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VY nuceprauiiiHiii poOOTI BUPIIICHO aKTyaJbHY HAYKOBY 3a/1auy, sika MOJIsITrae
B OOIPDYHTYBaHHI Ta po3poOIll MoJelell Ta METOIIB PO3PaxyHKy MOKa3HHKIB
3QJIMIIKOBOTO pecypcy pamioenekrpoHHoi cuctemu (PEC) mitaka, 1m0 3MEHIINUTH
MOTOYHI BUTPATH Ha OOCIYyTOBYBaHHS JIiTaka TPH OJHOYACHOMY 3a0e3leueHHI
0e3BIIMOBHOI Ta 0€3MeYHO1 eKCIUTyaTallii MOBITPSIHOTO CYyJIHA.

Y pobGoTi Oynu pO3IJISHYTI CYNEPEYHOCTI B MPAKTUII 3aCTOCYBaHHS
ICHYIOUOTO METOJAMYHOrO amapatry Ajis MPOJIOBKEHHS PEcypcy pallioeNeKTPOHHOI
cucTeMH JiTaka. B pesynbrari posrisgy Oynu BKazaHi OCHOBHI (haKTOpH, SKi
BIUTMBAIOTh Ha HEOOXIAHICTh BJOCKOHAJIEHHS MPOILECIB PO3PAXYHKY 3aJIUIIKOBOTO
pecypcy PEC niraka, cepen sSIkUX HIMPOKE 3aCTOCYBAaHHS anaparypu, BUTOTOBIEHOI
3 BHUKOPUCTAHHSIM MIKPOEJIEKTPOHHUX KOMIIOHEHTIB, BIPOBAKEHHS CYYaCHUX
IM(POBUX TEXHOJIOTIM 3 BHCOKHM CTyNEHEM iHTerpaiii Tomo. BoHu pobisath
MpoOIeMaTUYHUM 3aCTOCYBAaHHS ICHYIOUOT'O HAyKOBO-METOJIMYHOTO arapary depes
MPOAYKYBaHHsS TpyOMX 1 3aBUILEHUX MPOTHO3IB MOKa3HUKIB Oe3BigMoBHOCTI PEC
JiTaKa.

VY xoai aHamizy HAayKOBO-METOAMYHOTO amnapary, L0 3aCTOCOBYETbCS IS
noOyA0BU Mozeliel pazpaxyHKy 3anuiikoBoro pecypcy PEC nitaka, Oynu BUsBIIEHI
HEJIOJIKM ICHYI0YOi METOJIMKH, JO0 SKUX MOKHA BIJIHECTH HETNOBHE BpaxyBaHHS
BIIPOBA/IP)KEHHS B PAAI0ETICKTPOHHY armapaTypy CydacHoi eneMeHTHo1 6a3u. [llupoke
3aCTOCYBAHHS KOMIUIEKTYIOUMX €JEMEHTIB B MIKPOEJIEKTPOHHOMY BHMKOHAHHI
NPU3BOANTh JO0 KapJAWHAJIBHUX 3MIH TIOTOKIB BIIMOB B pPaalO€iIeKTPOHHUX

cucTeMax. 3acTOCyBaHHsS BIJOMHMX I[apaMETpPUYHUX Ta IMOBIPHICHUX METO/IIB



OLIIHKM HAAIMHOCTI Ta G€3BIIMOBHOCTI pOOOTH HE Ja€ 3MOTU OTPUMATU aJIEKBaTHI
pE3yJIbTaTH.

Januii Qakt TiIrHe 3a co0O0I0 HEOOXIAHICTh BIIOCKOHAJIEHHS 1CHYIHOUOI'O
HayKOBO-METOJIMYHOIO amapary, M0 3aCTOCOBYETHCS I PO3PaXyHKY MOKa3HUKIB
JOBFOBIYHOCTI Ta MOKJIMBOCTI MPOJIOBXKEHHS MPU3HAUEHUX TEPMIHIB CIIyKOU
PaiioeNeKTPOHHOI CUCTEMH JIITaKa.

