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AHHOTAUMA. Axmyarvnocmy u yeau. PaccmaTpuBaercs 3a7aya ONTUMAJIBHOTO YIPABJIEHUS B pacIIMPEHHON
MIOCTAaHOBKE, OPHEHTHPOBAHHON Ha OOecreueHHe Pean3yeMOCTH PEIICHHS B PEaJbHBIX YCIOBHUSX AIKCILTyaTalHH.
Mamepuanvt u memoOul. JInst AOCTHHKEHUS BBICOKOW TOYHOCTH M YCTOHYMBOCTH JIBW)KEHHS OOBEKTa YIIPaBICHHS Ipe-
JlaraeTcsi CHHTE3UPOBaTh YHUBEPCAILHYIO CHCTEMY CTAOWIIM3allMK, CIOCOOHYIO 00eCIIeunBaTh HAJIS)KHOE CIIEI0OBAHHUE
[0 TPAeKTOPUAM U3 LIMPOKOTO Kilacca, AaXke MPU HAJIMYMU BHEIIHUX BO3JEHCTBUI M HEOmpeneNeHHOCTeH MOJIeNH.
[Ipencrapnena KOHIETIIINS PACIIUPEHHOI MOIET OOBEKTa YIIPABICHI, BKIIOYAONIEH Kak caM 00BEKT C CHCTEMOI1 cTa-
Omnu3anuy, Tak U STAIOHHYIO MOJENb JUIsl TeHEpalMy ONTHMAIbHON TpaekTopuH. [lokazaHo, YTO NP UCIIONBb30BaHUU
TaKOH CTPYKTYpPhI BO3MOXKHO IIPUMEHEHNE KITACCHYECKNX METOJIOB ONTUMAIIBHOTO YIIPABICHHUS IS Oy UYEeHHS YIPaBIIs-
tomeil pyHKIMM Kak (QyHKIMU BPEMEHH, IIPU 3TOM JOCTUTaeTCsl BBICOKAs CTEIEHb COOTBETCTBUSI IBHKEHHS OOBEKTA 3a-
IJIAHUPOBAHHOM TPAEKTOPUU NPU COXPAHEHUH YCTOMYMBOCTH U TOYHOCTH YIIpaBieHus. J{jisl CMHTE3a yHUBEpCalIbHOM CH-
CTEMbl CTAOWIM3aIM{ IPUMEHSETCS MallMHHOe OOy4YeHHEe HA OCHOBE CHMBOJIBHOM PErpecCHH, 4YTO II03BOJISIET
(hopMaT30BaTh NPOLIECC OCTPOEHHMS YIIPABISIOINX (QYHKIMI U UCKITIOYUTH CyOBEKTUBHBIE OILIMOKH, XapaKTePHBIE IS
PY4HOTO IPOEKTUPOBaHUsL. Pesyibmamot u 66160061 DPHEKTHBHOCTH IPEIIOKEHHOTO MOAX0/1a TOATBEPIKIAETCS BEIYHC-
JIMTCJIbHBIM IIPUMEPOM YIPABJICHHUSA IMTPOCTPAHCTBEHHBIM JABUKCHUEM I'PYIIIIBI KBAAPOKONTEPOB — TUITUYHOTIO MPEACTaABU-
TEJISI CIIOKHBIX MH)KCHEPHBIX CHCTEM C BHICOKMMH TPEOOBAHUSMU K HA/IE)KHOCTH, MAHEBPEHHOCTH M O€30IT1aCHOCTH.

KuaroueBble cjioBa: MalIuHHOE 06yquHe, CHUMBOJIbHAs perpeccusa, CuCTeMa CTa6I/IHI/I33.I_II/II/I JABUIKXCHUS, yIIpaB-
JICHUE, CUHTE3, MOACJIb, OITUMAJIbHAA TPACKTOPHS, TOYHOCTH YIIPABJICHUSA
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Abstract. Background. This study considers an optimal control problem in an extended formulation, aimed at
ensuring the feasibility of the solution under real-world operating conditions. Materials and methods. To achieve high
accuracy and stability of the controlled plant's motion, it is proposed to synthesize a universal stabilization system ca-
pable of reliably following a wide range of trajectories, even in the presence of external influences and model uncertain-
ties. The concept of an extended model of the controlled plant is presented, including both the plant itself with the
stabilization system and a reference model for generating the optimal trajectory. It is shown that using such a structure,
classical optimal control methods can be applied to obtain the control function as a function of time, achieving a high
degree of conformity between the plant's motion and the planned trajectory while maintaining stability and control
accuracy. To synthesize the universal stabilization system, machine learning based on symbolic regression is used, which
allows for the formalization of the process of constructing control functions and eliminates the subjective errors typical
of manual design. Results and conclusions. The effectiveness of the proposed approach is confirmed by a computational
example of controlling the spatial motion of a group of quadcopters — a typical example of complex engineering systems
with high requirements for reliability, maneuverability, and safety.

Keywords: machine learning, symbolic regression, motion stabilization system, control, synthesis, model, opti-
mal trajectory, control accuracy

For citation: Diveev A.l., Barabash A.D. Machine learning based on symbolic regression for automated synthesis of universal
motion stabilization systems. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2025;(3):5-16.
(In Russ.). doi: 10.21685/2307-4205-2025-3-1

BBepenne

TpaauIOHHBIN MOAX0/] K PEUICHHUIO 3a7aui ONTUMAIBHOTO YIIPABICHUS MPEAINOIaracT e¢ IMepBOHa-
YaJlbHOE pelIeHre B KJIACCHYECKOH MOCTaHOBKE, C MOCIEAYIONNM TOJIyYeHHEeM yIpaBistonen GpyHKIuy,
3aBHCAIICH UCKITIOUUTEIILHO OT BpeMeHH. [lajiee 3Ta (GyHKIIMS MHTEIPUPYETCS B MOJICNIb 00bEKTa yIpaBiie-
HUS TSI OTIpEIeTICHSI ONITUMAIBHOHN TpaeKTopuH. TOJBKO MOCie 3Toro pa3padaThIBaeTCsl CUCTEMa CTaOWITH-
3allMU JBMKECHUS 00bEKTa BJIOJb HAWCHHON ONTUMAIbHOW TPACKTOPHUHU.

OpHaKo Mo0OHKIN OX0/1 UIMEET CYIIECTBEHHBIE OTPAHUYESHHSI C TOUKH 3peHUs 00ecTieueHus HaaeK-
HOCTHU U Ka4eCTBa q)YHKHI/IOHI/IpOBaHI/I}I CJIOKHBIX MHKCHEPHBIX CUCTEM. BO-HepBLIX, CHUCTEMA CTa6I/IHI/I3aHI/II/I
JIBUKCHUS HEM30€KHO HM3MEHSEeT AMHAMHUYECKHE CBOWCTBA OOBEKTa, YTO MPUBOAUT K HECOOTBETCTBHIO
MEXAY MOJIENbIO, UCIIOJIb30BAaHHOM MPU pacyeTe ONTUMAIBHOIO YIPABIEHUS, U PEAIBHON CUCTEMOM, IEH-
CTBYIOIIIEH C y4eToM crabuiu3anuu. B pe3ynprare onTUManbHOE yIpaBieHHE, [TOJydeHHOe 0e3 ydera cTa-
Omm3aIuy, CTaHOBUTCA Hed(D(PEKTUBHEIM, a B psAJIe CITydacB U HeCTAOMILHBIM. BO-BTOPHIX, OHOM cHcTEME
YIpaBICHHUsI IPUXOIUTCS OJHOBPEMEHHO 00ECIICUNBATh KaK CIICOBAHUE 110 ONTUMAILHOW TPAGKTOPUH, TaK
u ee crabmimmsanuio. [Ipu sTom, HampuMmep, Mpu OBICTPOACHUCTBYIOMNX PEXUMaX KOMIIOHEHTHI BEKTOpa
YIpaBICHUS MOTYT JJOCTUTATh TPAHUYHBIX 3HAUYCHUH, HE OCTaBJIsI pecypca Uik KOPPEKTHPOBKH TPACKTOPUH,
YTO CHIDKAET YCTOWYMBOCTH CHCTEMBI K BHEUTHHM BO3JEHCTBHSIM M HENPEICKa3yeMBIM OTKIOHEHHSM.
B-TpeTbux, XOTS COBpEMEHHBIC BBIYMCIUTEILHBIC CPEACTBA MO3BOJSIOT PEIlaTh 3a/adyy ONTHMAIbHOTO
yIpaBIeHHs B pealbHOM BpEMEHH, 33/1a4a CHHTE3a CTa0MIN3UPYIOMIET0 YIIPABICHHUS OCTAeTCS PECYPCOEM-
KOH M MPaKTUYECKU HE MOXKET OBITh pellicHa ONEPAaTUBHO B MPoOLEcce (PYHKIIMOHUPOBAHUS CHUCTEMBI, YTO
KPUTHYIHO JUTsI 0OECTICUCHHS HAIEKHOCTH B TUHAMUYICCKUX YCIOBHSIX [1, 2].

B pabGote [3] mpeacraBieHbl pa3iu4YHbIE METOJBI PEIICHHUS PACHIMPESHHON 3a]add ONTUMAaIbHOTO
ynpasieHus. MeTosl CHHTE3UPOBAaHHOTO YIPABJICHHUS IPEAIoiaraeT MpelBapuTeIbHOE PEIIeHHe 33Jadu
CHHTE3a CTA0WIM3UPYIOIIEH CHCTEMBI JI0 MIOMCKA ONTUMAIILHOTO YIIPABIEHUS, YTO 00ecnednBaeT 0onee co-
TJIACOBaHHYIO W YCTOHYHMBYIO pabOTy Bcel CHCTEMBI B peallbHBIX ycIoBHsIX. KadecTBo moirydeHHOTO perie-
HUS HAMPSIMYEO 3aBUCHUT OT CTEIICHU YCTOWYMBOCTH OOBEKTA B MPOCTPAHCTBE COCTOSIHUN, AJIbTEPHATUBHBIN
MOJIX0J] — CHHTE3 YIIPABIICHUS BJIOJb 3apaHee HallIeHHOW TPaeKTOpUH — TpeOyeT MOBTOPHOTO aHaIN3a | I10-
CTPOCHHS CTAOWIM3HPYIOIIEH (DYHKIIUHM IJI KaKJOW HOBOW TPACKTOPHUH, YTO 3aTPYAHSET MaclITabupye-
MOCTb ¥ CHIDKAeT HaJEeKHOCTh TP MHOXKECTBEHHBIX CIICHAPHSIX.

B Teopun ynpapneHus HAaKOIUIEH 3HAYUTEIBHBIN HAYYHBIA OMBIT MOCTPOCHUS CUCTEM CTAOWIH3AINN
NBIDKEHUS TI0 3aMaHHON TpaekTopuu [4—11]. OgHaKo OCHOBHBIM HEAOCTATKOM OOJBIIMHCTBA TAKUX peEIlle-
HUU OCTaeTCs pydYHasi HACTPOMKa, OITUPAIOIIAsCs Ha SKCIICPTHBIC 3HAHUS: UCCIIEA0BATENb aHATH3UPYET MO-
JIeNb, ONpeeNseT KaHajbl YIpaBJIeHHS W BPYYHYIO BCTpamBaeT perynsaTophl. [1omoOHBIN momxon XoTs
1 crioco0eH 00eCeunTh BRICOKOE KAUeCTBO YIPABIICHHUSI IPU TOYHON HACTPOWKE, HE MacIITaOUPYETCs U HE
obecniednBaeT TpeOyeMbIil ypOBEHbh aBTOMATH3AIMH M BOCIIPOM3BOJIUMOCTH B YCIOBUSAX COBPEMEHHBIX MH-
JKEHEPHBIX TPEOOBAHUIA.

CoBpeMeHHBIE 337a4H YIPABICHUS B CIIOKHBIX CHCTEMax TPeOYIOT MOIHOM aBTOMaTH3aLlMK Tpoliecca
MOCTPOCHUS HAJCKHBIX YIPABISIFOIINUX BO3ACHCTBUN. B nanHOM paboTe 3Ta 1enb JOCTUTaeTCs MyTeM MpH-
MEHEHHSI MallIMHHOTO O0YYEeHHs Ha OCHOBE CUMBOJIbHOM perpeccui. CUMBOJIBHAS PETPECCHS MTO3BOIISET aB-
TOMAaTHYECKH HAaXOIWUTh aHATUTHYECKOE BBIpKEHWE M (YHKIMH CTAOWIN3allii, MHHAMH3HPYIOMIEH
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OTKJIOHEHHE OT 33/IaHHOW TPAaeKTOpUH. B oTimyme oT psaa npeapaynmx padoT, rae cTabuIn3HpyIOIUe CH-
CTEMBI CTPOMIIHCH OTAETBHO JUIS KaXKJ0H TPAeKTOPHH, 34€Ch IPEIaraeTcsi CHHTE3 YHHBEPCATBHOM CHCTEMBI
CTa0MIIU3AIMY, CIOCOOHOM pa0doTaTh ¢ pa3IMYHBIMU YHPABIAIOMUMA (YHKIHAMU U 00ECIIeYNBATh YCTOM-
YHBOCTb U MOBTOPSIEMOCTH ITOBEJCHUSI CHCTEMBI IIPH MIMPOKOM KJlacce CLIEHApHUEB.

[MoyueHHast yHUBepcallbHasl CTAOMIM3ALMsI HHTETPUPYETCs B MOJIETb 00BEKTa, 00pa3ysl pacIIupeH-
HYIO MaTeMaTHYeCKyl0 MOJIeJIb, B KOTOPOIl ATAJIOHHAs MOJCUCTEMA OTBEUAET 3a TeHEPAIHI0 ONTUMAIbHON
TPAeKTOPHH, a CTAOWIN3UPYIONIAs MOACUCTEMA — 32 HaJC)KHOE JIBIKCHUE BJIOJb 3TOU TpaeKTopuu. biaro-
Iapst TAKOMY pa3OMEHHIO 3a]a4a ONTUMAIBHOTO YIPABICHNS PEIIAeTCsl B KIIACCHIECKOH Gopme, ¢ moryde-
HHUEM yTpaBIsiioiell GyHKLIUN OT BpEMEHH, a TpeOOBaHHS K YCTOMYMBOCTH, HaJCKHOCTH U PEaTN3yeMOCTH
yIIpaBJICHHS BBINOIHAIOTCS Ha ATAlle CHHTE3a CTa0MIN3aIMU. DTO MO3BOJISIET HOBBICHTH OOIIYIO HA/IS)KHOCTD
CHCTEMBI yIPaBICHHUS U 00ECTICUUTh e¢ MPUMEHUMOCTh B HHXCHEPHBIX 3ajladax, IJe YCTOHYUBOCTD, Ipe-
CKa3yeMOCThb M aBTOMATU3aIisI KpUTUYHBI.

Pacmnpe}maﬂ AHHAMHYIECKasi MOACAD YIIPABASIEMOTO o0bexTa

Pacmmpennast mozens HeoOxoanMma A 3QPEKTUBHON peaTn3anny PelieHus 3a1a4i ONTHMAIBHOTO
ynpaBieHus. B ¢BS3M ¢ 3THM, MPEX/Ie BCEro, MPEICTABUM MOCTAHOBKY 3a/1a4d ONTHMAILHOTO YIPaBICHUS
B €€ KJIACCHIECKOI opMme.

Ilocmanogxa 3a0auu onMUMANbHOZ0 YRPAGIEHUA

IIpencTaBieHre MaTEMAaTHIECKOH MOJENH YIIPABIAEMOTr0 00BEKTa:
x=f(x,u). (1)

B xonTEeKCTE MaTeMaTHYSCKOM MOACIN 00BeKTa ypaBJICHUSA OMPEACTIAIOTCA CICAYIONIUE KIIFOUCBBIC

3JIEMEHTBI: X — 3TO BEKTOP COCTOSHUS 00BEKTa yrpaBiieHus, rae X€ R” . DTOT BEKTOp OMUCHIBACT TEKYIIEe
COCTOSIHHE CHCTEMEBI B 1-MEPHOM IPOCTPAHCTBE; U — BEKTOP YIPABIECHUS, IPUHAICKAIIHN TTOIMHOKECTBY

U m R",1.e. ueUCR".

U mpencrasisieT co00i KOMITAKTHOE MHOXECTBO, KOTOPOE, KaK MPaBUJIO, OTPEAETeT OTpaHUICHHUS
Ha YIIPaBIIAIONINE BO3IEHCTBH

u <u<u’. )

B naHHOM BBIp2)XKeHHH U~ ¥ U’ 0003HAYAIOT, COOTBETCTBEHHO, BEKTOPHI HI)KHUX U BEPXHHUX OTPAHH-
YeHUH, HaKJIaJbIBAEMbIX Ha YIIPABIIIOIINE BO3ACHCTBHA.
Omnpenensercs ucxonnoe (3) u TepMuHanbHOE (4) COCTOSHUE CHCTEMBI:

x(0)=x°=[x1°...x3}T, 3)

x(t,)=x" =[x .x/ ] . “

B nanHoO#l niocTaHOBKE 3a/1a4u {, 0003HaYaeT MOMEHT JOCTIKEHUs KOHeUHOro coctosuus (4). Kak

MPaBUIIO, TOYHOE 3HAUEHHME HTOT0 TEPMHHAILHOTO BPEMEHH 3apaHee He 3aaeTCs, HO OHO OTPAaHHUYEHO
+ + 9
CBEPXY, T.€. t, <1[, TJIe t; IPENCTABIAET COOOH 3a/[AHHOE TIPEIENBHOE BPEMs YTIPABIISIONIETO MIPOIIECCA.

