenus s3¢dekTuBHO
ynpasisieMoro konyca ganubsle CT3, TpaHciu-
pyeMble Ha HEro (Hampumep, Mo paJuoKaHaly),
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Puc. 15. 3aBuCHUMOCTb BEPOSITHOCTH HONAAAHUS IUITAHION
B KOHYC OT BPEMEHHOT'O MHTEpBaJIa IIPOTHO3UPOBAHUS
JUIsl TIOKa3arelist TypOysieHTHoCTH 1 M/c
Fig. 15. Dependence of the probability of the penetration
of a flying boom into a drogue on the forecasting time
interval for a turbulence index 1 meter per second

MO3BOJIAT BBIOJIHATH MaHEBPHI, KOMIICHCHPYIO-
HIMe CiaydvaiiHbie TypOyJIeHTHBIE MOPBIBBI, a TaK-
K€ CHCTEMATHYECKHE IIONEPEYHbIE CMEIIECHUS
KOHyca U INTaHTu. B pesynbrare He 3ampaBisie-
MblIit JIA, a KOHyC OyJeT OCyIIeCTBIISATh HE0OXO-
TUMbIE TIEPEMEIEHUSI B IPOCTPAHCTBE, ApUPY-
IOIUE TYPOYJICHTHBIC MOPHIBBI ¥ IPUPOCT MO~
€MHOM CHJIBI OT HOCOBOW YacTu (pro3emsika 3a-
IPaBJIIEMOTO caMoJieTa, B LEISIX JTOCTHKEHUS
YCHEIIHOTO KOHTAaKTUPOBAHMSI.

AdpoanHaMHuuecKas XapaKTepUCTHKa COBpe-
MEHHOTO KOHYyCa-JaT4yMKa OpPHUEHTHUPOBaHA Ha
CTaOMUIN3aLUI0 MPOCTPAHCTBEHHOTO MOJIOKEHUS
B BO3JYIIHOM TIOTOKE, MPENSTCTBYIOIIYIO OT-
KJIMKaM Ha TaHreHIualbHOE (K BEKTOPY CKOpO-
cTH) Bo3xelicTBue. [losTomy, BeposTHee Bcero,
MOJIEpHHU3AIUS CYLIECTBYIOIUX MOJENEH KOHY-
ca MPUBEIET JUIIb K YaCTUYHOMY PEIICHHUIO 3a-
Ja4¥ TOCTPOCHUS yIPABISIEMOT0 KOHYCa.

Takum 00pa3om, B OJMKHEH NEpPCIIEKTUBE
3¢ (deKTUBHOE aBTOMATH3MPOBAHHOE BBITIOIHE-
HUE CTHIKOBKU B YCJIOBHSX CHJIBHOM TypOYJICHT-
HOCTH MOXXET OBITh BBITIOJHEHO Ha OCHOBE CO-
MIPOBOXKJICHUSI MOJIEPHU3UPOBAHHOTO YIIpaBiIsie-
MOTO KOHYCa, BKJIIOYAIOIIEe KaK MaHEBPHUPOBa-
Hue 3anpasisieMoro JIA, Tak 1 MaHEeBpUPOBAHUE
caMoro KoHyca.
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3akjaoueHue

1. Ilpemnoxena TEXHOJIIOTHS aBTOMATU3H-
POBAHHOTO BUJCOHAONIONCHUS KOHYyCa-JaT4hKa
Ha OCHOBE MACCUBHOM ONTHKO-3JIEKTPOHHOU CH-
creMbl. TeXHOIOrusl BKIIIOYAET:

e JIOTHKY aBTOMAaTH3HPOBAHHOTO HAOIIOACHUS
CLEHBI J103alpaBKA C HMCIOJIb30BAHUEM aJro-
PUTMOB aBTOMAaTHYECKOTO OOHAPYKEHUS H CO-
MIPOBOK/JICHUSI KOHYCa-AaTuHKa;

e METOAMYECKHUH anmapaT NOJONTHUMATbHOM JIH-
HeWHOW QuIbTpanuyu HaOII0AAEMOro Mpolec-
ca B yCJIOBUSIX MPOCTPAHCTBEHHOW U BpEMEH-
HOHM HECTAallMOHAPHOCTHU CLEHBI;

® ANTOPUTMBI ABTOMATHYECKOTO KOPPEISAILHMOH-
HOTO OOHApY’>KEHHUSI M COMPOBOXKICHHUS KOHY-
ca-JlaTYMKa ¢ MCIOJIb30BaHUEM MOJIONTUMAIIb-
HOU (punpTpanuu.

2. Ha ocHOBe pa3paboTaHHOW TEXHOJOTHH H
MO pe3ynbTaraM OLEHKH 3()PEeKTUBHOCTU aNro-
PUTMOB  aBTOMAaTHM3UPOBAHHOIO  HAOIIOACHUSA
MpEeAJIOKEHA CTPATETUs BBINOJIHEHUSI aBTOMATH-
3UPOBAHHOM JI03aIIPaBKHU B YCIOBUSAX Pa3IuIHOU
TypOyJIE€HTHOCTH:

e B YCJOBHUSX Cla0O TypOyJIEHTHOCTH YCIEIll-
HOE€ KOHTaKTHpPOBaHME O0OecreynBaeTcsl Cco-
MIPOBOKACHUEM LIEHTpa KoJieOaHuil KOoHyca;

e B YCJIOBUAX CHJIBHOM TypOyJI€HTHOCTH yCHelll-
HOE KOHTAaKTUPOBaHHE MOXET ObITh olecre-
YEHO COINPOBOXKJICHHEM KOHYCa, YIPaBJIsEeMO-
ro no gauaeiM CT3.
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IloBbIlIEHHE AOCTOBEPHOCTH BU3YAJIBHOI'0 KOHTPOJIA
MOBPECKACHHBIX 3JICMCHTOB KOHCTPYKIIMHA BO3AYIIHBIX CYAO0B,
BBINNOJTHCHHBIX U3 KOMIIO3UIIMOHHBIX MaT€¢pPHaAJI0B

H.A. IlaBbm()Bl

1 . . .
Canxm-Ilemepbypackuii 20cy0apcmeeHHblll YHUepCumem 2padcoanHcKoul aguayuu,
2. Canxkm-Ilemepoype, Poccus

AnHotanus: [loaroToeneHHasi aBTOPOM CTaThs MPEACTABISIET COOOM HCCIIEOBAHME BIMSHUS IIBETA, OTAEIKH ITOBEPXHOCTH U
(opMBI BMATHH Ha HaAEKHOCTh BU3YaJIbHOTO KOHTPOJISI 3D-BMATHH Ha MOBEPXHOCTH, KOTOPBIE 00pPa3yrOTCS MPHU MOBPEKICHIH
SMNOKCUIHBIX KOMITO3MIIMOHHBIX MAaTCpUaJIOB, apMHPOBAHHBLIX YTJICPOAHBIM BOJIOKHOM, BCJICACTBHC YIapOB. B JJ,aHHOﬁ CTaTbe
MNpEACTaBJICH aHaJIN3 BJIMAHUA 1BCTA TOBCPXHOCTU JJICMCHTOB KOHCTPYKUUU BO3AYIIHBIX CYJO0B, BbIIIOJIHCHHBIX W3
KOMIIO3UITUOHHBIX MaT€pruajioB, HA HAAC)KHOCTb BU3YAJIbHOT'O KOHTPOJIA. le/IBeZ[eHI)I PE3YyJIbTAThI HUCITBITAHUM. I/ICHOJ’Ib3y${ OTHU
3HAYCHHS, MOXKHO ONPEICIUTh PO CEUCHUs MOBEPXHOCTHBIX JC(EKTOB, BBHI3BAHHBIX yIapaMH C SHEPruei B Ipenenax
qarnazoHa ot 5 70 80 /Ik. B HOBBIX KOHCTPYKISIX BO3IYIIHBIX CYIIOB, KOTOPBIC BBEIICHBI B AKCIUTYaTAIMIO HA CETOJTHSIIIHIN
JieHb, comepkurcs 50 % u Oonee OT MacChl IUIAHEpa KOMITO3UIMOHHBIX MAaTEepUajIOB, a TAKXKE HCIOJB3YOTCS MOHOJHTHBIC
KOMITO3MIIMOHHBIC TTAHETH U3 YTIIETUIACTHKA LT OOMMBKA (ro3erspka. KoMITo3uT W3 yriermiacTika 0COOSHHO YyBCTBHUTENIEH K
CHIDKEHHUIO TIPOYHOCTH Ha CXKATHE TIOCNe yapa, a OKpYyXalomas cpelda, B KOTOPOW 3KCIDIyaTHPYIOTCS BO3AYIIHBIE CYa,
XapaKTepU3yeTCs HATMYIEM MHOYKECTBA ICTOYHHKOB YIApHBIX TIOBPEXKICHHU. [IprMephl BHEITHETO BU/a TIOBEPXHOCTH PeaTbHBIX
KOMITO3HIIMOHHBIX KOHCTPYKIMI camoJieTa IpHu yAape SBJIIOTCS KoHpHUAeHIMAIbHOH nHpopManueid. B moctymHol muteparype,
KaCaroIIeHCsT MOBPESKICHNS] KOMITO3UIIMOHHBIX MaTepUajioB OT yOapoB, OCHOBHOE BHHMAHHE YAEIICHO WCIIBITAaHWSAM Ha yaap
C UCHOJIb30BaHUEM TONyC(HEPUUECKHX YAAPHBIX DJIEMEHTOB, 00bIUHO auamerpamu D15, 20 wim 25 MM, uHpOpMaLMs IO
HCITBITAHKUSAM 00Pa3IOB OOJIBIIIETO pa3Mepa He HpescTaBiieHa. HeT omyOnMKoBaHHBIX UCCIIEIOBAHHUI MTOBPEKICHHUH OT yIapOB ISt
MOHOJIUTHBIX, TIOJTHOCTBIO TOTOBBIX KOMIIO3UITMOHHBIX MaTE€PHUaJIOB U3 YIJICIIIIACTUKA.

KiioueBble c/10Ba: KOMIIO3HUIIMOHHEIS Marepuaiibl, aBualys, BPI3yaJ'ILHLIﬁ KOHTPOJIb, 3KCILTyaTallust BO3AYIIHOI'O TpaHCHOPTa,
TEXHUYCCKOC 06CJ'IY)KI/IBaHI/I€.

Jnsa nurupoBanus: [lapiioB M.A. IloBbllleHHME [OCTOBEPHOCTH BHU3YaJbHOTO KOHTPOJISI HOBPEXKICHHBIX 3JIEMEHTOB
KOHCTPYKIIMH BO3IYIIHBIX CYJOB, BBITOJHEHHBIX M3 KOMITO3MIIMOHHBIX MatepuaiioB // Hayuneni Bectauk MITY T'A. 2022.
T.25,Ne 4. C. 44-55. DOLI: 10.26467/2079-0619-2022-25-4-44-55

Improving the reliability of a visual inspection of damaged aircraft
structural components made of composite materials

L.A. Davydov1
!Saint Petersburg State University of Civil Aviation, Saint Petersburg, Russia

Abstract: The given article represents the study of the influence of color, surface finish and shape of dents on the reliability of 3D
surface dents visual inspection, which are formed due to damage to epoxy composite materials reinforced with carbon fiber resulted
from impacts. This article provides an analysis of the influence of surface color of aircraft structural components made of composite
materials on the reliability of a visual inspection. The test results are given. Using these values, it is possible to determine the cross-
section profiles of surface defects caused by impacts with energy within the range from 5 J to 80 J. The new designs of aircraft,
which have been put into service thus far, feature 50% and more composite materials of the airframe mass and use monolithic
carbon fiber composite panels for the fuselage skin. Carbon fiber composite is particularly sensitive to the post-impact compressive
strength reduction, and the operating aircraft environment is characterized by an array of sources of impact damages. Samples of
the surface appearance of real composite structures of the aircraft on impact is the confidential information. Currently available
literature concerning impact damage to composite materials, focuses on impact testing using hemispherical impact elements of
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typical diameters @15mm, @20 mm or P25 mm. Testing information regarding larger diameter samples is not provided. There is
no published research into impact damages to monolithic, fully finished carbon fiber composites.

Key words: composite materials, aviation, visual inspection, air transport operation, maintenance.
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BBenenue

bonpiias yacTe aBMAMOHHOIO IEPCOHANA
CIOCOOHA ONpeleTUTh BMSATHHY WM Pa3pbiB Ha
METAJUTMIECKON KOHCTPYKIIMH M COOOIIUTH O HUX
Kak O MpeArnoiaraeMoM moBpexaeHnu. OmHako
MOBEPXHOCTh M3 KOMIIO3UIIMOHHOIO MaTepHuaja
Jake TOcTe CHUIIBHOTO yAapa MOXeT Ka3aTbCsl He-
MTOBPEXKJICHHOM, €CJIM Ha HEM OTCYTCTBYIOT CJIE/IBI
ynapa win aedekts! [1-3]. Hazemnas Opurana B
TaKOM CiTydae He CoOOHmMT O nedekrax, IoToMmy
YTO OHM BBITJISAAT TaK K€, KaKk HeOONbIlMEe BMs-
THHBI Ha METAJUTMYECKOW KOHCTPYKIMH, M pe-
MOHTHasi OpHrajia He IPUCTYNUT K PEMOHTY KOM-
MO3UIIMOHHON KOHCTPYKIUH [4, 5].

B Hacrosiee Bpemsi OITyOJMKOBAaHO MHOTO
AKCIIEPUMEHTOB 10 BHU3YyaJbHOMY KOHTPOJIIO pac-
MO3HABAHUS TOBPEXKICHUN METAIMYECKON KOH-
CTPYKLIMHU OT YZapa, HO, YTO KacaeTcs KOMIIO3HILIHU-
OHHOM KOHCTPYKIIUH, IPUXOIUTCS] KOHCTATUPOBATh
CYIIIECTBEHHBIN ieduiut nHpopmMarmu [6-8].

DTO MOXET MPUBECTH K TOMY, YTO TIOBPEXK/Ie-
HHE KOMITO3UIIMOHHBIX KOHCTPYKIIMHA BO3TYIITHOTO
CyIHAa HE paCIO3HAETCs] aBUAIIMOHHBIM MEpPCOHa-
noM [9]. Kak pe3ynbraT — akT O MOBPEXKICHUU HE
COCTaBIISIETCSl U, CJIENOBAaTEIbHO, PEMOHT IOBpE-
JKJICHHBIX YJapOM KOMIIO3UIIMOHHBIX KOHCTPYK-
Uil He mpou3BomuTCsA. Takas cuTyaluss HUMeeT
ropaszio 0osee cepbe3HbIE MOCIEACTBUS AJIS JIET-
HOM TOAHOCTH OCHOBHBIX KOHCTPYKITHH (Hampu-
Mep, TaKUX Kak OOLIMBKA FepMETH3UPYEMBIX 00b-
eMOB (hro3ersiKa), YeM BTOPOCTETICHHBIX (HAmpH-
Mep, oOTekareneil U OOIIMBKH, HE WCIBITHIBAIO-
e Bo3aeicTBus nasienus) [10-14].

MeToabl HCCJIEeA0BAHUSA

B HOBBIX KOHCTPYKIUSX BO3AYIIHBIX CYJIOB,
KOTOpBIC BBEJCHBI B OKCILIyaTalldi0 Ha Cero-
JHAIIHUN J1eHb, MO Becy coaepxutcs 50 % xom-
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MO3UIMOHHBIX MAaTepUalIOB M HUCHOJB3YIOTCS
MOHOJIUTHBIE KOMIIO3UIIMOHHBIE IAHENIU U3 yI-
JIEIUTACTUKA I OOIIMBKHU (1)I03€JISI}Ka1. Kowmmo-
3UT U3 yTJEMIacTUKa OCOOCHHO YYBCTBUTENECH K
CHIDKEHHIO MPOYHOCTH Ha C)KaTue IMociie yaapa,
a OKpy»Kamollas cpela, B KOTOPOH 3KCIUTyaTH-
pYyIOTCS BO3AYLIHBIE CyJAa, XapaKTepU3yeTcs
HAJIMYMEM MHOXXECTBAa MCTOYHHKOB yJAPHBIX
noBpexaeHuil. [Ipumepsl BHEIIHEro BUAa IIO-
BEPXHOCTH PEAJIbHBIX KOMIIO3UIIMOHHBIX KOH-
CTPYKLHH camoJjieTa MpH yAape SBJISIOTCS KOH-
¢unennuanbHoi uHpopMmanmend. B moctynHoi
JUTepaType, Kacarolencs: MOBPEKICHUS KOMIIO-
3ULMOHHBIX MAaTE€pHaJIOB OT YJIapoOB, OCHOBHOE
BHHUMAaHHUE yJIeJI€HO UCIBITAHUAM Ha yJap C HcC-
NOJIb30BAHUEM  TOJYC(HEpUYECKHX  yIapHBIX
3JIEMEHTOB, OOBIYHO auamerpamu P15, 20 wim
25 MM, uHboOpMaNKs MO0 UCHBITAHUSIM 00pa3IoB
OoJpliero AuameTpa He mpencraBieHa [15-17].
Het onmyOnMKOBaHHBIX HCCIIEIOBAaHUI TOMOrpa-
¢buu BIaBIMBAaHUN OT YJapoB JJIsi MOHOJIUTHBIX,
MOJIHOCTBIO TOTOBBIX KOMIIO3MIIMOHHBIX MaTe-
pHAaNOB U3 yTJEIUIacTUKA.

CymiecTByeT psJl METOI0OB HEPA3PYIIAIOIIETO
koHTpossi/uHCciekuun (MHK/MHMU), kortopsie
MO3BOJISIIOT OOHAPYKUTh U OMPEACIUTh Xapak-
TEPUCTUKH TOBPEKICHUN KOMITO3UIIMOHHBIX Ma-
TEPUAJIOB U3 YTJIEIUIACTUKA BCIEACTBUE yAAPOB.
HecmoTtpst Ha 3TO, BU3yalbHBIH OCMOTpP 10 CUX
nop sBisieTcst 3PPHEKTUBHBIM METOZOM CKaHUPO-
BaHUs OOJBIINX YYaCTKOB KOHCTPYKIIUHM H, Ta-
KUM O0Opa3oM, OYEBUIHO, OCTAaHETCS MEPBBIM
ATaroM OOHApY>KEHHsI TOBPEKICHUNA KOMITO3H-
[IUOHHBIX MaTepuaioB. OJHAKO B OTKPBITOM J0-
CTYII€ OTCYTCTBYET CTaTUCTHUUECKU JOCTOBEpPHAs
uHbOpMallMsi O HAJSKHOCTH  BU3YaJIbHOTO
OCMOTpa Ha MpEeIMET MOBPEKICHUM MpH yaape
koHCTpyKimid camoneroB CRFP (AYBII — apmu-

' Boeing 787 Training Student Lab Notebook Structures
ECS in 5 books. Book 3: Structures — ECS. Engineering
Department, 2016. 30 p.
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Puc. 1. Pa3zpe3 33-ci0iHOro KOMIO3UTa C OKPAILIEHHON MOBEPXHOCTHIO
Fig. 1. Section of the 33-layer composite with a painted surface

KoopmiHaTHO-H3MepHISTEHAT
mammHa (KHM) ¢upusn
Renishaw

nedexrockon ot GupmMbl

VIBTpasByKOBOH

Olympus

VeTpoeTEO 41 HOPMHPOBAHHA VAAPHBIX
Bo3eiicTr (Gupmer Rosand

Puc. 2. OGopynoBaHue aJsi NPOBEACHUS IKCIIEPUMEHTA
Fig. 2. Equipment to carry out an experiment

POBAHHBIN YTIICPOJHBIM BOJIOKHOM TLIACTHK/TIO-
mmep) [18].

PesyabTart
HAYYHO-MCCJIEI0BATEIbCKON PadoThI

ABTOpOM B XO/i€ SKCIIEPUMEHTA Ha YJapHbIE
BO3/CHUCTBUS MCIIOJIB30BAIUCH «00PA3IIbI-CBU/IE-
TeNW», T. €. 00pa3lbl U3 MaTepuana, HemoCpe-
CTBEHHO INPUMEHSEMOr0 B KOHCTPYKIMSAX BO3-
OYLIHBIX CYJIOB, a UMEHHO 17- u 33-cioliHble
yraeractuku (puc. 1).

Jnst co3manust nedeKToB Ha oOpasuax IMpH-
MeHsiock  obopyaoBanue Rosand Type 5
(puc. 2) co cMEHHbIMM HaKOHEYHHUKaMH (yaap-
Hukamu). Kak mompoOHO oTpakeHO B Tabu. 1,
MCIIOJIb30BAJIMCh YETHIPE PA3HbIX TUNA YIapHBIX
HaKOHEYHMKOB M3 HepkaBeromiel cranu. [loy-
chepudeckne yaapHble HAKOHEYHUKH JHAMET-
pamu D20 u 90 MM NPUMEHSUIUCH IJIsl BOCCO3/a-
HUSl THIWYHBIX SKCIUTyaTallMOHHBIX E(EKTOB.
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[Tnockuii NUIMHAPUYECKUH HAKOHEYHHK OBbLI
BKJIIIOYEH Ui MOJdy4yeHHs HHpopMmanuu o0
yIapHbIX Ae]eKTax 1Mo CpaBHEHHIO ¢ HaKOHEY-
HUKaMH rnosrycdepudeckoil Gopmbl. TouHO Tak
e yHapHBIH 3JeMeHT B GopMe KiIuHa (WM UH-
CTpyMeHTa) ObUT BKIIIOUEH IJIsl OLEHKU MOpdo-
JOTHH TIOBPEKACHUH, KOTOPHIE MOTYT BO3HHK-
HYTh IIpU yJapax OT TaKuX MPeIMETOB, KaK WH-
CTPYMEHTBHI.