[IpoBenenuii aHami3 1 BUSBIEHI HEJOJIKMA BIJOMOT0 HAYKOBO-METOJAMYHOTO
anaparty J03BOJIUMB C(OpPMYIIOBATH 3arajbHy HAyKOBY 3ajady AMCEpTaIiitHOro
JOCTKEHHSL sIK OOIPYHTYBaHHS Ta PO3pOOKY MoOJieNiel Ta METOMIB PO3PaxXyHKY
MOKAa3HUKIB 3ayMKoBoro pecypcy PEC nitaka, siki 3MeHIIaTh MOTOYHI BUTPATH Ha
oOCITyrOByBaHHsI JIiTaka TpU OJHOYACHOMY 3a0e3reueHHi Oe3BIIMOBHOI Ta
0e3IeuHo1 eKCIuTyaTallii MOBITPSIHOTO Cy/IHA.

[IpoBenennii ananiz PEC mitaka sik 00’ekTa ekcrulyartauii 1 BUSHAUYECHHS
3QJIMIIIKOBOTO pecypcy, poOIT 3 MPOJOBXKEHHS peCcypciB JITakiB, METOJIB 1
METOJUK PO3PaXyHKY iX MOKA3HUKIB JOBIOBIYHOCTI CBIIYMTH PO HEOOXITHICTH 1
MOXKJIMBICTh YJOCKOHAJIEHHSI HAYKOBO-METOAMYHOIO anapaTy BHUPILIEHHS 3aBAaHb
MIPOJIOBXKEHHSI pPECYpCiB JbOTHOI TexHIKM 1, 30kpema, PEC mitaka. Bigowmi
METOJMKH PO3PAaXyHKY IIOKa3HUKIB JIOBFOBIYHOCTI HE JO3BOJISIIOTH KOPEKTHO
MPOBOJUTH PO3PAXYHKH TOKA3HMKIB 3aiuiikoBoro pecypcy PEC mitaka, mio
BUPOOUIIU MPU3HAYCHUM TEPMIH CIYKOM 3 ypaxyBaHHAM iX (DAKTUYHOTO CTaHy 1
pIBHA HAJIAHOCTI, IO 3yMOBJIEHO TMPUUHATUMH MPUNYIIEHHIMH METO/IB
PO3PaXyHKY 1 CPOIIEHHSIMHU 00’ €KTa eKCILTyaTallii.

Po3po0neHo 3araiabHi MOJO0KEHHS 3 PO3PAXyHKY MOKA3HUKIB 3aJIMILIKOBOTO
pecypcy PEC niTaka, 110 CTaHOBJISTh METOJIMYHY OCHOBY METOJUKH PO3PAXYHKY 1
BKJIIOYAIOTh  1l€papXidHy  CXE€MY  pO3paxyHKy,  Npoueaypy  pO30UTTS
(GyHKUIOHATBHUX CUCTEM, (DYHKIIIOHAJbHUX BY3JIB 1 KOMIUIEKTYIOUMX BUPOOIB Ha
HEBIIHOBJIIOBaHI Ta BIJHOBIIIOBaHI O0'€KTHM 3 IIOBHUMH, MIHIMAJIBHUMU a0o0
HEMOBHUMU BIIHOBJIEHHSIMU; TMPOLEAYPY PO3pOOKHM HOBUX ab0 BUKOPUCTAHHS

BIJIOMHUX MaTeMaTUYHUX MOJIEJIeH MPOIECIB BIIMOB 1 BITHOBJICHB JIJIS1 BIATIOBITHUX



00'€KTIB; 3arajbHi MOJOKEHHS 100 OLIIHKYA TEXHIYHOTO CTaHy Ta OOTPYHTYBaHHS
o3Hak rpannuHux ctaHiB PEC nitaka, iHII1 3arajibHi MOJOXEHHS.

[lokazano, mo omiHKy rpannyHux crtadiB PEC nitaka mouuisHO
3MIMCHIOBATH 32  CYKYMNHICTIO  TIOKa3HUKIB, 110  BigoOpa)kaloTh  CTaH
KOMIUICKTYIOUNX BUPOOIB, (PYHKIIIOHAJIBHUX BY3JIIB 1 CUCTEM, CKJIaJOBUX YaCTHUH
PEC, kabenbHuX BHpOOiIB, MarepianiB, JOMOMDKHUX MPHUCTPOIB 1 iX MOKA3HUKIB
HajiitHOCTl. OTpUMaHO y3araJbHEHHsS BIIOMUX MaTeMaTHYHHX MOJENEH MOTOKY
BIIMOB KOMIUJIEKTYIOUMX BHUPOOIB NpU HEOOMEXEHIM KIIBKOCTI MIHIMAJIbHUX
B1JIHOBJICHb KIHIIEBOT TPUBAJIOCTI.