OrmpeneneH KpUTEPHUA KauecTBa:
(v .
J—J‘tﬂL(x(t),u(t),t)dt—>m1n. (%)
Heo0xoauMo onpeenuTs ynpaBisiolyo (GyHKIHIO, KOTOpas 3aBUCHT OT BPEMCHH:
u=v(r)eU, te[O;tJ. 6)

ITocite moacTaHOBKH yTIpaBistoniel GyHKITNH (6) B MATEMAaTHYECKYIO MOJIENTh 00BheKTa yrpaBieHus (1)
(dhopmupyeTcs ciaenyromias cucreMa AudpepeHIHATLHBIX YPaBHCHUI:

x=f(x,v(1)). @)
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[Tomyuyennas cucrema OyaeT 06JIamaTh YaCTHBIM pPEIICHUEM x(t,xo), ACXOSIIUM W3 3aJaHHOTO

HAYaIbHOTO COCTOSHUS (3). DTO pelieHue JT0KHO 00eCneurnBaTh JOCTHKEHUE KOHEUHOTO COCTOSHHUS (4)
C ONTHMAJILHBIM 3HAYEHUEM 3aJaHHOTO KpUTEpHs kKadecTna (9).

Pacuwiupennan mooesnn

MHOXeCTBO Ha4aJIbHBIX COCTOSIHHN OOBEKTa 3a/1aeTcs KaK COBOKYITHOCTh TOYEK, COOTBETCTBYOIINX
3THM COCTOSHUAM. YacTHOE perieHune x(t,xo) MaTeMaTH4YeCcKOH Mozenn 00bekTa ynpasieHus (7), moaydeH-

HOE TIPH UCIIOJL30BAHUYU HAMICHHOW ONTHUMAJIBHOM YIpaBisoieii ()yHKIIMU B MPABOM 4acTH, TPE/ICTABIISAET
co00H ONTUMAJIBHYIO TPACKTOPHUIO B IIPOCTPAHCTBE COCTOSHUM. [1J1s1 0OecieueHus IBUKEHUS 00bEKTa yIIpaB-
JICHUS TI0 3TOW ONTHMAIBHOW TPASKTOPHH HEOOXOANMO pa3paboTaTh CHCTEMY CTAOMIIN3AIH ABHKSHHS:

uzh(x*—x)e U, (8)

rie X — ONTHMAanbHas TPAaeKTOPHSL.

st pa3paboTku cucteMbl ctabmmn3zanun (8) TpeOyeTcss pelmnTh 3a1ady CHHTe3a yIpaBiceHus. Pac-
CMOTPHM Jlajiee TIOCTAHOBKY ATOU 3a7]aui IPUMEHUTEIHHO K CHUCTEME CTAaOMITU3aIUH IBUKEHHSI 00BEKTa 10
3aJJaHHON TPACKTOPHUHU.

Matremartudeckast MoJieIb 00bekTa yrpasieHus (1) sBisercs ucxoanoi. Takxke 3ajaHbl OrpaHUICHUS
Ha yrpasieHue (2).

MHOXeCTBO HaYaJIbHBIX COCTOSTHAN MPEICTaBICHO KaK COBOKYITHOCTh MCXOIHBIX TOYEK B MPOCTPAH-
CTBE COCTOSIHUM:

Xo={x",...x"}, 9)

rac K — COBOKYIMHOCTH UCXOAHBIX COCTOSIHUH B paMKax onpeacI€HHOIO MHOKECTBA.
Tepmunaneaoe cocrosiHue (4) ompenencHo. 3alaHHAs TPACKTOPHUS YIOBICTBOPSET CICAYIOIIEMY
YCIIOBHIO:

x*(t*):xf. (10)

TpeOyercs pa3paboTaTh TAKYHO CUCTEMY YIIPABJICHUS, KOTOPAs CIIOCOOHA CTA0OMIIM3UPOBATH IBUKCHUC
00BEKTa BIOJb BCEX 3a/laHHBIX MPOTPAMMHBIX TPACKTOPHil, HE3aBUCUMO OT HaYaJIbHBIX ycioBuil. [Ipu atom
CHUHTE3UpyeMasi CHCTEMa JIOJDKHA 00eCIieunBaTh MUHUMHU3AIHIO OTIPE/ICIICHHOTO KPUTEPHS KauecTBa!

5= SN X )’ x{1,3) > i an

h(x*—x)

B nanHOM BBIpaKEHMH p; NpPEICTaBIseT co0Ooi BecoBol Kodhduument. Benmnunna 7, ; obozHavaer

BpeMsl JTIOCTIKEHUSI KOHEUHOTO COCTOSTHUSA (4) M3 HAa4aIbHOTO COCTOSHIHS X. DTO BpeMsI OIpeeNsieTcs Ccie-
JYFOIIUM YpaBHEHHUEM:

t,eemu t<t' u xf—x(t/l.,xo’i)sce, 12)
[ = /.
a t* B apyrux ciydasx, i€ {l,..., K}.

3nech € mpencTaBisieT coboi 3aaHHOe Maloe MOJIOKUTEIbHOE 3HaUeHNE. Pemenne 3amaun cuaTesa
yIpaBJICHHs C UCIIOJIb30BaHUEM MHOXECTBA TPACKTOPHI M KPUTEPHUS KauecTBa MO3BOJISIET pa3padoTaTh YHU-
BEPCANBHYIO CHCTEMY CTaOWIM3allK ABHKCHUSI OOBEKTa YIPABJICHUS, CIOCOOHYIO MOIACPKUBATh JABHXKE-
HUE BJIOJIb JTFOOBIX TPAEKTOPUH, MPUHAJIEKAIINX OINPeIeICHHOMY KJlaccy.

[Ipenmonoxum, 9TO ONTUMaJIbHAS TPAEKTOPHUS 3apaHee HEeU3BeCTHA. B TakoM ciiyyae CTAaHOBUTCS BO3-
MOXKHBIM IIOCTPOUTh YHHUBEPCAJIBHYIO CUCTEMY CTaOMJIN3AlMK ABMKECHUS, OPUCHTUPOBAHHYIO HAa TPAEKTO-
pHH U3 HEKOTOporo knacca. s aroro Heodxoaumo chopMupoBaTh HAOOP Pa3HOOOPA3HBIX TPACKTOPUH U
3aTeM CHUHTE3HPOBaTh TAKYIO CUCTEMY CTaOMIIN3aLMH, KOTOPasi 00ECTIEYUT yCTOWYNBOE IBUKEHHUE BIOJIb JIIO-
00¥ TpaeKTOpUH U3 33aHHOTO Habopa.

MHOKECTBO TPaeKTOPHUIl OIpeIeNIeTCs CIESAYIONIM 00pa3oM:

Tz{x*’l,...,x*’s}. (13)

8
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3nech S 0003HaUYaeT 001Iee KOJINIESCTBO TPACKTOPUI B 33 JAHHOM MHOXECTBE.

st pa3paboTKH YHUBEPCATBHON CUCTEMBI CTAOMIM3AIINN JBKEHUS HE0O0X0IMMO MOAU(PHUITIPOBATE
¢dynkimonan (13). B atoT pyHKImonan TpedyeTcs HHTETpUPOBATh KOMIIOHEHT, OTBEUYAIOIINI 33 CTa0WIH3a-
U0 OTHOCHTENBHO BCEX 3aJaHHBIX TpackTopuil. TakuM 00pa3oM, HOBBIN KPUTEPUI KavyecTBa OyIeT UMETh
clenyIonry GopMmy:

J, :ii(ﬁx’ﬁj (t)—x<t,xo'i)dl+ple —x(t_/.ﬁ[,xo"')) — min . (14)

=0 j=1 h(x"~x)

Pemenwne 3a1aun cHHTE3a C UCIOIB30BAaHUEM 3aJ]AHHOTO MHOXKECTBA TPACKTOPHI U KpUTEpHS Kade-
ctBa (14) MO3BOJIAET OMYYNUTh CUCTEMY CTAaOMIM3allN JABIKCHHSI 00BEKTa yIPaBICHHUS, CIIOCOOHYIO TIOT-
JICPXKUBATh IBUKCHUE BIOJb 000N TPaeKTOPUH, MPUHAIICKAIICH ONPEICICHHOMY Kiaccy.

Pacmmpennas Mmatemarndeckas MoJielh 00BEKTa YIPABICHHUS COCTOUT M3 JIBYX OTHCIBHBIX MaTeMa-
TUYECKUX MOJICIICH:

X =f(x"u),
X:f(x,h(x*—x)). (15)

[lepBas cuctema sIBIS€TCS STAIOHHON MOJEIBIO, IPEeTHA3HAYCHHOW /71 TeHEPAINH [IeJIEBBIX TPaeK-
TOPHIA.

Bropas cucrema mpencraisgeT co00i Moelh 00beKTa YIpaBIeHHUs, OCHALICHHYIO CUCTEMOH cTabu-
JU3AIUN IBIKEHHSI, KOTOpasi 00ECTIEYMBAET CIeOBaHHE 10 TPASKTOPHUSAM, CTEHEPUPOBAHHBIM ATAIOHHOM
MOJEIBIO.

3amavya ONTUMANBHOTO YIPAaBICHHS, MCIIONB3YOMIAs PACIIMPEHHYIO MOJeNb 00BEKTa yIpaBiIeHUs,
BKJIIOYAET B ¢e0s1 caMy pacIIMpeHHYI0 MoJenb (15), HaganbHOe cocTosHuE (3), TEpMUHATBHOE COCTOsTHHE (4)
U KpUTepHil kauecTBa (5).

B pamMkax 3Toi#t 3a1a91 HEOOXOAMMO ONPEIEIUTh YIIPABIIAIONTYI0 GYHKIIHIO B hopMe (6) TSl 3TaIoH-
HOW MOJENH, T.€. JJIsl IEPBOM MOJCHCTEMBI paclIMpEeHHON Mojenu. [Ipu 3ToM pacueT 3HA4YEHUs] KPUTEPHs
Ka4deCcTBa BBITIONHAETCS C UCTIOJIh30BAHUEM BEKTOPa COCTOSIHUS O0BEKTa YIIPABIICHUS, IOIYIEHHOTO U3 BTO-
oY TIOACHUCTEMBI PACIIMPEHHON MOECIIH.

IIpuMeHeHHe CHMBOABHOM PerpecCHH B MAIIMHHOM O0yJeHHH AASI 3aAQ4 YIIPABACHHUS

s pemieHus 3a1a4ll CHHTE3a YIPABJICHUS B aBTOMaTHYECKOM PEXHME OCOOCHHO MEepPCHEKTUBHBIM
SIBIISIETCS] IPUMEHEHUE CUMBOJIBHOW PETPEeCCHH. DTOT METOJI TIO3BOJISIET (POPMATM30BAHO U BOCTIPOU3BOINMO
HaXOIUTh MaTeMaTU4eCKOe BBIpaXCHUE TpeOyemoil (yHKIUM Ha OCHOBE 3aJaHHOTO KPUTEPHsl, YTO KpH-
TUYHO I OOecTIeueH s HaJIeXKHOCTH TIPH Pa3padOTKe YIPaBIAIONINX BO3IEHCTBHI B CIIOKHBIX WHKECHEP-
HBIX cucTeMax. CUMBOJIBHASI perpeccusi MpeiCcTaBisieT co00H YHUBEPCATBHBIN MOAX0M K allpOKCHMAIH
(hyHKIMH, TIO3BOJISIONIMN TOTYyYaTh YCTOWYUBBIC PEUICHHS, HE 3aBHUCAIINE OT HAIWYHsS OOydarolieid BbI-
O0opku. B oTimure oT HeHpOCETEeBBIX METOIOB, CHMBOJIbHASL PEerpecchst TpeOyeT JHIIbL YeTKoU (hopMyIu-
POBKHM KpPUTEpHs Ka4eCTBa, YTO MOBBIIAET MPO3PaYHOCTh, HHTEPIPETUPYEMOCTh U JOBEPHUE K MOIYUYEHHBIM
pe3ynbTaTaM — BaKHBIE aCTIEKTHI IPY BHEAPEHUH B OTBETCTBEHHBIE TEXHUIECKHE CUCTEMEI.

OcHOBHas uaes METo/a 3aKIIYacTcs B KOIUPOBAHUM MAaTEMAaTHYECKOTO BBIPAKEHHS — (QYHKIHH
B CHEIMATN3UPOBAHHYIO KOJOBYIO CTPYKTYPY, MTOCIIE YeT0 OCYIIECTBISETCS MMOUCK ONTUMATBHOTO BapHaHTa
B TIPOCTPAHCTBE KOJIOB C MCIIOJIb30BAHUEM CIEIHAIBFHO aIallTHPOBAHHOTO T€HETHYECKOTO AITOPUTMa. AJ-
TOPHUTM UCIONB3YyeT MOAN(UIIMPOBAHHYIO ONEpaLHIO TIepecedeHus (crossing-over), 00ecneynBaouIyIo Kop-
PEKTHOCTB U CTPYKTYPHYIO IIEIOCTHOCTD MOJIY9aeMbIX BBIpaXEHHH. DTO TapaHTHPYET HAJAEKHOCTh PabOTHI
METOJa P MHOTOKPATHBIX UTCpAlUAX U YBCINIYUBACT yCTOfI‘II/IBOCTb HUTOI'OBBIX peIHeHI/Iﬁ K CTOXaCcTH4YC-
CKHM U YUCIIEHHBIM 3 eKTam.

IlepBrIM 11 HaboOIEE M3BECTHHIM METOIOM CHMBOJIBHOH PETPECCHU SIBIIIETCS] TEHETHYECKOE TIPOTPaM-
MupoBanue [12], B koTopoM (HyHKIHUS IPEACTABIAETCS B BUIE BEIYUCIUTENbHOTO rpada. B HacTosmee BpeMs
pa3paboTaH MUPOKUH CIIEKTP MOAXO0/I0B, HACUNTHIBAIONINI O0JIee NBaIaTH Pa3INIHBIX aNrOpUTMOB. B maH-
HOH paboTe MPUMEHSETCSI METO/]] CETEBOTO OIePaTopa, UCTIONB3YIOIIUI OPHEHTHPOBAHHBIN Ipad ¥ TPUHIINT
MaJbIX BapHanui 6a3oBoro pemierus. Takol moaxon mo3BonseT 3G PpeKTHBHO HecaeI0BaTh OKPECTHOCTH Oa-
30BOM (DYHKIIMM U HAHTH YCTOMYHMBOE pPElICHUE, MUHUMU3UPYIONIEe 3aaHHbIA (QYHKIIMOHAM, IIPH 3TOM 3Ha-
YUTENIBHO COKpaIllas BHIYUCIUTEIBHBIC 3aTPATHI.
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MarmuaHoe 00ydYeHHEe YIPABICHUIO C UCTIONb30BAaHUEM CHMBOJILHON PErPECCHU BBITIONHSACTCS B MOJI-
HOCTBIO aBTOMATHYECKOM PEIKUME, YTO HPUHIUIINAILHO MOBBIIIACT HAIEKHOCTH ITPOIECCa IPOCKTUPOBAHHMS
Y CHMXKAET 3aBUCUMOCTh OT 4eioBeueckoro ¢akropa. Mccienosarento He TpeOyeTcs: aHaIM3UPOBaTh MOJIENb
00BeKTa YIpaBIICHUS WK BPY4YHYIO0 (POPMHUPOBATH KaHAIBI BO3ACHCTBUS. JOCTaTOYHO yKa3aTh y4acTOK Ma-
TEMaTHYECKON MojemH, rae TpeOyeTcs ynpapisioiias GyHKIUsA, H aIrOPUTM HAaXOIUT €€ aHATUTHYCCKYIO
(dhopMy, YIOBIECTBOPSIONIYIO 3aJaHHBIM TPeOOBaHMUSIM. ITO 00ECICUNBACT BOCIPOU3BOAUMOCTh U MAaCIIITa-
OMpPYEeMOCTh pEIICHUH B MHXKEHEPHOU MpaKTHKE, 0COOEHHO MpH paboTe ¢ CUCTeMaMU, MPEAbSBISIONIMMHE
TIOBBINICHHBIC TPEOOBAHUS K HAJISKHOCTH U KAUECTBY YIPABICHHUS.

Bonee noapoOHOE onucaHue peIIeHuUs 3a1a4K CHHTE3a YIPABICHHUSI METOA0M CHMBOJIBHOMN perpeccuu
MpeJcTaBIeHo B padoTe [13].

BoraucAnTeAbHBIN IKCIIEPHMEHT

PaccMoTpuM 3a7auy ONTUMAIBHOTO YIPABJICHUS MPOCTPAHCTBEHHBIM JIBUYKEHUEM TPYIIIBI, COCTOS-
nied M3 YeThIpeX HJCHTUYHBIX KBaJPOKONTEpOB. MaTemMaTiuueckass MOJIeNIb KOKIOTO O0BeKTa yIpaBICHHUS
OTHUCBIBACTCS CIEAYIOMUM 00pa3oM:

X =x,,
X =x/,
x3’ :x({,
x] :u;{(sin(u;)cos(u{)cos(u{)+sin(u{)sin(u2’)) , (16)

i j j
X! =uj cos(u3 )cos(u1 )—g,

X =u] (cos(u*{)sin(u{)—cos(u{)sin(uf)sin(u{)) ,

riae g — ycKopeHue cBoOoHoro majenus, g =9,80665, j=1,..., N; N — 4ucio KBaJIpOKONTEIPOB B CH-
creme, N =4.
Ha 3nadeHus BekTOpa ympaBlieHUs KaXI0TO KBaJIPOKOIITEPa HAIOKEHBI CIIEYIOIINE OTPpaHUICHUS:

u <w<u =10, j=1..,N, (17)

rie
u =[-n/12-1 -n/12 0], (18)
uw =[n/12n /12 12] . (19)

33.)13.HBI Ha4daJIbHBIC COCTOSHUA:

x'(0)=[050000]",

x*(0)=[1050000], (20)
x*(0)=[0510000]',

x*(0)=[10510000]" .
33.)13.HBI TCPMUHAJIBHBIC COCTOSAHUA:

x'(¢,)=[10510000]",

x*(1,)=[0510000]", 1)

10
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x*(t,)=[1050000]",
x*(¢,)=[050000]".