ITocne ynapa kaxxablii oOpasel moaBepraics
C-CKaHMPOBAHHUIO C TIOMOUIBIO YIBTPA3BYKOBOTO
nedexrockona (puc. 2), 4ToObl U3MEPUTH MOJ-
MOBEPXHOCTHOE pacciioeHue B Mecte yaapa. Ko-
opAMHaTHO-u3MepuTensHass Mammba (KMM) c
CEHCOPHBIM JIaTYMKOM HCIOJIH30BANIACh ISl CO-
31aHUsT OUM(POBAHHBIX XapaKTEPUCTHK Aedex-
ToB. IloBepxHOCTH 00pa3loOB M3 yIJEIUIaCTHUKA
U3MEPSIIUCh C HCIOJIb30BAaHUEM TPEXMEPHBIX
TOYEK JaHHBIX ¢ KoopauHatamu X, Y U Z
(TpexmepHoe o06nako Toyek). MamuHa Oblia
HAaCTPOCHA Ha CKaHMpOBaHUE ¢ maroMm 1 X 1 MM
1o ocsiM X U Y ¢ TOYHOCTBIO =1 MKM 10 ocu Z.
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Taoauna 1
Table 1

Matpuua a1 y1apHbIX UCTIBITAHUNM 00pa3LioB U3 YIJeIIacTHKa
Matrix for carbon fiber samples impact tests

THO VIAPHOTO 3TeMeHTa
G700 nane, ToTOCETE
@i20 nza, momyodepa @87 s, momyodepa IRUTHETD 13 amax 4 aour
Fopus EnwHa'
HHCTDWMEHTE
Macca voapemma — 2,2 57 | Macca voapemma — 2.4 57 | MMaccs voapesma — 2.9 5T Macca yoapemsa — 2.1 5T
Odpasusins 17-ca. vraenaacTika © 0KpaLIEHHOI 0B EPXHOCTEEY
Copasmer Mz | JEepres Ofpasmer Mo ! JE=prEs OSpasmmr Me | JE=prEA Ofpasier | JESpres=
'\ VIapa \ yoapa  yoapa Mo | yoapa
28 . 3 0E o6 ' 3 0= 37 . 10 0= 33 i
27 ;10 0= 05 | 10 = 38 v 15 M= 34 T 10 I=
26 ‘15 0= o4 ! 15 M= 39 20 0= 53 ' 15 0=
25 v 20 M= 30 ] 20 M= 41 L 36 175 =
24 30 M= 03 ] 30 0= 40 v A0 TE 32 v 20 Tx
. 31 ' 40 O= 1 , O o= '
: g1 : 30 Tw : :
Odpasusins 17-ca. YrAemnacTHRA ¢ HEOKPAIIEHH O MOEEp XHOCTEE
O Opasme Not JHSPTER Oopasmer Mo+ DHSPTHR O6pasmer No | JHSPTHE O6pasmer 1 -JHEPTER
| vaapa \ Yoapa | waapa Mo | Vaapa
Ald ! 3 T Al ! 5 M A2G 'O 0= A3l ! 5 &
AlS v 10 O= A2 ] 10 = A2T v 15 I= A3D v 10 0=
Als v 15 = A1 ] 15 = A2E 20 D= A33 v 15 M=
AlT v 20 0= AZ2 ' 20 T AT v 30 = A35 v 175 =
ALl 7 530 = A3 s 30 0= A0 . A0 T= A36 , 20 T=
! AT a0l= : |
1 A2 1 50 Tx 1 1
Ofpasus 13 3300, VOIeNIacTHRA ¢ OKPalIeHHOI MOBepXHOCTEHY
OSpasmm: Me| FEepres OSpasmmr Ne | DHepres OSpasmm Me | DEeprER OSpasmmr | JHEPrHE
1 yoEpa | WOapa | yaspa Ne | yaapa
3 ] 5 O 10 ] 20.0= 19 ] 10 = 15 20 M=
4 . 10, T& 9 : 30 0= 20 L 20 0= 16 T 30 I=
3 : 15 0= 11 7 40 0= 21 ' 30 0= 17 V40 0=
& ! 20 0= 12 ! 30 M= 22 ' 40 O= 18 'S0 O
g ! 30 0= 13 ! 60 I= 2 ] 30 O= !
T ! 50 0= 14 ] 70 0= 71 ] 60 M= ]
Odpasuss n3 3300, VIAEMIAcTHEA ¢ HEOKPAIIEHHOH MOEEP XHOCTEE
Ofpasmer No! JH=pres Ofpasmer Mo | FHSPrER O&pasmm Me | JHSPTHA Ofpasmer | JHSPres
1 VIEps \ yoapa | yaapa No | VIEpa
AT . 5 O A4S : 20 ,T= A3l j 10 D= AST . 20 T=
ALl V10 0= Adp 7 30 0= AS2 v 20 0= ASE V30 0=
Adl V15 = AdT ! 40 M= AS3 ! 30 D= ASD A0 =
A2 v 20 0= A4S ] 30 0= AS4 A0 O Aol v 50 0=
AL3 30 0= ALD 60 T= ASS 30 O= :
Add 30 D= AS0 70 0= AS6 60 T=

[Tnomans ckanupoBanusi coctapisuia 80 X 80 Mm
C LeHTpoM JedeKTa Ha TMOBEPXHOCTH KaIO0Tro
obpasma. OOopynoBaHHE, UCIOJIB30BAHHOE aB-
TOPOM B 3KCIIEPUMEHTE, UMEET COOTBETCTBYIO-
me ceptudukatel W JuneH3uu. OOpasubl U
000pyZ0BaHUE JUISI YUCTOTHI SKCIIEPUMEHTA ObI-
JU PEKOMEHJOBAaHbl M TPEAOCTaBJICHbI KOMIa-
Hueit Boeing.
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Ha puc. 3 mpencraBiieH TUNUYHBIA AePEKT
Ha MOBCPXHOCTHU MHOT'OCJIOMHOI'O YIICIIIIACTUKA
BcneacTBre ynapa. [logoOHbie nedeKkThl BO3HH-
KalOT B TMPOLIECCe OKCIUTyaTallid BO3TYIIHBIX
cynoB. Ha ¢dotorpaduu BUAHO, YTO Ha TOBEPX-
HOCTH 00pasiia HeT TPEIIUH U Pa3pbIBOB, TOJIBKO
HeOoJIbIIast BMSITHHA pa3MepoM He 6osiee 20 MM,
HO YIbTpa3ByKkoBoe C-CKaHUpOBAaHHUE JIEMOH-
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PoTorpadn odpasna Ha NOEpeXIeHHS
oT yaapa Ne7 (33 crnosg + okpames., @20
M/ 5 0T3E)

Civil Aviation High Technologies

MertatorpadHuccKkoe H300paKSHHES cCUCHHA NIPH yaape @20 ane/50 Tz

Puc. 3. Tunu4HeIi pe3yabpTaT yIapHOTO BO3AEHCTBUS 110 00pa3ily u3 33-CI0MHHOTO YIJIeIUIacTHKA C OKpPaIIeHHON
TTOBEPXHOCTEIO ¢ 3Hepruer 50 [k HakoHeYHHKOM nuameTpoM 20 MM
Fig. 3. Typical result of impact on the sample of the 33-layer carbon fiber with a painted surface
with energy 50 J using a penetrator of a diameter 20 mm

Puc. 4. Yaap 15 J[x/©020 mm Ha 17-c0HHBIH KOMIO3UT C OKPAIIEHHOH NOBEPXHOCTHIO, yaap 15 J[Hx/020 mm
Ha 17-CIOIHBIN KOMIO3UT C HEOKPAIIEHHOH ITOBEPXHOCTHIO
Fig. 4. Impact 15 J/@20 mm on the 17-layer composite with a painted surface, impact 15 J/@20 mm
on the 17-layer composite with an unpainted surface

CTPUpPYET 3HAYUTEIbHYIO IUIOIIAJb PACCIOCHUS
U pa3pbIB MEXKAY TOATNIOBEPXHOCTHBIMH CIIOSIMH.
AHanu3, TpOBENEHHBIH HMXKe, MoKa3all, YTo
ABUAIMOHHBIN  TMEpPCOHAT TP  BU3YaJTHbHOM
OCMOTpE 3a4acTyl0 MPOMYCKAET WM UTHOPUPYET
nonoOHbie nedektel. [IpuBeneHsl TOIPOOHBIC
CBEICHUS O KOJMYeCTBe OOpa3loB, SHEPruu
yapa u THIIE YJapHOTO HAaKOHEYHHMKA JUI Kax-
JOTO U3 NPOTECTUPOBAHHBIX  HK3EMIUIIPOB
(tabm. 1). IIpumepsl MOBpeXIEHUH NpH yraape
OKpAIIIEHHBIX U HEOKPALIEHHbIX 00pa3loB CIOH-
CTOTO YTJIETUIACTHKA OBUIH TIOJYYEHBI C UCTIOb-
30BaHMeM ycTpoiicTBa Rosand (puc. 2) npu pas-
JUYHBIX JHEPTUAX yaapa. Y JapHble BO3IECHCTBUSA
NpUBENIM K TOSBICHUIO BMSTUH (IePEKTOB),
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MOANOBEPXHOCTHBIX PACCIOCHUM W pa3pbIBOB
BOJIOKOH Ha 3aJHEi moBepxHocTH (puc. 3), 4TO
COTJIaCyeTCsl ¢ TUMUYHBIM IPOSBICHUEM IOCTY-
JApHBIX TOBPEXKACHUI HAa KOMIIO3UTHBIX MaTe-
puanax u3 yraemiactuka [19]. Ynapsl no okpa-
MICHHBIM 00pasiaM MPUBOAUIN K ITOBEPXHOCT-
HbIM JedekTaM, MX BHEUIHWM BHI ObLT Oolee
«OKpYTJIBIM», YEM Ha HEOKpalleHHBIX. Pe3yib-
TaThl 3KCIEPUMEHTOB MO YJIApHBIM MOBpEXkKIE-
HUSIM, KOTOPBIC BBISIBIUIA PA3IH4dusi B MOPQOII0-
TUM MEX]y OKpalleHHBIMH W HEOKpalleHHBIMU
KOMIIO3UTaMH, OIIMCAHBI HUXKE.

Kak BumHO u3 puc. 4, THNMYHBIA BHEIIHUN
BUJ Je(PEeKTOB Ha TOBEPXHOCTH TIOCTE yIapa
3J€MEHTOM AuamMeTpoM 20 MM IpeacTaBIsll Co-
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Puc. 5. ['myOuHa nedexra mo cpaBHEHHIO € SHEPTUEH yrapa A yIapHOTo dJIeMeHTa quaMeTpoM 320 mm
Fig. 5. Depth of the defect in comparison with impact energy for an impactor of a diameter @20 mm
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Puc. 6. [Tnomans nedexra B CpaBHEHUH ¢ SHEPTHEH yaapa s YAapHOTO dJIeMeHTa quaMeTpoM P20 MM
Fig. 6. Area of the defect in comparison with impact energy for an impactor of a diameter @20 mm

6ot okpyrnoe yrnybnenue. Kak obmas TeHaeH-
1Sl — YBEJIIMYCHUE SHEPTHH yapa MPUBOIIIO K
Oonee ryOOKMM TOBEPXHOCTHBIM JAedexTam u
OOJNBIIMM 30HaM MOBpEXIeHUH. Pa3Mepsl mo-
BEPXHOCTHBIX /1€()EKTOB JOCTHralld MaKCHUMyMa
pu riayouHe BMATUHBI 1,85 MM u mutomanu pac-
croenus 255 MM Ha OKpAIICHHBIX 00pasuax u
2,36 MM mpH 346 MM® HAa HEOKpALICHHBIX.
Ha puc. 5 noka3zaH rpapuk 3aBUCUMOCTH TI1yOH-
HBI TIOBEPXHOCTHOTO JIe)eKTa OT SHEPTHH yaapa.
W3 rpaduxa BUAHO, YTO JedEeKThl Ha HEOKpa-
mieHHBIX oOpasmax riyoxke (0,1 mo 2 mMm), yem
OpU TeX e YCIOBUSAX BO3ICHCTBUS Ha OKpa-
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HmIeHHbIX. ['paduk 3aBHCHMOCTH IIJIOIIATU Jie-
dekToB OT ’Hepruu yaapa (puc. 6) mokasbIBaer,
YTO IUIOIAAM Je(EKTOB Ha HEOKpAIIEHHBIX 00-
pasmax ot 4 10 300 MM> GoIbIIe, YeM MpH Tex
K€ YCJIOBHSIX BO3ICHCTBYS HA OKPALLICHHBIX.

B tabx. 1 mpuBeaeHb! 3aBUCUMOCTH, TTOTy4eH-
Hbl€ JIMHEWHOM pEerpeccue MeTOIOM Hau-
MEHBIINX KBAJPaTOB IO HCHBITAHHBIM OOpa3nam
JUI JIByX pa3MepOB YAApHBIX JJIEMEHTOB U JBYX
tommH Komro3uTa [20]. Takxe qaH sHEepreTHye-
CKMIl [Mana3oH, sl KOTOPOrO COOTHOILLEHHE
ocTaercsi JAEHUCTBUTENBHBIM. Bce cooTHOIIEHHS
CIPaBEIUIMBbI TOJIBKO Ul BO3JIECHCTBUM, MPEBbI-
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Taoauma 2
Table 2

CoOTHOIICHUSI TEOMETPHUYECKUX IEPEMEHHBIX IS 1e()eKTOB MOBEPXHOCTH MIPU YIAPHOM
MOBPEKICHUH
Ratios of geometric variables for surface defects in case of impact damage

17-cnofigent/ @20 MM

17-cnofigent/ @90 MM

Dueprua E = (R-1,278)/0,4859
Toy6una d = 0,0368(exp(0.1358E))
X Point Xt = (0,248E)-0,2934
Y Point Yt =0,0199(exp(0,1554E))

Oueprua E = (R-0,7448)/0,2575
Toy6uma d = 0,0665(exp(0,0238E))
X Point Xt = (0,0825E)+0,1556
Y Point Yt =0,0599(exp(0,0138E))

TIpmveHHEMEIH 3HepTeTHIecKHE qHanazoH: 5 Tk — 40 Tx

TIpHEveHHEMEIH 3HepreTHIeckKHE qHanazoH: 5 & — 50 Tx

33-caoHHBH/ G20 MM

33-cnoHHBH/ @90 MM

Dueprua E = (R-2.385)/0.2714
T'ny6una d = 0,079(exp(0,044E))

X Point Xt = (0,0159E)+0,2264
Y Point Yt =0,0728(exp(0.044E))

Bueprua E = (R+1,1479)/0,4844
Toy6una d = 0,1243(exp(0,0159E))
X Point Xt = (0,2394E)-3,8806
Y Point Yt =0,1199(exp(0,0076E))

IIpEMeHHEMEIH 3HepreTHIECEKHE gHanazoH: 5 Lk — 80 Ix

IIpHEMeHHANMEIR 3HEPreTHICCEKHE qHanazoH: 5 [Tk — 80 Ix

mwarommx 5 J[x; BO3AEHCTBUS HIKE ITOrO dHEPre-
TUYECKOTO YPOBHSI HE MPHUBEAYT K MOBPEXKICHHUIO
CIIOEB, CJIEAOBATEIbHO, HE MMEIOT OTHOLICHUS K
JTAHHOMY MCCJIEJIOBAHUIO. Y 1aphl BhIIIE 33JaHHO-
ro mpenena OyayT NMPOHUKATh B KOMIIO3UT WM
BBI3BIBATh 3HAYMTEIEHOE U3MEHEHHE (DOPMBI KOM-
MO3UTa, XapaKTEPUCTUKHN MOBEPXHOCTHBIX Jledek-
TOB BBIXOJAT 32 PaMKU JAHHOTO HCCIIEOBaHUS,
B 3TOM CITy4yae UCIOJIb3yeTCs BEPXHUI Mpees.

CooTHoMIeHUs, IpUBEICHHBIE B Ta0xd. 1, ObI-
JM UCTOJb30BaHbl JUIsl pacyeTa SHEPruu ynapa
(E) B 3aBucuMocTH oT mupuHbl (2R) U rryOuHBI
nedexra (d), 3Hadenust Xt 1 Yt — B 3aBUCHIMOCTH
ot sHepruu yaapa (E) mis BeIOpaHHBIX 3Haue-
Hui mmpuHbl nedexra (2R). Mcnons3ys 3Ty ma-
pamMeTpbl, MOKHO OIPEACTUTH MPOPHUIN CEUCHUS
N300paKCHU TOBEPXHOCTHBIX Je()EKTOB, BBI-
3BaHHBIX yJapaMH, MPU SHEPTUSX B Mpejenax
UANa30HOB, YKa3aHHBIX B Ta0Jd. 2, OT HaKOHEY-
HUKoB nuamerpamu ¥20 m 90 mm Ha 17- u
33-cIoOMHOM YTJIEMIaCTUKOBOM KoMmmo3ute. [ly-
TEM BBOJa 3HaueHMH rayounsl R, Xt u Yt ompe-
JIEJIEHbl T€OMETPUYECKUE JIMHUU, MpPEeICTaBIIs-
folUe MPOPWIA CEYCHUN yIapHOTO MOBPEKIC-
HUs, ¥ COOTBETCTBYIoNME 3D-Moaenu nedekToB
obLu co3aansl B CAD-cucteme 3D [21].
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[Iate oTOOpaHHBIX [e()EKTOB Ha KaKIOM
BeTe obOpasla MOABEPrajich HM3MEPEHHIO Ha
KM pns npoBepkH COOTBETCTBHS IE€pPBOHA-
yanpHOU crneuuuKkanuu. B skcnepuMeHnTax mo
BU3YyaJbHOMY KOHTPOJIIO Yy4YacCTBOBAIM JEHCT-
BYIOIIME  COTPYJIHUKH  HHKCHEPHO-TEXHUYE-
ckoro coctaBa aBuakommnanuu Uzbekistan Air-
ways, UMEIOIINe JOIMYCK Ha TEXHHUECKoe 00cy-
KUBAHUE KOMITO3UIIMOHHBIX KOHCTPYKUUH BO3-
OYUIHBIX CyJOB, B 4YacTHocTH Boeing-787
(Dreamliner), B koropom 50 % oT mMacchl miaHe-
pa— xommno3utel. Ilo pe3ynbraTtam uccienoBa-
HUN MOXXHO MOCTPOHUTH MPOCThIE TpapuKu Mpo-
[IEHTa OOHAPYKEHHS MO CPABHEHHIO C IIUPUHON
nedexra. Takue rpaduku He OYIyT WIUTFOCTPH-
poBaTh IIyOMHY. AHaJOTHYHBIM 00pazoM rpa-
(GUKH BEPOATHOCTH OOHAPYKEHHsI 1O CpaBHE-
HUIO ¢ IIyOMHOH nedekra He 0TOOpa)XKaroT TOT
dakT, uTo nBa nedexra ¢ OqUHAKOBOW ITyOUHON
MOTYT UMETh pa3HbIe 3HAYCHUS IUPUHEL. UTOOBI
0TOOpa3uTh 3HAUYECHUS KaK IIUPHUHBI, TaK U TIy-
OWHBI MOBEPXHOCTHOTO Jed)eKTa U MPOIECHT 00-
Hapy>KeHHsI, ObUTH TIOJTy4eHbl 2D-ydacTku mpo-
[IEHTa OOHAPYKEHHS MO CPABHEHHIO C IIUPUHON
U rryouHoi aedekra. Puc. 4-9 wmmoctpupyior
MaTpHIIbl IPOIIEHTOB OOHapy KeHUs 1 Aedek-
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Ta Ha MOBEPXHOCTH CEPHIX, OCNBIX U CHHUX CMO-
JeTMPOBAaHHBIX 00pa3oB. Jnama3oH TiryOWHBI
nedekra ObUT pasfeneH Ha 18 paBHBIX WHTEpBa-
noB 1o 0,05 MM, a nuana3oH MHUPUHBI JedekTa
ObUT pasleneH Ha & paBHBIX HHTEPBAJOB IO
5 mMm. Kaxnprii nedext B Habope oHOTO 00pas-
11a OBLT COOTBETCTBYIOIINM HHTEPBAJIOM pa3Me-
pa, a MPOLEHTH 0OHAPYKEHHUS BCeX NE(EKTOB B
KaKIOM JHara3oHe pa3Mepa ObLTU YCpEIHEHBI,
YTO 00ECIeYrBaET OJTHO 3HAYCHNE OOHAPY KEHHS
MPOLIEHTHBIX COOTHOIIEHUH I BceX Ne(eKTOB
B JJAHHOM WHTEPBaJIe TTyOUHBI U IIIUPUHBIL.

Martpunbl oOHapyXeHHUs OOBEKTHUBHBI IS
CpaBHEHUS BEPOSTHOCTH OOHApY)KEHHUS B OIIpe-
JEJIeHHOM Juama3oHe pa3MmepoB. Hampumep,
MOXHO YOeIuThCs, YTO JJisi e(PEeKTOB B auarna-
3oHe Tyouns! ot 0,1 70 0,149 MM U IUPUHEI OT
5,1 mo 10 MM BepOSTHOCTb OOHApyXeHUs He
npesbimaer 25 % (TVIAHLEBBIA CHUHHM, pHC. 6).
TouHO Tak k€ MOXHO OIpPEeNeIUTh, YTO TUara-
30H pa3MmepoB nedextoB rimyouHoit ot 0,9 mo
0,949 mm um ot 25,1 no 30 mm maer 100%-HO€
0oOHapyXeHHE HAa BUPTyaIbHBIX 00pasiax U Bcex
BapUaLMAX MOJCIMPOBAaHHBIX. BTopon Mmeron
MPEJICTaBICHHS PE3YJIbTaTOB COCTOSI B MCIIONb-
30BaHUU MPOTPAMMHOTO obecreueHust Statistica
statistical data analysis [4] ayis momydeHus rpa-
(GUKOB paccesiHusl, MPUYEeM TMPOICHT YYaCTHHU-
KOB, OOHapy>KMBAIOLIUX Ka)J0€ MOBPEKICHHE,
CTPOMJICSI HA OCHOBE COOTBETCTBYIOLICH TTyOu-
Hbl W IIUPUHBI Kaxaoro nedexra (puc. 7-9).
Just oceit X u Y ucnonb3yercs jorapudmuye-
CKas IIKaja Ha OCHOBE CHCTEMbI HaTypaJIbHBIX
norapuMoB, MO3BOJISIIONIAS Jy4Ile pPa3IeiIuTh
OTJIebHBIE TOUKH JAHHBIX MPU MEHBIIUX 3HaYe-
HUSX [TUPUHBI U TITyOWHEI.