PosristnyTo MaTeMaTU4H1 MOJIeJl TOTOKY BIIMOB KOMIUIEKTYIOUUX BUPOOIB
CXEMHOI MO3HUIlil 3 KIHIIEBUM YHCIOM BIJHOBJIEHb PI3HOT TIMOMHU NPOTATOM
MPU3HAYEHOTO CTPOKY CIYKOHM, TOKa3aHa MOUUIBHICTh iX BUKOPUCTAHHS MpHU
pO3paxyHKax MOKa3HUKIB 3AJIUIIKOBOTIO PECYPCY.

BBeneHo MOHATTS 3aJUIIKOBUN pecypc 1 3aJUIIKOBE HalpalfoBaHHS IS
BITHOBJIIOBAHMX BHUPOOIB, BIAMOBIAHI MOKAa3HUKUA 3aJMILIKOBOTO pECypcy 1
3aJIMIIKOBOTO HAIPAIFOBAHHS.

PosrnsiHyro  maremaTwuHi  MoOJENi NI PO3PAXyHKY — MOKa3HHKIB
3aJIMIIKOBOTO PECYpCy 1 3aJIMIIKOBOTO HAIpallOBaHHS BIIHOBIIOBAHOTO BUPOOY 3
OJIHUM PECYpCHHUM €JIEMEHTOM IMpH KIHIIEBOMY YHUCI1 MOBHUX a00 MiHIMaJIbHHUX
BITHOBJIEHb KOMIUIEKTYIOUMX eJieMeHTIB. OTpUMaHO y3arajibHEHHS IUX Mojenei
JUTSl BIZTHOBIIIOBAHOTO BUPOOY 3 KUIbKOMA PECYPCHUMHU €JIEMEHTaAMHU.

OTpuMaHO pO3paxyHKOBI BIJHOCHMHM /IS TOKAa3HUKIB 3aJIMIIKOBOIO
pecypey 1 3aJIMIIKOBOTO HampaltoBaHHS (DYHKI[IOHATBHUX BY3JIB 1 CHUCTEM IpH
KIHIIEBOMY YHUCJI1 MiHIMAJIbHUX BIIHOBJIEHb PECYPCHUX €JIEMEHTIB.

3anponoHOBAaHO  METOJUKY  pPO3paxXyHKy  TOKa3HMKIB  HaAIHHOCTI
BIIHOBIIIOBaHOTO  (PyHKIIOHaJIbHOTO By37Ma 1 cuctemu PEC itaka Ha
MOJIOBXKEHOMY IHTEpBaJll €KCIUTyaTallli, 0 BpaxOBYye BIIHOBIEHHSA pecypcy (B
MOBHOMY, HEIIOBHOMY a00 HYJIbOBOMY 00Cs31) MPU MOTOYHOMY PEMOHTI TUIBKU Y
3aMIHHOTO a00 BIHOBIIOBAHOTO KOMILJIEKTYHOYOrO €JIeMEHTa Ta HE3MIHHICTh

pecypcy IHIIUX eJIEMEHTIB By3Jia a00 CUCTEMU.



PosrnstHyTo  0cOONMBOCTI  pO3paxyHKY  TOKa3HUKIB  3aJMIIKOBOTO
HanpaitoBanass PEC nitaka, oro ¢pyHKI1OHAaIbHUX CUCTEM. 3alpOIIOHOBAHO JBI
CXeMH HAOJMKEHOTO PpO3pPaxyHKy 3 BUKODUCTaHHSIM CTPYKTYPHUX CXEM
HAJIHHOCTI; 13 3aCTOCYBaHHSIM MeToAy ($a30BOTO YKPYIMHEHHS cTaHiB. Po3pobiieHo
BIAMNOBIIHI MaTeMaTUYH1 MOJEN] Ta JOCILIKEHO 3aJIE)KHOCTI BITHOCHOI ITOXHOKH
PO3paXyHKIB BEJIMYMHM HECTALIOHAPHOTO KOoe(illi€eHTa BiJl YUCIa PYHKI[IOHATBHUX
CUCTEM, PIBHS 1X HaJIMHOCTI, HAIIPALIFOBAHHS.