Taxoxe 3aJaHbI (I)aSOBI:IG OTpaHUYCHUA:

0.(X)=r—(x, /) +(x, L) <0, (22)

rne i=1,...M , M — xonuuectBo (a3oBbix orpanmyenuii, M =4, j=1,...N, N=4, x,=2, x,,=2,
x3,1:2> x1,2:2: x2,2=2, x3,2:2a x1,3:8a x2,3:2: x3,3:2a x1,4:2a x2,4:2: x3,4:8, n=15, n=15,
rn=1.5,r=15.

Junamuueckue (pa3zoBble OrpaHUUEHHS ONIPEACIIIOTCS KaK yCIOBUS IPEJOTBPALLIECHHUS CTOJIKHOBEHHH
MeXly KBaJpPOKOIITEPAMHU:

3

x(xi,xj)zro— Z(x,i—x,{)z <0, (23)

k=1
roe i=1L...,.N,N-1,j=i+1,...,N,r,=15.
3a/iaH KpUTEPHid Ka4ecTBa YIPABICHHMS:

rN-1 N

Jy=t; +p1JZZp5 (X(xi,xj ))dt - migv , (24)

1
0 =1 j=1 .
rae p;,p, — BeCoBble KOXPGUUMHTEL, p, =3, p, =3 {, — BeJIMYMHA, paCCUMThIBacMas U3 ypasHenus (12),

c £€=0,05, 1" =6,4; ps(z) — pynxums Xepucaiina:

1, ecmu z >0,

p5<z>={ (25)

0 B Ipyrux ciyvasx.

U3HavaibHO 3a/1a4a ONTHMAJIBHOTO YIIPaBICHHs! Oblila PELICHA JUIs OJHOrO KBaPOKOITEPa, HadHHasl
C 3aJ[aHHOTO HAYAIBHOTO COCTOSIHUS U C y4eTOM IOMOJIHUTEIBHBIX (pa30BbIX orpaHmdeHuil. [Ipn sTom Mo-
Jienb KBaPOKOITepa paccMaTprBanach B hopme (16), a HadanbHbIe YCIOBHS 3a1aBaIIMCh B ypaBHEHUsIX (20).

OnruMalbHOE yIpaB/IeHHe alPOKCHMUPOBAIOCH B (JOpMe KyCOUHO-ITMHEHHOI (yHKIIHH, 3aBUCSIIICH
OT BPEMEHH:

u;, eciu v, > u;,
U, =qu, ,ecama v, <u,, (26)

1
V, B IPYTUX CITy4Jasx,

roe i=1,....m=4,

t—jAt
vi (t) = diJr(jfl)m + (di+jm - di+(j71)m) At 4 (27)
At=0,4,i=1,....,m=4, j=1,...D, D —xonuuecTBO HHTEPBAJIOB,
D=t"/At=6,4/0,4=16. (28)

B 3agaue onTUManbHOTO yrpaBieHUs Heo0X0uMo HaliTh D +1=17 3Ha4YeHUs JyId KaXKI0ro yIpaB-
nenus i =1,...,m =4, kotopoe B cOBOKynHoctH onpezaensercst (D+1)m=17-4 =68 napamerpamu

d=[d,...dg] . (29)

Jist perienus 3a1a4n ONTUMAIBHOTO YIIPaBICHHUS ObUI IPUMEHEH TMOPUIHBIN 3BOIIOLMOHHBIN allro-
put™ [14], B pe3ynbrate 4ero ObUIO TOIYYEHO J[BA ONTHUMAJBHBIX pelleHus. B nanpHelieM Oblia pelieHa

11



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CUCTEM. 2025. Ne 3

3aJada CHHTE3a YIPaBJICHUS U HalijeHa ynpasisitomas GyHKus B Gopme (8). Ans pemwenns 3toi 3axaun
CHHTE3a UCII0JIb30BANICS METO]] CETEBOT0 oneparopa. B pesyibraTte ero paboTh! ObIIO MOIYYEHO CIIEAYIONIee
MaTeMaTH4YeCcKOe BBIpaKEHUE ISl CHCTEMBI CTaOMITN3aIIH:

uf,ecnnfzi(x* —x) >u/,
h, (x* —x) ={u;, ecmu h, (x* —x) <u,, (30)

le. (x* - x) B APYI'UX CIIy4asix,

ﬁl(X*_x):pl(F+p1(%))a (31)
~2(x*—x)zﬁl(x*—x)—fzf(x*—x), (32)
by (x'=x)=p,(A+p (F+p,(g;)))+ 4" +cos(G) +p, (H), (33)

h4<x* —x) :exp(hN3 (x* —x))+ln(‘ﬁz(x* —x)‘)+
vsgn(A+p, (F+p, ;)4 +1(F +p,(g:))| +p, (4)+sen(C) +

+arctan (/¥ + tanh (C)) +arctan (D) +p, (q5 (x; - X, )) + exp(q2 (x; - X, )) , (34)

A=B+tanh(W)+exp(E)+q,—q.,
B=V +sgn(W) W] +43.
V =exp( +tanh(C)) +cos( g (x; —x, ),
W=C+D+sin(H),
C=D(F +p,(g;))arctan(E) -G,

D:E+3/E+sgn<x;—x5)+<x;—x2)3,

2

E:p2(F)+G3+H+p5(45(x;_x5))+<x;—x5) )
F=q6(x2—x6)+q3(x;"—x3),
G:sin(%(x;—x6))+q5(x2—x5)+3 qz(x;—x2)+cos(q1)+p6(x;—x2),

H=q4(x:—x4)+q1(x:—xl)+sin(q5),

Z, €CIu |z| <1,
pi(z)=
sgn(z) B ApyruX ciydasix,

P (2)=sgn(z)In(|z[+1),
p;(z)=sgn(z)exp(|2|-1),
p.(z)=sgn(z)exp(-|]),
q,=12,26636, g, =3,85864, g, =6,48047, g, =14,10620, g, =11,74170, g, =11,74170, g, = 2,140639.
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Ha mpunaraemeix pucynkax (puc. 1—4) mpencTaBlieHbl MPOCSKIIUH ONTUMANBHBIX TpaeKkTopuil (29).
Taxoke mokasaHbl peajbHbIE IIyTH KBaJPOKOITEPOB B TOPU30HTAIBHOM INIOCKOCTH, ITOJIyYCHHbIE IIPpU padoTe
cucTeMbl ctabunuzanuu [15].

5

104
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Puc. 1. IIpoekiun nepBoi ONTUMAaNbHOM TPaeKTOPUH
(cuHsIs TMHUST) M peaTbHOMN
TPaeKTOPUH JBIDKEHHUS 00BEKTa (YepHast JIMHUS ) Ha
TOPHU30HTAIILHOM INIOCKOCTH
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Puc. 3. IIpoexnun nepBoii ONTUMAaNbHOMN TPaeKTOPUHN

IBIDKEHUS (YEpHBIN) HA TOPU3OHTAIBHON TUIOCKOCTH

(cuHMI) 1 peasbHBIX TPAeKTOPUI

3 BOCBbMH Ha9aJIbHBIX COCTOSHHMA

Puc. 2. IIpoekiuu BTOpoii ONTUMAaIbHON TPaeKTOPUU

el peabHOI TPAEKTOPHH JIBYKEHNUS (YEPHBIN) Ha

A

4

lad

[ J—

(cuHUI) U COOTBETCTBYIONICH
TOPU30HTAIBHYIO TNIOCKOCTh

L X

-
3

T

J."l

=

Puc.
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4. IIpoexuuy BTOPOH ONTUMAIILHON TPAEKTOPUU

(cuHMit) ¥ haKTHIECKUX

BOCBMHM Ha4aJIbHBIX COCTOSHHI

TpaeKTopuii (YepHBI) Ha TOPU3OHTANBHYIO INIOCKOCTh U3

s oneHku 3¢ GEeKTUBHOCTH pa3paboTaHHOM cucTeMbl ctadbuau3aiuu (30) ObLIM BBITOJHEHBI CUMY-
JISIIAW YTIPABIISIONIEH CHCTEMBI C BBEJICHHEM BO3MYIIICHHUH HAYaIbHBIX COCTOSHHM IS IBYX ONTUMAIBHBIX
TpaeKTOpHid. Pe3ynbraTel MoIeTMPOBaHUS IPECTABIICHBI HA PUC. 3 U 4.
Ha ocHoBe 3TO#l crcTeMbl cTabHIM3anuy OblIa TTOCTPOCHA PaCIIUpEHHAs MaTeMaTHYeCKash MOJCIb
00BeKTa YIpaBIeHUs I UCXOJHOH 3a/1a4i ONTHMAIBLHOTO YIPaBJICHUS:

Y Py A
X=Xy,
-j’* _ .j’*
Xy =XI,
Y By A
X3 =X

13
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X =u] (sin(ué" )cos(u] )cos(ulj )+sin (u/ )sin (u] )), (35)
X =u] cos(u{ )cos(u{ )cos(ul‘f ) -g,

AR Nein (17 Nein (12 Vsin (17
X, =u, (cos(u2 )sm(u1 )—cos(u1 )sm(u2 )sm(u3 )),

W=,
X =%,
=3,
] = hy (/" =x')(sin Iy (x" =) oos , (x"* =x)Jeos (y (x*" =) +
sin (h (x* =x')Jsin(h, (' = x'))), (36)

X/ =h, (x”* —x’)(cos(h2 (x’"* —xj))sin(h] (x-”* —x-"))—cos(h] (x"’* —xj))x
><sin(h2 (x"—x ))sin(h3 (x" —xf))),

Kak mokasbIBaroT PE3YIbTAThl MOACIUPOBAHUSA, PCUICHUE 3aJa4l OITUMAJIBLHOI'O YIIpaBJICHUA C HC-
MOJIb30BaHUEM PACITUPEHHONW MOJIENN 00BEKTa YIIPABICHUS MO3BOJISET MOIYYHTh PeaTH3yeMyr0 U HalexK-
HYIO YIPABJISIONIYIO (YHKIIUIO, KOTOPast MOXET OBITh HEOCPEICTBEHHO BHEIPEHA B pEaNIbHBIN 00BEKT [16].
Taxkoit momxo oOecIreYnBaeT He TOIHKO COOTBETCTBHE PACUCTHON M (PH3NICCKON MOJIEIIEH, HO H ITOBBIIIACT
YCTOWYHMBOCTH U Ka4eCTBO (PYHKIIMOHUPOBAHUS CHCTEMBI YIIPABJICHUS B YCIOBUSAX PeallbHON IKCILTyaTalluH,
BKJIFOYAsi BO3MO>KHBIE BHEIITHUE BO3MYILEHUS U MOJIETIbHBIE HEOIPEIeICHHOCTH.

3akArouenune

B craThe npeacTaBieHo pelieHne 3aJa4d ONTUMAaJIbHOTO YIIPaBIeHUS B KJIacCe peau3yeMbIX YIpaB-
TSrOIUX QYHKUIUH, YTO OCOOCHHO BaYKHO IS MOBBIIIECHUS HAJIS)KHOCTH M ()YHKIMOHANBHONW yCTOWYMBOCTH
WH)XEHEPHBIX cucTeM. JIJIs MOTyYeHHUs TAKOrO PELICHHUs B IIOCTAHOBKY 33Jaud ONTUMAJIBHOTO YIIPABICHHUS
ObUla MHTErPUPOBAHA PACIIMPEHHAs] MOJEIb O0bEKTa, BKIIOYAIOIAsl TATOHHYIO IOJCUCTEMY I'€Hepaluu
TPAaeKTOPHH U MOZETHh OOBEKTa YIPaBICHHS ¢ YHUBEPCAILHON CHCTEMO cTabmin3aium, obecriednBaroniei
TOYHOE M YCTOMYUBOE ABMKEHUE TI0 ONITUMAJIBHOM TpaeKTopuH. Takoe CTpyKTypHOE pa30HeHHUe M03BOJISIET
rapaHTUPOBAaTh BOCIIPOM3BOIUMOCTb [TOBECHUS CUCTEMBbl M COOTBETCTBUE YIPABIIAIOLINX BO3ICHCTBUIL pe-
AJIbHBIM YCJIOBUAM JKCILTyaTaluu.

s cuHTe3a CUCTEMBl CTA0MIIM3aLUH MIPEI0KEHO HCIIONb30BaTh MAIMHHOE 00Y4YeHHUE YIIPaBICHHIO
Ha OCHOBE CUMBOJIbHOH PErpeccuu, 4To 00ecreunBaeT aBTOMaTH3aLHUIO IPOLecca MPOSKTUPOBAHUS U BBICO-
KO€ KayecTBO MOJy4aeMbIX peIleHUH 0e3 NpUBIeUeHHs PYyYHOM HACTPOHKU. DTO OCOOEHHO LIEHHO Ul KPH-
TUYHBIX K HAJCKHOCTH CHUCTEM, pabOTalOMIMX B YCIOBHUSAX HEONPENENCHHOCTH M OTPaHUYEHHOTO pecypca
BBIYHCIICHUH.
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HNCKYCCTBEHHBI UHTEAAEKT B BOITPOCAX
HAAEXHOCTHU 1 KAYECTBA POBOTHU3ALINA
CAOJXHbBIX CUCTEM BOEHHOI'O HASHAYEHU
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AHHOTAUMA. AxmyanvHocme u yeau. IIpuMeHeHne poOOTU3UPOBAHHBIX YCTPOMCTB C MCKYCCTBEHHBIM HUHTEII-
JICKTOM B CJIOXKHBIX CUCTEMAaX BOCHHOI'O HA3HAYCHU MPUBEJIO K MOABJICHUIO HOBBIX 3a/la4, pCIICHUE KOTOPbIX 3HAYH-
TEJIBHO CIIOKHEE M0 CPABHEHMIO € 33JJa4aMU IPEIbIIYILIEro 3Tarna COBEPUIEHCTBOBAHUS «U€I0BEKO-MAIIMHHOTO UHTEP-
(eiican. ApTopamMu pabOTHl OBUIO TIPOBEJCHO WCCICIOBAHWE IO BBIBICHUIO TIPECUMYIIECTBA IPUMCHECHUS
HUCKYCCTBEHHOTO MHTEIJIEKTA B CJIOKHBIX CUCTEMax BOGHHOI'O Ha3HAUEHHUSI U OLEHKU MX HaJeKHOCTH U KauecTBa MpHU
MIPUMEHEHHUH B 00EBBIX NeHCTBUAX. Mamepuanst u Memoosl. B iccienoBaHNN HCTIOIB30BAHBI JAHHBIE OTKPBITHIX OTYe-
TOB K CTATUCTHYECKUM OIMPOCAM Pa3padOTYNKOB M MOJIB30BATENCH POOOTH3MPOBAHHBIX CIIOKHBIX CHCTEM BOSHHOTO
HA3HAYEHUS, OTYCTOB 00 HCCIIeJOBaHUHN POOOTH3HMPOBAHHBIX YCTPOUCTB. Pe3yismamet. Jlanbl GOpMYyITHMPOBKH ypOBHEH
HCKYCCTBEHHOTO OTHOCHUTENIbHO €CTECTBEHHOIO WHTEJUIEKTa, OIpeaeneHa kiaccupukanusi poOOTU3UPOBAHHBIX
YCTPOWCTB, a TaKXKe JaHa OLEHKa HAJEC)KHOCTH M KadyeCTBa NMPUMEHEHHS HCKYCCTBEHHOTO MHTEIUIEKTa B CIIOJKHBIX
cUCTeMaxX BOCHHOTO Ha3HAUEHHS MIPH IPOBEIECHIH OOEBBIX NeHCTBUI. Bbi600bl. VICKyCCTBEHHBIN HHTEIJIEKT U pOOOTH-
3a11s CJIOXKHBIX CUCTEM BOCHHOI'O HA3HAYCHUA CTAHOBATCA HEOThEeMJIEMOM YacThbI0 BOEHHON MPOMBIIIIJICHHOCTH, 0660-
Ne4urnBadg 3HAYUTCIIBHBIC ITPECUMYIIICCTBA B O6J'laCTl/I TOYHOCTHU, CKOPOCTHU U 6C3OHaCHOCTI/l BOCHHBIX onepaunﬁ U MpoBeE-
JeHU 00CBBIX IeHCTBHIA. IHTErpanys HCKYCCTBEHHOTO MHTEIUICKTA B BOIIPOCH HAJISKHOCTHU U KA4eCTBa POOOTH3AINN
CJIOKHBIX CUCTEM BOSHHOT'O HA3HAYEHUS CIIOCOOCTBYET yIIyUYIICHUIO BOCHHOM CHIIBI 1 00SCIICYCHUIO IPSHMYIIISCTBA Ha
TeaTpe BOEHHBIX JeUCTBUH.

Ki1roueBble €JI0BA: NCKYyCCTBEHHBIN MHTEIUIEKT, BOCHHBIE POOOTH3MPOBAHHBIC CHCTEMBI, POOOTH3HPOBAaHHBIC
YCTPOMCTBA, CIIOKHBIE CHCTEMBI BOSHHOTO Ha3HAUCHHMS

Jas uurupoBanus: ['ogyros A. U., Hlumxos C. B., Canamon 3.-A., Mensanuyk A. U., AnekceeB A. B. MckyccTBeHHBIH
HHTEIUIEKT B BOIIPOCAX HAJISKHOCTH M KauecTBa pOOOTU3ALUH CIIOKHBIX CHCTEM BOGHHOTO Ha3HaueHus // Hane:xHocTh U KauecTBO
cinoxHbIX cucteM. 2025. Ne 3. C. 17-25. doi: 10.21685/2307-4205-2025-3-2

ARTIFICIAL INTELLIGENCE IN THE ISSUES OF RELIABILITY
AND QUALITY OF ROBOTICS OF COMPLEX MILITARY SYSTEMS

A.L Godunov’, S.V. Shishkov?, Z.-A. Salamon?, A.I. Melnichuk*, A.V. Alekseev®
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Abstract. Background. The use of robotic devices with artificial intelligence in complex military systems has
led to the emergence of new problems, the solution of which is much more difficult compared to the tasks of the previous
stage of improving the "human-machine interface". The authors of the work conducted a study to identify the advantages
of using artificial intelligence in complex military systems and assess their reliability and quality when used in combat.
Materials and methods. The study used data from open reports on statistical surveys of developers and users of robotic
complex military systems, reports on the study of robotic devices. Results. The levels of artificial relative to natural
intelligence are formulated, the classification of robotic devices is determined, and the reliability and quality of the use
of artificial intelligence in complex military systems during combat operations are assessed. Conclusions. Artificial
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intelligence and robotics of complex military systems are becoming an integral part of the military industry, providing
significant advantages in the field of accuracy, speed and safety of military operations and combat operations. The
integration of artificial intelligence into issues of reliability and quality of robotics of complex military systems contrib-
utes to the improvement of military force and provides an advantage in the theater of military operations.