['paduku paccesHuss MO3BOJNMIU YBUACTDH
MPOLEHT OOHApYyXKeHUs Kaxaoro nedexkra u
CPaBHUTH €ro IO INTyOMHE U IIUPUHE C APYTUMHU
NOBpPEXJICHUAMU B Habope obOpasuos. Hampu-
Mep, Ha puc. 7 BUAHO, YTO Ha oOpaslax risHIe-
BOTO CEpOro IBeTa HET YETKOW KOppessIuu
MEXIy IUPUHON nedeKxTa U MpOolIeHTOM OOHa-
pyxenus [21]. Bce nedextsl riyOuHON CBBILIE
0,3 mm Obutn oOHapyskeHbl Oosiee yem y 90 %
y4acTHUKOB. Ha TISHIEBBIX cephix oOpa3iax
BEPOATHOCTH OOHapyxeHust Oosnee 90 %, korna
rnyOuHa nedexra O6buta Hipke 0,3 mMm. OmgHako
Ha o0paslax IIISTHIIEBOTO CHHETO IBETa HE OBLIO
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ciydaeB oOHapyxeHus 6onee 90% mnpu riayoune
nedexra meHee 0,3 MM.

I'paduk (puc. 7), mpeacrasisiromuii oOpas-
IbI, TIOBEPXHOCTh KOTOPBIX OKpaIleHa B CEPBIN
I[BET, AEMOHCTPUPYET LIUPOKUI Hana3oH IIIy-
OMHBI U IIUPUHBI JedeKTa, B KOTOPOM IOBpE-
KeHus: ObuIM oOHapykeHbl Ooisee yeM y 90 %
y4acTHUKOB. KOHTYpBI yKa3bIBalOT Ha TO, YTO
Uit 1eheKTOB HEOONMBIION TIIyOMHBI U IIMPUHBI
oOHapy’KeHUE TPOUCXOAMIO C HAUMEHBIICH Be-
postHocTbiO [21]. Ecniu BhIOpaHa HOMUHaNbHAS
riyouna nedexra 0,2 MM, To rpaduK MOKa3bIBa-
€T, 4TO BEPOSATHOCTh OOHapyxeHus aedekra Ba-
prupyercs ot < 10 % 1o > 90 % npu n3MeHeHun
HIMPHHBI, TO €CTh OOHAPYKEHUE MOKET MEHSTh-
Csl 11l OJTHOW W TOH ke TIyOWHBI AedekTa B 3a-
BUCHUMOCTH OT HIMPHHBI.
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Puc. 7. I'paduk pe3yapTaToB aHaimn3a 00pas3ion
[JISHIIEBOT'O CEPOTO I[BETa C KOMMEHTAPUSIMHU
Fig. 7. Graph of the analysis results of glossy gray samples
with comments

I'padux (puc. 8) oOpasmoB c TISHIIEBOU Oe-
JOH TOBEPXHOCTHIO TMOKa3bIBAET, 4YTO CYIIe-
CTBYIOT HEKOTOpBIE pasziuuMsi IO CPAaBHEHUIO
C pe3yJibTaTaMu, MOJyYEHHBIMU JJISI CEphIX 00-
pasuoB. bonbmas muomaas  oOHApYKEHHS
(90-100 %) memnoro usmenmna Qopmy. s
nedextoB ryouHoi ot 0,2 1o 0,3 MM U muUpu-
HOU > 25 MM NIpPOIEHT OOHApyKEHUsI yMEHbIIa-
€TCsl C YBEJIMUYEHUEM IIIUPUHBIL.

Ha puc. 9 noka3anbl pe3ynbTaThl, HOTYYEH-
HbIe Ha 00pa3lax IJISHIIEBOro cuHero IBeta. Ha
3TOM TpaduKe BUIHO, YTO KOHTYpBI OOHapyxe-
HUSl UMEIOT 3HAYUTEIBHO UHYIO (OpMY IO CpaB-
HEHHMIO C pe3yJbTaTaMH, IMOJIyYeHHBIMH Ha ce-
pBIX 1 O6enbix obpasmax. HwkHsist rpanuiia oba-
cti oOHapyxeHus > 90 % caBuHyNach Ha IIIy-
6uny 0,7 MM IO CpPaBHEHHUIO C pe3yJbTaTaMU Ce-
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[OBHapywe
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Puc. 8. I'paduk pezynbraToB aHanuza oOpasLoB
TJISTHLIEBOTO OEJIoro 1BeTa
Fig. 8. Graph of the analysis results of glossy white
samples

s,
0 ofinapye

Puc. 9. I'padux pe3ynpTaToB IIISTHIIEBOTO CHHETO C
KOMMEHTapUSIMH

Fig. 9. Graph of the results of glossy blue samples
with comments

pBIX U 6enbix 00pasnoB. KoHTypsl 0OHApYKEeHUS
NoBpeXxAeHUN > 0,2 MM U3MEHSIOTCS C IIUPUHON
nedekra ot 60 10 80 % Mo cpaBHEHUIO C BapHua-
musiMu ot < 10 % mo > 90 % oOHapykeHus Ha
JIpyrux mnBetax (puc. 4-9), To ecTb BEpOSTHOCTH
oOHapy>KeHUsl Ui TOM ke TiIyOuHbl Aedexra
M3MEHSAETCS MEHbIle C HIMPUHOM Ha o0pasmax
IJISSHIEBOIO CHHero 1Beta. [y o0pa3inoB IisH-
[IEBOI0 CHHEro IBeTa C TriayOuHoW nedexra
> (0,2 MM KOHTYpBl OOHapyXeHHs H3MEHSAIOTCS
menbiie (or 0 mo 30 % Bapuanuu MPOTUB
> 50 %) B 3aBUCUMOCTH OT LIMPHUHBI, Ye€M MJIs
TOTO € Juarna3oHa Ha CEphIX M OeNbIX 00pas-
ax.

3aKjIrouYeHue

Ilo pe3ynbpraTam >KCIIEpUMEHTA HA yJapHbIC
BO3ACHUCTBUS MO «OOpa3laM-CBUAETENIAM» U3
MHOT'OCJIOMHOTI'0 yTJICIJIACTUKA MOXKHO CHEJIaTh
BBIBOJI, YTO JaXK€ ITOCJIE CHJIBHOIO yZAapa Ha Io-
BEPXHOCTH OTCYTCTBYET TPEILMHA WIHA Pa3pblB U

52

Civil Aviation High Technologies

ocTaercsi HeOOIbIIas BMATHHA, YTO TPETSATCTBY-
€T BH3YaJIbHOMY OOHapyXCHHUI0 AcdeKTa, a BH-
3yaJIbHBII KOHTPOJIb OUEBUIHO SIBISIETCS TIEPBOIi
nuHUEH oOHapyxkeHus nedexrta. C MOMOIIBIO
yIBTPa3BYKOBOTO Ae()EKTOCKOINa, KOTOPBIH 1M03-
BOJISIET CKaHUPOBATh TIOIOBEPXHOCTHBIE JIe-
(eKTbI, 00HAPYKUBACTCS PA3PHIB MEXKIY CIOSIMU
U IIUPOKas TUIOIIAAb PAcCIOCHUS, HECMOTpSI Ha
OTCYTCTBHE TPEUIMHBI Ha IOBEPXHOCTH (pHC. 3).

3TO UCCIIEI0BAHUE BHITIOIHEHO B LIEJISIX BBISIB-
JIeHHsl BHEIIHETO BHIA JE(EKTOB KOHCTPYKIUH
caMoJjieTa, BO3HHKAIOIIMX B pe3ysbTaTe yaapa, u
Jajiee — OIpeIeNICH s CBS3U MEK/Ty HaIe)KHOCTBIO
OOHapy>XeHHsI U pazMepoM U (HOPMOI TTOBEPX-
HOCTHBIX JIe(DEKTOB B XOJI€ BU3yaJILHOTO OCMOTDA.
Kpome toro, 0110 HUCCIeI0BaHO BO3MOKHOE BIIH-
SHHUE [IBETa MOBEPXHOCTH W OTHCIKHA Ha HaJex-
HOCTb BU3YaJIbHOTO OOHAPY>KEHHSI.
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Bausinue oTka3a ABUraress Ha AIPOANHAMUICCKUEC XaPAKTCPUCTUKH
MOA€/IN JIET'KOI'0 TPAHCIIOPTHOI'0 CaMoJI€Ta

10.C. Muxaiijios'

1 . .
LlenmpanvHulii aspoeudpoOUHAMUYECKULL UHCIUNTYM
umenu npogpeccopa H.E. JKykosckoeo, . Kykosckuii, Poccus

AHHOTauMs: B ciyyae onHOIBUraTeNnsHOrO CaMoJIETa OTKA3 JIBUTATels B TIOJIETE BCETa IPEACTABII CEPhE3HYI0 CUTYALHIO,
CBA3aHHYIO C TIOTEpPEH BBICOTHI M BBINOMHEHHEM TIOCAAKH B MpEAENax JOCTYIHOM JaIbHOCTH IUIAHMPOBaHUA. B ciydae
MHOTOJIBUTATEIBHOTO CaMOJIeTa 3Ta CHUTyalsl 3aMETHO YIIydIaeTcs BCJICACTBHE BO3MOMKHOTO IIPOJOIDKCHHS IIOJETa,
HEOOXOIMMBIMH YCJIOBUSIMH KOTOPOT'O SIBIISIFOTCSl HANWMYME HM30BITOUHOW TATM M COXPAaHEHWE YJIOBJIETBOPUTENIHHOIO YPOBHS
A3pOJIMHAMUYECKUX XapaKTepPUCTHK U YIPaBIAEMOCTH camojieTa. B yCIOBMSX NOTEpH IOJOBUHBI TSTH, CYLIECTBEHHO
CHWJKAIOILIEH XapaKTepUCTHKN HAabopa BHICOTHI, HAMOOJIEe KPUTHIECKUMH PEKUMAaMH T10JIeTa SIBISFOTCS B3JIET U yXOJ] Ha BTOPOii
KpyT, BBINOJHAEMbIE Ha MajbIX BBICOTaX C acUMMETpHUuYHOW Tsroil. OOecrieueHue 0e30macHOCTH TOJIeTa Ha 3THX PEKMMax
TpeOyeT IpOBEACHUS OOIIMPHBIX O3KCIIEPUMEHTANBHBIX MCCIIEIOBAHUI B adpOJMHAMHMYECKHX TpyOax € MOJEIMPOBAHUEM
OCHOBHBIX TIOJIETHBIX PEKMMOB C HEpaOOTAIOIIMM JABUraTesieM. Llenpio nccnenoBaHuii sSBISIETCs BIMSHUE OTKa3a KPUTHIECKOTO
JIBUTATENs] Ha a3pOANHAMHYECKUE XapaKTEPHCTUKH MOJENM CaMoJIeTa, a TakkKe oOecriedeHne HeoOXoamMoi 3(¢heKTHBHOCTH
OpraHoB YIPaBJICHHS I IPOTHBOACHCTBHS MOMEHTAaM PHICKAHMS M KPEHA, BOSHUKAFOIIMM TIPH TIOJIETE C ACHMMETPUYHOH TSTOM.
CIOXHOCTh pEIICHHs MOCTaBICHHON 3a/iady OIpeEeNsieTcs] KaKk HEOOXOANMOCTBIO TTPOTHBOIEHCTBUS 3HAUMTEIEHBIM MOMEHTaM
pBICKaHMS M KPEHa, TaK U CYILUECTBEHHBIM CHIDKEHHEM HECYIIMX CBOWCTB KpbUIA M POCTOM CONPOTHBIICHHS CaMOJIETa,
OrPaHMYMBAIOIIAM CKOPOCTh HA0Opa BBICOTBI M €TI0 YNPAaBIAEMOCTb. JTa CTaTbhi MPENCTABISCT AHAIN3 BIMSIHHUSA OTKa3a
KPUTHYECKOTO JBUTaTellsl Ha a’3pOAMHAMUYECKHE XapaKTEPUCTHKU MOJEIN JIETKOTO [BYXIBHUTAaTEJIbHOIO TPAHCIIOPTHOTO
camoJieTa BO B3JIETHOM M I0Ca/I0YHOM KOH(UIYpalusx Kpbula. AspoIvHaMHUYecKas KOMIIOHOBKA CaMoJIeTa BBINOJIHEHA I10
KJIACCHYECKOM CXEME C BBICOKOPACIIOJIOXKEHHBIM TPANELMEBUIHBIM KPbUIOM W NMaTyOHBIM BapHaHTOM XBOCTOBOTO OIEPEHHSI.
MexaHu3auust Kpbljla BKIIFOYAeT JABYXIIEJIEBOM TOBOPOTHBIN 3aKPBUIOK ¢ (hHKcHpoBaHHBIM JedekropoM. Camoler 000pyaoBaH
MOTPY304HOM paMIlOi C OTHOCHTENHFHO KOPOTKOW IUIOCKOW ITOBOPOTHOM YacThIO HIDKHEH ITOBEPXHOCTH (hro3esspKa.
OKCIIepUMEHTAIHBIE HCCIIEIOBAHNS TPOJOJBHBIX M OOKOBBIX XapaKTEPUCTUK MOJENM C YCTaHOBJIEHHBIMH HMHUTAaTOPaMH
CHJIOBOH YCTAaHOBKH IIPOBENICHBI B MaJIOCKOPOCTHOU adpoauHamudeckoi Tpyoe T-102 [JAT Y. Axanu3 BIUSIHUS OTKa3a JBUTATEIS
Ha a’pOIMHAMHMYECKHE XapaKTEPHCTHK MOJIEN BBIIOJIHEH NPU M3MEHEHNH Kod(duuumenTa Harpy3ku B nuanasone B=0,3...2.
OrmperniesieHbl BO3MOXKHOCTH TapHPOBAHMST MOMEHTOB PBICKAHMSI M KPEHA C MCIHOJIb30BAaHHEM MEPBHYHBIX OPTaHOB YIPaBICHUS
(pyJ1s1 HaTIPABIICHWS U JICPOHOB).

KnaroueBble cjoBa: a’pommHammyeckas TpyOa, MoOIeTb BHHTOBOTO CaMojieTa, OTKa3 JBWTarels, a’pOIWHAMHIIECKUE
XapaKTePUCTHUKH.

Jns uurupoBanusi: Muxaiino 10.C. BnusHue oTkaza apuratessi Ha a3poAWHAMUYECKUE XApPAKTEPUCTUKH MOJEIH JIETKOTO

TpancnoptHoro camonera / Hayunsiit Becthuk MI'TY T'A. 2022. T. 25, Ne 4. C. 56-69. DOI: 10.26467/2079-0619-2022-25-4-
56-69
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Effect of engine failure on aerodynamic characteristics of a light
transport aircraft model

Yu.S. Mikhailov'
! ESUE “Central Aerohydrodynamic Institute”, Zhukovsky, Russia

Abstract: In-flight engine failure has always been a hazardous situation in case of a single-engine aircraft associated with losing
altitude and making a landing within the available gliding range. In the event of a multi-engine aircraft, this situation improves
markedly due to the potential flight continuation. The necessary conditions to continue a flight are available excess thrust,
satisfactory acrodynamic performance, and a fixed-wing control. If the half of engine thrust is lost, which adversely affects a rate of
climb, the most critical flight modes are the take-off and go-around procedures performed at low altitudes using the engine
asymmetric thrust. Ensuring flight safety in these modes requires extensive experimental studies in wind tunnels to simulate the
basic flight envelope with an inoperative engine. The aim of studies is the effect of a critical engine failure on the aerodynamic
characteristics of an aircraft model as well as ensuring the required efficiency of the flight controls to dampen the yaw and roll
moments that arise during an asymmetric thrust flight. The complexity of solving the problem is determined by the necessity of
recovering from the substantial yaw, roll moments and by a significant decrease in the wing lifting efficiency along with an increase
in a drag force which limits a climb rate and aircraft control. This article presents an analysis of the effect of critical engine failure
on the aerodynamic characteristics of a light twin-engine transport aircraft model in the wing take-off and landing configurations.
The aircraft aerodynamic configuration is made according to the classic pattern with the high-mounted tapered wing and deck-type
empennage. The high lift devices comprise a double-slot hinged flap with a fixed deflector. The aircraft is equipped with a loading
ramp with a relatively short flat rotatable part of the lower fuselage surface. Experimental studies of the longitudinal and lateral
characteristics of the model with installed simulators of a power plant were carried out in TsAGI low-speed wind tunnel T-102. The
analysis of engine failure effect on the model acrodynamics was executed in changing the load factor within the range B =0.3...2.
The capabilities to dampen the yaw and roll moments, using the primary flight controls (rudder and ailerons), were determined.

Key words: wind tunnel, propeller aircraft model, engine failure, aecrodynamic characteristics.

For citation: Mikhailov, Yu.S. (2022). Effect of engine failure on aerodynamic characteristics of a light transport aircraft model.
Civil Aviation High Technologies, vol. 25, no. 4, pp. 56—69. DOI: 10.26467/2079-0619-2022-25-4-56-69

Beenenue 90 % 1 mpoGJieMbl ¢ yIpaBJICHUEM CaMOJIeTa, Bbl-
3BaHHBIC OCTAIOIICHCS aCUMMETPUYHON TATOM pa-
6otatorero neuratens [1, 2].

W3BECTHO, YTO MHOTOJBHIATEIIBHBIM CaMo-
JET MOCJIe OTKa3a JBUTaTelsl HCHBITHIBAET JBa
HEINOCPEACTBEHHBIX BIIMSHUS Ha €T0 YIIPABJICHUE
[3—5]. IlepBoe cBsi3aHO C OTKJIOHEHHEM OT Kypca
B CTOPOHY HepabOTalOMEero JBUraTess’, BbI-
3BaHHBIM aCUMMETpPUEH JIMHUU TATH. 3HAUYECHHUE
3TOrO IyTEBOTO MOMEHTA 3aBUCUT OT TATH JIBH-
ratess, pacCTOSHUS MEXy JIMHUEH TATH U LEH-
TPOM TSDKECTH CaMOJIETa, a TAK)KE OT €ro IyTe-
BOM YCTOMYMBOCTH W IPOTUBOIAECHCTBYIOLIEIO
MOMEHTA BEPTHUKAJILHOTO OIEPEHUs, CO3JaBac-
MOTr'0 OTKJIOHEHMEM pyJis HarpaBieHusd. Bropoe
BIUSHUE — KPEH CaMOJIeTa, BO3HUKAIOIMUN IIpU
IPOJODKEHUH OTKJIOHEHHS OT Kypca, H3-3a

MHoroBUrarTenbHble CaMOJIEThl pa3padaTbl-
BAIOTCSI B COOTBETCTBUU C TpPEOOBAHUSAMH Oe€3-
OMACHOTO TIONeTa C OTKA3ABIINM JBHTATENCM .
TeM He MeHee OTYeTHI ¢ MaTepHaIaMH Pacciie/o-
BaHMs KaracTpod, MyOJIMKyeMble B HHTEpHETE,
MOKa3bIBAIOT, YTO 3a TOCJEIHUE 25 JIET MPOH30-
uuto 6onee 300 0Tka30B B paboTE CHUIIOBBIX yCTa-
HOBOK MHOTO/IBHTATENFHBIX CAMOJIETOB . OUeBH/I-
HO, OCHAILIEHHE camoJjieTa OoJsiee YeM OJIHUM JIBU-
rateJieM HE TapaHTHPYeT Oe30MacHOCTh IoJIeTa
nocne oTkasza apuratens. CaMbIMU OYEBUIHBIMU
MIOCIIC/ICTBUSIMA  OTKa3a JIBUTATeNlsi C IOTEpe
50 % TATM CUIIOBOM YCTAHOBKH SIBJISIIOTCS CHHMDKE-
HHE XapaKTepUCTUK Habopa BbICOTHI OT 80 10

! ABmanponusie npamia. Yacts 23. JIeTHbIE XapakTepH-

ctuku. Pexxum B — nosier. MexrocynapcTBeHHbBIN aBra- 3 Asymmetric Flight [DnexTporusiii pecypc] // www.cast-
UOHHBIN KoMuTeT. M.: ABnausnat, 2014. 194 c. safety.org. 11 p. URL: https://www.cast-

2 Loss of control in-flight accident analysis report. Edition safety.org/pdf/5 asymmetric_flight.pdf (nata obparie-
2019 // IATA, 2019. 37 p. uust: 26.10.2021).
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CHIDKCHHST HECYIIMX CBOWCTB KOHCOIHU YXOJs-
IIET0 Ha3aJ Kpblla, OCOOEHHO B OTCYTCTBUU €€
0o0ayBa cTpyeil OT BO3AYLIHOIO BHHTa Hepado-
TAIOLLET0 ABUTaTENs.