[lokazaHo, 10 TOYHICTh PO3PAXYHKIB MOKA3HUKIB 3aJUIIKOBOTO PECYpCy
BU3HAYA€THCA TOYHICTIO OIIIHKA MOMEHTY mnouarky ctapinHs PEC mitaxa,
TOYHICTIO OIIIHKK JIiHII perpecii ajisg MapaMeTrpa IOTOKY BIiJIMOB, TOYHICTIO
3aBJIaHHs MOKAa3HUKIB BapTICHUX BUTpaT Ha ekcrutyarauiro PEC mitaka 1 iHImMX
MoKa3HUKIB. OTpUMaHO pPO3PaxXyHKOBI CHIBBIAHOIICHHS JUIsl OI[IHKM MOXHUOOK
pO3paxyHKy  MOKa3HHUKIB  JIOBFOBIYHOCTI.  3alpolOHOBAHO  PO3PaXyHKOBI
CHIBBIIHOIIEHHS MO OIIHIII BapTICHUX BUTpaT Ha ekcrutyatanito PEC mitaka, mio
3a0€3MeuyI0Th PO3paXyHKH €KOHOMIYHO BHTITHUX CTPOKIB CIYKOU 1 MPUHHATTS
pillIeHb Ha MPOJIOBXKEHHS eKCIUTyaTallii, peMOHT ad0 CIIMCaHHS JIiTaKa.

3acTocyBaHHS  3alpONOHOBAHOI METOJUMKH PO3PAXyHKY MOKa3HUKIB
3JIMIIKOBOTO  pecypey edexktuBHo mius PEC mitaka B uugiomy 1 Horo
(GyHKLIOHATBHUX CUCTEM, 3a JAaHUMH €KCIUTyaTallll SKUX MOKJIMBE HAKOMUYEHHS
HEOOXITHOTO 00CsATY CTaTUCTHYHOI 1HGoOpMalii aias NoOyAO0BH perpeciiHux
3QJIEKHOCTEH TapaMeTpa IMOTOKY BIIMOB 1 IHTEHCHUBHOCTI BiJHOBJEHb B 4Yacl 3
NPUMHATHOIO [JIi BUPIINIEHHS 3aBJlaHb IMPOJIOBXKEHHS PECYpPCIB TOYHICTIO 1
JIOCTOBIPHICTIO.

Po3poOnenuit MeToquYHUN anapat J103BOJIsI€ BUPIIIYBATH Psii aKTyaJIbHUX
3aBiaHb npoaosxkeHHs pecypcy PEC nitaka, Hanpuknan: gopmMyBaTu CyKyIHICTh
o3Hak rpaHuuyHux cta”iB PEC mitaka s OLIHKKM iX CTaHy Ha MICIIX
eKCIUTyaTallii; 311MCHIOBaTH PO3paxyHKH MOKa3HUKIB 3anuiikoBoro pecypcy PEC
JiTaka Ui TPUHAHATTA pIUIeHb Ha MPOJOBXKEHHS pecypciB, Ha MPOBEIEHHS
BUIPOOYBaHb JIJIEPHUX JIITAKIB 32 OIIHKOI MOKA3HMKIB 3aJMILKOBOIO PECypcy,

sl OOTPYHTYBaHHA OOCSTIB BHUIPOOYBaHb; OOIPYHTOBYBAaTH HEOOXIAHICTH



MIPOBEJICHHS JIOAATKOBUX BUIPOOYBaHb OKpPeMUX (DYHKI[IOHAIBHUX CHUCTEM,
BY3J11B, 00CSTH BUIPOOYBAaHb Ta 1H.