Keywords: artificial intelligence, military robotic systems, robotic devices, complex military systems

For citation: Godunov A.L, Shishkov S.V., Salamon Z.-A., Melnichuk A.L., Alekseev A.V. Artificial intelligence in the issues
of reliability and quality of robotics of complex military systems. Nadezhnost'i kachestvo slozhnykh sistem = Reliability and quality
of complex systems. 2025;(3):17-25. (In Russ.). doi: 10.21685/2307-4205-2025-3-2

BBepenne

YenoBek, UMEIONIUI HANOOIBIINN MO3T OTHOCUTEIHHO pa3Mepa BCEro Tella B )KUBOTHOM MUDE, SBIS-
eTcs JOMUHHUPYIOLIIUM BUIOM Ha 3eMiie, XOTS Mbl HE CaMble BBIHOCIIHMBBIC, CTPEMUTEIbHBIE 1 )KU3HECTOMKHE.
Ho BO3MOXXHOCTh MHTEJJIEKTA 4EJIOBEKAa HCIIOIb30BATh ITOAPYIHbIE HHCTPYMEHTHI U CIIOCOOHOCThH NMPHPY-
4aTh APyTHe BUABI )KUBOTHBIX HA OCHOBE YMCTBEHHOI'O IIPEBOCXO/ICTBA C IPEBHUX BPEMEH JaeT MpeuMylie-
CTBO C TOYKH 3PEHHSI OXOThI, COOUPATENBCTBA U BEACHUS BOWHBI.

W peanuu, okpyxaromue Hac, 3aCTaBISAIOT 33aTh BOIPOC: CIIOCOOEH JIM UCKYCCTBEHHBI HHTEIIEKT
(M) npupy4nTh YenoBeKa, Kak OH caM MOCTYIaJl Ha NPOTSHKEHUH ThICA4eTeTui ¢ ipyrumu Bugamu? Hcto-
PHsI BOSHUKHOBEHHUS HCKYCCTBEHHOI'O MHTEJUIEKTa HAUWHAETCS elle B IpeBHOCTU. Puiiocodsl TOro BpeMeHn
CTPEMHJIMCh OCO3HATh MHTEIUICKT uesnoBeka. Hanpumep, ApucroTens paspadoran «popMalbHYIO JOTHKYY,
KOTOpas Mo3»Ke cTaja OCHOBOM 11t anroputMoB [ 1]. U yxxe ¢ Hayana XXI B. HcTOpuUs cO3/1aHUsI HCKYCCTBEH-
HOT'O WHTEJUICKTA CBSI3aHa C Pa3BHTHEM MAIIMHHOTO 00y4YeHHUsI U 00paOOTKH OOJNBIINX AaHHBIX. Mcmonb3o-
BaHHE HOBBIX TEXHOJIOTHH — HEHPOHHBIX CETEH — MO3BOMIAET HCKYCCTBEHHOMY MHTEIUIEKTY 00y4JaThCsi caMo-
CTOSTEIHLHO Ha OCHOBE aHaJIM3a OONBLINX JJaHHBIX, 00ECTIEYMBAIOLINXCS TTI0KA YETOBEKOM.

«Ham nom» — maneTa 3emiis — BCTyHaeT B 9py BeACHUS OOEBBIX ACHCTBUH, KOTOpas OyAeT HanpsMyIO
3aBUCETh OT PEILCHHWH, NPUHITHIX COBPEMEHHBIM MCKYCCTBEHHBIM HHTeJUIeKTOM. IlomoOHBIe cucTeMmbl
UMEIOT opHUIHaNTbHOE Ha3BaHUe « CMEPTOHOCHBIE aBTOHOMHEBIE CHCTeMBI BoopyskeHmiD» (Lethal Autonomous
Weapons Systems, LAWS), HO daliie uX Ha3bIBaIOT MPOCTO «poboTamu-youitnamm» [2—4].

M cKycCTBeHHDBIN HHTEAACKT

«VIcKycCTBEHHBIH MHTEIUIEKT — 3TO 00JIacTh KOMIBIOTEPHOH HAayKH, KOTOpasi 3aHUMAaeTcsl pa3padboT-
KOH M CO3JITaHUEM CHCTEM, CIIOCOOHBIX BBITTONHSATH 3a7a4H, TPEOYIOIINE HHTEIJICKTYalIbHBIX CIIOCOOHOCTEH.
OTH CHCTEMBI OCHOBAHKI Ha aJlTOPUTMaX M MOCIIAX, KOTOPBIE ITO3BOJISIOT UM 00padaTriBaTh HH(POPMAITHIO,
00yyaTbcsi Ha OCHOBE OIBITA U IPUHUMATh peIeHUusD [2—5].

«VcKycCTBEHHBIN HHTEIUIEKT MOXKET OBITh peaTM30BaH Pa3IHYHBIMU CTIOCOOAMH, BKITFOUAs MAIITHHHOE
o0OydeHue, HeHPOHHBIE CETH, IKCTIEPTHBIE CHCTEMBI, TeHETHUECKHE aITOPUTMBI 1 MHOTO€ Jpyroe» [2-5].

«enb MCKyCCTBEHHOTO MHTEIUIEKTa — CO3/IaHIE KOMITBIOTEPHBIX CHCTEM, KOTOPBIE MOTYT BBIIIOJHSTH
CIIOKHBIE 3a/la4M, paHee CUUTABIIHECS MPeporaTHBON deroBeka». «VICKycCTBEHHBIH MHTEIEKT OCHOBAH
HAa KOMITBIOTEPHBIX aJITOPUTMaX U MPOTPAMMHPOBAHUH, B TO BPeMsI KaK €CTECTBEHHBIN MHTEIICKT — 3TO pe-
3yJbTAT OMOJOTHYECKON IBOIIONUH U (DYHKITHOHUPOBAHUS YEIOBEYECKOT0 MO3Tay. VICKyCCTBEHHBIH WHTEI-
JIEKT UMEET OTpaHWYCHHBIC 00JIACTH NMPUMEHEHUSI U CIIOCOOHOCTH, a €CTECTBEHHBIN MHTEIUIEKT 00Janaet
HIMPOKUM CIIEKTPOM CIIOCOOHOCTEH, BKITIOUasi abCTpaKTHOE MBIIIIJICHHE, TBOPUYECTBO U IMOLIMOHATBHBIE Pe-
akuu [2-5].

B Hacrosiiee Bpemsi MCKYCCTBEHHBI WHTEJUICKT Pa3BHBACTCS Aajbllie, U3MCEHsS pazHOOOpa3HbIe
cepsl AeITeTbHOCTH YeJI0BEeKa H B3AUMOCBS3b «UEIOBEKa U MAIIMHED). BMecTe ¢ TeM YeloBeK CTaIKUBaSTCS
C KOMITJICKCOM BOIIPOCOB, OTHOCSIIIMXCS K COOJIOACHUIO HPABCTBEHHBIX CTaHAApPTOB WM HOpM. [ naBHas
3amaya — oOecreyeHne 3aIlMIIEHHOCTH YeoBeKa U MHPOPMaOHHAas 0€30MaCHOCTD MPH CO3/AaHUH U MIPH-
MEHEHHH CHCTEM Ha OCHOBE MCKYCCTBEHHOTO MHTeIIekTa. Hapymenus 6e30macHoCTr TaHHBIX U KOH(DHIEH-
[UAJILHOCTH B HACTOSIIIEE BPEMsI HAPACTAIOT, YTO 3aCTABIISACT MEPEHTH K OOJIee CTPOTUM PETYIISIHIM U Jei-
CTBUSIM TI0 3aIIUTE UHPOPMAIIHH.

YperynupoBaHue 3THIECKIX BOIIPOCOB CIIEAYET MPOBOANTH B COBMECTHOM paboTe CaMUX 3THKOB, TEX-
HUYECKUX CIIEIHAJIMCTOB MCKYCCTBEHHOT'O MHTEIUIEKTAa M BOSHHBIX CIICHHAHCTOB, MOJUTHKOB M APYTHX
YY4aCTHHUKOB, HEMTOCPEICTBEHHO CBA3aHHBIX C 3TUMH BOIIPOCAMH.

Bwmecte ¢ Tem I/ICKYCCTBGHHI)Iﬁ HHTCJIJICKT IIOBBIIIACT 6€CHOKOI>'ICTBO B OTHOLICHUH COKpalICHHUA pa-
00YMX MECT U HKOHOMHYECKOTO paccloeHusi 00IIecTBa, XOTs ¢ HamKM JaeuiuToM pabounx mpodeccui
cTouT MpobiemMa OBICTPOTO MepeoOydeHUS JTIOACH M YPeTryIHpOBaHUS PETHOHAIBHBIX 3apaOO0TaHHBIX TIIAT
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JUTS YCTPaHEHUS COIUANILHBIX M IKOHOMHYECKHUX HEPABEHCTB B 001ecTBe. B HacTosIIee BpeMs He00X01uMO
3aMEHSATH «HEJIETATBHBIX MUTPAHTOBY Ha pOOOTOTEXHUIECKHE KOMIUIEKCHI.

BypHoe pa3BuTHE NCKYCCTBEHHOTO MHTEIICKTA CO3/IAeT TPEBOTY I10 TIOBOJY €r0 BO3JIECHCTBHUS HA KH-
0ep0e30macHOCTh, YTO BBI3BIBAET HEOOXOJMMOCTh MEXKIOCYJapCTBEHHOTO B3aWMOICHUCTBHSI H STHYECKOTO
peryIupOBaHUSs.

K riaBHBIM MOHATHSM HCKYCCTBEHHOTO MHTEIUIEKTA (B MEKAYHAPOJHBIX 0003HAYCHUSX) CICIYET OT-
HecTu: WcKyccTBeHHBIN mHTemnekT (Al — Artificial Intelligence); mammuHoe obyuenne (ML — Machine
Learning) — paznen Al; Hayka o gansbix (DS — Data Science) [2-5].

HckyccTBeHHBIN HHTENIIEKT paclpeieNiieTcs Ha CIeIyIoIIne YPOBHHU:

— ypoBeHb () — «HET UCKYCCTBEHHOT'O MHTEIUICKTa» (HaYaIbHBIH YPOBEHb KOMIIBIOTEPHBIX IPOTPaMM,
0e3 QyHKUMHU aganTanuy ¥ caMooOydeHHs, HallpUMeEp, KaJbKYyJISTOPbI);

— ypoBeHb | — HUKHHIA YPOBEHB HEPAPXUHN — «CIIA0BII — pa3BUBAIOIINIACS NCKYCCTBEHHBI HHTEIIIEKT)
(ypoBeHb uenoBeka 0e3 crelManbHBIX HABBIKOB M JIaXKe JyYIle, Te MPUMEHSIIOTCS HEHPOHHBIC CETH, ajro-
PHUTMBI ¥ POPMBI SBOTIOLUOHUPYIOIIMX BEIYHACICHHH, 00eCIeYrBaOIIIe TOHUMaHKE MMPOLIECCOB aAanTaluy,
BOCHPHUSATHS, BOIUTOIIEHUS ¥ B3aUMOJICHCTBHS C OKPYKAIOINUM (PH3MIESCKAM MUPOM )»;

— YPOBEHb 2 — «CPEAHUN — KOMITETCHTHBIN UCKYCCTBEHHBI MHTEIUIEKT» (pelIaeT 3a1aul Ha YpOBHE
CpeIHEro B3pocioro (He BBIAAIOMIET0Cs, HO KOMIETEHTHOTO COTPYAHKKA), TI€ IPUMEHSIOTCS IIa0I0HbI JI0-
TUYECKOTO BBIBOJA, TIIE PAcCCMATPUBAIOTCS M M3YYAIOTCH CXEMBI JCTyKIUH, a0JayKIWH, WHIYKIWH, TOJ-
JEPKKW UCTUHHOCTH, a TAaK)Ke JIPYTHe MHOTOYNCIIEHHBIE MOJIENY U TIPUHITHAIIBI PACCYXKICHUH);

— YPOBEHB 3 — BBICIIUN YPOBEHb — «CHIIBHBIN — SKCIIEPTHBIA UCKYCCTBEHHBIM HHTEIIIEKT» — ATO caM
pasym, npeBocxoasanuii yenopeueckuit. CoznaBaemslii cerogus U moapaszymeBaer moOyr0 AesITETLHOCTh
KOMITBIOTEPA, UMUTUPYIOLIYIO YEJIOBEUECKUI MHTEIEKT; cuiabHbIM W — TOIBKO TaKyro, KOTOpast IPETEH-
IyeT Ha YTO-TO YHHBEPCAJIBHO 0o0lIee, IMOX0Kee Ha TO, KaK MBICIUT YEJIOBEK;

— YpOBEHB 4 — «BUPTYO3HBII NCKYCCTBEHHBI HHTEIUIEKT» — JOCTUTAET BEICOT MacTepCTBa, IPEBOCXO-
JSIIIET0 HAaBBIKK 99 % B3pOCIHBIX JF0/Iel, KOTOPBIH HAMHOTO YMHEE JTyUYIINX YeJIOBEYECKUX YMOB ITPaKTHUe-
CKH B 1000# chepe, B TOM YHCIIe HAyIHOTO TBOPUYECTBA U COLMATBHBIX HABBIKOB;

— YPOBEHB 5 — «CBEPXUEIOBEUSCKUI UCKYCCTBEHHBIH HHTEIUIEKT». Ha mSTOM ypOoBHE HCKYCCTBEHHBII
WHTEIICKT BBIXOIUT 3a MPeIeibl YeJIOBEUYECKUX BOZMOKHOCTEH U MOXKET pelllaTh 3a7a9u, HeJJOCTYITHEIE Ye-
JIOBEKY.

Bosbiive ganHbIe — OONBIION 00BEM CTPYKTYPHUPOBAHHBIX U HECTPYKTYPUPOBAHHBIX TaHHBIX B IH(]-
POBOM BHJIC, XapaKTSPHU3YIOMUIICS 00BEMOM, CKOPOCThIO M3MEHEHUsS W pa3HooOpazueM. s oOpaboTku
OOJBIINX JaHHBIX MOTYT MPHUMEHSTHCS CIEIMATM3UPOBAHHBIE MPOTPAMMHBIE WHCTPYMEHTHI, TaKHe Kak
Apache Hadoop / Storm / Spark, Kaggle, CYB]] xnacca NoSQL [2—-5]. [TlepepaboTanHbIii, yIOpSJOYCHHBIN
U pa3MEUYCHHBIH Ha0Op JaHHBIX, H3BJICUCHHBIN U3 PEICBAHTHOI'O MacCHBa OOJBIINX JaHHBIX, CIYKUT HEOTh-
€MJIEMBIM W BRYKHBIM 3JIEMEHTOM ISl MAIIIMHHOTO O0YYEeHHS B COBPEMEHHBIX BOSHHBIX CUCTEMaX.

HefiponHast ceThb — B3aUMOCBSI3aHHOE MHOKECTBO HCKYCCTBEHHBIX HEHPOHOB, BBHIONHSAIOMNX TPO-
CTBIE JIOTUYECKHE OTepaliy, 00JIaIaolre cliocOOHOCTHIO MAIIMHHOTO O0YYeHUSI.

CxemMaTnyHO 3aBHCHMOCTh OCHOBHBIX OIPE/ICIICHUI MpeicTaBlIeHa Ha puc. 1.

HckyccTBeHHBIH
HHTEJUTEKT

Mammisoe
oOy4deHue

Heiipocetn

TaybGoxkoe
obyueHne

Puc. 1. Cxema B3auMocCBsi3u HNCKYCCTBCHHOT'O MHTCIIJICKTA C MAIIIMHHBIM O6y‘{eHI/I€M
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U3 puc. 1 cnenyert, 4To MammHAOE 00yUEHHUE — 3TO pPa3/iel ICKyCCTBEHHOTO UHTEIUIeKTa. « MammHHOe
00yUeHHE — ATO TEXHUKA 00yUeHUS HHPOPMAITMOHHONW CUCTEMBI Ha OCHOBE ITPEIOCTaBICHHBIX HA0OPOB TaH-
HBIX 0€3 UCIOIL30BaHUS MpEAOCIIPEACIICHHBIX ITPAaBUJI, ABJIACTCA YaCTHBIM CIIy4a€M UCKYCCTBECHHOI'O MHTECJI-
nexta. OOmIeii 3a1aueil MAaIIMHHOTO O0Y4eHUs SIBIACTCS TIOCTPOCHHUE aNropuT™Ma (IporpaMMBbl) Ha OCHOBa-
HUU TIPEOCTAaBICHHBIX BXOJHBIX [aHHBIX W 3aJaHHBIX BEPHBIX/OKHUIAIONIMXCS PE3yJIbTaTOB: TaKUM
obpazomM, mporiecc paboTrel ML-cuctemsl pa3ienieH Ha MEepBOHAYAIBEHOE OOYUCHUE HA MPEIOCTaBIISIEMBIX
Habopax JAaHHBIX U Ha MOCIeAyIolee MPUHATHE PEHICHUH yke 00yueHHOH cucteMoid» [5].

B HacTosmIee Bpems cyIecTByeT HeCKOJIBKO ClIOCOO0B MAITUHHOTO O0yYEHHUS:

— KOHTpOJIHpyeMoe (0OYICHHE C YIUTETIEM);

— HEKOHTpoMpyemoe (o0yyenue 0e3 yuurens);

— 9aCTUYHO KOHTPOJHPYEMOE;

— o0OyJeHHE ¢ TTOAKPEIICHUEM;

— camo00yueHue;

— TpaHc(epTHOEe oOyueHHe.