BaxxHO 0TMETHTH, HECMOTPS Ha TO YTO MyTe-
BOIl MOMEHT SIBJISI€TCSI IEPBBIM CJIECTBHEM OTKa-
3a JIBUTATeNsl, €ro MOCIEICTBHE, CBSI3aHHOE C T10-
TEpe IOJABEMHOW CWJIBI OJHOW M3 KOHCOJIEU
KpbLJIa, MOXKET MPHUBECTH K HEBO3MOXKHOCTU Ta-
pPUpOBaHHS MOMEHTOB Kp€Ha IOCPEICTBOM OT-
KJIOHEHUsT 37epoHoB. [Ipu HemocTatouHOU 3(-
(EeKTHBHOCTH IIEPOHOB, HEOOXOAUMON TSI KOM-
MEHCALlMU 3HAYUTENILHBIX MOMEHTOB KpeHa y ca-
MOJIETOB ¢ 3((EKTUBHON MeXaHU3alMeH 3aaHeH
KPOMKH KpbLIa, Ha psAe IBYXJBHUraTeIbHBIX Ca-
MOJIETOB HCIIOJIb3YETCS JONOJHUTEIBHOE OTKIIO-
HEHHE BHEIIHEro uHTepienrtopa (spoiler) [6, 7],
BKITIT0YeHHOTo B cucteMy AYK (aBTomaTnueckoe
yropaBiieHue KpeHoM). Eciiu oTkiioHeHHe OT Kyp-
ca U KpeH He MOTYT ObITb KOMIIEHCHPOBAHBI CO-
OTBETCTBYIOLIUM OTKJIOHEHHEM OPraHOB YIIpaB-
JIeHUs, TO caMoJjieT OyAeT MPOJOoJKaTh pa3Bopa-
YUBAThCSl B CTOPOHY OTKA3aBILEro ABUTATENs C
YBEIMUYUBAIOIUMCS KPEHOM U IPEBBILIEHHEM
3HAYEHUI MapaMeTpoB MoJieTa, Pean3yeMbIX B
HITaTHBIX ycioBusx. I[locaenyromas Bo3MoKHas
MoTepsl yNpaBIsieMOCTH OyJeT CBsi3aHa C HEBO3-
MO>KHOCTBIO 3KHIIa)ka OOECIEYUTh IOJET CaMo-
JieTa 1o TuiaHupyemMon Tpaektopuu [8, 9]. Bepo-
ATHOCTb IIOTEPHU YIIPABJICHUS MPU OTKA3€ JBUTA-
TeNs cocTaBisieT okono 27 %, U3 KOTOphIX Ooee
TpEX 4YeTBEpTEH HPUXOAUTCS HA CaMOJIETHI C
TypOOBHHTOBBIMH JIBHTATEISIMH .

[IpoTuBO#EHCTBHE MOMEHTAM PBICKAHUS U
KpEHa, BO3HHUKAIOIIMM IIPU OTKa3e JBUrarelis, B
COYETAHUH C OOECTICUCHHUEM YIOBJIETBOPHTEIHHOTO
YPOBHS a3pOAMHAMUYECKUX XapaKTEPUCTHK CaMo-
JIeTa Ha OCHOBHBIX PEKMMax IOJIETa SIBJISETCS Of-
HOM M3 OCHOBHBIX 3a/1a4 pa3pabOTKH MHOTO/IBUTA-
TeNbHBIX camoeToB [10—-12]. CrnoxHOCTb pelieHus
MIOCTABJICHHOW 3aJaull OMpeieNisieTcs] KaKk HeoOXo-
JMMOCTBIO MIapUPOBAHUSI 3HAUUTEIBHBIX MOMEHTOB
PBICKaHUSI M KpPEHa, TaK U 3aMETHBIM CHUKEHHEM
HECYILIX CBOMCTB KpbLIA U POCTOM COIPOTHBIICHUS
caMmoJieTa, OrpaHHYMBAIOIIMM CKOpPOCTh Habopa
BBICOTBI U €T0 ynpasisieMocTs [10].

* Loss of control in-flight accident analysis report. Edition
2019 //1ATA, 2019. 37 p.
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[IpencraBnenHplii B paboTe aHAIM3 BIUSHUS
OTKa3a KPUTHYECKOTO JBUraTessi Ha a’pOoANHAMHU-
YeCKHE XapaKTePUCTUKU MOJIENH JIETKOTO TpaHC-
MOPTHOTO CaMoJIeTa SIBJISETCS MPOJOKEHUEM HC-
CIICIOBaHU B3aUMOJICHCTBHS BO3IYIIIHBIX BUHTOB
C IJTAaHEPOM CaMoOJIETa, Pe3yJIbTaThl KOTOPBIX OITy0-
JIMKOBaHBI paHee B pabote [13]. AHanu3 cun u Mo-
MEHTOB, JACHCTBYIOLIMX Ha MOJENb camMoJieTa ¢ He-
paboTaIONMM KPUTUYECKUM JIBUTATENIEM, BBITIOJN-
HEH Ha OCHOBAaHWH PE3yJIbTAaTOB HCIIBITAHUN MOJIe-
JIM JIETKOTO TPAHCIIOPTHOTO caMoJjieTa BO B3JIETHOM
U TI0CAJIOYHON KOH(UIypalusx, MPOBEJCHHBIX B
MAaJIOCKOPOCTHO# aspoanHamuueckoit Tpyoe (AZLT)
T-102 HATU. Hcnobitanus OCyLIECTBIEHBI MPH
CKOpOCTSIX Haberaroriero noroka Vo, = (32+20) m/c,
00€eCreunBalOIMX MOJIETMPOBaHUE pabOThI CHIIO-
BOM YCTAaHOBKM TIpHU 3HAYCHUSAX Kod(dduimenta
Harpy3kd B Ha miomans, oMeTaeMyi0 BHHTOM, B
nmuanazone ot 0,3 mo 2. PaccMoTpeHbl BO3MOKHO-
CTU TIAPUPOBAHUS MOMEHTOB PBICKaHHS U KpEHa,
BBI3BAaHHBIX OTKAa30M JIBHTATEINsI, C UCIIOIb30BAHHU-
€M OCHOBHBIX OPraHOB YIIPaBICHUS MOJEIU CaMO-
nera (pyJisi HarpaBJICHUS U 2JIEPOHOB).

Kpartkoe onucanue Mmoaenu
JABYXJBUTaTEJIbHOI0 JETrKOro
TPAHCIIOPTHOI'0 CaAMOJIETa

U UMUTATOPOB CHJIOBOH YCTAHOBKH

Jlerkuit TpancnoptHbiii camoner (JITC)
MpeIHa3HayeH Ui MAcCaKUPCKUX U TPY30BBIX
MEPEBO30K c KpeucepcKoi CKOpPOCTBIO
V'~ 350+420 xm/9 Ha BeIcOTE H =3 KM. A3po-
JUHAMUYecKass KOMIIOHOBKA camoJieTa (TJIaBHBbIH
koHCcTpykTOp B.M. UepHOycOB) BBINOJSHEHA TIO
HOPMAJIbHOH CXEME C BBICOKOPACIIOIOKEHHBIM
KpBUIOM, (IO3ETSKEM C YBEJIMYEHHOHM IUIONIa-
abto muzens (Syg = 0,16) u mamyOGHbIM BapuaH-
TOM XBOCTOBOTO ornepeHus (puc. 1).

Kpeimo TpamnenueBugHoi Qopmbl B IUIaHE
YCTaHOBJIEHO IO/ HYJEBBIM YIJIOM OTHOCHUTENb-
HO CTPOWUTEIBHOW TOpPU3OHTAIN  (ro3ersbKa
(CI'®). OcHOBHBIE TEOMETPUYECKUE TTAPAMETPhI
KpblIa: yAnuHeHue — A = 8,76, cyxeHHe —
N = 2,56. KoMIIOHOBKa KpbUIa BBIIIOJHEHA C UC-
MOJIb30BAHMEM  BBICOKOHECYIIETO  MpOQuIIs
[14-15M (c = 15 %). ns yBenuyeHUs: NOIHEM-
HOM CHJIBI Kpbljla Ha peKuUMax B3JI€Ta U MOCaIKU
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Puc. 1. Cxema u ororpadus Moaenu camosera ¢ MIMUTATOPaMH CHIIOBOM ycTaHOBKU B paboueii uactu AJIT T-102
Fig. 1. Scheme and the photo of the aircraft model with power plant simulators in the test section
of wind tunnel T-102

UCIIOJIB3YETCSl ABYXIIEIEBOM IOBOPOTHBIA 3a-
KpBUIOK ¢ (ukcupoBaHHBIM nediektopom. Pa-
OouMii qMama3oH YIJIOB OTKJIOHEHHS 3aKpbUIKA
Ha peXHUMe B3JieTa cocTaBisieT O, = 20-25°, Ha
rmocajake — o, = 40-50°.
XBOCTOBOE OIEPEHUE OJHOKUIIEBOE C «Ia-
TyOHBIM» pacmojiokeHneM ctabunmsartopa. Ko-
3G HUIHUEHTHI CTATHYECKUX MOMEHTOB TOPH30H-
TaJbHOTO M BEPTHKAIBHOTO OMNEPEHUM, BBIYHC-
JIeHHble OTHOCUTENbHO X, = 0,25 B,, paBHBI
A., = 1,21 (c yuerom nondro3enspKHON 9acTH) U
B, = 0,085 coOOTBETCTBEHHO.
CunoBasi ycTaHOBKa CaMOJIeTa COCTOUT U3
nByx TBJI tuna BK-800 ¢ Bo3aylmIHbIMU BUHTa-
Mu AB 410 (D; = 2,35 M), yCTaHOBJICHHBIX O]
kpeutoM. Camoner o0OpynOBaH MOTPY304HON
paMImoi ¢ OTHOCUTEIBHO KOPOTKOM IIOCKOM IMO-
BOPOTHOH 4acCTbIO.
Jnst MmomenupoBaHusi pabOTHI CHJIOBOM yCTa-
HOBKH M3IOTOBJIEHBI HOBbIE MOTOTOHIOJIBI C CH-
JIOBBIM KpPEIJIEHUEM TEH30BECOB C IJIEKTPOJIBH-
raTelsiMU K CEpJICYHHKY Kpblia. IMUTAaTOpHI CH-
noBoit yctanoBku (MCVY) coctost u3 cremyro-
IIUX 3JIEMEHTOB:
® MOJIEIBLHOTO BO3ayIIHOTO BUHTA (BB), BBITION-
HEHHOT'O0 T€OMETPUYECKH MOJ0OHBIM OJTHOPS/I-
HOMY 6-nonactHoMy HatypHomy BB CB-34
(M =1:6,5);

® SJEKTPONPUBOJA — BHICOKOYACTOTHOT'O ACHH-
xpoHHoro anekrponasuratens ATB 003 4.1
MOIIIHOCTEIO 5 KBT;
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Puc. 2. OnpeneneHne KPUTHIECKOTO TBUTATEIIS
Fig. 2. Determination of a critical engine

® BHYTPUMOJENIbHBIX TEH30BECOB, W3MEPUTENS
yucia 00OpOTOB U TepMomap € TEPMOUHIU-
KaTopaMHu KOHTPOJI TeMIepaTypbl OOMOTKHU
3JIEKTPOJBUTATEIS.

[Ipunsatoe B Poccum neBoe HampaBiieHHE
BpaIIEHUsI BO3IYIITHBIX BUHTOB (IPOTHB YacCOBOM
CTPEJIKH, €CIM CMOTPETh BAOJL Ocu X MoZenu
B JICTHOM TIOJIOKEHUHU) OMPENEISET IMOJOKECHHE
KPUTHYECKOTro ABUTarens (puc. 2), oTkKa3 KOTo-
pOro MPUBOAHUT K HAUOOJBIIEMY YXYIIICHHUIO
XapaKTEePUCTUK M YIPABISIEMOCTH CaMOJIETa.
YcnoBus B3aUMOIECHCTBHUS JIOTTACTEH BUHTA C Ha-
OerarIMM TOTOKOM XapaKTEePU3YIOTCS TIOBBI-
IIEHHBIMU 3HAYEHUSIMU MECTHBIX YTJIOB aTaKH
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JUISl OIYCKAIOIIEWCs JIOMAacTh M, COOTBETCTBEH-
HO, OOJBIIEN COCTaBJIAIONIEH OOIIEH TATH IIO
CPaBHEHHUIO C MOJHUMAIOIIEHCS.

U xots 00a BUHTA MPOU3BOAAT OAMHAKOBYIO
MOJIHYIO TATY, OIyCKaroUIascs JONacTh Ha JIEBOM
JBUTATENle UMeeT Ooyee IIMHHOE IIeY0 OTHO-
cutenbHO 1eHTpa Tsokectu (L[T), uem omyckaro-
njasicss Ha npaBoM jBurarene. CoOTBETCTBEHHO,
OTKa3 MPaBOrO JIBUTATElNlsl OKa3bIBAeT OOJBIINN
BKJIaJI B CO3J]aHUE JIECTAOUIU3UPYIOLIETO MyTe-
BOI'O MOMEHTa, a TAaKXXE€ M MOMEHT KpeHa OT
CHIKEHHUS MOJBEMHON CHUJIBI MPABOM KOHCOJIH
KpbUIa B PE3yJIbTaTe€ MOTEPU CKOPOCTHOI'O HAIO-
pa u3-3a OTCYTCTBHUS 00/1yBa.

ITonoxxeHue 1ueHTpa NOABEMHOM CUJIBI JIEBOU
KOHCOJIM KpbLJa, U3-3a YKa3aHHOM BBIIIE aCUM-
METPHUH B MOJIOKEHUHU TATH BUHTA OTHOCUTEIHHO
OCH BpAIIICHHsI, CTIOCOOCTBYET TaKXe OONbIIEMY
MPHUPAIICHUIO MOMEHTa KpeHa OT pabOoTaroImIero
JIEBOT'O JIBUTATEIISI.

MeToanka npoBeAeHHs] UCTIBITAHUM
1 00padoOTKHU pe3yabTATOB

MogenupoBaHue CTpyH BO3AYIIHBIX BHHTOB
B a3pOAMHAMHUYECKOM TpyOe NpH MHOCTOSHHOU
CKOpPOCTH BpalleHusi TpeOyeT COOTBETCTBUS OT-
HOILICHUI OCEBOM M BPAILATEIBHON CKOPOCTEH K
CKOpPOCTH HaOerarIero moToka B TPYOHBIX H
HaTYpHBIX ycioBUAX noziera [14]. OgHoBpemen-
HOE 00ecle4eHHe ITHX OTHOILEHUN B TPYOHBIX
YCIIOBHSIX BO BCEM JMAaIla30HE JIETHBIX 3HAUYCHUI
ko3pduuuenta Cy camorera moTpedoBano Obl
IIPUMEHEHNUS BUHTOB M3MEHSIEMOrO Iara, 4To
ABJIACTCS CIIOKHOM 3aJadyel B ClIy4ae MCIbITa-
Huii B AIT. OgHako yJIOBIETBOPUTEIBHOE MO-
JIeTMpOBaHKE CTPYHU B TPYOHBIX YCJIOBUSX B 3Ha-
YUTEJIbHOM JAuana3oHe 3HaueHuid Cy Moxer
OBITh BBIIIOJHEHO C OJAHHMM YIJIOM YCTaHOBKHU
nonacteid BUHTa. HeoOXoIuMBbIM yCIIOBHEM MO-
JIETTUPOBAHMS SIBIISIETCS COOJIIOICHHE T10100MiA
[0 TE€OMETPUU BO3AYILIHOTO BUHTA M OCEBOH
CKOpPOCTH TIOTOKA B CTpYE.

B ucnerranmsx moxenu JITC ¢ paboratomu-
Mu Bo3ayuHsiMU BuHTamu (BB) B A/IT T-102
peanu3anys NoA00Hs IO OCEBON CKOPOCTH (TAre
BUHTA) BBINIOJHEHA B pe3ysbTaTe OOecredyeHus
ONMM3KKX 3HAUYCHUH KO3(PHUIIMEHTOB HArpy3Ku B
B TPYOHBIX M HATYPHBIX YCJIOBUAX MOJIETA.

60
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B=T/q-S;,

rae 1 — Tsra BUHTA; ¢ — CKOPOCTHOW HAmop; Sz —
IJI0IA/Ib, OMETaeMasi BUHTOM.

3HavyeHHs] CKOpPOCTEH TMOTOKa, obecreunBa-
IOIUX MOJICTUPOBAHUE TPeOYyEeMBbIX 3HAUYCHUUN
ko durmenta B, (kodpduimeHT Harpys3ku
M30JMPOBAHHOTO BHHTA) OT MAaJIOrO 3HAYEHUS
0,3 10 B3JIETHOIO 2, ONPEACIICHBI U3 IBYX YCJO-
BU: OOECNEeYeHUss MaKCHMaJbHO BO3MOXKHBIX
yucen PeitHonbaca MoAenu Nmpu OrpaHUYECHHOMN
MOIIHOCTU D3JIEKTPOABUTATENSI U COXPAHEHUS
MOCTOSTHCTBA YUCJIa 000POTOB BO3AYIIHOIO BUH-
Ta. Peanusyemble B UCHBITAHUSIX 3HAYCHUS YU-
cen Re, onpenenennsie mo CAX Kpbljla U OTHO-
CUTEILHOM NOCTYIU BUHTA A, =60-V_ /(n,-Dy),

rae Vo, — CKOpOCTh HaOerarouero noToka, M/c,
n, — YHACIO OOOPOTOB BUHTA B MHUHYTY, D

B

JTaMeTp BUHTA, M, IPUBEIEHBI B Ta0I. 1.

Taoauna 1
Table 1
B, V. m/c | Rey/10° As
0,3 32 0,67 1,05
1,0 242 0,50 0,79
2,0 19,2 0,40 0,63

PacueTHblil yron ycraHoOBKHU JionacTeil pado-
TAIOIIET0 BHHTA, 00ECTIEYMBAIOUINI MOJEIHPO-
BaHHE TpeOyeMbIX 3Ha4YeHWH Kodduuuenta B,
(Tabn. 1), paBen ¢, = 27,5°. Ilpu mogenupoBa-
HUU OTKa3a JBUTATENS JIOMACTH HEPAOOTAIOIIETO
BUHTAa OBUIM yCTaHOBJICHBI BO (IIOTEPHOE TIO-
JIO’KEHHE C YIIIOM @y = 83°.
BriBoj1 KaOernei AIIeKTpOIMTaHus IBUTATEIICH,
JAHHBIX TEJIEMETPHH M TEH30BECOB W3 MOJEIHU
OCYIIECTBJICH C HMCIOJIL30BaHUEM TpyOdaToro oo-
TeKaTes sl ¢ BHEMIHUM auameTpoM 30 MM, 3aKperl-
JICHHOTO Ha y3J1e MOJBECKH KOHTprpy3a. Merom-
YeCKHe HCCIEOBAaHMS BIHSHUS OOTeKaTens Ha
npoiobHbIe U OokoBble AJIX Monenu nmokasasnu:
® CYIIECTBEHHOE MPHUPALICHHE COMPOTHUBIICHUS
mozenu (ACx, = 0,05) B ucCHbpITaHUSAX O YT-
JIaM aTaKu U CKOJIBKEHUS,

e HEJMHEWHOE TOBeIeHUE KOI(PPUITMCHTOB 00-
KOBOM CHJIBI, MOMEHTOB PBICKAaHUSA U KpPEeHa B
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JMana3oHe  MaJIbIX  YIJIOB  CKOJIbXKCHUS
| Bl =+5°, 06ycnoBIeHHOE OOTEKAHMEM KHIIS
3aTOPMOXKEHHBIM TTOTOKOM, (POpPMHUPYEMBIM
B ciene 3a oOrekarenem kabened, KOTOpPbBIE
OBLTM YYTEHBI TIPH BTOPUYHON 00paboTKe pe-
3YyJIbTAaTOB UCIBITAHUH.

P PeKTHBHOCTH OPraHoOB
ynpaBJieHusl

PaccMmotpenHoe B pabote craTHyeckoe napu-
pOBaHHE MOMEHTOB PHICKAHHS U KPCHA, BBI3BAH-
HBIX OTKAa30M JIBUTATessl, OCHOBAHO Ha Pe3yJbTa-
TaX paHee MPOBEACHHBIX HCCICIOBAaHUNA d(deK-
TUBHOCTH LLITATHBIX OPTaHOB YNpPaBJICHUS MOAETU
C OCEBOM KOMIICHCAIIMEH, BKIIFOYAIOIIHX
® JJIEPOHBI C OTHOCUTEJILHOMU xopnoﬁ6 B,=35%
1 pazmaxom 23 %,

® WHTEPLENTOPHl C OTHOCHUTEIBHOM XOpAOHU
B,=11 % u pa3maxom 28 %, yCcTaHOBIICHHbIE
nepes KOHIIEBOM YacThiO 3aKPBUIKOB,

® pyJib BBICOTBI C OTHOCUTEIBHOW XOpPAOU

By =33,3 %,
® pyJb HalpaBlIEHUS C OTHOCUTEIbHOM XOpJon
Bpu = 38,5 %.

DIIepOHBI U PYJIA OTHOCSTCS K OCHOBHBIM O]-
raHaMm yTpaBlICHUS caMoJieTa, HHTEPUEHTOPhl —
K JIOTIOJIHUTEIbHBIM.

Pesynbrarel ucneitanuit moxenu B AT
T-102 (M = 0,15; Re = 1,04-10°), npuBeaeHHbIC
B pabore [12], COOTBETCTBYIOT CJEIYIOIIUM
MPUPANICHUSIM MaKCUMAaJbHBIX 3HAUYEHUH MO-
MEHTOB KPEHA U PHICKAHUS OT UX OTKJIOHEHUSI:

e oepoHbl — |Amy| = 0,055 (5, = —30/20°;
a=0),
® WHTEpPLENTOp — ‘Amx0| = 0,042+0,072

(SI/IHT = _500; 63 = 20_500, o= 0),

® pyJb BBICOTHl — | Am,,| = 0,9 (ma xabpu-
poBanue; dp, = —30°; o = 0),

® pylb HampaBleHUS — | Amy, |
(Opn = £25°% =0, = 0).