Kpim Toro, po3po0seHi 3arajibHi MOJIO0KEHHS 3 PO3PaXyHKY 3aJIMILIKOBOTO
pecypcy PEC niTaka 1 OCHOBHI MOJOKEHHSI METOAMKH PO3PaxyHKY MOKa3HUKIB
3anuuikoBoro pecypcy PEC 3 ypaxyBaHHSIM JTOCATHYTOTO HaIpaIlOBaHHs (TEPMiHY
Cy0u) 1 (aKTUYHOTO CTaHY MOXKYTh CIY)KUTH OCHOBOIO JJi TIOJAJIbIIO]
pPO3pOOKU Ta BIOCKOHAJIEHHS HAYKOBO-METOJUYHOTO anapaTy BUPIIICHHS 3aB/laHb
MIPOJIOBKEHHS PecypciB (TEPMIHIB CIy>KOM) IHIINX BUPOOIB.

OtpumaHi HOB1 pe3yibTaTH B IMOEIHAHHI 3 BUKOPHUCTAHUMHU B pPOOOTI
BIJIOMUMHU METOJIAMU € PIIIEHHSM HAaYKOBO-TEXHIYHOT 3a/1a4l 3 pO3pO0KH Mojenen
Ta METOJAIB PO3PAaXyHKYy NOKa3HHKIB 3aiuiikoBoro pecypcy PEC mitaka, ski
3MEHIIIaTh MOTOYHI BUTPAaTH Ha OOCIYrOBYBaHHS JIiTaka NpPH OJHOYACHOMY
3a0e3nedeHHi 0e3B1IIMOBHOT Ta 0€3MeUHO1 eKCIUTyaTallii HOBITPSIHOTO CY/HA.

KittouoBi cioBa: 6€3BIIMOBHICTh, O€3MeuHa eKCILUTyaTallisi, TpaHuYHUI CTaH,
JOBTOBIYHICTb, 3aJUIIKOBUI pecypc, HAayKOBO-METOJUYHUHN amapat, IpOoJOBKEHHS

TEPMIHY CITYKOH, paJlI0eIEKTPOHHA CUCTEMA, TEXHIYHUMN CTaH.

ANNOTATION

Haievskyi S. Mathematical models and methods for extending the residual life
of the aircraft radioelectronic system. — Manuscript.

A thesis for Doctor of Philosophy degree in specialty 275 «Transport
Technologies». — Flight Academy of National Aviation University, Kropyvnytskyi,
2021.

The dissertation solves an urgent scientific problem, which was to substantiate
and develop models and methods for calculating the final resource of the
radioelectronic system (RES) of the aircraft, which will reduce the current cost of
aircraft maintenance while ensuring failure-free and safe operation of the aircraft.

The paper considers the contradictions in the practice of using the existing

methodological apparatus to extend the life of the RES of the aircraft. The review



identified the main factors influencing the need to improve the calculation of the
residual resource of the aircraft, including the widespread use of equipment made
using microelectronic components, the introduction of modern digital technologies
with a high degree of integration. They make it problematics to use existing
scientific and methodological apparatus due to the production of rough and inflated
forecasts of reliability of the RES of the aircraft.

During the analysis of the scientific and methodological apparatus used to
build models for calculating the residual resource of the aircraft, the shortcomings of
the existing methodology were identified, which include incomplete consideration of
the introduction of modern electronic base in electronic equipment. Widespread use
of components in microelectronic design leads to radical changes in failure rates in
radioelectronic systems. The use of known parametric and probabilistic methods for
assessing the reliability and failure-free of work does not allow to obtain adequate
results.

This fact entails the need to improve the existing scientific and
methodological apparatus used to calculate the durability and the possibility of
extending the service life of the radioelectronic system of the aircraft.

The analysis and identified shortcomings of the known scientific and
methodological apparatus allowed to formulate the general scientific task of the
dissertation research as a substantiation and development of models and methods for
calculating the final resource of the radioelectronic system of the aircraft, which will
reduce current maintenance costs while ensuring failure-free and safe aircraft
operation.

The analysis of aircraft RES as an object of operation and determination of
residual life, the works of extending the resources of aircraft, methods and
techniques for calculating their durability indicates the need and ability to improve
the scientific and methodological apparatus to solve problems of extending the
resources of aircraft and, in particular, aircraft RES. Known methods of calculating
durability do not allow to correctly calculate the residual life of the aircraft, which

have developed the intended service life, taking into account their actual condition



and level of reliability, due to the accepted assumptions of calculation methods and
simplifications of the facility.