KonTpomupyemoe oby4eHne nnn o0y4eHne ¢ yYuTeleM — CII0CO0 MaITMHHOTO 00y4eHus, B KOTOPOM
UCIIONIB3YIOTCS pa3MeueHHbIC HA0OPHI JaHHBIX (IPOKIACCUPHUIIMPOBAHHBIC OOBEKTHI C BBIICIICHHBIMU XapaK-
TEPHBIMU TMPHU3HAKAMU), U1 KOTOPHIX HEKUH «y4UTeNb» (YesloBeK Wi oOyuaromasi BBIOOpKa) yKas3bIBaeT
MPaBIIIBHBIC TIAPHI «BOMIPOC—OTBET», HA OCHOBAHUHU YeT0 TPEOYETCs IOCTPOUTH alTOPUTM MPEIOCTABICHUS
OTBETOB Ha JAJIbHEHIIINE aHAIOTUYHBIE BOITPOCHL.

«HexoHTponmpyemoe o0ydeHne WK 00y4eHue 6e3 yUuTesst — CIIoco0 MAITMHHOTO 00yYeHHSs, B KOTO-
POM HE WCIIONB3YIOTCS pa3MedYeHHbIe HaOOphI JaHHBIX, HE yYKa3aHBI MPaBUIBHEIE Taphl «BOMPOC—OTBETY,
a oT HH(OPMAIIMOHHOM CUCTEMBI TpeOyeTcs Ha OCHOBAaHUH N3BECTHBIX CBOWCTB OOBEKTOB HAWTH pa3INIHbIC
B3aUMOCBSI3H MEXKIY HUMI» [5].

«YacTHYHO KOHTpOJIUpyeMoe 00ydeHHe Wi 00y4eHre C YaCTUYHBIM MPUBJICYCHUEM YUHUTEIS — CIIO-
co0 MamMHHOTO O0Y4YeHHs, B KOTOPOM KOMOWHUpPYETCs HeOONBIIOoe KOMMYECTBO Pa3MEUYeHHBIX HaOOPOB
JTAHHBIX ¥ OOJIBIIIOE KOJIMYECTBO HEpa3MeUeHHBIX. Takoi moIXo 1 ompaBAaH TeM, YTO TOTyUeHHE Ka4eCTBEH-
HBIX Pa3MEUYCHHBIX HAOOPOB JaHHBIX SBISETCS JOCTATOYHO PECYPCOEMKUM H AIUTEIBHBIM Ipomeccom» [5].

«OO0yueHne ¢ MOJKPEIICHNEeM — YacTHBIN ClTydail 00ydeHUs ¢ yUUTeNeM, ITPH KOTOPOM «YIHTEIeM»
SBIISIETCS cpeaa (QyHKIIMOHNPOBAHUS, NAtoIIasi 0OpaTHYIO CBA3h HH(POPMAIIMOHHON CHCTEME B 3aBUCHIMOCTH
OT IPUHATHIX €10 pemeHuil. [Ipyu 3ToM B MalmmHHOM 00y4€HUH MOTYT HCIIOJIb30BATHCS U JIPYTHE allTOPUTMBI,
Takue Kak OaifecoBCKHe ceTH, enu MapkoBa, rpaJueHTHBIH OycTHH [5].

Camoo0ydeHmne — 3To 00ydeHHe, IPH KOTOPOM HCIIBITyeMasi CHCTEMa CIIOHTAHHO 00yJaeTCs BBITION-
HSTh TIOCTABIICHHYIO 3a7jauy 0e3 BMEIIaTeIbCTBA CO CTOPOHBI dKCIIepuMeHTaTopa. [Ipu aToM MeToie MoJieb
CaMOCTOSITEIbHO 00ydaeTcsl Ha Hepa3MEeUeHHBIX JaHHBIX, YTOOBI MPOCTABISATH COOCTBEHHBIE METKH. Tak pa-
00TaIoT, HaNpPUMep, AITOPUTMBI, KOTOPBIE MOJICKAa3hIBAIOT CIEAYIOIIEE CIOBO MPH HabOpe TeKCTa Ha CMapT-
¢domne.

Tpaucheproe oOyueHre — HaubOoOJIee CIOXKHBIM CIIOCO0, KOTOPBIHM MpeanoyiaraeT 00y4eHne MOJICIN
Ha OJTHOM THIIE 33/1a4, a WCIIOJIb30BaHUe — Ha APYroM. Takoi MOaX0a 3KOHOMHT PECYPCHI, TaK KaK MOJIENb
HE TIPUXOJNTCS YIUTHh BCEMY C HYJIS.

I'myGokoe 0Oy4deHre — 3TO YaCTHBIN CITydail MallMHHOTO 00yYeHHs, B KOTOPOM HCITONB3yeTCs CIIOXK-
Hasi MHOTOCJIOWHAsI UCKYCCTBEHHAasI HEMPOHHAsA CETh Ul SMYJISIIUU PabOThI YEIOBEYECKOro Mo3ra u obpa-
0OTKH peuH, 3ByKOBBIX U BU3yaJIbHBIX 00pa3oB. MalmHHOE 3peHre B HACTOSIIIEE BPeMs ITMPOKO HUCIIOIb3Y-
eTcs B cucTeMax oOecriedeHrs: 0€30MacHOCTH, KOHTPOJISI TPAHCIIOPTa U maccaxupoB. Cuctemsl 00paboTku
peuu U Pacro3HABaHMS CJIOB ITOMOTAIOT TOJOCOBBIM accucTeHTaM «CHpU» WM «AJMce» OTBeyaTh Ha BO-
MIPOCHI NOJIb30BaTene [5].

Pobomuzayusn

Cornacao 'OCTy po60T — mporpaMMUpyeMbIii UCITOJTHUTETBHBIA MEXaHU3M C OTIPEICIICHHBIM YPOB-
HEM aBTOHOMHOCTH JIJIs1 BHITIOJTHEHUS TIepEeMEIICHHUs, MAHUITY THPOBAHUS WU MIO3UIIMOHUPOBAHUS [6].

PoGoToTexandueckoe yCTpOWCTBO — HCIIOTHHUTEIBHBIN MEXaHU3M, O0Jamalomuil XapakTepUCTHKAMHU
MIPOMBIIIUIEHHOT0 poO0Ta MM CEPBUCHOTO po0OTa, HO HE MMEIOIIUI 100 HEOOXOAUMOTO YHcia Iporpam-
MHUPYEMBIX CTETIeHEH MOABMXHOCTH, JTMO0 HEKOTOPOH CTEIeHH aBTOHOMHOCTH [6].

PobGoToTexHnYeCKIiT KOMIUIEKC — KOMIUIEKC, COCTOSIINI U3 OJTHOTO WIIH HECKOIBKUX POOOTOB, UX pa-
00YMX OPTraHOB M JTIOOBIX MEXAaHU3MOB, 000PYAOBAHMSI, TPHOOPOB WIIH JATYNKOB, 00CCIIEINBAIONTNX BHITIOIN-
HeHHe poOoTOM (YHKLIMOHAIBHOTO Ha3HAYCHUs (3aJanus) [6].
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Knaccudukamms poOOTOB MOXKET IPOBOAUTHCS IO Pa3HBIM MPU3HAKAM, IIPUBEICHHBIM HIXKeE [6].

ITo xapakTepy BBITIOTHEHUS TEXHOJIOTHIECKHUX OIEPaIInii:

— T€XHOJIOTHYCCKUEC (BLIHOJ'IHHIOT OCHOBHBIC TCXHOJOTHYCCKHUEC Ol'[epa]_[I/II/I);

— BCIIOMOTATENIbHbIC (HApUMEp, MOIbEMHO-TPAHCIIOPTHEIC, KOTOPBIC BHIMONHSAIOT (PYHKIUU Tepe-
HOCa 00BEKTa B BEPTUKATLHON M TOPU30HTATHHON TIIOCKOCTSX);

— YHUBepCaJbHBIE (BBIMTOJIHAIOT pa3HOOOpa3HbIe TEXHOJIOTHYECKHE ONIEpaIllii — OCHOBHBIE U BCIIOMO-
raTeibHbIe).

Ilo crenenwu crienuanu3anuu:

— CIIEIUATbHBIE — TOJIBKO /IS BRIIOJTHEHHUS OJHOW TEXHOJIOTHYECKOH ONepanuy Wil 00CTyKUBaHHS
KOHKPETHOTO TEXHOJIOTHYECKOT0 000PyI0BaHuUS;

— CHeNHaI3UPOBAHHBIE — JJISl BBIITOJIHEHUS TEXHOJIOTHUECKUX OTEpaIfii OJTHOTO BUIA;

— MHOTOIIEJIEBEIE — JIJIS1 BBITOTHEHSI PA3TMYHBIX OCHOBHBIX U BCTIOMOTATENFHBIX OEPaIinii.

ITo cucreme OCHOBHBIX KOOPJAUHATHBIX TIEPEMELIEHUN:

— IPSIMOYTOJIbHAS: IIJIOCKAs, IPOCTPAHCTBEHHAS;

— TOJISIpHAs: TUIOCKas, HWJIHHApUYecKas, cpepruaeckast.

Ilo yucny creneHen MOABUKHOCTHU:

— C OJTHOHM CTENEHBIO TIOABHKHOCTH;

— IBYMSI CTETICHSIMU TTOABI>KHOCTH;

— 1 CTETICHSAMH TIOJIBUKHOCTH.

ITo rpy3onoxbeMHOCTH:

— CBepxJIeTKue — 10 | KT;

— nerkue — 1o 10 kr;

— cpennue — 1o 200 kr;

— msokensie — 10 1000 xr;

— cBepxTsKenble — cBbime 1000 kr'.

Takxum 06pazom, poOOT — 3TO aBTOMAaTHIECKOE YCTPOUCTBO, KOTOPOE 32 CYET KOHKPETHOW HHTETPHUPO-
BaHHOWM MPOrpaMMbI MOKET UCTIOTHSTH 32 YSIOBEKA HEKOTOPBIC UIIH BCE MBICIIUTEIIBHBIC U TEJIICCHBIC 3a/1a4H.
Bcem n3BecTHBI OBITOBBIE HITH CEPBUCHBIE POOOTHI, KOTOPHIE IIOMOTAIOT YEIIOBEKY B KaXKIIbIi JI€HB 110 XO035H-
CTBY — ITIEPCOHANLHBIC (POOOTHI-IIBIIECOCH], KYXOHHBIE pOOOTHI | T.J.) WM Ha paboTe — MpodheCcCHOHATLHEBIE
(poOOTHI-KOHCYIBTAHTHI, POOOTHI-TUABI U T.A.) [7].

B nocnennee BpeMs akTUBHO UCIIONIB3YIOTCS 00CBBIE POOOTHI, KOTOPBIC SBISIOTCS YHUBEPCATBLHBIMU
TEXHUYIECCKUMHU yCTPONCTBAMH, TPUHIUMAIOIITNMH ydacThe B 00eBbIX aelicTBusx. Ha CBO akTHBHO WCITOJIb-
3YIOTCA BO3AYIIHBLIC, HA3CMHBIC U MOPCKHUE pO6OTI>I, Harpumep, MHOI‘O(i)YHKHI/IOHaHBHaSI JUCTAaHIIMOHHO
ynpasisemas matdopma «Jlenemay, KoTopas yrnpasiseTcss OTHUM OIepaTOPOM U CIIOCOOHA OBICTPO U He-
3aMETHO JIOCTABIIATH Ha MEPEeIHUHN Kpai MPOBU3HIO0, OOSTPUTIACH], TOTLIMBO M ABAKyHPOBATh PaHEHBIX COJI-
nat. Emre rycernuHbIi pooot «Kapakam», KOTOPBIHA YIIPaBISIETCS OTIEpaTOPOM Ha PACCTOSHUU 2 KM, CITOCO-
6en Hectu Ha cebe 500 kr ¢ 3amacom xoxa B 150 kM. MaHeBpeHHBII U KOMIakTHBIN «Kapakam» Moxer
MIEPEBO3UTH TPY3bl, IBAKYHPOBATH PAHEHBIX, BBHIIONHATH OTHEBYIO MOIICPKKY. X BceX MOKHO OTHECTH
K pOOOTH3UPOBAHHBIM CIIOKHBIM CHCTEMaM BOEHHOT'O Ha3HAYEHHs, pabOTAIOIINM KaK ¢ TIOMOIIBIO OTIepaTo-
PoOB C HOZ[IIGp)I(KOﬁ HUCKYCCTBCHHOI'O MHTCIIJICKTA IIPU NPUHATHU PCIICHUA, TaK U oe3 y4dacTusd 4€JI0BCKa —
aBTOHOMHOE opy:xue [8].

CAO>KHbIE CHCTE€MbI BOGHHOI'O Ha3HAYEHHUS

HckyccTBeHHBIN MHTEIUIEKT MCIIONIB3YETCS BOCHHBIMU U 00OPOHHBIMHU OPTaHU3AIHUAMHA PA3THIHBIMA
croco0aMu: KuOepOe30MmacHOCTh, JIOTHCTHKA U TPAHCIIOPT, paclio3HaBaHuUe Iieiei, METUITMHCKOE 00CTyKH1-
BaHUE, MOJICIMPOBaHUE OOCBBIX JICHCTBUIA U 00y4eHue conjaT. Ha puc. 2 npuBeneHbl pacIpOCTpaHCHHEIC
CIIEHapUH HUCIIOIb30BaHUS HCKYCCTBEHHOT'O WHTEIUICKTA.

W3 puc. 2 cnenyer, 4To s 0O6ecIieYeHNs MOIACPKaHNS CUTYAIMOHHOW OCBEIOMIIEHHOCTH B PEXKIME
PCAILHOTO BPEMEHH U B MOMEHTE JICTCKTHPOBAHHUS YIrPO3 MPUMEHSIOTCS aJlTOPUTMbI HCKYCCTBEHHOTO HMH-
TEJUIEKTa, KOTOpble HEOOXOMUMBI 111 00pabOTKH OONBIINX 00BEMOB JAHHBIX M3 MHOTOOOPa3HBIX HCTOYHU-
KOB OT JaTYMKOB BOCHHBIX MPHOOPOB A0 CITyTHUKOB. C MEIhI0 TPOTHO3WPOBAHUS TEXHUIECKOTO 00CITyKH-
BaHUs UCIOJb30BaHUE AJITOPUTMOB UCKYCCTBEHHOTO MHTEJUICKTA 3HAUYUTEIBHO COKPAIACT BPEMsl IPOCTOS
BOOPY>KEHUS U BOCHHOH TEXHHUKH U TEM CaMbIM TIOBHIIIIAET 000POHOCIIOCOOHOCTH BOSGHHOTO MOJIPa3ICICHHS

'TOCT P 60.0.0.4 —2019/1SO 8373:2012. PoGOTBEI 1 poGOTOTEXHUIECKHE YCTPOKHCTBA. TEPMUHEI M OIIPENEICHHS.
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B LIEJIOM Ha OCHOBE OBICTPOrO ONpEEIeHUs] HEUCIPAaBHOCTH U HEOOXOIUMBIX 3allaCHBIX YacTe. AHalo-
THYHO alTOPUTMBI MCKYCCTBEHHOTO MHTEIIEKTa MPUMEHSIOTCS B KHOepOe3onacHOCTH, Oasupyromeiics Ha
M300JIMYCHUH U TIPEIYPEKICHHN KHOepaTak NpOTUBHUKA. K OCHOBHOMY CIIEHApHIO UCIIOJIb30BAHMUS HCKYC-
CTBEHHOTO MHTEIUIEKTa HE00X0IMMO TaKXKe OTHECTH CIIOCOOHOCTH OKa3aHHs IOMOIIH B IPUHSATHH PEIICHHS,
KOT/Ia B yCIIOBHSAX IIOCTOSTHHOTO CTpecca M BBICOKOTO PUCKA YENIOBEKY HEOOXO0IMMa PEKOMEHIAINS B PEKIME
peanbHOTO BPEMEHH, a TAKKe YIS UCKIFOUSHHS YeJIOBEKa OT YIPABICHHUS CPEJCTBaMH TIOPAXKCHUS WIIH BO-
OpY’KEHUEM U BOCHHOHN TEXHHUKOMH B 11e510M [9].

IIporuo3apoBanne
TeXHHYECKOro KubdepdezonacunocTs

00 CTyKHBAHAA

Cuenapun
HCITO/IE30BaHNA
HCKYCCTBEHHOTO
ABToOHOMHOE HHTE/UIEKTA

opyXKHe ’ IIpHBsiTHE pe e il

CHTyanHOHHAS
OCBEeJOMIEHHOCTH

Puc. 2. HeKOTOpLIe PacnpoCTpaHCHHBIC CLICHAPHUU UCTIOJIB30BaHUA AJITOPUTMOB UCKYCCTBEHHOI'O MHTEJJICKTA

Ha puc. 3 IMPUBEACHBI HEKOTOPBIE BO3MOXKHBIC IOCICACTBHUA NMPUMEHCHHUA MCKYCCTBEHHOI'O MHTECII-
JICKTa B BOCHHBIX LCJIAX.