0,055

[on TepMHUHOM «CTaTHYECKOE TAPHUPOBAHNE) TOHIMAETCS
O0HyJICHIE MOMEHTOB KPEHa M PHICKAHMS, BOSHUKATOIIINX
TIPU OTKa3€e JABUTaTelIs, 32 CYET OTKIIOHEHHUS OPTaHOB
ynpasieHuys. [Ipu 3ToM MOryT OTCYTCTBOBATh 3a1achl

Ha IyTEBOE U MOIEPEYHOE YIPaBICHUE CAMOJIETOM.
3HaueHUe OTHOCUTENLHOM XOP/Ibl YKa3aHO 32 OChIO
BpAlCHHUS.

Civil Aviation High Technologies
Pe3yJILTaTbI 14| 06cymeﬂne

AHanu3 BAMSHUS OTKa3a KPUTUYECKOTO Ipa-
BOT'O JIBUraTelid Ha a’3pOJMHAMHUYECKHE Xapak-
TEPUCTUKH MOJICIH BBIIIOJIHEH BO B3JIETHOU
(0; =20°) u mocagouHoii (6, = 50°) xoHpurypa-
UAX KpbUia. VcmbpITaHWs 1O yriaM aTakd
o =-6...24° u crkompxenus P ==x16° (o, =5°)
MIPOBEICHBI npu CKOPOCTSIX MOTOKA
V=32...19,2 M/c, COOTBETCTBYIOLUX YHUCIAM
Regp = (0,67...0,40)-106 A HOMHHAJIbHBIM 3Ha-
YeHusIM Kod3(duuumenta B, BO3AYIIHBIX BUHTOB,
yKa3aHHbIX B Ta0OI. 1.

[Tpu pacuete KOIPIUIMEHTOB CHUI adPOIH-
HaMUYECKHE HArpy3Kd OTHECEHBI K CKOPOCTHO-
My HAIopy H miomaay kpsuia S = 0,71 Mm%, a ko-
3¢ PUIMEHT MZ AOMOTHUTENBHO K XapaKTEPHOU
mHe 8, = 0,303 m. [Ipu pacyere koapdurueH-
TOB MX M My XapaKTEpHOM MJIMHOMN SBISAETCA
pasmax kpeuta L = 2,49 m. KoaddunmeHTsr Mo-
MEHTOB BBIYHMCIIEHBl OTHOCHTEIHHO YCIOBHOTO
LIEHTpa Macc, pacnoyiokeHHoro Ha 25 % CAX.
3navyenus mpomssoanoi Cy® ompezneneHsl Ha
TuHeHOM yuacTke 3aBucumocteir Cy(a), a
m,"Y — B ananazone Cy~12...2.

Jlna kaxxoil KOH(Urypanuy BBINOJIHEH aHa-
JIW3 BIUSHUS OTKa3a asurareis Ha AJIX moaenu
Ipy HOMUHAJIBLHOM 3HAYeHHH KOI(PPuIeHTa
B, =2. 3MeHeHue npupalleHuil a’poJrHaMu-
4ecKuX Kod((PUIIMEHTOB TpHU BapbHUPOBAHUU
3HaueHus B, B quanaszone ot 0,3 1o 2 paccMoT-
PEHO B UCIIBITAHUSX T10 YTJIaM aTaKH.

IIpongoabHbIe a3poAMHAMUYECKHE
XapaKTePUCTUKH

B3nernas kondurypauus (6,= 20°)

OTka3 jaBurarensi MpM MaKCHMaJbHOM 3Ha-
YeHuu Kodpduuuenta B, = 2 NpUBOIUT K clie-
OYIOIEMY H3MEHEHHUIO a’pOJMHAMUYECKHUX Xa-
pakTepuCcTUK MoAenu (puc. 3):

e CHIDKEHHIO 3HaueHust npomsBoguoir Cy” Ha

12 % u Cymax Ha —0,52 (wm Ha 18 %),
® CHIDKEHHUIO pacrnojaraeMoil Tiaru Ha ~54 %

(ouenka no npupaunienuo Cx,),
® PUPAIICHUIO MOMEHTa TaHTa)ka Ha TTHKHPO-
Banne (Amz, = 0,1), a TaKke K MOSBICHUIO
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Puc. 3. Bmusiaue otkasa nuratens Ha AJIX moxenu (8, = 20°)
Fig. 3. Effect of engine failure on the model aerodynamics (8, = 20°)
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Puc. 4. Bmusane ko3¢ dunmenrta Harpysku B, Ha m3MeHeHUS adpoanHaAMIYecKuX ko3¢ duruertoB moaen (O, = 20°)
Fig. 4. Effect of the load factor B, on the change of model aerodynamic factors (5, = 20°)

3HAYUTEIBHOIO MOMEHTA PBICKaHUs, BEIUYU-
Ha KOTOPOTO OJIM3Ka K pacnojiaraeMomy IyTe-
BOMY MOMEHTY MOJIEJIA OT OTKJIOHEHUS PYJis
HaIpaBJIEHUs Ha yroa —25°.

Poct mpupamennii MOMeHTa KpeHa, CBS3aH-
HBIM C U3BMEHEHHUEM HECYIMX CBOMCTB KOHCOJIEU
KpbUIa IO yTJIaM aTaKu, MOXET ObITh KOMIIEHCH-
pOBaH OTKJIOHEHHEM 3JIEPOHOB, OJHAKO JOMOJ-
HUTEJIGHOE TIOTICPEYHOE  yIIpaBiicHHe Oyjaer
OTpaHUYEHHBIM, OCOOCHHO NPU OTKJIOHEHUH PY-
Ji1 HampaBJE€HUS ISl TApUpPOBaHHS MOMEHTa
peickanus. [Tocneanee, kak OyneT moka3aHo Ja-

62

nee (paznmen «[lapupoBaHue OTKa3a ABUraTes
BO B3JIETHOW KOH(UTYpaIUm»), CBSI3aHO C JO-
MOJIHUTENIBHBIM BKJIQJIOM PyJisl HallpaBJICHUS B
MCXOJHBI MOMEHT KpEeHa OT OTKa3a JIBUTaTelIs.
OTMeUYEHHBIN BBIIIE XapaKTep BIMSHUS OTKa3a
mpurarens Ha AJIX mopemu mipu kodddurmente
Harpy3ku B, = 2 pabOTaroIIero JABUTATENST COXpa-
HSETCSI M TPU MEHBIIMX 3HAYEHUsIX B, OJHAKO
YPOBEHb M3MEHEHHs adpOJAWHAMUYECKUX K03(hdu-
IIMEHTOB 3aMETHO CHIKaeTcs (puc. 4), a Takke To-
BBIIIAIOTCS. BOSMOXKHOCTH YIIPABJICHUS! CAMOJIETOM.
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Puc. 5. Brussaue otkasa asuratens Ha AJIX monenu (6, = 50°)
Fig. 5. Effect of engine failure on the model aecrodynamics (3, = 50°)

IMocagounas koudurypamnus (8, = 50°)

VBenuueHue yria OTKJIOHEHHUS 3aKpblIKa C
B3sleTHOro 3HaueHus 20° mo mocamounoro 50°
MPUBOJIUT K O0Jiee CyIeCTBEHHOMY M3MEHEHUIO
AJIX Moaenu npu oTkase aBurartens (puc. S5).

OcnoBHbIe m3MeHeHusT AJIX Mozaenu, BKITIO-
YaroIue:

e CHWXeHME 3HadyeHus mnpoussogHoii Cy” Ha
12 % u Cymax Ha —0,8 (1 Ha 21 %);
CHIDKEHHE pacronaraeMod Tarm Ha =51 %
(omeHka 1o mpupameHuro Cxcy=1);
MpUpalieHue MOMEHTAa TaHTa)ka Ha MHKUPO-
BaHue (Amz, = 0,04) u cyiiecTBeHHOE yBeu-
YEHUE NPOJOJIBHON CTaTUYECKOM yCTOWYUBO-
CTH Ha \Amzcy] ~ 0,13 cBsI3aHbI CO 3HAYUTEIb-
HOM IOTEpPEN HECyIIMX CBOMCTB IPAaBOM KOH-
COJIM KpbLJa, BBI3BAHHON OTCYTCTBHEM ee 00-
JyBa CTpyeH OT BO3AYLIHOI'O BUHTA. 3HAYECHUS
MHAYLMPOBAHHOIO MOMEHTa KpeHa B 3TOH
KOH(UTYpaIlMK MPEBBIIIAIOT PACHOaraeMbIe
BO3MOXKHOCTH 3JIEpOHOB (0, =—30/20°) mist
€ro CTaTUYECKOTO MapUPOBAHUSL.

63

3HauyMTeNbHAs MOTEps TATM CUIIOBOW ycTa-
HOBKHU JI€Ja€T HEBO3MOKHBIM T'OPU3OHTAJIbHBIN
MOJIET C OTKAa3aBLIMM JIBUTaTellieM U TeM Ooiiee
yXOJl Ha BTOPOM Kpyr ¢ HaOOpoM BBICOTHI. [y
oOecrieyeHHsT BO3MOXXHOCTH YIIPABICHHUS CaMO-
JIETOM U HaJW4Us pacrolaraéMoy TATH JIJIs yXO-
Jla Ha BTOPOH KpyT 3aXOJ Ha IMOCaJIKy OOBIYHO
OCYILECTBIIAETCS C B3JICTHBIM IOJIOKEHUEM Me-
XaHU3alUH KpbLia, TOJIHOE OTKJIOHEHNE KOTOPO
BBINOJIHAETCS] Ha 3aKJIIOYMTEIBHOM 3Tale C ra-
PaHTUPOBAHHOM ITOCAKOM.

XapakTep BIMAHMA OTKa3a JABUrarTesst Ha
AJlIX monmenw mpu U3MEHEHUH KOAPPHUITUEHTA
Harpy3ku B, = 0,3...2, oTMeueHHbI paHEe BO
B3NIETHOHM KoH(urypauuu (puc. 4), coxpaHsercs
U B MI0CAZI0YHON KOH(pUTYpamnuu, HO ¢ Ooiee BbI-
pPaXEHHBIM YPOBHEM TIpHUpatieHui (puc. 6).

bokoBble a3poauHaAMHYEeCKHUe
XapPaKTePUCTHKH

[Ipu HemocraTouHoW 3(P(HEKTUBHOCTH Opra-
HOB YIIPaBIICHHSI, HCITOJIb3YEMbIX JIJIsl TApUPOBa-
HUSI MOMEHTOB PBICKAHUS U KpE€Ha IIpU OTKa3e
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Puc. 6. Bmusaane xo3dduimenrta sarpy3ku B, Ha m3MeHeHHe XapakTepucTHK Moaend (8, = 50°)
Fig. 6. Effect of the load factor B, on the model characteristics change (5, = 50°)
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Puc. 7. Bausiaue oTka3a o0 ABUraTesisi Ha OOKOBBIC XapaKTepUCTHKU Mozaein (O, = 20°, o, = 5°)
Fig. 7. Effect of engine failure on the model lateral performance (8, = 20°, a,, = 5°)

JIBUTATEJISI, BO3MOXKHO HEKOTOPOE MX CHIDKCHHE
IIpU IOJICTE C HEOOJIBIINMHA yriiaMu CKOJIbKCHHA
U KpeHa.

B3iernas kondgurypamnus (8, = 20°)

Otka3 nBuratens MpH MaKCHMalbHOM 3Ha-
yeHuu Koddurmenta B, = 2 U reOMETPUIECKOM
yrie aTtakd oy = 5° NPUBOAMT K CIEAYIOIIEMY
U3MEHEHHI0O OOKOBBIX XapaKTEPUCTHK MOJICIH
NIPY HYJICBOM YTJIE CKOJIbKEHUs (puc. 7):
® CHIDKEHMIO HECYIIMX CBOWCTB MOJETH Ha

ACy = 0,11 (umu Ha 10 %);

® CHIKEHMIO pacnonaraeMoil Tsarm Ha ~50 %
(ouenka no npupareHnto Cxp—o), a TAKKE K I110-

SIBJICHUKO MOM!

eHra pbickaHus (my =-0,051),

BEJIMYMHA KOTOPOTO OJIM3Ka K pacroiaraeMo-
My ITyTE€BOMY MOMEHTY MOJEIHU MPU OTKIOHE-
HUM pyJisl HalpaBJICHUS Ha yroil —25°, u He-
6ompioro moMenTta kpena (mx = 0,011). Us-

MEHEHHE TIPUP

anieHnid Kod()PHUIMEHTOB CHIT U

MOMCHTOB XapaKTCpU3yeTCiad B LCJIOM MOHO-
TOHHOCTBIO HX IMOBCACHHA II0 yIJIaM CKOJIb-
KCHHUId B PACCMOTPCHHOM JOHAIIa30HC YIJIOB

B=216°.

[Toner ¢ yrimom ckommxkeHus 3 = —5° mo3Bo-
JSeT CHU3UTh 3HAYEHUE IIyTEBOIO MOMEHTa
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Puc. 8. BiusiHue 0Tka3a o JBUraTess Ha OOKOBBIC XapaKTEePUCTUKU MOJACIH
B 1I0CaJOYHON KOoHUrypauuu (o, = 5°)
Fig. 8. Effect of engine failure on the model lateral performance in the landing configuration (o, = 5°)

oT oTKa3a asuratens Ha |[Amy| = 0,011 (wm
Ha 19 %), yBennuuB mMomeHT kpeHa ¢ 0,01 no
0,02 (umu Ha 50 %) mpu ympaBisIOLIEeM 3Ha-
yernn | Amy | = 0,055 (8,=-30/20% o = 0)
U HE3HAUYMUTEJBHO TIOBBICHUB  COIPOTHUBIICHHE
ACx =0,004 (wnmu Ha 1,5 %). CHIKeHUE myTe-
BOTO MOMEHTa TOTPEeOyeT MEHBIIEr0 OTKIOHE-
HHUE PYyJsl HalpaBlICHMs Ui €ro KOMIIEHCAlUH,
YTO MPUBEIET K YMEHBIICHUIO COMPOTUBIICHUS
MO/IEJIH.

IMocagounas koudurypamnus (6, = 50°)

Otka3 aBuraress B MOCaT0YHON KOH(pUTYpa-
uu (8; = 50°; o, = 5°; B, = 2), KaKk ¥ B HCIIbITA-
HUSIX TI0 yIjlaM aTakd, IPUBOJUT K OOJbLIEMY
m3meHenuto AJIX moxenu (puc. 8) mo cpaBHe-
HUIO C B3JICTHOM KOH(UTypaluen, XapakTepH-
3yIOLIEMYCS:
® CHIDKCHHEM HECYIIMX CBOWCTB MOJIETH Ha

ACy = 0,38 (w1 Ha 19 %);
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e motepedd TArM Ha ~55 % (OLEeHKa MO mpupa-
meHnio Cxp=g), a TakKe IOSBICHUIO 3HA4YH-
TEITBHBIX MOMEHTOB phIcKaHus (my = —0,051)
u kpena (mx = 0,049) npu HyneBOM yTie
CKOJIL)KCHUS, BEIIMYMHBI KOTOPBIX OJHM3KH
K pacrojlaraéMblM MOMEHTaM OpPraHOB YIIpaB-
JICHUST MOJIEITH.

MOHOTOHHOCTh U3MEHEHHUSI IPUPALIEHUIN KO-
3G PUIHMEHTOB CHJI ¥ MOMEHTOB HapyIlaeTcs Ha
HOJIOKUTEIBHBIX YIJIaX CKOJIBKEHHSI B PE3Yilb-
TaTe OTpPbIBA MOTOKA C BEPXHEH MOBEPXHOCTH
IPaBOil KOHCOJIM KpbLIa ¢ HEPAOOTAIOIIUM JBU-
rateieM BCIICACTBUE YBEIMUYCHHUS dPPEKTHBHBIX
YIJIOB aTaky NpPaBOil KOHCOIM Ha MOJOXKHUTEIb-
HBIX 3HAYCHHSAX YIJIa CKOJIBKEHHUSL.

[IpoGnema ¢ GamaHCHPOBKONW MOMEHTa Kpe-
Ha, OTMEUYECHHAsl paHee B aHAJIM3€ IMPOIOJIbHBIX
XapaKTEepUCTUK MOJEIN B IMOCAJOYHOU KOH(QU-
rypauuu ¢ 0TKa30M MPaBoro ABHrarens (puc. 5),
OCJIOXKHSIETCS BBICOKMM 3HAU€HUEM IIyTEBOIO
MOMEHTa TpH HYJIEBOM YIJIE€ CKOJIBXKECHUS
(my =-0,51), 6iiM3KkUM K pacroiaraéMoi BeJn-
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Puc. 9. BnustHue OTKIOHEHUS pyJIsl HAIPABJICHUS U JIEPOHOB Ha MapUpPOBaHUE MOMEHTOB PBHICKAHUS
u kpeHna (3, = 20°)
Fig. 9. Effect of the rudder and ailerons deflection to dampen the yaw and roll moments (5, = 20°)

YUHE pyJisd HalpasjeHus. B oTol curyanuu pac-
CMOTPEHHUE BO3MOXKHOCTH TIOJIETA ¢ MAJIBIMHU yI-
JaMH CKOJIbXKEHHsT 0€3 OTKIOHEHHS Py
HaIpaBJIeHUs, 10-BUJUMOMY, HELIEJIECO00pa3HO.

IlapupoBaHue oTKa3a ABUraTeJIs
BO B3JICTHOH KOH(pUTYypauMu

Bo3MOXHOCTH CTaTHYECKOro MapHpOBaHUS
MOMEHTOB KpPEHa W PBICKaHHs, BO3HHKAIOIIUX
IpU OTKa3e JABHUraTeNs, B pe3yjbTare leleHa-
NPaBJICHHOTO OTKJIOHEHUS DJIIEPOHOB H PyJIs
HAIpPaBIICHUS PACCMOTPEHBI 7Sl 3HAYCHHS KO-
s dunuenta B, = 2. Jlnsg peanuzanuu Ha MOJe-
U HauOONBIIMX 3HAYCHWH YMHPaBISIOUUX MO-
MEHTOB JIEPOHBI M PyJIb HANIPABJICHHUS OTKIOHE-
Hbl Ha MaKCHUMalbHbIE YTIbL O, = —25/20° u
Opu =—25°. B oTCcyTCTBHE MPSIMOrO BIMSHUS
ctpyn or BB Ha oOTekaHue »yepoHOB W pyJis
HampaBlieHusT WX J(PGPEKTUBHOCTh HU3MEHATCS
He3HauuTenbHO npu padortaromux MCY u mo-
ATOMY HE y4YTeHa B JaHHOM aHaiu3e. B komro-
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HOBKaX CaMOJIETOB C JIBYXKHJIEBBIM XBOCTOBBIM
oneperreM S()PEKTUBHOCTD pyJield HampaBie-
HUSI, PACIOJIOKEHHBIX B CTPye OT BHHTOB, yBe-
nuyuBaeTcs B 1,5...2 pa3a Ha B3JIETHOM pEKUME
paboTsl aBurarenei [15].

Ha puc. 9 mokazaHo pa3aenbHOE BIUSHUE
OTKJIOHEHUS 3JICPOHOB W PYJisd HapaBICHUS Ha
npononbHbie AJIX Momenu, BKIIIOYash U3MEHE-
Hue kodpduimenta 6okoBoi cuibl. [lapupona-
HUE OTKa3a 3a CYET OTKJIOHEHHSI OPraHOB YIIPaB-
JICHUS] TIPUBOJUT K HE3HAYUTEIIBHOMY CHUXKE-
HU0 Hecymux cBoiictB (ACy, = 0,02...0,04;
AC¥max = 0,02...0,03) u HECKOIbKO 00Jb-
memy MpUpaIICHUIO COTPOTUBIICHUS
(ACx,=0,012...0,014, v wa 6,7...7,9 %) no
OTHOILICHUIO K 3HAYEHUSM aHAIOTUYHBIX KOA(]-
(UIMEHTOB, TIOYYCHHBIX B UCIIBITAHUSX MOJIEIN
C OJHMM HEepaOOTArOIIMM JBHTAaTe]IeM. B TO ke
BpeMsI I3MEHEHHUE MOMEHTOB PBICKAHMSI U KpPEeHa,
MOJYYSHHOE TPH TMApUpOBAaHUH OTKa3a, XOTS U
SIBIISICTCSI 3aMETHBIM, HO OHO SIBHO HEIOCTATOYHO
JUTSI CTAaTHYECKOTO TapUPOBAHHUS MOMEHTA PbIC-
kaHus. [Ipy WCHONIB30BaHMM OJHOTO  PyJis
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HAIPAaBJICHUS CTaTUYECKOE MapHpPOBAHNE MOMEH-
Ta PHICKAHUS BO3MOXKHO B OTPAaHWYICHHOM JHaIia-
30HE YIJIOB aTAKH Olyap & —06...—2° (puc. 9). Cre-
JIyeT OTMETUTh, YTO UcbITaHusi monenu ¢ UCY
MPOBOJIMINCHE TPU MAaloll CKOPOCTH TOTOKa
(V=192 M/c; Re = 0,4-106), YTO MIPUBETIO K He-
KOTOPOMY CHIDKEHHIO 3((PEKTHBHOCTH OpPraHOB
YIOpaBJICHUs, UCCIEIOBAHHBIX paHee MPH CKOPO-
cti motoka V.= 50 m/c (Re = 1,04-10%) [12].

CymectBytomasi UHTephEpeHIHsT  MEXKITY
AJIEPOHAMHU U PYJIEM HAIMpPABIICHUS, OTPEIEIISIO-
ast X COBMECTHOE MPUMEHECHHE UISl YIIpaBJc-
HUS camoJieToM B 00koBoM kaHasie [13], mpu na-
PUPOBAaHUU MOMEHTOB, BBI3BAHHBIX OTKAa30M
JIBUTATENsl, OKa3bIBaCT  pa3HOHAIPABICHHOE
BIIMSIHUE HA U3MEHEHHUE UX 3HaueHuM. OTKIOHe-
HUE DJIEPOHOB MPUBOAUT K HEKOTOPOMY IOJIO-
JKUTEIIbHOMY BKJIQJly B CHIDKEHHE MOMEHTa
pPBICKaHHS, B TO BpPEeMsI KaK OTKJIOHEHHUE pYIIs
HAIPaBIIEHUS! OKa3bIBA€T HETaTUBHOE BIIUSHUE
Ha yBeIMUYEHHE MOMEHTa KpeHa (puc. 9). Tem He
MEHEE YIPaBJISIFONIMA MOMEHT OT OTKJIOHCHUS
AIIEPOHOB JIOCTaTOYEH Ui NapUpOBAHHUSI MO-
MEHTOB KP€Ha B JIMAla30HE YIJIOB aTAKU Olyap &
—6...10°, onpenie’aeHHbIX C YYETOM HEraTUBHOIO
BIUSTHUS OTKIIOHEHUS PYJIsl HApaBICHUS.