The general provisions on calculation of indicators of residual resource of the
aircraft RES which make a methodical basis of a calculation technique and include
the hierarchical scheme of calculation, procedure of division of functional systems,
functional knots and structural products into non-renewable and renewable objects
with full, minimum or incomplete restorations are developed; the procedure for
developing new or using known mathematical models of failure and recovery
processes for relevant objects; general provisions on the assessment of the technical
condition and substantiation of the signs of the limit states of the aircraft RES, other
general provisions, are developed.

It is shown that the assessment of the limit states of the aircraft RES should be
carried out on a set of indicators that reflect the state of components, functional units
and systems, components of the RES, cable products, materials, accessories and
their reliability. A generalization of the known mathematical models of the failure
rate of components with an unlimited number of minimal restorations of finite
duration is obtained.

Mathematical models of the flow of failures of the structural products of the
circuit position with a finite number of restorations of different depth during the
assigned service life are considered; the expediency of their use in the calculation of
residual life is shown.

The concept of residual life and residual operating time for renewable
products and the corresponding indicators of residual life and residual operating time
are introduced.

Mathematical models for calculation of indicators of residual resource and
residual operating time of the restored product with one resource element at finite
number of full or minimum restorations of accessories are considered.
Generalizations of these models for a renewable product with several resource

elements are obtained.



The calculated relations for the indicators of residual resource and residual
operating time of functional units and systems at a finite number of minimal
renewals of resource elements are obtained.

The technique of calculation of indicators of reliability of the restored
functional unit and system of the aircraft RES on the extended interval of operation
taking into account resource restoration (in full, incomplete or zero volume) at
current repair only at a replaceable or renewable component and invariance of a
resource of other elements of knot or system is offered.

Features of calculation of indicators of residual operating time of the aircraft
RES, its functional systems are considered. Two schemes of approximate calculation
using structural schemes of reliability; using the method of phase aggregation of
states are offered. Appropriate mathematical models are developed and the
dependences of the relative error of calculations of the value of the nonstationary
coefficient on the number of functional systems, the level of their reliability,
operating time are investigated.

It is shown that the accuracy of calculations of residual life indicators is
determined by the accuracy of estimating the moment of aging of the aircraft RES,
the accuracy of regression line estimation for the failure rate parameter, the accuracy
of cost indicators for operating the aircraft RES and other indicators. The calculated
ratios for estimating the errors in the calculation of durability indicators are
obtained. The calculated ratios for estimating the cost of operation of the aircraft
RES, which provide calculations of cost-effective service life and decision-making
to continue operation, repair or decommissioning of the aircraft, are suggested.

The application of the proposed technique of calculating of the indicators of
residual life 1s effective for the aircraft RES as a whole and its functional systems,
according to which operation may accumulate the necessary amount of statistical
information to build regression dependences of failure rate and recovery intensity
over time with acceptable accuracy and reliability.

The developed methodical apparatus allows to solve a number of actual tasks

of prolongation of a resource of the aircraft RES, for example: to form set of signs of



limit states of the aircraft RES for an estimation of their condition on places of
operation; to carry out calculations of indicators of residual resource of the aircraft
RES for decision-making on extension of resources, on carrying out of tests of
leading aircraft on an estimation of indicators of residual resource, for a
substantiation of volumes of tests; substantiate the need for additional tests of
individual functional systems, components, test volumes, etc.

In addition, the developed general provisions for calculating the residual
resource of the aircraft and the main provisions of the methodology for calculating
the residual resource of the RES, taking into account the achieved time (service life)
and the actual state can serve as a basis for further development and improvement of
scientific and methodological apparatus for solving problems of extending the
resources (service life) of other products.

The obtained new results in combination with the known methods used in the
work are the solution of the scientific and technical problem of developing models
and methods for calculating the final resource of the radioelectronic system of the
aircraft, which will reduce current maintenance costs while ensuring failure-free and
safe operation of the aircraft.

Keywords: durability, extension of service life, failure-free, limit state,
radioelectronic system, residual life, safe operation, scientific and methodical

apparatus, technical condition.
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