IipuMenenune
HCKYCCTBEHHOIO
HHTE/LIeKTa

IHoesimeHHANA ikl Hogsbie popmel

MERTYHAPOTHOMY
npasy

JCTAJBHOCTE BeJleHHs BOMHBI

Puc. 3. HCKOTOpLIe BO3MOJKHBIC TOCJICACTBUA NPUMCHCHNA UICKYCCTBEHHOI'O MHTECJIJIEKTAa B BOCHHBIX LCJIAX

U3 puc. 3 crnepyer, 4TO MOCIEACTBUS NPUMEHEHHUS] HCKYCCTBEHHOTO MHTEJUIEKTa B BOCHHBIX LEIISIX
MOTYT IIPUBECTH K MOBBIIIEHHOH JICTATBHOCTH, TaK KaK HCIOIb30BAHUE OPYKHUs, paOOTAIONMEro Ha alNrOpuT-
MaX MCKYCCTBEHHOT'O HHTEJUIEKTA, IPUBEAET K ropas3io O0IbIIeMy YHCITY YEIOBEUSCKUX JKEPTB, UM TPaH-
LUOHHOE OpYyXHe (IPUYUHA KPOETCsl B TOYHOCTH MONaJaHHs 3TOr0 OPYXKHS U, COOTBETCTBEHHO, (haTanbHO-
cTbi0). Taxke MCKYyCCTBEHHBIH MHTEUIEKT MOXET HPUMEHSTHCS Ul N300pETeHHsS HOBBIX ()OPM BEICHHS
BOWHBI C UCTTOJI30BaHHEM POOOTOB MM KHOEpIpOCTpaHCTBa. Mcnoap30BaHie HCKYCCTBEHHOT'O HHTEIUICKTa
B BOCHHBIX KOH(IMKTaX W OOEBBIX JEHCTBHUIX MOXET OpPOCHUTH BBHI30B JICHCTBYIOIIEMY MEKAYHAPOIHOMY
npaBy.

Taknum 00pa3oM, IPIMEHEHHE HCKYCCTBEHHOTO HHTEIIEKTA B CIIOKHBIX CHCTEMaX BOCHHOTO Ha3Have-
HHS UMeeT CIIeIYIOIUe IPeuMyIIecTBa:

— yBeJIM4YEHHE TOYHOCTH U 3()(HEKTUBHOCTH BOEHHBIX ONEpalMii Ha OCHOBE YJIYYIICHHS TOYHOCTH
HaBeJCHHS OPYKHUS, PAIOHATBHOMY BBIOOPY MapIIpyTOB U MaHEBPOB, YTO MPUBOJNT K CHIDKCHHUIO TTOTEPh
1 TOBBIICHUIO 3()()EKTUBHOCTH OTICPALIHIA;

— aHaJIM3 OTPOMHBIX 0OBEMOB JaHHBIX U MPUHATUE PEIICHUN B peabHOM BPEMEHHU NP OBICTPOU3ME-
HSIOIIUXCS YCIIOBUSX BEICHNS OOEBBIX JCHCTBHI C IENBbIO MPEIOCTABICHUS HHPOPMALINH YETOBEKY;
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— YMEHBIIICHHE YeIOBEYECKOro (PakTOpa Ha OCHOBE aBTOMATH3AIINH CIIOXHBIX MPOIECCOB;

— ynydineHue 6€30MacHOCTH TIMYHOTO COCTaBa U MPAXKIAHCKOT0 HACEICHHUSI C IIeTbI0 MPEI0TBPAIICHUS
IIPOHUKHOBEHHUS HA TEPPUTOPHUIO TUBEPCUOHHBIX U TEPPOPUCTUUECKUX TPYIIIL;

— COKpaIICHUE BPEMCHHU U 3aTpaT Ha OPraHU3AIUI0 U MTPOBEJCHUE 0OCBBIX JeHCTBHI U 3()(hEKTUBHOE
pacrpenesicHue pe3epBOB U MaTepHAIBHO-TEXHIUECKOTO obecrreueHus [10].

HaAe)KHOCTb H Ka4eCTBO POGOTHS&].II/II/I CAOKHBIX CHCTEM BOCHHOI'O
Ha3HAYCHHN Ha OCHOBE HCITIOAD30BaHHUSI HCKYCCTBEHHOI'O HHTCAACKTA

HckyccTBeHHBIN MHTENIIEKT UTpaeT BaXXHYIO POJIb B BOIPOCAX HAJAEKHOCTH M Ka4eCTBa CIIOKHBIX CH-
CTeM BOCHHOTO Ha3HAYEHHs, B IOBBIIIEHUH TOYHOCTH NIPOTHO3MPOBaHUS AePeKTOB 1 cO0eB B paboTe BOOPY-
KCHUS U BOGHHOH TEXHHUKH, YTO TI03BOJISICT POrHO3UPOBATH BO3MOXHBIE PUCKH H IIPUHATH MEPHI K UX YCTpa-
HEHHIO.

UckyccTBeHHBIN WHTEIUIEKT BBIMOJIHSET P MOHOTOHHBIX 33/IaHHI, TAKMX Kak cOOp OTPOMHBIX J1aH-
HBIX, aHAJIM3 OTYETOB M OTCIICKHUBAHUE CTAaHIAPTOB KaYECTBA, YTO 00JIerdaeT AesITeIbHOCTh YeIOBEKa.

ANTOpUTMBI UCKYCCTBEHHOI'O HHTEIIEKTAa aHAJIU3UPYIOT AAHHBIE 00 HCIOIB30BAaHUU BOOPYKEHUS
1 BOCHHOW TEXHHKH M MOTYT IPOTHO3UPOBATh, KOT/Ia KAKHE YCTPOHCTBA OyIyT TpeOOBAaTh PEMOHTA MITH TEX-
HUYECKOTO 00CTYKUBAHUS.

C uenplo pa3BUTHUS BHEAPEHHS HCKYCCTBEHHOTO MHTEJUIEKTA B YIPABJICHHE Kau€CTBOM B CIIOXHBIX
CHCTEeMax BOEHHOT'O Ha3HAUYEHUS! pEKOMEHIyeTCs 3TOMY 00y4yaTh B yU€OHBIX 3aBEJICHHUSIX KypCaHTOB, pa3BH-
BaTh HHPPACTPYKTYPY IS MX KAUECTBEHHOT'O O0Y4YEHHUSI.

[Tpu 3TOM HaAEKHOCTH UCKYCCTBEHHOTO MHTEIUIEKTA 03HAYAET €r0 CIIOCOOHOCTh paboTaTh CTaOMIIBHO
U IpeAcKa3yeMo B pa3sHOOOpPa3HbIX BapuaHTax npuMeHeHus. ClI0o)KHasi CUCTeMa BOCHHOTO Ha3HAYEHUs, OC-
HOBaHHAas HA MCIIOJIb30BaHNH UCKYCCTBCHHOI'O MHTEIICKTA, TOJDKHA OBITH CIIOCOOHA JIeNIaTh BEPHBIC MPO-
THO3BI WJIM IPUHUMATh HEKOTOPBIC PELLICHNS HCXOS UX JOCTYIHBIX AaHHBIX.

HeB3upass Ha AOCTOMHCTBA NPUMEHEHMS HCKYCCTBEHHOIO WMHTEIUIEKTA, IJIOXas HAAEKHOCTb, BO3-
MOJKHO, IPUBENET K TSHKEIBIM TocieAcTBUSAM. ONIHOKY U HETIPaBUJIbHBIC PEIICHHS B IIPOTHO3aX WM B 00-
paboTke OOJBIINX AAHHBIX MOTYT MPHYMHUTH BPEA YEIOBEKY U OKCILTyaTallud CIIOKHBIX CHCTEM BOCHHOTO
HazHaueHMs. 15 rapaHTHPOBaHUS HaIS)KHOCTH HCKYCCTBEHHOT'O HHTEIJIEKTA LIENeco00pa3Ho UCTIONB30BATh
pa3HooOpa3Hble NEUCTBUS 10 00ECIICUEHHIO KaueCTBA CIOKHBIX CHCTEM BOCHHOI'O HAa3HAYEHHSI, YTO COAEP-
KHUT B ceOe 00OCHOBaHHOE TECTHPOBAHHE M BEPU(PHKALHUIO CIOKHOW CHCTEMBI BOGHHOT'O HAa3HAYCHHUS,
a TaKXKe y4eT CBOHCTB KOHKPETHOTO ClieHapusi 00EBBIX NCHCTBUN MM 00ecTIeYeHHUs TaKOBBIX. TakuM oOpa-
30M, HCKYCCTBEHHBII HHTEJUIEKT B IIpoliecce poOOOTU3AIMH CIOXKHBIX CUCTEM BOCHHOTO Ha3HAUCHUS 10JIKEH
OBITh MOJIE3HBIM M HAJIS)KHBIM B PEAJIbHBIX YCIOBUAX IKCIUTyaTallHH.

Taxoke Ba)KHBIM aclleKTOM HaJEKHOCTH UCKYCCTBEHHOTO MHTEIJIEKTa B TIpoLiecce pOOOTHU3AIMH CIIOXK-
HBIX CHUCTEM BOCHHOI'O Ha3HAYECHHUS SIBIIIETCA €ro BO3MOXKHOCTh K caMOOOy4YeHHI0 M amantauuu. Eciou cu-
CTeMa MOXKET UCIIPABIIATH CBOM aJITOPUTMBI M TIPOTHO3BI B 3aBUCUMOCTH OT HOBBIX JAHHBIX, 3TO IMOBBILIAET
€€ Ha/IeKHOCTh M BO3MOXHOCTD aIalTHPOBATHCS K MEHSIOLIMMCS YCIOBHAM BeICHUs OOEBBIX NICHCTBUIA.

Taxum 00pa3oM, HaIGKHOCTh U KaU€CTBO POOOTHU3ALIMH CIIOKHBIX CHCTEM BOGHHOI'O Ha3HAUCHMS Ha
OCHOBE HCIIOJIb30BaHMS UCKYCCTBEHHOI'O MHTEJUIEKTA SIBJISIOTCS KPUTHUYECKH BAXKHBIM (DAKTOPOM VIS €ro
YCIIEIIHOTO PUMeHEHHsI. UTOOBI HCKYCCTBEHHBIM MHTEIUIEKT ObLT yIOOHBIM B 3 QEKTUBHBIM, HEOOXOAUMO
00€CTICUNTh €ro HaIe)KHOCTh, TECTUPYSI U aAaITHPYS CUCTEMY B COOTBETCTBHH C KOHKPETHBIMU CLICHAPHIMU
BeZIeHUS 0OEBBIX IEHCTBUI U UX 00eCIIeYeHUs.

3akArouenue

B 3akmrouenne MOKHO OTMCTUTD, YTO MPUMCHECHUC NCKYCCTBCHHOI'O MHTCJIJICKTA B BOIIpOCax HAICK-
HOCTH YW KayeCcTBa POOOTH3AIMK CJIOKHBIX CHCTEM BOCHHOTO HA3HAYCHHUS MMEET OOJIBIION MOTCHIIMAT
JUTSL CO3JIaHUS COBPEMEHHBIX U OPUTHHAIIFHBIX pelieHui. M cmonp30Banne HCKYCCTBEHHOTO HHTEIJIEKTA M03-
BOJISIET CHU3HUTD YEJIOBEUECKUH (akTop OMHUOOK, ONTUMH3UPOBATEH TIOBTOPSIFOIIUECS 3aa4l U POOOTH3HPO-
BaTh IMPOIECCH BeJeHHs 00CBBIX JelcTBUi. TeM He MeHee NMPU BHEAPSHUHM MCKYCCTBEHHOT'O MHTEIICKTA
HY’XKHO OpaTh BO BHUMaHHE MOPaJIbHBIE U 00IIeCcOIallbHbIe 0COOCHHOCTH, a TaKXKe MOAIEPKUBATh HaIeK-
HOCTbH ¥ Ka4eCTBO POOOTH3AINH CIIOKHBIX CHCTEM BOCHHOTO Ha3HAYCHMS.

I/ICKyCCTBeHHLIﬁ HHTCJIJICKT U po60T1/13au1/1;1 CJIOKHBIX CHCTEM BOCHHOI'O HAa3HAYCHHSA CTAHOBATCA
HEOTHEMJIEMOU YaCThI0 BOGHHOW MMPOMBIIIIICHHOCTH, 00eCIIeYnBasi 3HAYUTEIbHBIE TPEUMYIIECTBA B 00JIACTH
TOYHOCTH, CKOPOCTH M 0€30MaCHOCTH BOSHHBIX ONEpAlMi W MPOBEACHUH OOCBBIX NeicTBhil. MHTErpanus
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MCKYCCTBEHHOT'O MHTEIJICKTa B BOIPOCHI HAJIS)KHOCTH U KauecTBa POOOTHU3AINH CIIOKHBIX CHCTEM BOEHHOTO
Ha3HAYCHUS CITOCOOCTBYET YIIYUIICHHIO BOCHHON CHIIBI 1 OOECTICUCHHIO MPENMYIIEeCTBA Ha TeaTPpe BOCHHBIX
IEeUCTBUH.

10.

10.
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IIPOBAEMbBbI U BOSMOKHOCTHU UBMEPEHUA
APOAMHAMMYECKOTI'O KAYECTBA KPBIAA ITAPATIAAHA

IO. B. IlIBep

MockoBcKkui aBUalIMOHHBIN UHCTUTYT, MockBa, Poccust
yuriy-shved@mail.ru

AunHoTaums. Akmyarvuocms u yeau. ONUCcaHbl NPOOIEMBbl H3MEPEHHS adPOIMHAMUYECKOrO KadecTBa Kpblia
naparuiaHa, I3MEepeHus adpOANHAMHYECKOT0 KayeCTBa CHCTEM C MATKHM KPBUIOM Ha CTPOIHOM mnoasece. JlaHo cpas-
HEHHe onpoOOBaHHBIX CHOCOOOB M3MEPEHHs U UX pe3yibraTroB. [lokasaHo, 4TO cOCOO OJHOBPEMEHHOTO M3MEPEHUS
BO3IYIIHOH CKOPOCTH M CKOPOCTH M3MEHEHHUs 0apOMETPHUYECKOH BBICOTHI HE TTO3BOJISIET OLEHUTH adpOJHMHAMUYCCKUE
KauecTBa. Mamepuanvt u memoost. [IpenoxkeH METOA pa3AeNbHOT0 U3MEPEHHs a3POJUHAMUYECKOI0 KaueCTBa MATKOT0
KpbUIa ¥ OBELIMBAEMOr0 Ha HEM I'py3a IIyTeM YCTaHOBKH JJaTYMKOB YIJIOBOTO TIOJIOKEHUS K JIOTIOJIHUTEIBHOMY 3BEHY
(3BEHBSIM) MEXy KapaOMHOM Ha3eMHOT'0 CHapsDKEHMS M CBOOOIHBIMHU KOHIIAMU KpbuIa. Pesynvmamol u 661600b1. O00c-
HOBaHO, YTO YCTaHOBKA JIaTYUKOB YIJIOBOTO ITOJIOXKEHUS Ha COEIMHUTEINILHBIX 3BEHBSIX MOXKET OKa3aThCs ITOJIE3HOM 11
OECIMIIOTHBIX ¥ OIIIMOHAIBHO YIPABJISIEMBIX CHCTEM C MSITKUM KPBIIIOM, TOCKOJIbKY TI03BOJISIET KOHTPOJIMPOBATH KPBLIO
B IIpoLiecce BBIBEICHHUS M PE3KHX SBOJIOLMM, YTO MO3BOJSIET OCYIIECTBIATh aKTHBHYIO CTaOMIM3anmIo mojiera. JaHa
OLICHKA TOYHOCTH M MH(OPMATHBHOCTH MPEIIOKEHHOTO METO/Ia.

KnroueBble ciioBa: naparmiaH, INIAHUPYIOIINHA NapalioT, MATKOE KPBUIO, a3pOANHAMUYECKOE KaueCTBO Kpbliia

T nurupoBanust: isex 0. B. [1po6aeMbl 1 BO3MOXXHOCTH U3MEPEHHS a3POJHHAMUYECKOTO KauecTBa Kpblla mapariaHa //
HapnexHocTh U Ka4ecTBO CIOXKHBIX cucTeM. 2025. Ne 3. C. 26-35. doi: 10.21685/2307-4205-2025-3-3

PROBLEMS AND POSSIBILITIES OF MEASURING
THE AERODYNAMIC QUALITY OF APARAGLIDERWING

Yu.V. Shved

Moscow Aviation Institute, Moscow, Russia
yuriy-shved@mail.ru

Abstract. Background. The article describes the problems of measuring the aerodynamic quality of the wing of
a paraglider, measuring the aerodynamic quality of systems with a soft wing on a sling suspension. A comparison of the
tested methods of measurement and their results is given. It is shown that the method of simultaneous measurement of
air speed and the rate of change of barometric altitude does not allow to evaluate the aerodynamic qualities. Materials
and methods. A method of separate measurement of the aerodynamic quality of a soft wing and the load suspended on
it by installing angular position sensors to an additional link (links) between the carabiner of ground equipment and the
free ends of the wing is proposed. Results and conclusions. 1t is substantiated that the installation of angular position
sensors on the connecting links can be useful for unmanned and optionally controlled soft-wing systems, as it allows for
the control of the wing during takeoff and sharp evolutions, which enables active flight stabilization. The accuracy and
informativeness of the proposed method have been evaluated.

Keywords: paraglider, gliding parachute, soft wing, wing aerodynamic quality

For citation: Shved Yu.V. Problems and possibilities of measuring the aecrodynamic quality of a paraglider wing. Nadezhnost'
i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2025;(3):26-35. (In Russ.). doi: 10.21685/2307-4205-2025-3-3

BBeaeHune

AdpOIMHAMUYECKOE KA4eCTBO SBJSCTCS OJHUM U3 0a30BBIX MAapaMETPOB, XapaKTEPU3YIOIUX COBEP-
IIEHCTBO JIETATEILHOTO anmapara. JKCIePUMEHTAIFHO TMOYYeHHOE Ka4eCTBO MSTKOTO KpbLIa JaeT 00beK-
TUBHYIO OIEHKY MPAaBHJIFHOCTH MPUHATHIX MPOEKTHBIX PEIICHUH, MO3BOJISET TOYHO HACTPOUTH YTOJ yCTa-
HOBKHM KpbLJIa Ha CTPOMHON noaepKke. [JaHHbIe 00 adpoAMHAMHUYECKOM Ka4eCTBE KPBUTHEB JIJIST MOTOPHBIX

© IIsex IO. B., 2025. KontenT poctynen no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0
License.
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MapaIuiaHOB U MapajieTOB MO3BOJISIOT YTOUHUTH MOTPEOHYIO TATY OBMKUTENS B PA3IMYHBIX a3pOAUHAMHUYE-
CKHX KOH(MUTYpaITusX.