Jl1s BeLIEpKUBAHUS MPSMOJIMHENHOIO I0JIe-
Ta (6e3 cxonbxkenus) B All 23 paspemien yrou
KpeHa He Oojee 5° B HampaBJICHUH paboTaroIie-
rO JBHUTraTelss, MO3BOJSIONUI KOMIIEHCHPOBATH
OOKOBYIO CHITy BEPTUKAIBLHOTO OTIEPEHUS OT OT-
KJIIOHEHUsI PyJig 3a CYET COCTaBJISIONICH Beca
(G-sin y), a Takke CHH3UTH CONPOTHBIICHUE Ca-
Mosieta. PacueTHoe 3HaueHue yria KpeHa s
paccmarpuBaemoro JITC ¢ B3leTHBIM BecoM
Gis = 5 670 K, HE0OX0AMMOE 15T KOMITEHCAIIUU
OOKOBOIl CHUJIBI BEPTHKAIBHOTO OMEPEHUs] C KO-
sddunuentom Cz = 0,093 (8, = —25°), cocTas-
nsiet y = 3,3°. OOHyneHre O0KOBOW CHIIBI BEPTH-
KaJbHOTO OMepeHusi MoTpeOyeT KOPPEKTHUPOBKU
yIiia aTaku JJisi KOMIEHCAMU HeOObIION moTe-
PY MOBEMHOW CHIIBI KPbLJIA.

JlononHuTENbHBIE BO3MOXHOCTH IOBBILIE-
HUSL 3(Q(GEKTUBHOCTH OPraHOB YIPABJICHUS Ha
27...50 % c UCTIOIB30BAHHEM TMOJOKUTEITHHBIX
abdexToB oT GopmupoBaHus NPOGUIUPOBAH-
HOM MIeNU MEXIy CMEXHBIMU MOBEPXHOCTIMU
HOCKa OpPraHOB YIPAaBIEHUS W XBOCTOBBIX Ya-
CTEl COOTBETCTBYIOIIUX 3JIEMEHTOB KOMIIOHOB-
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KM, a TAKIKC OT YCTAHOBKH IOBOPOTHBIX MHHH-
IIMTKOB HA 3aJHEd KPOMKE IOBEPXHOCTEHN
yIpaBJIeHHUsI PacCCMOTPEHHI B paboTax [12, 16].

3akjaoueHue

1. Ananu3 BIMSHUS OTKa3a MpPaBOro KPUTH-
YECKOI'o JIBUTaTessl Ha MPOJOJIbHBIE XapaKTepH-
ctuku mozaenu JITC Bo B3neTHOM U mocagoyHoOn
KOH(UTypalusX, MPOBEICHHBIM MpU 3HAYCHUU
ko3 dunreHTa Harpy3ku Ha paboTaroUIMiA BO3-
IyIIHbIA BUHT B, = 2, mokazai:

e CcHIDKEHHME 3HayeHWd npomsBogHol  Cy”
Ha =12 %, koadPummenTa Cym.x Ha 18...21 %
u pacniosaraemoit Tiru UCY na =51...54 %,

e [puUpalicHUE MOMEHTA TaHTa)ka Ha MHUKUPO-
BaHUE C YBEJIMYEHHEM NIPOAOJIbHOW CTaTHye-
CKOHl yCTOMYMBOCTH B MOCaJOYHON KOHGUTY-
pammn Ha |[Amz™Y| ~ 0,13,

® 3HAUMTEIbHOE NPUpPAIIEHUE MOMEHTa PbICKa-
HUSl Ha BEJIMYMHY, OJM3KYIO K pacrojiaraemMo-
My IIyTEBOMY MOMEHTY MOJEJIU OT OTKJIOHE-
HUSI PyJid HAIIpaBJICHHS Ha yroy —25°, U KpeHa
B MOCAJ0YHONW KOH(HUTypaluu Ha BEITUYHHY,
MIPEBBILIAIONIYI0 paclojaraéMble BO3MOXKHO-
CTH 371epoHOB (O, = —30/20°) myst cTaTHUecKo-
ro MapupoBaHUs B paboyeM JHara3oHe yrioB
aTaKH.

2. 3HauuTeNnbHAs MOTEPS TATH CHIIOBOM
YCTaHOBKH B MOCAI0YHON KOH(UTYpaliu Kpblia
JieJ1aeT HEBO3MOXKHBIM FOPU30HTAJIBHBIN MOJIET C
OTKa3aBIIIUM JBUTATeNIeM U TeM Oosiee yXoJl Ha
BTOPOH KpyT ¢ HA0OpOM BBICOTHI.

3. Hanmuuwme yria CKOJIbKEHHsI OKa3bIBAET pas-
HOHAIpAaBJICHHOE BIIMSHUE HAa NPUPAIIECHUE MO-
MEHTOB pBICKaHUS U KpeHa mogenu. Iloner ¢ or-
pULIATEILHBIMU YTJIaMH CKOJIBXKEHHS CIIOCOOCTBY-
€T CHIKEHHUIO 3HAYCHWH MOMEHTA DPBICKaHMs OT
TATU paOOTAIOLIETO JIBUraTelisi M BbI3BIBACT JI0-
MOJTHUTEIBHOE NPUPALLEHHE MOMEHTAa KpeHa OT
OOKOBOH CHJIBI BEPTUKAIBHOTO OIIEPEHHUSL.

4. OOpaTHBIi XapaKTep BIHUSHUS HA MOMEH-
Thl PBICKaHUS U KpeHa HaOIIoAaeTcss Ha IOJIOo-
KUTEJBHBIX YIaX CKOJIbKECHHUS.

5. CHmKeHHME 3HAYEHMs]I MOMEHTA PBICKAHUS
Ha BennuuHy |[Amyp—o| = 0,011 (mm Ha =19 %)
IIPU YMEPEHHOM TpPUPAIICHU MOMEHTa KPEHa U
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COMPOTHUBIICHUSI MOXET OBITh OOECHEe4YeHO Ha
PEKUMeE B3JIETa C YIIIOM CKOJIBKEHHS 3 = —5°.

6. IpsmonuueitHpIi ToNeT (0€3 CKOBKEHHS)
C OTKa3aBIIMM JIBUTaTelieM, O00eCHeYMBaIOIIUIA
HalMEHbILICE COMPOTUBIIEHHE W PACXOA Py
HAIMpaBJICHUSI TOIHKO Ha OAJIAHCHPOBKY ITyTEBOTO
MOMEHTa, BO3MOXXEH TpU OOHYJICHUH OOKOBOM
CHJIbl BEPTUKAJILHOTO OIIEPEHUs B Pe3yJbTaTe Co-
3[IaHUS IPOTUBOIOJIOKHO HANPABIEHHOMN CHJIBI OT
BECa caMoJIeTa IIPU TOJIETE € YIJIOM KpeHa y = 3,3°
Ha pabOTarOIIU IBUTATEb.
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Pemenue 3a1a4u ONTUMHM3AIMHA B LeJISIX MPOEKTUPOBAHUS CeTYATOM
CTPYKTYPbI M3 MOJUMEPHBIX KOMIIO3UITUOHHBIX MATEPHAJIOB
C HAPYKHOM 00IIMBKOI

A.A. Ckaesnes', A.A. Yepssikos', I.T'. Aranos’

1 . .
Mockosckui asuayuonnwvi uncmumym (HUY), 2. Mockea, Poccus

AHHOTammsi: B mocienHue Tompl MPOIOIDKAET BO3PACTaTh aKTyalbHOCTh 33[a4d ONTUMAIBHOTO MPOSKTHPOBAHKS CHIIOBBIX
SNIEMEHTOB paker-Hocuteseil. OIHOM U3 PacIPOCTPAHEHHBIX KOHCTPYKTUBHO-CHJIOBBIX CXEM SIBISICTCSI aHW3OTPHIIHAS CeTdaTast
KOHCTPYKIIHSI, BBITTIOJHEHHAS U3 TOJMMEPHBIX KOMITO3UIIMOHHBIX MaTepraioB. Takue KOHCTPYKIIHK CEPUIHO M3rOTABIUBAIOTCS U
HCIIONB3YIOTCSl B KAUECTBE CHJIOBBIX KOPITYCOB KOCMHUYECKHX allllapaToB WM OTCEKOB (hro3eisnKeil aTMOC(EpHBIX JIeTaTebHbIX
anmnaparoB IMEpCIeKTHBHBIX KOHCTPYKTHBHO-CUIIOBBIX cxeM. JIo HacToslero MOMEHTa BeC M MapameTpbl NPUMEHSEMbIX B
M3IENUSIX PAKETHO-KOCMUYECKOW TEXHUKH OOIIMBOK HE YYHTHIBAIMCH MPH PELICHUH 3a/1a4d ONTUMAJIBHOTO IPOSKTUPOBAHUS, a
3aj1a4a TPOCKTUPOBAHMS CBOIIACH K ONTUMH3AIMHM CETYaThIX CTPYKTYp, JIMIICHHBIX OOWIMBKH. Bmecte ¢ 3TuM camo
TMPUMCHCHUC O6LIJI/IBOK KaK JId aTMOC(l)ele)IX JICTATCJIbHBIX almapaTtoB, TaKk W MJId CUJIOBBIX 3JIEMCHTOB KOCMHYECKOI'O
HA3HAYCHUS SIBJISACTCS JIOBOJIBHO PACIPOCTPAHCHHOW MpAKTUKOW. OJHAKO HEYYMTHIBAHUEC HAIWMYMS OOIIMBKUA IPH
TMPOCKTUPOBAHUN CEeT4YaTol CHIJIOBOM OGOJ'IO‘{KI/I MOXCT NPUBOAUTHL K 3HAYMTCIIBHOMY YBCIMYCHHUIO MACChl KOHCTPYKIHMH C
OOIIMBKOM TIPU HEOOXOAMMOCTH €€ UCIIONB30BaHus. B paboTe mpuBeieHa METOANKA ONTUMATBHOTO TIPOSKTUPOBAHKS CETYATHIX
KOHCTPYKIIUIA 0€3 KOJBIEBBIX pedep, HO ¢ HATMYHEM METAJUTIYECKOM OOIIMBKY, YTO MO3BOJIIET 3HAYUTEIIFHO CHUZUTH BEC TAKHX
KOHCTPYKIIUIA, YBEJIMYMBAsT MaCCOBYO d(PPEKTUBHOCTD U3/ICITHIA U3 TIOJMMEPHBIX KOMITO3UIIMOHHBIX MATEPHAIIOB, IPUMEHIEMBIX
B JICTATeNbHBIX armaparax. [[pHBOANTCS NOATBEPIKICHHUE PE3y/IbTATOB, MOIYYCHHBIX [P MOMOIIY aHAJUTUYECKOTO PEIICHUS, 1
PE3yJIbTATOB YMCIICHHOTO SKCIEPHMEHTA, IMOJYYSHHBIX MOJICIMPOBAHUEM METOJOM KOHEYHBIX 3JieMEeHTOB. ODKUIAeTCs, YTO
MCIIONb30BaHUE MPEIAraeMoro MOAXo/a 3a CYeT ydera BKIaja padoThl OOIIMBKH MOXKET MPHUBECTH K SKOHOMHH MAacChl
o0omogedHoit kKoHCTpYyKIK 10 30 % MO CpaBHEHMIO ¢ METOIMKAMH ONTHMAJIBHOTO MPOEKTUPOBAHUS CETUATHIX aHU30TPUIHBIX
CTPYKTYP, UCIIOJIb3YIOLIMMHCS B HACTOSIIIIEE BPEMS U HE YUHMTHIBAIOIIMMH HAITMYME OOIIMBKH MPH IIPOSKTUPOBAHNUH U3/IEIIHSL.

Karouesie ciioBa: KM, [TKM, onTumanbHOE MPOSKTUPOBAHHUE, CETUATas CTPYKTYpa, aHU30IPH/I, OOIIHUBKA, 000JI0UKa.

Jns uutupoBanus: CxiesneB A.A., UepssakoB A.A., AranoB W.I'. Pemenune 3aqaun onTUMU3alyy B LENSX MPOSKTUPOBAHKS
CeTYaTON CTPYKTYPBI U3 MOJMMEPHBIX KOMITO3UIMOHHBIX MAaTEPUAIOB ¢ HapyKHOU oOmmBKol // Hayunsrii Bectauk MI'TY TA.
2022.T. 25, Ne 4. C. 70-82. DOI: 10.26467/2079-0619-2022-25-4-70-82

Solution of the optimization problem for the purpose of designing
a lattice polymer composite structure with the outer skin

A.A. Skleznev', A.A. Chervyakov', I.G. Agapov'

! Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: In recent years, the urgency of the problem of launch vehicles load-bearing elements optimal design has continued to
grow. One of the widespread structural designs is an anisogrid lattice structure made of polymer composite materials. Such
structures are mass-produced and used as load-bearing bodies of space vehicles or fuselage compartments of atmospheric aircraft of
advanced structural design. Until now, the weight and parameters of the skins used in products of rocket and space equipment have
not been considered when solving optimal design problems, and the design problem has been reduced to optimizing lattice
structures without skin. At the same time, the very use of skins for both atmospheric aircraft and load-bearing elements for space
applications is a fairly common practice. However, not considering the availability of skin when designing a lattice load-bearing
shell can lead to a significant increase in the mass of the structure with skin when applicable. The paper presents a method for the
optimal design of lattice structures without ring ribs, but with the metal skin available, which can significantly reduce the weight of
such structures, increasing the mass efficiency of products made of polymer composite materials used in aircraft. A confirmation of
the results obtained with the help of an analytical solution and the results of a numerical experiment, obtained by modeling using
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the finite element method, is given. It is expected that the use of the proposed approach by considering the contribution of the skin
response can lead to mass saving of the shell anisogrid structure up to 30% compared with the methods of optimal design of lattice
anisogrid structures currently used without considering the availability of skin in the design of the product.

Key words: CM, PCM, optimal design, lattice structure, anisogrid, skin, shell.

For citation: Skleznev, A.A., Chervyakov, A.A. & Agapov, L.G. (2022). Solution of the optimization problem for the purpose of
designing a lattice polymer composite structure with the outer skin. Civil Aviation High Technologies, vol. 25, no. 4, pp. 70-82.
DOI: 10.26467/2079-0619-2022-25-4-70-82

BBeneHue MeToabl HCcJIeI0BaHUS

PaccmoTpuM 3amady nIpoeKTUPOBAHUSA CETUa-
TOM TOHKOCTEHHOW KOHCTPYKLUHU C METaJInye-
CKOW OOIIMBKOM, KOTOpasi MOXKET 3HAYUTEIIHHO
NOBBICUTh JKUBYYECTb WM TaKTUKO-TEXHUYE-
CKHE€ XapaKTEPUCTUKH PAKCTHOM TEXHWKH, IIPH-
BHOCSI B KOHCTPYKIMIO PaKeThl CTOMKOCTb K JIO-
KaJIbHBIM YJapHBIM BO3JCHUCTBHAM U BO3MOXK-
HOCTb JKCIUIyaTallUM W3JEJHs IPU IOBBIIICH-
HBIX Temmeparypax [20].

OcHoBHbBIE TIapaMeTpbl TaKOW METaNIOKOM-
MO3UTHON CETYATOM CTPYKTYpPbl MPEICTABICHBI
Ha puc. 1.

31ech BBENEHBI CIEAYIOUIMEe 0003HauYCHUS:
[ — HampaBieHue BIOJb OOpasyiomei; 2 — Ha-
IpaBJeHHUE B KOJbIIEBOM HAIPaBICHUHU (IIEpIICH-
JTUKYJISpHO ocu [ B cilydae IUIOCKOM IaHenn),
@ — PAacCTOSIHUE MEKIY COCEIHHMH CIUPAJIBHBI-

Kak nmpaBuino, 11t paboThl KOHCTPYKIIUU BH-
Jla TOHKOCTEHHOM O0O0O0JIOYKH, OCHOBAaHHOW Ha
CeTYaThIX CTPYKTypax, He TpeOyeTcs Haaudue
OOIIIMBKY — BCE BHEIIHUE HATrPy3KH C YCIEXOM
BOCIIPUHUMAIOTCA U TIepelaloTcs pedpamu ceT-
yaroil cTpykrypsl [1-8]. OmHako OONBIIMHCTBO
CETYaThIX KOHCTPYKIMI, OCOOCHHO MpeaHa3Ha-
YEHHBIX JIJIsT pabOTHI B KaYECTBE COCTaBHBIX Ya-
creil paker-Hocuteneir (PH), Bce xe umeror
BHYTPEHHUE WM BHEIIHUE OOIIMBKH, MPEUMY-
[IECTBEHHO BBHIMOJHEHHBIE W3 TMOJMMEPHBIX
KOMIO3UIIMOHHBIX MaTepuanos (IIKM), mpume-
HEHUE KOTOPBIX OOYCIIOBJIEHO JHOO0 HEOOXOIH-
MOCTBIO CO3/IaHUSI BHEUIHEN NMOBEPXHOCTH JieTa-
TEJBHOTO ammapaTa Ui BOCIPUSTHUS adpoJuHa-
MUYECKUX CHJI HAaOerarouiero rnoToka, JM0o Tex-
HOJIOTUYECKUMHU OCOOEHHOCTSIMH TIpoliecca HX

H3FOTORIICHMAL MH peOpaMu B KOJIBLIEBOM HANpABICHUU, dy —
B HacTOAWMii MOMEHT BeC M MapaMerphl KpaTyaiilliee pacCTOSIHUE MEXIy CHHpPaIbHBIMU
IIPUMEHSAEMBIX B M3JEIHUAX PAKETHO-KOCMHUYE- pebpamu, ¢ — yroj HakIIOHA CIHPAIBLHOTO pedpa
CKOW TEXHUKH OOIIMBOK HE YYUTBIBAIOTCS TIPH OTHOCHTE/IBHO 00pasyIolIell, dgy — PacCTOSHHC
pELIEHNN 3a/ad UX ONTUMAJIbHOIO MPOEKTHPO- MEJK/y KOJBLEBBIMH PEOpaMH CETYaTOi CTPYK-
BaHus [9-17], a 3amaya TPOEKTUPOBAHHS CBO- Typbl, &, — ToiumHa pebpa, s — BbICOTA pedep
JUTCS K ONTHMH3ALUU CETYATBIX CTPYKTYp, JIH- CETYATON CTPYKTYPBI, /,, — TOJIIMHA METAILIH-
IICHHBIX OOIIMBKH, C TOCIEAYIONIMM J100aBIie- 94eCKOH OOIIMBKH.
HUEM OOIIMBKHU YXe HCXOIS W3 TEXHHUYECKUX Cornacno [1, 11] koo uumenTs xKeCTKOCTH
WM TEeXHOJIOTMYecknxX TpeOoBanuii. Takoe pe- ~ I CIOCB METAUIOKOMIIO3UTHOH — CETYATOH
LICHUE BOIPOCAa INPUHOCHUT 3HAYUTEIIBHBIN IIPH- CTPYKTYPbl MOTYT OBITh 3allMCaHbl CIIEIYIOIIUM
POCT U30BITOYHON MacChl KOHCTPYKIIMH, a BKJIa/ obpazom:
OOIIMBKHM B 3amachkl MPOYHOCTH M HAJEKHOCTU ¢ JJId CCTHATOrO CJIoA
[18—19] 1 BOBCE HE yUUTHIBACTCA.

Bormpocel, TMOCBSIIEHHBIC PEIICHUIO 3aJa4uu A, =2 E¢5_w ct, A, =2 Ewé_w s’c’ = Al
ONTHMANILHOTO MPOCKTHPOBAHNS CETHATBIX aHU30- B __ 5 5
TPUIHBIX KOHCTPYKIHIA 6€3 OOIIMBKH, TOCTATOYHO A, =2 E¢5¢s4 + Ey 0, » 5(/) =2, 5 =2,
HIMPOKO 00Cy:xkaatorcst B pabdorax [1, 11, 13]. a, g

€ =Ccos @, s =sin @,
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Puc. 1. [TapaMeTpsl METATUIOKOMITO3UTHOM CETYATON CTPYKTYPHI
Fig. 1. Metal-composite lattice structure parameters

rae O, — IIUPUHA CIUPAIBbHBIX, Jg9 — LIMPHHA
KOJIBIIEBBIX pedep, £, — MOIYJIb YIPYTOCTH CIIU-
pasibHOTO pedpa BAOJb HAIlpaBJIEHUS apMHUpOBa-
HUs, E99 — MOJyJIb YIIPYTOCTH KOJIBLIEBOTO pedpa
BJI0JIb HAIPaBJICHUS! apMUPOBAHMSI;

® Ui METAJUINYECKOTO CII05

Al =A% =E, A =VE,
E E
2(1+v) l1-v

m

33

, E=

2 2

rae £ — MOJyab ympyrocTd METaJLTHYECKOTO
craBa, a v — kodddurment [lyaccona.