Kpowme Toro, umest nanHbie 00 a3poIMHAMHYECKOM Ka4eCTBE CEPHITHO BBITYCKAaEMBIX KPBIIILEB, MOYKHO
JaTh CPaBHUTENBHYIO OLIEHKY TEXHUUECKOT'O COBEPLICHCTBA MPEACTABICHHBIX 00pa3LoB.

Ho nomyueHue TOUHBIX 3KCIEPUMEHTAIBHBIX ITAHHBIX 00 a’pOJMHAMUYECKOM KauecTBE MSTKOTO
KphLJIa Ha CTPOIHOM MOIAEPIKKE COMPOBOXKIACTCS JONOTHUTEIHHBIMHU TPYAHOCTSIMH, CBI3aHHBIMH C €T0 0CO-
6enHocTsIMU. Tak, HCMOIB3yeMBbIH OOBIYHO B aBHALIMH CIIOCOO OTHOBPEMEHHOTO H3MEPEHUS BO3LyIITHOM CKO-
POCTH M CKOPOCTU M3MEHEHHUSI 0apOMETPHUYECKON BBICOTHI B IaHHOM Clly4yae MPaKTHYECKHU OecIone3eH, Mo-
CKOJIBKY CKOPOCTb CHIDKEHMSI CTOJIb MaJjla, YTO HAaXOAMTCSl Ha TPaHUIle YyBCTBUTEIHLHOCTH O0apoMerpa,
a MaJIOCThb BO3IAYLIHOM CKOPOCTH YBEIMYHBAET OTHOCUTEIBbHBIH MaciiTad MOTPEIIHOCTH €€ U3MEpPEHHS.
[Ipu 3TOM 1FO0BIE BO3MYIIEHUS OKPYKAIOLIETO BO3IyXa CPABHUMBI 110 BEJIMYMHE CO CKOPOCTHIO CHHKEHUS
(maxopmsmeiicst B mpenenax 0,8—1,2 M/c) 1 1o TOPSIKY — C BO3AYITHON CKOPOCTBIO YCTAHOBUBIIIETOCS TOJIETa
(1018 m/c). [Ipobaema oOOCTpsETCS TEM, UTO TOJIETHI BBIHYKICHHO TIPOBOJISITCS Ha MallOW BHICOTE, B 30HE
aKTHUBHOM MpH3eMHOU TypOYJCHTHOCTH, HE MpeKpallaroleiics MOJHOCTBIO Jake B YTPEHHEH HHBEPCUU
Ha paBHUHE. OCOOCHHOCTH 3TOH TYpOYJIEHTHOCTH NPOSBIAETCS B HECUHXPOHHOCTH KOJeOaHWH TOpPHU30H-
TaNbHOM U BEPTUKAILHONW COCTABIISIOIINX CKOPOCTH B IMOPHIBaX BETPA.

[TombITKM KOMITIEHCHPOBATh BO3MYIICHHUSI MapIIPyTOM K3 OJUHAKOBBIX OTPE3KOB MPSIMOTO U 0OpaT-
HOTO IYTH HATaJKUBAIOTCS HAa OTPaHUYCHHE B BO3MOXKHOU JJMTENBHOCTH CTAOMJIBHOTO HEBO3MYLICHHOTO
BETPOM U YIIPaBJIECHUEM I10JIeTa ([1apaIulaH — CUCTEMa C MasiTHUKOBOW yCTOWYHMBOCTBIO, CKJIOHHAS K 3aTyXa-
IOLTNM KOJIEOaHUAM UTUTEBHOCTHIO 10 YETBEPTH MUHYTHI TIOCIIE KaKJJOT0 MaHeBpa), a TaK)Ke Ha HEMOCTO-
STHCTBO BO3JYILIHBIX IIOTOKOB 3a BpeMsI MEAJICHHOTO IpoJieTa MEpHOM IUCTAaHIMU TyAa U oOpatHo. Ta xe
pobiema, HO B elie OoJIblIeH CTENeHH, IPOSBIISIETCS IPH MIOMBITKE ONIPENETUTh KOMIIOHEHTBI CKOPOCTH IO
MOKa3aHMIM CITyTHUKOBOW CHCTEMBI HABUTAI[MH, TIOCKOJIbKY B IIOCTIEIHEM CIIy4ae BIMSHHE BeTpa BOOOIIE HE
YYUTBIBAETCS.

[Tpu 3ToM ans Haanexameil ”HPOPMATHBHOCTH TOUHOCTh U3MEPEHUS JOIKHA OBITh BEICOKOH — a3po-
JUHAMHYECKOE KaueCTBO COBPEMEHHBIX NTapaIlIaHOB MOXKET AOCTUIaTh § eAnHUL [ 1, 2] u B mpeaenax oAHOTO
KJlacca MMeeT XapakTepHylo pa30exky mopsiaka +0,5, T.e. mpubop JOKEH JOCTOBEPHO ONPENEIUTh Pa3HULLY
B 0,2° yria niaHupOBaHHUs, HE MPEBBILIAOLIETO 7°.

OpHako BBIIEONHCAHHbIE IPOOJIEMBI HE MCUEPIIBIBAIOTCS, IIOCKOJIBbKY JIETATENbHBINA anmapaT ¢ MAr-
KHM KpBUTOM Ha CTPOITHOM MOAepKKe (haKTUUECKH MpeACTaBIseT cO00i KOMITJIEKT CHApsHKEHUS U3 Kphlja,
a TaK)Ke MOABECKH BEChbMa Pa3IMYHOM (YOPMBI U ¢ pa3nuvHoi AedopMmanreil HACTPOCUHBIMU PEMHSIMHU, MTPH-
4YeM B OTOM MOABECKE Pa3MEINAETCs] OMBIBAEMBIM TOTOKOM MWJIOT Pa3IMYHON KOMIUIEKIUH U B Pa3INYHON
no3e. Haubonee yqaunblii BapuaHT cOYETaHUS MOABECKH, MIJIOTa M €r0 TO03bI, [0 CPABHEHUIO C HaUMEHee
yAa4HbIM, TaeT pa3HUIy B a’3pOAMHAMHYECKOM KadecTBe, MpeBblmatomyto 1,5 exqunun [3, 4]. 310 cosep-
LICHHO HUBEJIUPYET Pa3HUIY MEXIY CAMUMHU KPBUIbSIMH OJHOTO KJacca, T.€. AJIS1 HOIy4eHHsI TOCTOBEPHBIX
pe3yIbTaTOB TECTOBBIC IOJIETHI AOJDKEH NMPOBOIUTH OIWH MU TOT K€ MIJIOT B OJHOM M TOH e IOABECKE
C OJHUMH M T€MH K€ HAaCTpOWKaMH, U B OJHOW W TOM ke mo3e. M I Mony4eHus CpaBHUTEIHHON 0a3bl
MaparuiaHOB PA3IMYHBIX IPOM3BOJUTENEH U CEPUI AENaTh 3TO OH JOJDKEH HECKOJBKO JeT. DaKTHUECKH 3TO
obecIeuuTs HEPeaTbHO.

W3 onpoOoBaHHBIX METOA0B U3MEPEHNUS a3POIMHAMUYECKOT0 KayecTBa Napariana Handosiee TOUHbIM
MoKa3ajo ce0sl HeMOCPeACTBEHHOE U3MEPEHHE yTIila TNIaHUpOoBaHusl (yria HaKIoHa TpackTopuu). CoBpeMeH-
uele AHRS (Attitude Heading Reference System, cuctemsl onpeneneHus yriloBOro MojIoKeHUs U Kypca),
HCIIONB3YIOIINE anropuT™Mbl ¢punbTpanyu Kanmana ninn MakBuka, ©IMEIOT HOTPEITHOCTh ONpEAETIeHHs yT-
noBoro nonoxeHust MmeHee £0,1° [5, 6]. TouHOCTh U3MEPEHHUSI YTIIOB C TOMOIIBIO CIICIIUATM3UPOBAHHBIX HH-
KIMHOMETpoB pocturaet £0,05° [7].

J1s HemocpeCTBEHHOTO M3MEPEHHsl yIjla IUIAaHWPOBAHMS HCIONbB3YIOTCS NAaTYUKHU yIia HaberaHus
IIOTOKa K TOPH30HTY, IOMEIIEHHBIE B OTIEPEHHbIE KOPITyca C y3JaMH IIAPHUPHOM TOJBECKHU B IIEHTPE TsKe-
cTd. BapuaHT Takoro natymka, NoJBEIIMBAEMOro CHU3Y K IOABECKE Ha KOPOTKOM (aje, onpodosan Cepreit
Jlapwonos [8]. Takoif THN MoaBeca MPUBOIUT K JOMOTHUTEILHON MTOTPENTHOCTH M3MEPESHHS — TaparuiaH
CKJIOHEH K0Je0aThCsl BOKPYT LIEHTPa TSKECTH CHCTEMBI, HAXOJIAIIET0CS HECKOJIBKO BbIIIE KapaOHMHOB MO-
Becku. B pesyibTaTe mpu KonebaHUsIX Ha CKOPOCTh MOCTYMATENILHOTO ABMKECHUS HaKJIaIbIBaeTCsl JTMHEHHAS
CKOPOCTbH BpallleHHs NapaliaHa, Ha KOTOPYIO B CBOIO OUepeb HAKJIaAbIBACTCS JIMHEHHAs CKOPOCTh Koyieba-
HUS JaT4yuka Ha (ase, mpudeM CTaOMIN3alys JAaTdinKa Ha HaOeraroluil MOTOK NMPOUCXOJUT C 3ala3fblBa-
nueM. [lo nanabIM paboThl [8], 6e3 GuIbTpauuy H3MEPEHHBIH yroil TaHraxa KoJeOseTcs B mpenenax 2° mpu
moJieTe B CIOKOMHOM Bo3ayxe. Kpome Toro, mocie okoHYaHUS TIOOBIX MaHEBPOB KPBUIO KayaeTcs eIe Kak
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muHUMYM 10-15 ¢, ¢ meproaom konebanmit okoo 7 ¢. KauaHust BRI3BIBAIOT TAaKXKe TIEPEMEIICHUS B ITO/IBECKE.
C mcronp30BaHNEM BEIOOPKH yCTAaHOBHBIIUXCA PEXMUMOB M OCPEIHEHHS JAHHBIX Ha BHIOPAHHBIX yYacTKaX
CTaHOBHUTCS pazINurMMa pa3HUIA MEXIY pexxumamu B +0,5°.

Heckonbko Oonee TOUHBIC TOKa3aHUS yria HaKJIOHA TPAEKTOPUHU yIAIoch CHATh KBenTnny OOypy
(Quentin Aubourg) ¢ momomrsio gatunka «Vector probe» [9, 10]. OcoOeHHOCTBIO €T0 pEelIeHus SBISAETCS
YCTAaHOBKA JaTYMKa YIJIa HAKJIOHA TPACKTOPUU MEXIY CTPOIAMHM MEPBOTO Psija MEPBOI MIEPEHTH, MEKIY
KPBUIOM U TIOJIBECKOM. DTO MO3BOIIMIIO YCTPAHUTH KOJIeOaHUs JaTuynKa Ha (alie, a TAKKE YMEHBIIUIO CTe-
MeHb BIUSHUAS KoJeOaHWil maparuraHa Ha MPOBOAWMBIE 3MepeHHs. [[0HOCThIO YCTpaHUTh ATO BIUSHHE,
COBMECTHB OCh BpAIlCHHS JaTYMKa C OChIO KOJIeOATEIbHBIX NBIDKCHU TaparriaHa, MPaKTUYeCKA HEBO3-
MO>KHO, TTOCKOJIbKY Y Pa3HbIX MMaparuiaHOB OHA Ha Pa3HOM BBICOTE U, KPOME TOTO, HAXOJUTCS B 30HE BO3MY-
IIEHHOT O MTOTOKa HaJl moaBeckoi. OmybnukoBanHble Quentin Aubourg JaHHBIE CBUIETEIBCTBYIOT O IOCTHUT -
HYTOH TOYHOCTH U3MEPEHHUs yTiia HaKJIoHa TpaekTopuu +0,2°.

OOmeit mpobieMoid 11 00eCeYeHHsI TOYHOCTH U3MEPEHHI 000MMHU ONMCAHHBIMU METOJIAMU SIBJIS-
€TCSl HEOOXOIMMOCTh KaTHOPOBKH TATYMKOB CTPOTO TOPU30HTAIBHBIM BO3YIITHBIM TOTOKOM, B TPOTUBHOM
clly4ae TIOTPEUTHOCTh YTIJIOB YCTAaHOBKH ONEPEHMs] W AaTYMKA MPUBOIUT K CHCTEMATHYECKAM OITHOKaM.
Kpowme Toro, mpu u3MepeHmsIX OMMUCAaHHBIMUA METOIaMH MTOKA3aHUS TaTINKA UCKAKAIOTCS M3-3a BIMSIHUS CO-
MPOTUBIICHUS MUJIOTA U TIOJIBECKH.

MeTOA H3MEPECHHUS AIPOAHNHAMHIECCKOTO Ka1€CTBAa MATIKOIr0 KpblAa
Ha CTPOITHOM IIOABECE II0 HAKAOHY CBOGOAHI)IX KOHIIOB

[TorpoOyeM NCKITIOYUTD U3 UCCIELYyEMON CHCTEMBI IIOABECKY U MIJIOTA, a TAKXKE a3pOAMHAMHYECKUN
o0BeCc JaT4yMKa YIJIOBOTO MOJIOXKEHHUA. /i1 3TOro Mbl MOKEM BBICTaBUTh KPHUIO Ha CBOOOJHBIX KOHLAX
B YCTOMYMBOM MPU3EMHOM MOTOKE (HApHMEp Ha MOJIOTOM MOPCKOM Oepery BO BpeMs THEBHOTO Opwu3a,
WIN B a3pOJUHAMUYECKON TpyOe, min npobdexkoi mo BIIIl) u npukpenuTs AaTYUK YIIIOBOTO MOJIOKEHHUS
K JOIOJHUTEILHOMY 3BEHY MEXIy KapaOWHOM Ha3eMHOI'O CHapsDKEHHUS M CBOOOIHBIMH KOHIIAMM KpBLIA,
HaIprMep Tak, Kak MoKa3zaHo Ha puc. 1.

Puc. 1. BapI/IaHT KOHCTPYKIIUU JOIOJTHUTECIBHOI'O 3B€HA JI1 U3MCPCHUS
yTrjia HaKJIOHa paBHO,Z[eﬁCTBymH.[eﬁ A3pOAMHAMUYCCKUX CUJT
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IIpu 3ToM mns KanuOPOBKH JAaTYMKA JIOCTATOYHO BBHIBECUTH 3BEHO BEPTHUKAIBHO, TIOJBECHB K HEMY
Ipy3, U U3MEPUTH YTOJI K BEPTHKAIN ITOCHE MPEKpamieHus] KoIeOaH!i CHCTEMBI, TIOCIE Yero Y4ecTh ero
B pacyeTrax.

3BCHO KOHCTPYKTHBHO MOXET IPEJICTABIATH COOOM MEPEMBIUYKY MKy TOUKaMH KPEIUICHUS! CBOOO/I-
HBIX KOHIIOB, KaK 3TO TIOKAa3aHO Ha pHUC. |, WM BCTpauWBaThCS pa3felbHO MEXAY KapaOWMHaMU ITOJBECKH
1 CBOOOJHBIMU KOHIIAMH Ka)XI0W U3 CTOPOH KpbUTa. B mocientneM cirydyae moHago0UTCs 1Ba JaTIMKA YTIIOB,
10 OJTHOMY Ha KQXKIYIO TOYKY KpPEIUICHUs! CBOOOIHBIX KOHIIOB — IOCKOJIBKY MTPH U3MEPEHUSIX TBYMSI 3BESHb-
SIMH JTATYNKHA OKaXYTCsl JOMOJHUTEIHHO HAKIOHEHBI 10 KPEHY W PHICKaHbIO, HO CHMMETPUYHO B Pa3HbIE
CTOPOHBI, TO, CIIOXKHUB UX IMOKAa3aHUs, JTOMOJTHUTSIHHBIC TOTPENTHOCTH MOKHO yopaTs [11-15].

I/Ismepe}me AIPOAHHAMHYECCKOI'O Ka4e€CTBA IIapalmAaHa IIyTeM H3MEPEeHHA
HaKAOHa €ro CBOGOAHBIX KOHITOB B pe>KHMe npoﬁe;mm AO OTPbIBa OT 3€MAH

[TycTs BO3OYLIHBINM NOTOK OBMKETCS TOPU3OHTANBHO (pHC. 2).

Xxpl
YU

Xxp

o LleHTp J1aBiIeHUs
LleHTp TsxECTH

[

Gip

Gcm D

hrcp

/’lcmp

! !

V3e51 MOIBECKN KPbLTa

Puc. 2. MoMeHTBI CHlJI, HeﬁCTByIOLHHX Ha KPbLIO, BBICTABJICHHOC B TOPU30HTAJIBHOM ITOTOKE

O6H.[I/IM YCIOBHUEM BO3MOXKHOCTHU TAKOT'O MOJIOKCHUS ABJIACTCA

Y,>G +G,..
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Cucrema 6yz[eT HaXOAUTHCA B PaBHOBCCHUH ITIPU PAaBCHCTBC MOMCHTOB BCEX ﬂeﬁCTByIOHlHX CHII:

Y;x Xh+Gx +X h _+G. x

xp” xpl ctp’ “crp cTp”rerp ?