Torma st Bceli KOHCTPYKIUU KOIPPUITHCH-
TBI JKECTKOCTH MOTYT OBITh ONPENEJICHBI CIIeIy-
IOLIMM 00pa3oM:

By =ASh+A'h,,

=L (2h+h,)],

: [Al;hz +A"h

ij "'m

C

g

Ir m
D, ZE[A,,jm + 47h, (3h(h+h,)+h)].

g

B BeIpakeHusX sxecTkocTeill (MeMOpaHHBIX
B, m3ru6upix D, 0600meHHbx C) METAIIIOKOM-
IIO3UTHOM CETYATOW KOHCTPYKLUHU HYJIEBas KO-
OpAMHATa OTCUUTHIBACTCA OT HIWKHEH I'PaHU pe-

72

Opa ceT4aTod CTPYKTYphl (BHYTPEHHSS MTOBEPX-
HOCTb TOHKOCTEHHOU 000JI0YKH), CM. puC. 2.

Jnst penieHust 3a1a4M ONTHMAIBHOTO MPOEK-
TUPOBAHHS MPUMEM TOJIIIMHY OOIIMBKU 3HAYH-
TEJIbHO MEHBIIEH MO CPAaBHEHUIO C BBICOTOM pe-
Oep ceTdaToll CTPYKTYypsL: h, << h. Toraa ypas-
HEHHS JUTS BBIPAKEHUS JKECTKOCTEH YIpPOCTSTCS
CIIeTyIOIINM 00pazoMm:

By = A+ A7,
1 ry?2 m
C, =E(Aijh +247'hh,,), (1)

1 r m
D, =§(Al.jh3 +347hh,,).

)

OCHOBHBIM BHJIOM HarpyXeHus LUJIUHIPH-
YECKUX OTCEKOB PAKETHOM TEXHUKHU SIBJISETCA
oceBasi OSKBUBAJICHTHAs CXKUMampmas cuwia P,
K KOTOPO MOKHO MPUBECTH Pa3INuHbIe KOMOU-
HAI[UM BHEIIHUX HAarpy30K U CHJIOBBIX (aKTo-
POB, MPUKIAABIBAEMBIX K M3JEIUI0, KaK MOKa3a-
HO Ha puc. 3.

Takum 00pa3oM, B KOHCTPYKIIUU JIEHCTBYIOT
CIEAYIOIINE YCUIIHS:

P
27R’
N,=B,¢&,+Bye,=0.

N,=B ¢ + B12‘9y ==
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Z2=N+n

Puc. 2. KoopauHatel oTcueTa Iisl BEIMHCICHUSA kecTkocTell. O003HaueHns 1 1 2 Ha pUCYHKE 03HAYAIOT MTOPSAKOBEIH
HOMEP 3JIEMEHTa/CII05/KOOP IUHATHI
Fig. 2. Reference coordinates for stiffness calculations. Designations 1 and 2 in the figure denote the sequential
number of the element/layer/coordinate

Puc. 3. HarpyxxeHue MeTanIoKOMIO3UTHON KOHCTPYKIIUH
Fig. 3. Metal-composite structure loading

Orcrona ompenenum aedopmanuu U HKeCT-
KOCTb:

o = B, P _ B,P
* 27RB’ Y 2zRB’
B =B, B, _8122'

Hampsokenus B pebpax ceTyaTol CTPYKTYpbl
MOTYT OBbITh BBIPA)KEHBI KaK

E,P

%(BZZCZ —Blzsz) ,

. 2 2y _
aw—E(p(gxc +é,8 )—
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a HaIIpsKCHUS B METAJIJINYECKOM OOIIMBKE CO-
OTBCTCTBCHHO

m = EP

(o :E(EX‘FV&'},):—%(BZZ—VBIZ),
I EP

O'y :E(gy'i‘VSx):—ﬁ(—Blz+VBzz).

B kauecTBe OrpaHU4YeHM IIPOCTPAHCTBA IIPO-
eKTUPOBAaHMS BBICTYMAIOT: 001asi yCTONYNBOCTh
000JI0OYKH, MECTHasi YCTOWYMBOCTh TOHKOCTEH-
HOH O0OOJIOUKH, OrpaHWYEHUE II0 MPOYHOCTH
CHHpaIbHOrO pedpa, OrpaHUYEHUE 10 MECTHOU
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yCTOMUMBOCTH pedpa ceTyaTod CTPYKTYPBHI.
IIpuBeneM COOTBETCTBYIOIIME OIPAaHUYEHHUS B
BUJIC HEPABEHCTB.

OO6m1ast yCTOWYUBOCTE:

BnBzz _32

P, <4r 2D, =Pn,.

11

B nanHOM BBIpaxXeHUU 7y sBIsEeTCs K03 du-
IIMEHTOM OE€30IaCHOCTH MO OOIIel yCTONYHBO-
CTH, K03(pPULHMEeHTHI MeMOpaHHBIX U U3TMOHON
JKecTkocTed By, Biy, By 1 D] UMEIOT BU]I

B, =2E,hS,c* +Eh,,
B, = 2Ewh5_¢)s202 +VvEh,,
B,, =2E,hS,s* + E,hS,, + Eh,, ,

D, = %E@,h%‘* +Eh’h,.

MectHass yCTOWYMBOCTh. BeIpakeHue miis
OLICHKH IPENEIbHOTO HANPSKEHUs, IOILyCKAaro-
merocsi B peOpe 6e3 morepu yCTOMYUBOCTH, BbI-
DISANT CIEAYIOUMM 00pa3oM:

m _ m
o,<ou Wi n,c, =0, 2)
kn® | <
rae o), =——E,6,s°¢?,
E P
a J(p = —L(Bzzcz —BIZSZ).
27 RB

B naHHBIX BBIpaXEHUSX N, SBISETCA KO3(PPu-
LUEHTOM O€30MaCHOCTH IO MECTHOM yCTOWYM-
BOCTH, k — mapametp [1, 11], umeromuii 3Have-
aue 1,2.

OrpaHvdeHre IO TPOYHOCTH CIHPATHHBIX
pebep 3anmuchiBaeTCs Kak

n.o, 1
— 4o

O'(pSG,I/IHI/I n.c, =0,

(o2

rjae n, sBisercs kKoddduimeHTom 6€30mMacHOCTH
0 IPOYHOCTHU CIUpaNIbHBIX pedep. Umeem
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n, EP

—_— 3
o 27nRB @)

(32202 - Blzsz) =1.

Ecnu pasnenuts (3) Ha (2), mosyuum BbIpa-
KEHHUE I ONpeNeleHUs] OTHOCHUTEJIBbHOM M-
PHUHBI CIUPATILHBIX pedep

é—,(ﬂ :L 3511"1 .
mes \(n Ek

“4)

Tak kak orpaHWuYeHUss TO TPOYHOCTH H
MECTHOM YCTOMYMBOCTH TIOCJIE MOJCTAHOBKU B
HUX BCEX HEOOXOAMMBIX KOI()PHUIMEHTOB CTa-
HOBSITCSI U3JIUIIIHE TPOMO3JKUMHU U HE MO3BOJISI-
0T TOJIYYUTh AHATUTHYECKOTO PEIICHUs, BBE-
€M HEKOoTopble jomymieHus. B wyactHOCTH,
npumeM ko3 dunument Ilyaccona merammuye-
cKol oOmmBKH v = 0, a TaK)Ke TMPUMEM THIIOTE3Y
O TOM, YTO TOHKas MeTajlIn4ecKas OOIIMBKa
MPUHUMAET Ha ce0s poJib KOJBIEBBIX pedep B
AQHU3OTPUIHON CTPYKTYypEe U MO3BOJIIET CHU3HUTH
BEC KOHCTPYKILHWH, OTKA3aBIIUCh OT KOJBIEBBIX
pebep W OCTaBUTH TOJBKO CIHpalIbHBIE pedpa,
YTO HE MpPHUBENET K YXYIIICHHUIO MPOYHOCTHBIX
WJIM JKECTKOCTHBIX CBOMCTB KOHCTpyKIMU. Ma-
TEMaTUYECKH OTKa3 OT KOJBIEBBIX pedep MOXKET
OBITh peaM30BaH MyTEeM MPUHSATHS UX HYJICBOH
ToONUMHBL Oy = 0. Torma Beipaxkenus (2), (3)
U (4) mepenuiryTcs CIeayonuM 00pa3oM:

5 = 5)
2 =, =
87E,nh’c’Eh, _EEwhfwc +Eh, 1L ®
PRGn, 2E ho,c* +Eh,
Pr,c” _1. )

4rRGhS, (1-2c7s")

N3 Beipakenust (7) u (5) mOIy4uM BBICOTY
pebpa, WK BBICOTY CETYATON CTPYKTYPHI:

_ Pn c’s
- 4R5(1 - 2c252)
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Bo3Boas mpaByro M J€BYH 4acTH JAHHOTO W3 Beipakenuii (6) u (8) myTeM HECIOXKHBIX
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BripaxkeHue 11 onpeaesieHusl MacChl CeTUYaTON CTPYKTYphI 0e3 KOJBIEBBIX pedep, HO C MeTalIu-
YECKON OOIITMBKOM 3aIUIIIEM CIICTYIONUM 00pa3oM:

M =2zRI(2p,hS, + p,h,). (10)

B ypasaenun (10) M — macca 0001049KH ¢ OOMMBKOMH, [ — IJIMHA 000JI0YKH, Op U Oy, — INIOTHOCTH Ma-
TEpUAJIOB CIIUPAIILHBIX pedep U MEeTaNTNYeCKOil OOLIMBKY COOTBETCTBEHHO.

Anamuzupys ypasaenus (10), (5) u (8), MOXHO clienath BbIBOA, YTO JIJIsl OJYyUYEHUSI MUHUMAJIbHO-
ro Beca KOHCTPYKLUU HEOOXOJUMO 0OecreunTh MMHUMAJIbHBIE 3amachl 10 0OLIei 1 MECTHOW ycToM-
YUBOCTH, WU 3amucaTh 1, = 1, n,, = 1, Torna u non, = 1.

Taxkum oOpa3zom, Ans obecrieueHUs MUHMMAJIbHOTO Beca CETYaTOM CTPYKTYPhl ¢ METAIIMYECKOM
OOLIMBKOM OCTaHeTCs O0ECHeYUTh MUHUMAIbHOE 3HAYEHHME TOJIIMHBI METAITIMYECKOW OOLIMBKU

(hwm — min), anga 4ero HEOOXOAMMO OOECIEYUTh PABEHCTBO HYIIO BBIPAXKEHHsS B CKOOKE ypaBHe-
Hus (9):

chl5s3E;5wiz'nfk1 In.E k — 367/3R'G (1 —2c%s’ )3 n,n,\jon,
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=0. (11)
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CormnacHo puc. 4 COOTHOIIIEHHE

(1 —-2c°s? )cgs2 paBHseTCs HyJIIO TOJIBKO MPH yT-

nax, paBHbIX 0 win 90 rpaaycoB, 4TO HE peaju-
3yeTcs B CETYATBIX CTPYKTYpax, B CBS3H C ITUM
ypaBaenue (11) mpeobOpasyercs cienyromum
obOpazom:

. 36R'G(1-2¢%7)
n = > . (12)
' PkE;c"'s’

VYpaBuenue (12) sBisieTCsl 3aKIIOYUTEIIHHBIM
B TPYMIE BHIBEJACHHBIX COOTHOIIEHUN U TO3BO-
JISIET ONPENIENIUTh 110 UCXOIHBIM TPEOOBAHUSAM H
XapaKTepUCTHKaM MPUMEHSIEMbIX MaTepuaioB
3arac MPOYHOCTH CIIUPAIBLHOTO pedpa ceTdaTon
CTPYKTYpPBI U1 OKOHYATEJIbHO, COBMECTHO C BbIpa-
xeHusMu (5), (8) u (9), MOTHOCTBIO OMPEACINUTD
reOMETPUUECKUE MapaMeTpPhbl CeTYATON CTPYKTY-
pBI C OOIIMBKOW M €€ MPOEKTUPOBOYHYIO MACCy
npu nomouy ypasuenus (10).
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Fig. 4. Graph of a function (1 —2¢’%s? ) cts?

Pe3yabTaTsl pacueroB

s mpoBepkM INPOBEACHHBIX MaTeMaTuye-
CKUX NpeoOpa3oBaHUi M IOJIyYEHHBIX COOTHO-
LICHUH NIPOBEJEM YUCIICHHBIN DKCIIEPUMEHT IIPU
ITOMOIIY METO/1a KOHEYHBIX JJIEMEHTOB.

Vol. 25, No. 04, 2022

PaccmoTpuM 3amady onpeneneHus OnTUMAalb-
HBIX MMapaMETPOB CETYATOW CTPYKTYPHI C METal-
JIMYECKOM OOIIMBKON JUaMETpoOM 2 M U JIMHOU
4 m. KonuuectBo map crnmpaibHbIX pedep — 96,
MaTepuall CeTYaTOl CTPYKTYPhl — YTIIEKOMIIO3HUT
Ha OCHOBe yriieposaHoro xryra Umatex UMT49S
U 310KcHIHOrO cBssymomero DXJ[-M/1, marepu-
an OOIIMBKM — aJIOMUHHUEBBIN cruiaB AMr6.
[TpoexTHpoBaHUE OCYIIECTBIAETCS HAa OCEBYIO
CKMMAIOLIYI0 Harpy3ky BennurHoit 4MH.

B pacuerax mpuHMManucek cienyrouue ¢u-
3UKO-MEXaHUueckue Xxapakrepuctukun (PMX)
yriaexkomnosura: kE, 90 ITIa, w2 =0,19,
pe = 1550 Kr/M°. XapaKTepUCTHKH JUIS MeTall-
anueckor oo6muBku: £ = 71,2 I'lla, v=0,3,
pm =2 780 KI/M .

VYpasuenus (5), (8), (9)—(12) B pesynbrate
BBIUUCJICHUI TO3BOJISIIOT TOCTPOUTH TpaduKH,
MPEJCTaBICHHBIE HA PUC. 3.

Mopeinb ceT4aTtoi CTpYyKTypbl, COCTOSIIAS U3
CIIUPATBHBIX pedep W TOHKOW MeETaUTMYeCKOU
OOIIMBKH, COCAMHEHHBIX MEXIy COO0OW B orpa-
HUYEHHOM KOJIMYECTBE JIOKAJIBHBIX TOYEK (OKO-
J0 2,5 ThIC. KpEIUIEHWH), IIpelcTaBieHa Ha
puc. 6. Jlna HarmsimHOCTH pebpa W OOIIMBKA
npencTaBieHbl ¢ gobaBneHueM 3ddexra mpo-
3pavyHOCTH.

B nannoit Mozenu pedpa MOIEIUPYIOTCS IPU
MOMOIIY OJHOMEPHBIX OAaIOUHBIX AJIEMEHTOB, a
OOIIMBKA TPU TMOMOIIY AJIEMEHTOB THUMA IUIa-
ctuHa. KonnyecTBo 31€MEHTOB B MOJENHU CO-
craBisiet 364 033, konnuecTBO y310B — 359 137.

O0cy:kneHne mory4eHHbIX
pe3yJIbTaTOB

AHanu3 BHEIIHEro BUAa AePOPMUPOBAHHOTO
coCTOSIHUS (puC. 7) MOKa3bIBAET, YTO METaJUIH-
yeckas OOIIMBKA C JAMCKPETHBIMH JJIEMEHTaMU
KpEIUICHUs BeleT ce0sl BHEIIHE OYeHb IOXO0XKe
Ha TIOBEJICHUE KOJBIIEBBIX pedep.

U3 puc. 5, 6 Gbuta BEIOpaHa CTPYKTYypa C yT-
JIOM HaKJIOHa crnupaibHbIX pedep 16,875°. [lns
9TOW CTPYKTYpPHI, COTJIACHO PUCYHKY, TOJILIMHA
METaJLINYECKOi o0mmuBKu cocraBisier 0,8 MM,
BBICOTA CIUPAJIbHBIX pedep CeTdyaToil CTPyKTy-
pBl — 9 MM, IMpPUHA COMPAIBHBIX pedep — 5 MM.
Pesynbrathl pacueToB npuBeAeHBI B Ta0. 1.
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Puc. 5. 3aBucumocTy Maccol (a), reOMETPUYECKUX ITapaMeTPOB CETYATOH CTPYKTYPbI (0) (INTPUX-ITyHKTUPHAS
JIMHUA — BLICOTA CIIUPANILHOTO pedpa /1, ITPUXOBas JTMHUS — ITMPUHA pedpa O, CILIOIIHAS IMHHUS — TOIIUHA
METAJUTHYCCKON OOIIUBKY /1,,) U K03 (UIMEHTA 3ammaca MPOYHOCTH (B) OT yIiia HAKJIOHA CIUPANBHBIX pedep (ot 10
1o 35 rpamycoB)

Fig. 5. Dependences of the mass (a), the geometric parameters of the lattice structure (6) (dashed-dotted line is the
height of the spiral rib 4, the dashed line is the width of the rib &, the solid line is the thickness of the metal skin #,,)
and the load factor (B) on the inclination angle of spiral ribs (from 10 to 35 degrees)

-

o

Puc. 6. KoneunoassieMeHTHast MOJIEJIb CETYATON CTPYKTYPbI C METAJLUTMYECKOI OOIIMBKON 1 6€3 KOJIbIIEBBIX pedep
Fig. 6. FEM of the lattice structure with metal skin and without ring ribs
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Qutpast Set Simcanter NASTRAN Case 1
Deformed(0.01891) Total Trarskation
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Puc. 7. Kaptuna neopMupoBaHus CTPYKTYPBI U3 CIIUPATBHBIX pebep U METAITNYECKOH OOIINBKY, CKPETUICHHBIX
JCKPETHBIMH KPETEKHBIMU 3IEMEHTAMH, IPH HATPYKEHUH OCEBOH CIKMMAFOIIEH CHIIOMH
Fig. 7. Deformation pattern of the structure made of spiral ribs and metal skin, fastened with discrete fasteners, when
loaded with an axial compressive force

Taomauma 1
Table 1

Pe?JYJ'IBTaTBI pacucToOB XU YUCJIICHHOI'O OKCIICPUMCHTA
Calculations and numerical experiment results

Macca KOHCTPYKIIMH, KT | 3arac IpOYHOCTH CIIUPAIBHOTO pedpa
OnTrManbHOE MPOSKTHPOBAHKE 114,25 1,21
KD9-mopaens 111,75 1,24
OTHOCHUTENbHAS OTPEUTHOCTD, A 2,19 % 2,48 %

o0mMBKH 55,8 KT.

* v
[pumeuyanue. B ciryyae TpaguMOHHOTO MPOESKTUPOBaHUS 0e3 yyeTa MeTAIIIMYECKO OOIIMBKY BeC aHa-
JIOTUYHOM CEeTYaTON CTPYKTYphI cocTaBUT 112,6 KT, a TOTIOHUTENBHBIA BeC METAJUTMYECKOW aTFOMHHHAEBOI

AHanu3upys pe3yJbTaThl, IPEICTaBICHHbIC B
TabJs. 1, MOXKHO CJeNaTh BBIBOJ O TOM, YTO 3Ha-
YEHUsI, MOJIy4eHHbIE MO (opMyliaM, MPEeACTaB-
JICHHBIM B HACTOSIICH CTaThe, OTIUYAIOTCS OT
PE3yJIbTaTOB YHCIEHHOTO 3KCIEpUMEHTa He 0o-
nee 4yeM Ha 2,5 %, 4TO BIOJHE JOCTaTOYHO IS
Henei MpOeKTHPOBOYHOIO pacyeTra, HNpU 3TOM
OIICHKa MAacChl MIPOUCXOIUT C HEOOIBIINM IIpe-
BbIIeHueM (2,19 %), 4To mo3BOJISIET pacCUUTHI-
BaTh Ha 0oJiee TOYHOE COOTBETCTBHUE IOJIyYeH-
HBIX TPOCKTUPOBOYHBIX 3HAYECHHN peabHOMN
KOHCTPYKIIUA B CBSI3U C HEKOTOPHIM Hen30ex-
HbIM YBEJIMYEHUEM MAacChl MTOTOBOTO H3ZENus
U3-32 TEXHOJIOTUYECKUX OCOOEHHOCTEeH mpous3-
BOJICTBA HaJW4yusl HaIUIBIBOB CBSI3YIOIIETO,
(UHUIIHON IMATIEBKH U T. . B TO ke Bpems

78

OIICHKA 3araca MPOYHOCTH MOIYy4aeTcsl ¢ HEeKo-
TOPBIM 3aHIDKEHHEM K03 duirenta 6e3o0macHo-
ctH (okoso 2,5 %), 4To uaeT B 3amac peanbHON
U3TOTOBJICHHON KOHCTPYKITHH.

Ecnu ke cpaBHUBaTh MpeajiaraeMblil MOJIX0/1
C TPaJUIIMOHHBIM, HUCIOJB3YIOIMUMCS B HACTOSI-
miee Bpems [1, 11-13], To skoHOMHUS Macchl 3a
c4eT ydera paboThl OOIIMBKH MOXET COCTABUTH
32 %.

3akIoueHue

B 3akirouenne MOKHO cKa3zaTb O TOM, YTO B
paboTe npeyIoKeH HOBBIM METO/T ONTHMAIBHOTO
MPOEKTUPOBAHUS CETYATHIX KOHCTPYKLMM, UMe-
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IOIIKMX BHCIIHHC O6I_HI/IBKI/I, HOSBOHHIOHII/II;’I pu-
BECTH K CyHlGCTBGHHOfI O9KOHOMHHU MAacCChbl KOH-
CTPYKIMHU 110 CPaBHCHUIO C CYHIECCTBYIOUINMMH
MPOCKTUPOBOYHBIMU MCTOAUKAMMH.
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The use of vortex generators to improve the take-off and landing
characteristics of transport category aircraft
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Abstract: The issue of using vortex generators to improve the take-off and landing characteristics of a transport category
aircraft has been considered. Three directions have been analyzed. The first: the installation of vortex generators on the nacelles
of the main engines to increase the maximum value of the lift coefficient in landing modes. The second: the installation of
vortex generators on the upper surface of the flap to increase the lifting characteristics of the wing by improving the flow around
the flap. The third: the installation of vortex generators in the tail unit to increase the efficiency of control surfaces and reducing
handling speeds. Examples of the use of vortex generators in each of the directions are given. It is shown that the improvement
of the aecrodynamic characteristics of the aircraft is possible in the presence of wing separation boundaries on the lifting surfaces
in flight operating modes and the elimination of these zones by installing vortex generators. The results of computational
studies, experiments in wind tunnels, as well as data from flight tests of an experimental aircraft confirming the effectiveness of
using vortex generators are presented. The concept of increasing their stability by installing vortex generators in places with
maximum flow velocity is proposed. Considering this concept, new locations for installing vortex generators on the upper
surface of the flap, as well as on the fin of an experimental aircraft for repeated flight tests have been selected. The installation
of vortex generators on the fin involves increasing the efficiency of the rudder to reduce the handling speeds. The possibilities
of optimizing the parameters of the installation of vortex generators are considered. Recommendations are given on the choice
of shape, size, and angles of their installation, depending on the tasks solved with the help of vortex generators and considering
the possible increase in drag from their installation.

Key words: aircraft, local acrodynamics, local flow separation, vortex generator, vortex harness, bearing surfaces, controls,
harmful resistance, installation parameters.
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Hcnonb30BaHue BUXPEreHEPATOPOB AJISl YIAYYIICHUS
B3JIETHO-TIOCAI0YHBIX XaPAKTEPUCTHK CAMOJIETOB
TPAHCIIOPTHOM KaTeropuu

B.I. ]_[nnemcol, M.B. Caraifmakz, B.U. llleBsikoB’

"Mockosckuii 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUgepcumem paxdcoancKoll asuayu,
2. Mockea, Poccus
21140 «Kopnopayus "Hprxym"» ¢puruan « Pecuonanvhvie camonemoly,
2. Mockea, Poccus

AnHoTamms: PaccMOTpeH BOIIPOC UCHONIB30BAHNS BUXPETEHEPATOPOB ISl YIy4IIEHUs] B3E€THO-NIOCAJOUHbBIX XapaKTEPUCTUK
caMoJjieTa TpaHCHOPTHOM Karteropuu. IIpoanami3upoBaHel Tpu HanpasieHusl. IlepBoe — ycTaHOBKA BHXPEreHEpaTopoB Ha
MOTOTOHJIONIAX MapIIEBBIX IBUTraTelei Ui MOBBIIICHUS MAKCHUMAIBFHOTO 3HAa4eHHS KOd(pHIWEHTa MOTBEMHONU CHIIBI HA
MOCAZIOYHBIX PEXUMaX. BTopoe — ycTaHOBKa BHXPEreHEpaTopoB Ha BEPXHEW ITOBEPXHOCTH 3aKPBUIKA IUIS TIOBBIIICHIS
HECYIINX CBOMCTB KpbUIa 3a CUET yJIydIIeHUS OOTEKaHUS 3aKphUIKA. TpeTbe — YCTaHOBKA BUXPETEHEPATOPOB HA XBOCTOBOM
OIEpPEeHUH JUIsl TOBBIICHUS S(P(EKTUBHOCTA OpPraHOB YIPABICHHS W CHWKEHHSI SBOJIOTHBHBIX CKOpocTell. IIprBeneHsl
MPUMEPBI UCTIOIB30BAHMS BUXPETEHEPATOPOB MO KAKAOMY W3 HampapieHui. [Ioka3aHo, 4To yiydIeHne aspoAnHaMIIECKIX
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XapaKTEepUCTHK caMoJIeTa BO3ZMOYKHO NP HAIMUHMHY OTPHIBHBIX 30H HA HECYIIMX ITOBEPXHOCTSIX HAa pabOUuNX pekUMax rojieTa U
JMKBHAAIMK 3TUX 30H IIyTEM YCTaHOBKM BHXpereHeparopoB. [IpencraBieHbl pe3ysbTaTbl pacuyeTHBIX HCCIIECIOBAHHM,
SKCIEPHMEHTOB B a3pOJMHAMUYECKHX TPy0aX, a TaKkKe JaHHbIE JIETHBIX HCIIBITAHUH OIBITHOTO CaMOJIETa, OATBEPIKIAlOIIHe
3} (eKTHBHOCTL HCIOIB30BaHMS BHXpereHeparopoB. [IpoananmsupoBaHa ¢u3uka 0Opa3oBaHMsI BUXPEBBIX IKI'YTOB.
INpenmnokeHa KOHLETIIMS MOBBIIIEHNS MX YCTOWYMBOCTH ITyT€M YCTAaHOBKH BHXPETEHEPATOPOB B MECTAaX C MaKCHMAJIbHON
CKOpOCTBIO TOTOKA. C yd4eToM S5TOH KOHLENIMHM BHIOPaHBI HOBBIE MECTa YCTAHOBKHM BHXPET€HEPATOpOB Ha BEpPXHEH
TIOBEPXHOCTH 3aKPbUIKA, & TAKKE Ha KUJIE OIBITHOTO CaMoJIeTa I IPOBEICHNS TIOBTOPHBIX JIETHBIX MCIBITAHWI. Y CTaHOBKA
BHXPET€HEPaTOPOB Ha KWJIe NPEAronaracT MoBblleHHe dPGEKTUBHOCTH Pyl HANPaBJICHUS I CHIDKEHHS SBOJIOTHUBHBIX
CKopocTell. PaccMOTpeHBI BO3MOXHOCTH ONTHMHM3ALMM  I1apaMETPOB  yCTAHOBKM —BHXpEreHepatopoB. I[IpuBencHbl
pEKOMEHIaIMK MO BBIOOPY (DOpMBI, pa3MepaM, yIiaM WX YCTAHOBKM B 3aBUCHUMOCTH OT pEIIAEMbIX NP IOMOILH
BUXPEreHEPaTOPOB 337124 U C YYETOM BO3MOYKHOTO YBEJIMUEHHSI JJ0OOBOI'O COMPOTUBIICHHUS OT UX YCTAHOBKH.

KnroueBble ciioBa: camoner, MeCTHas a’pOAMHAMUKA, JIOKAJIbHBIM OTPHIB IIOTOKA, BHUXPEre€HEpaTop, BUXPEBOH XKIYT,
HECYIIUE IOBEPXHOCTH, OPraHbl YIPABIICHHUs, BPEIHOE COPOTHUBIICHUE, TAPAMETPhI YCTAHOBKH.

s uurupoBanus: Hunenko B.I'., Caraiinak M.B., IlleBsixoB B.M. Hcnonp3oBaHre BUXpEreHEPATOPOB ANl YIIyUIEHUS
B3JIETHO-TIOCAJJOYHBIX XapaKTePUCTHK CAMOJIETOB TPAHCTIOPTHOW Kareropuu // Hayuneni Bectauk MI'TY T'A. 2022. T. 25,
Ne 4. C. 83-95. DOI: 10.26467/2079-0619-2022-25-4-83-95

Introduction search of vortices, made by VGs, nevertheless,
the general theory of the phenomenon is not
elaborated profoundly enough and the clear
recommendations on VG parameters recogni-
tion and their setting to get the required effect
have not been developed so far.

At a certain point the flow separation sec-
tions appear on a wing upper surface while
increasing the aircraft angle of attack. This
leads to the decrease of wing lifting character-
istics and the aircraft flight characteristics dete-
rioration. There are similar phenomena on the b
upper surfaces of high lift devices and flight
controls at high deflection angles — the flow
separation decreases their efficiency. Using the
stable vortex harnesses for flow stabilization is
one of the ways to “postpone” the emergence
of separation phenomena on the aircraft upper
surface. Such harnesses may be made using
special devices — vortex generators (VG). The
simple VG constructions in the form of flat
plates set on the upper surface at some angle
towards the ram (incoming) flow are those used
in aviation more frequently. They may be set
on the upper surfaces of the wing, flap, on the
engine nacelles, on the tail. The VGs in the
form of rectangle, triangle or trapezoid are the
most widespread ones, sometimes the VGs are
paired up (fig. 1). Their geometry is diverse,
but the work principle is the same — making the
longitudinal vortices.

The use of VG, as a passive flow manage-
ment technology element, was initially pro- VG use in aviation can be relatively divided
posed in 1947 [1] by Tailor. Since then, there into several areas: setting of the VGs on the
has been a lot of calculation and experimental ~ engine nacelles, on the upper surfaces of the
studies (for example, [2—6]), dedicated to re- wing, on HLDs, in the tail unit.

Fig. 1. Various types of vortex generators

The practical questions of VG use with an
aim to enhance the aircraft field performance
are discussed in the following work.

VG use experience in aviation
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Fig. 2. Vortex generator on the engine nacelle

The use of VGs on the main engine na-
celles is one of the most known and wide-
spread way of their implementation. The idea
of using the vortex harness sustainability as
the separation limiter on the wing upper sur-
face due to negative impact of the engine
nacelle while increasing the aircraft angle of
attack is shown, for instance, in Boeing US
Patent Noe 4540143, 1985. The VGs are usual-
ly set on the inner engine nacelles (fig. 2) for
these purposes. Sometimes they also use the
extra VGs, which are set on the outer side of
engine nacelle.

Such VGs allow us to decrease lift losses.
On some planes the separation area is due to
the flow from the gap between the pylon and
the deflected slat (fig. 3). The number of the
VGs being set on the engine nacelles depends
on physics of the process and the direction of
flow separation area, nevertheless, in this case
the main purpose of VG use remains un-
changed — the increase of the aircraft max lift-

ing capacity.
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Nevertheless, it should be mentioned, that
the effect from setting the one VG, as well as
the two, occurs only whether the vortices hit
the upper wing surface.

It is necessary to increase the wing lifting
characteristics and/or to enhance the aerody-
namic features while take-off to improve the
field performance. VGs will help us do that
only whether there are the separation areas on
the wings in operational modes. Closing of the
separation area will allow us to improve the
wing flow and increase the lifting capacity. It is
a challenge to decrease the flow resistance
while using the VGs.

There are a lot of papers, for example,
[7-9], on the topic of high lift devices effi-
ciency increase. There are some cases of re-
searching the diverse VG setting on power
airfoil. Setting of converging VG on the low-
er surface of the inner wing in front of the
deflected flap (fig. 4, on the left) is surveyed
in the work [10]. The interesting place for
VG setting is suggested in paper [11], where
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Fig. 4. Various options for installing vortex generators

the VGs are set on the surface of the inner
wing in the gap between the wing and the
flap (fig. 4, on the right).

The negative aspects should be mentioned,
without estimating the effect of VG use in
these cases: additional drag due to VG con-
stantly being in the flow at an angle to it in the
first case, and the impossibility of flap proper
fairing to the wing core due to the flap and VG
interference, in the second one. Both variants
are not appropriate for the high-velocity air-
craft, as they lead to aircraft performance dete-
rioration.

Nowadays VGs are installed on the flap up-
per surface on some aircraft. Boeing 777
(fig. 5) may serve as an example.

86

In general, VG setting to “postpone” the
separation on the flap is a rather efficient way
of increasing the aircraft lift performance while
take-off and landing in case there is a flow sep-
aration in this area. That is why the issue of
VG setting should be resolved strictly for the
certain aircraft type.

Increasing of the wing lift performance
leads to the decrease of landing and take-off
speeds, however, there are also limits at this
very point — in terms of handling velocities,
related to the controls efficiency. The demand
for the high controls efficiency at low veloci-
ties forces us to use maximum angle of attacks
of the controls surfaces, which leads to the sep-
arations occurring on them. The possible ways
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Fig. 5. Installation of vortex generators on the flap

of “postponing” the separation phenomena on
the controls — is using of stable vortex struc-
tures or single-slotted controls.

The use of VGs for purpose of controls
efficiency increasing — is not the new ap-
proach, already implemented in practical avi-
ation. VGs are set on both horizontal and
vertical tail units of small aircraft, ones, to
facilitate the elevators and rudder respective-
ly (www.blackmaxbraks.com).

It should be mentioned, that the lower sur-
face of the horizontal part of the tail unit is the
crucial area due to negative lift generation, that
is why VGs are set exactly on it.

The physics of the process.
VG efficiency

It is necessary to understand the physics of
the phenomenon, in order to apply VG proper-
ly. According to the widespread theory of pre-
venting the friction boundary layer from sepa-
ration with the VG, going beyond the friction
boundary layer edge, the effect occurs due to
the energy shift into the friction boundary layer
from the outer flow and velocity profile change
in it [12] (fig. 6).
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Fig. 6. Effect of the vortex generator on the velocity
profile in the boundary layer

However, another approach is also possible.
It can be said that the intensity and stability of
the resulting vortex from the VG is the most
important aspect in terms of influencing the
outer flow. It is not that crucial whether the
friction boundary layer gets extra energy
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in purpose of gaining the effect, nevertheless,
it is important to “postpone” the separation of
the friction boundary layer. The effect of
“postponing” the friction boundary layer sepa-
ration can be presented schematically as a re-
sult of its “covering” upwards with the vortex
harnesses from the VG. According to this, the
system of stable vortices above the friction
boundary layer should be organized in purpose
of “postponing” its separation.

In fact, VG — is a mini wing and by analogy
with a big one it can be said, that its tip vortex
will dismount while generating the “lifting”
force — transverse one in this very case. VG
should have a “gliding angle” to the approach
flow in this purpose. The direction of vortex
spinning is set depending on the VG set angle
and the force act direction.

VG may become an ordinary extra harmful
resistance source and even provoke the local
flow separation without the effect of transverse
force generation. Perhaps, that is why they
failed to get the effect of extra lifting force
generation while aircraft model test activity in
wind channel [13] — the VG sizes turned out to
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be so small while scaling up, that they were not
forming the stable vortex, but became the small
local flow separation sources, changing the
flow direction on the flap without the effect.
This effect may be got whether the VG geome-
try is modelled properly and the model scale is
large enough. For example, the effect of VG
use on the flap is shown while testing a half-
model of the A340 aircraft in wind channel
(fig. 7).

It is shown that the separation area, almost
on the two thirds of the flap surface, has almost
disappeared after VG setting (fig. 8). And, con-
sequently, the half-model aecrodynamic features
have improved, and the stalling angle has ex-
panded significantly [9].

Efficiency of VG use depends on their set-
ting parameters. The VG form and height, their
being set chordwise, the angle of setting to-
wards the flow, distance between the VGs refer
to such parameters.

The main VG aim — is making a stable
vortex in a right place. It is necessary to pro-
vide circumstances, which this vortex will be
made in. There is a sufficient number of pa-

= L2
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Fig. 7. A half-model of the A340 aircraft with vortex generators on the flap
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Fig. 8. Visualization of the flow around the flap of the A-340 half-model aircraft
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Fig. 9. Vortex rotation schemes

pers on the topic of vortex making process,
both computational and experimental ones.
Nevertheless, the general enough theory of
the phenomenon is not elaborated profoundly
enough and the clear recommendations on
VG parameters recognition and their setting
in order to get the demanded effect have not
been developed so far.

The big number of works is dedicated to the
search of the optimal VG location on the air-
craft and the VG setting relating to the flow
in purpose of getting the maximum effect and
VG use analysis depending on their types. Set-
ting the VGs parallel to each other is the sim-
plest way. The diffuser VGs [14, 15] are also

89

used. Vortices of various direction (fig. 9) will
be used depending on VG setting. The direc-
tions and intensity of the local speeds stimu-
lated by vortices are shown with arrows.
There the diffusor VG vortices on scheme 1,
converging — on scheme 2, vortices of the two
VGs, set at the same angle towards the flow —
on scheme 3.

The data on one or another VG type effi-
ciency is diverse. For example, in work [16]
it is shown, that the efficiency of simple VGs,
parallel to each other, and of diffusor ones is
the same for rectangular wings, and of the con-
verging ones is significantly less. In
work [17] it is described, that the diffusor VGs
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are two times more efficient, than the simple
ones, parallel to each other. The theoretical
justification of such a conclusion — is that the
various vortex spinning direction allows us to
make a more stable vortex system, which pro-
vides the VG use efficiency. The question is
controversial and should be scrupulously re-
searched. However the conclusion of the
schemes in Figure 9 is that the intensive com-
ponent of speed, directed upwards, does not
contribute to frictional boundary layer stability
in VG setting area.

Vortex intensity depends on VG side
force, as well as vortex intensity behind the
wing depends on its lift. This power is in
proportion to the VG flow squared velocity.
According to this suggestion, VG height
should, firstly, be more, than its depth, as the
speed rate inside VG is small; secondly, it is
desirable to find an area for VG setting with
the highest flow speed rates and outside the
frictional boundary layer. The area for VG
setting can be established with the calculation
methods according to the demands of the
maximum speed close to the surface. It is
possible to implement the approximate meth-
ods in purpose of frictional boundary layer
depth detection.

The angle of VG setting should be enough
for generating a side force, which stimulates
spinning, and making a stable vortex due to
VG and flow interference. The angle of setting
should not, certainly, be large due to the extra
harmful resistance occurrence, nevertheless, it
cannot be small either, as there will not be a
stable vortex. The value of 15+17° is frequent-
ly enough in relation to the local flow direction
in VG setting area.

The issue of the optimal distance between
the VGs is equally important — as the effect of
VG use may be low in case of their infrequent
setting, and it may disappear in case of a too
frequent one due to vortex interference with
each other and the loss of their stability. It
should be considered that the number of VGs,
as well as the harmful resistance, depends on
distance between them. The distance is usually
from 1 to 3% for wing devices and from
5t010% for the maximum tail chord

90

Vol. 25, No. 04, 2022

(www.blackmaxbraks.com) in low-speed air-
craft. The VGs are usually set at the equal dis-
tance from one another.

The peculiarities of practical VG
use in aircraft

In practice the issue of improving the air-
craft take-off and landing characteristics is di-
vided into two directions: increasing the wing
lifting and controls efficiency.

For example, in work [13] they have found
out the presence of separation area on the flap
upper surface in aircraft landing configuration
in operational mode. That has allowed us to
look forward to the opportunity of separation
elimination with the help of VGs and for in-
crease of wing lifting characteristics, respec-
tively. It is noted in work [13], that the previ-
ous calculation studies showed us the presence
of separation phenomena on the flap. Then the
data of the aircraft flight testing while visualiz-
ing the flap flow by “tufting technique” have
confirmed that. The opportunity of VG use on
the upper flap surface is also considered in
purpose of “postponing” the separation phe-
nomena.

The forms of VG — triangle and trapezoid
one — are researched with calculation meth-
ods. VGs were set ratably by the flap span, at
the same angle to symmetry axis with the
nose outside. Their height has been limited
by the gap value to the wing structure ele-
ments. VG setting by the flap chord was es-
tablished by the maximum flow acceleration
area (minimum pressure coefficient value
Cp) on upper surface in the respectful flap
section, which should provide vortex intensi-
ty and stability (fig. 10).

As a result of calculation studies there was
no VG influence on lifting power maximum
coefficient while various Reynolds numbers
stated, although the pattern of flap flow while
VG setting was changing. Experimental studies
on the aircraft aerodynamic model in wind
channel have not stated VG influence on total
aerodynamic characteristics, which can be ex-
plained by the difficulty of VG modelling
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Fig. 10. Calculated distribution of the pressure coefficient in the flap area

while the scale of the model is relatively small
(VG height was 1.0+1.4 mm). The character of
the flap upper surface flow has a little bit
changed.

The aircraft flight testing was conducted
for the analysis of VG setting influence on
aerodynamic characteristics. The trapezoid
VGs were set on the flap upper surface with
pitch of 200 mm along the flap slap at the
angle of 15° to the aircraft centerline with the
nose outside.

Flights on the large angle of attack showed
us, that there is an effect of VG setting. Particu-
larly, proceeding of flight-testing results with
the use of regressive analysis methods allowed
us to state the influence of VG on the maxi-
mum lifting power coefficient value for the
landing configuration. That allows us to en-
hance the aircraft take-off and landing charac-
teristics and expand its expected operation cir-
cumstances. Possible extra decrease in take-off
and landing speeds may demand a decrease in
handling speed.

To facilitate this, VGs are set on in the tail
unit. The development of the stable vortices
with the help of VGs allows us to look for-
ward to increase in flight control surface effi-
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ciency. Particularly, there are plans to run the
aircraft flight testing with the aim of studying
the possible increase in flight control surface
efficiency. The optimal variant — is to set VGs
on the forward part of the flight control sur-
face, and appearance of VGs in the flow was
only in case of large deviation angles of the
flight control surface. VGs are inside the fin in
cruising modes and do not develop additional
harmful drag in this very case. Nevertheless, it
is not always possible due to the small dis-
tance between the fin and elevator surfaces.
VG height may not be enough for making a
stable vortex in this case. VG setting on the
fin in front of the flight control surface is less
beneficial from the point of view of local
speeds, nevertheless, it is, certainly, easier to
be implemented. Besides that, such a setting
will lead to the undesirable increase in drag in
cruising mode, as it is necessary to set VGs at
some angle to the flow in purpose of making a
stable downward vortex. Although, according
to the aircraft flow calculation, flow lines on
the fin in cruising mode have some gradient
(fig. 11), which decreases the local VG angle
of attack.
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Fig. 11. Current lines on the fin in cruising mode

All mentioned above shows us the oppor-
tunity of local aerodynamic defect rectifying
with VGs. Nevertheless, prevention of these
defects at the stage of aerodynamic design is
the best solution. It is not always possible, and
the presence of VGs on the aircraft tells us, that
the constructor knows that there are issues in
local aerodynamics and takes an active ap-
proach towards them.

Conclusion

Thus, the following should be noted. The
use of VGs to facilitate the aircraft take-off and
landing characteristics is appropriate in case of
separation area presence on the surfaces in
flight operation modes. The effect from VG use
on aircraft may appear in case of them being
set on the engine nacelle, upper flap surface, in
the tail unit. Types of VGs, their geometrical
and setting parameters should provide emer-
gence of stable vortex harnesses, leading to
“postponing” the friction boundary layer sepa-
ration on the lifting surfaces.
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