3nech Y, m X, — KOMIIOHEHTHI IOJHOM a’pOJWHAMHUYECKOM CHIBI B CKOPOCTHON CHUCTEME KOOpIMHAT;

X, — cuja cONMpOTHBIIEHHS CTPOT (BEPTUKANBHON MPOEKIMEH 3TOM CUIIbI IpeHeOperaeM B CBSI3M C €e Ma-

crp

J'IOCTLIO); GKp u GCTp — BECa KpblIa U CTPOII COOTBETCTBCHHO,; X

Kp °

X h h — TUIeYH JACHCTBUS BEP-

xpl? CTp’ Kp ?
THUKaJbHBIX U TOPH30HTAIBHBIX CHJI COOTBETCTBEHHO. LIeHTp NaBieHHsS W IEHTP THKECTH KphbLIa B 00mIEM
CiTy4ae He COBIAIA0T, IICHTP aBJICHHUI HAXOAUTCS B pailOHE YETBEPTH CPEIHEHN adpOAMHAMUYIECKON XOPIBI
(mamee — CAX) kpbuia, a MEHTP TSHKECTH CMEIIEH HECKONbKo Ommke kK cepenune CAX, 1Mo IaHHBEIM
3D-MoienupoBaHus U BHIBEIIMBAHUS KPHUIHEB Ha CBOOOIHBIX KOHIIaX. TakuM 00pa3oM, pa30ekKa IEHTPOB
MIPHUIIOKEHHS 3TUX CHIT He TipeBbiaeT yetBepT CAX. [lockonbKy Bec KpbUTa U CTPOI HE IPUHUMAET y4a-
CTHA B HATSIDKCHU U CBO6OI[HI)IX KOHIIOB, a JIUIIb CHOCO6CTByeT OTKJIOHCHUIO JINHHUU I[eﬁCTBI/ISI HaTHI‘I/IBa}OHIeﬁ
CTPOTBI CHJIBI OT BEPTHKAIIU, H3MEPUTEIILHOE 3BEHO B Y3JI€ TIOJABECKU KPbLUIAa BEICTABUTCS HA yTOJI f3.

JUHHBI OT y3I1a OABECKH [0 EHCTBYIOLIMX CUJI BAOJIb CTPOIUIEHUS L, W L NPUHUMAEM MOCTOSH-

HBIMH, TOT/Ia TUICYW JCHCTBUS a’pOJMHAMHYECKUX CHJ MOXKHO BBIPa3UTh 4Yepe3 YroJl HAKJIOHA PaBHOJCH-
CTBYIOLIEH K BEPTUKAIH P, a miedo aeiicTBust Beca Kpbuta epes yroin 3, [10]:

Y.L, sinfp=X_L cosB+X, L, cosp+G L sinf+G, L. sinf,.

Crnenyet 3aMeTHTb, UTO Ha CAMOM JI€JI€ PACCTOSIHHE OT y371a MOJBECKHU 10 PaBHOJEHCTBYIOIIEH COMpo-
TUBJICHHUS apOYHOTO KPbIJIa HAXOAUTCS HECKOJBKO HIDKE €r0 IEHTPATBLHON XOpIbl U OJM3KO K KOOPAHHATE
IEHTpa TsDKECTH (PUryphI, 00pa30BaHHON XOpAaMH KpbLTa BJOJb BCETO €ro pa3maxa.

Pazzenus o6e yactn ypasuenus Ha L, sinf3, monyuum

L, L, sin
Y = XKP+L—T'°XCTp ctgB+ GKP+L—TPG —Bl

a cTp .
Kp Kp sin B

Ilo OMPEACICHHUIO A3POANHAMUYCCKOI'O Ka4eCTBa Kpbliia CO CTpOHHOﬁ CHCTEMOM:

Y
m= T (1)
Kp + crp

Tornma MOXHO 3amucaTh:

L L i
X_+"mx etgp+| 6+ Tom g [Py

Kp crp Kp ctp .
K - L, L, sinf3
X ot X e
crpynnuposas K, B JIEBO¥ 4aCTH ypaBHEHHS:
L X L i
1+ IctgP G,+ R Gy s1.n B,
L, X, L, sin3
K = e + (2)
1+ __ ¢ ka + XCTp

Y BBIpa3uB ¢ yaeToM Gopmyiisl (1) 3HaMEHATeNb MPaBoOro WieHa ypaBHeHuUs (2):

L X L i
1+ Ictgf G, + . Gy L_nB !
. L, X, . L, sinf3
= + .
T X Tt
[+ == Y,
X
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[IpuBeneM nomydeHHoe BbIpaxkeHue K K :

L. X
1+ —2=—2 |ctgf

L, X,
1+
X
K, = 5 . 3)
G+ G Ssllnn%
1— “"
Y

a

Kosdduuuent mpu ctgB B uuciauTesne MOMyYeHHON APOOU HE 3aBUCUT OT CKOPOCTH HAOEraroIero
noroka. M3 npakTuku oObIYHbIE COOTHOILIEHHUS AT ITapaIUIaHEPHBIX KPBUIbEB:

X L sin
—2<0,2; —£=0,7; .—[3151,7.
X o sinf3
C yuyeToM MpHBENCHHBIX 3HAYCHUH KOYPDHUITHEHT B ynucauTese npodu (3) Mmoxxuao mpuaaTh 0,95. Bec
CTPOII CO CBOOOHBIMU KOHIIAMU OJIM30K K Becy Kpbuia. COOTBETCTBEHHO, MOYKHO 3aIMCaTh

0,95
K, =———=—cgp. (4)
1—1,45"m

a

TunuyHas peKOMEHI0OBaHHAsI B3JICTHAS TIOJbEMHAasI CHJIA MMApaIIaHEPHOTO KPbLJIa C HOXKHBIM CTAPTOM
B 10-20 pa3 npessiwaer ero Bec G, =G, + G, B 3aBUCUMOCTH OT pasmepa. COOTBETCTBEHHO, JUIsSl peXKUMa

HPOOEKKH 0 OTPBIBA (IPAKTUYECKU PEaTH3yeMOM YCTAHOBKOM KpPbLIa HAa TPAK) MBI OTYYHM
K, =111+1,02ctgf.

B 3TOM BbIpaKeHUH OOJBIINIA KOIPPUIIHMEHT TPH ctgf3 COOTBETCTBYET MEHbIICH MOIBEMHO CHIIE.

KoHnkpeTHOE ero 3HaueHHne yTOYHAETCS 10 JaHHBIM B3BEIIMBAaHUS Kpblia U Tpalka.
Tort ke pe3yapTaT MOXHO ITOJYYHTh, BRICTABHMB NApallIaH Ha POBHBIN BeTEp HaJ POBHOU IMMOBEPXHO-
CThIO, HAIIPUMEP Ha JIbJY 3aMEP3HYBIIETO 03€pa, U U3MEPUB OJTHOBPEMEHHO yTOJI B M MOIBEMHYIO CHITY T1a-

TIIT

parutana 1o TMHAMOMETPOM, OO ¢ TIOMOIIBI0 BecoB. B3BecuB mapariad, Mbl TOTy9UM , ¥ TIOZICTa-

a

BUB [I0JIy4€HHbIE JaHHbIE B (hopMyIly (4), cMoxkeM onpenenuts K, .

Taxum cioco6oM (¢ ycpenHeHHeM MOKa3aHUH AJIsl yCTPaHEHUs! BIMSHUSA pacKauMBaHUSA KPbUIA) MBI
MOJKEM TOTYYUTh TOYHOCTH KO3 HUIIMEeHTa 10 BTOPOTO 3HAKA MOCe 3amsTol. [Ipy 5TOM NOrpenHoCTh u3-
MepeHus yriaa +0,5° npu U3MEpeHUH a3poJUHAMUUYECKOT0 KauecTBa B 8 €JMHUL IPUBEJET K OTPEIIHOCTH
KayecTBa 10,55 ; MOTPEIIHOCTh ONpeaeneHns yraa +0,2° mpuBeneT K OIMOKe U3MepeHus kadectsa +0,23 .
Hcnonp3oBanue crienuanan3ipoBaHHBIX HHKINHOMETPOB ¢ TOYHOCTBIO MMOKa3aHUH +0,05° MOXET MOBBICUTD
TOYHOCTH U3MEpEHUs KauecTBa 10 +0,06 [16-21].

OnpeAeAeHne BKAaAQ B COIPOTHBACHHE MMOABECKH H ITHAOTA

HOJ'Iy‘IeHHBIC Ha 3€MJIC TaHHBIC (B nu Krm) MOXXHO HUCIIOJb30BaTh B ﬂaﬂLHeﬁmeM JJIg OIIPEACIICHUA

BKJIaJ[a B 00IIIe€ COITPOTUBIICHNE CHCTEMBI TTOJIBECKH M MJIOTA (WitH Tpaiika). 11 3Toro paccMoTpuM cXeMy
CHWJI, ICHCTBYIONINX Ha MaparviaH B PeKUMe IIaHupoBaHus (puc. 3).

Bo Bpems moneTa MBI MOXEM U3MEPUTH YIOJ MEKIY COCIMHUTEIBHBIM 3BEHOM U BEPTUKANbIO . J[aH-
HBII YTOJI MaJl, HO HE PaBEeH HYJIIO U3-32 BIUSHUS COIPOTHUBIICHUS TPYy3a M CTPOIL. Y UUTHIBAS MPEABAPUTEIHHO
9KCIIEPUMEHTAIBHO TTONYYEHHBIN YTOJ 3, H3MEPUB YTOJ Y, MBI MOXKEM OIIPENCIHNTh YroJl IUTaHUPOBaHus 0,
OTIPEICISIFOIINI a3pOIMHAMUYECKOE KaUYeCTBO CUCTEMBI KPBLIO-TPY3:

K =ctgb=ctg(B+7).
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Y3en noaBecKu KprJ'Ia/

Puc. 3. Cxema neiicTBUS CHJI 1 MOMEHTOB Ha MaparuiaH B IDIAHUPYIOIIEM TIOJIeTe

B YCTAaHOBUBHICMCS INIAHUPOBAHWUU MPOCKIHA CYMMAPHOT'O BECa CUCTEMbI HAa HAIIPABJICHUE CKOPOCTHU
YpaBHOBCIINMBACT BCC CHUJIbI COITPOTUBJICHUSA, U Mbl MOXKEM 3aIlUCATh

GysinO=X_+X_ +X ; 3)
Y =G, cosH.

Ho Torma cormacuo onpexnenenuto (1):

_ G, cosB

o . (5)
X+ X

I/I, COOTBCTCTBCHHO, YACIBHOC COIIPOTUBJICHUC KPbLIA:

X, +X,, _ cos(B+7) ‘
G, K

it
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IToxcrasus Beipaxenue (4) B (3), HOTyInM

G, cosO N

G, sinf= X

rp’
aing

13 KOTOPOTO yJIENIbHOE CONPOTUBIICHHE Tpy3a (II0ABECKH, MIaT(HOPMBI, LIEIEBOH HATPY3KH):

)é—;pzsin(l_’)%-y)——cosgf-’_y) )

iiis

M cTOYHNKH AOTIOAHHTEABHBIX OTPEMHOCTEH H3MePeHHs

CrnemyeT 3aMeTHTh, YTO TOJIETHOE adpPOAMHAMUYECKOE KadyecTBO OTIMYAETCS OT CTeHI0BOro (beper
MOPSI, MOPCKOH OpH3, MPOOEIKKH IO B3JICTHOH MOJIOCE) M TPYOHOTO BCICICTBUE Pa3IMYHON TYPOYICHTHOCTH
MECTHOTO TeUeHHs, KaK 110 MHTEHCUBHOCTH, TaK U MacIiTady.

JlomoyHUTEIbHASL SHEPTreTHKA B TYPOYJICHTHOM BO3yXE MPU3EMHOTO HIN TPYOHOI'O TIOTOKA YMEHbB-
I1A€T 3aTPATHI SHEPTHUHU HA TyPOYIU3AIMIO TOTPAHUYHOTO CJIOSI M 3aTSATHBACT CPBIBHBIC PEIKUMBI HA OOJIBIITHE
yTIIBI aTaku. bornee Toro, TypOylIeHTHOCTh ¢ MacmTabom Ooiee XOpIbl Kpblila MPUBOAMT K ITyJIbCALIMN yTiIa
aTaku, OJIM3KOMY K TAKOBOM MPU MaXOBBIX IBIDKEHUSAX Kpbiia [22].

YMEHBIIUTE MOTPEIIHOCTh U3MEPEHUS BCIIEACTBHE BIMSHUS TypOYJISHTHOCTH TIOTOKA MOKHO BBHIOO-
POM MeCTa U3MEPEHHUH ¢ TPOTSHKEHHON POBHOW MOBEPXHOCTHIO, HAIPUMED Ha JIbY OOIIMPHOTO 3aMEP3IIETro
03epa, WIN MPOBEJCHHUS CPAaBHUTEIHHBIX U3MEPECHUH B OJTHOM M TOM K€ MECTE IPH OJTHOW M TOU ke Oalib-
HOCTHU BeTpa. MaeanbHBIX yCIOBHI TOCTUTHYTH HEBO3MOXKHO, HO, C JIPYTOH CTOPOHBI, U PeabHBIC TTOJNETHI
napariaHa, 0COOCHHO MapeHue, IPOXOJAT B TypOYyJISHTHOH atmocdepe.

Ha ToyHOCTE IONYy4YEHHBIX PE3YNHTATOB TAKXKE BIHSIOT CMOPIIICHHOCTh U CKIIAIKK Ha HE00JIeTaHHOM
M JIONITO XpaHWBIIEMCS KPbUIE, NCKAKEHHS a’pOINHAMHYECKOTO MPOGUIsl MOKPOTO KpbIia, TPsi3b, MECOK
Ha Kpblle, BRITSIHYTHIE CTPONBI U TOTEPTOCTh TKAHU KpPbLIA.

3akarouenue

Takum 00pa3oM, MOKa3aHO, YTO CYMIECTBYET BO3MOXKHOCTh M3MEPSTh a3pOJMHAMUYECKOE KaueCTBO
MATKUX KPBUIBEB HA CTPOITHOW MOJEPIKKE C JIOCTATOYHOW TOYHOCTHIO, C MPUMEHEHUEM HM3MEPHUTEIHHBIX
YCTPONCTB-YTIIOMEPOB Ha COSIMHUTEIEHOM 3BeHE-KapaOuHe, TPUCOSTMHEHHOM K CBOOOTHBIM KoHIIaM. [Tpu
OTOM UMCCTCA BO3SMOKHOCTE OIIPEACIIATH OTHOCHUTEIbHBIN BKJIaJ B O6HI€€ COIIPOTHUBJICHUEC KaK KpbLla, TaK U
MOJIBECKH C TIHJIOTOM (MJIH JIFOO0T0 APYroro rpysa). Kpome Toro, ycTaHOBKA JATYUKOB YTIIOBOTO MOJIOKCHUS
Ha COCTMHUTEIILHBIX 3BEHBSIX MOXKET 0Ka3aThCsI MOJIE3HOH JUIsl OSCIIMIOTHBIX M OMIIMOHANBHO YIPaBIIseMbIX
CUCTEM C MATKUM KPBIJIOM, IIOCKOJIBKY ITO3BOJISIET KOHTPOJIUPOBATH KPBHLIO B TIPOIIECCE BHIBEICHUS U PE3KUX
ABOJTIOITHH, a TAK)KE OCYIIECTBIIATh aKTUBHYIO CTaOMIm3aItuiio moiera [23-29].
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IIOCTPOEHUE AHAAUTUYECKUX MOAEAEN PABATYHBIX
OU3UKO-XUMNYECKHNX CUCTEM METOAAMM DATA SCIENCE
N MATEMATHYECKOI'O ITIPOTOTHUIIMPOBAHUA
IHEPTETHUYECKHUX ITPOLHECCOB

N. E. CrapocTun

MocKkoBCKuUl rocy1apCTBEHHBIN TEXHUYECKUH YHUBEPCUTET IpakJaHCcKol aBuanuu, Mocksa, Poccust
starostinigo@yandex.ru

AHHOTanust. AxkmyanrvHocms u yeau. IlocTpoeHnE MaTeMaTHYECKUX MOJIENIEH CUCTeM pas3in4yHoi (usnueckon
M XUMHYECKOH MPUPOJIBI SBJISAETCS BKHEHIIIMM 3TAalloM pa3paboTKH METOAMK MPOCKTUPOBAHMS U DKCILUTyaTalluy YIo-
MSIHYTBIX cUCTEM. B HacTosiiiiee Bpems CyIiecTByrOT MeTobl Data Science, nocesiieHHbIE cOOpY U 00pabOTKe JaHHBIX
C TOCTISYIONIMM OCTPOCHHEM MaTEMaTHYECKHX Mojenel. J{iis mOCTpOeHHs YIIOMSHYTBIX MOIenel HeoOX0quMo 3a-
JaTh UX Kiacc. OCHOBHI)IMI/I Tpe6OBaHl/IHMl/I K MaTeéMaTH4YCCKUM MOJCIIIM CUCTEM pa3m/1qH0171 (l)l/lSl/l'-ICCKOf/i u XuMu4de-
CKOM TIPUPOJIBI SBJISIIOTCSI KX TOYHOCTD M a/IEKBATHOCTH (HE MPOTHBOPEUYUBOCTD (DUIHUSCKUM M XUMUYIECKUM 3aKOHAM).
JlJ1st OCTpOEHHMS KJlacca yIOBIETBOPSIONINX YIIOMSHY ThIM TPEOOBAHHUSIM MATEMATHIECKUX MOJIENIEH CHUCTeM ObUT Mpe/I-
JIOXKEH B paMKax MEXaHHKU, IEKTPOJUHAMUKH U COBPEMEHHOI HEPAaBHOBECHOW TEPMOJIUHAMHUKHI METOJl MaTeMaTHUe-
CKOTO MTPOTOTUIMPOBAHUS IHEPTETUUECKUX MPOLECCOB. B COOTBETCTBHUM C YIIOMSHYTBHIM METOJOM MOTYT OBITh MOJTY-
YeHbI B BUJIC CHCTeMbI MU (epeHIHaANTbHIX YPABHEHUN TOJHBIE MATEMATHYECKAE MOJICIN PA3IMIHBIX (H3MISCKUX
M XMMHUYECKHX CUCTEM C TOYHOCTBIO JI0 IKCIIEPUMEHTAJIBHO UCCIIEyEMbIX ITOCTOSHHBIX K03 duireHToB. 3aTeM moiy-
YEHHbIE TOJIHbIE MOJIENIN MPE0OPa30BbIBAIOTCS B YIPOIICHHbBIC aHATUTHYECKUE MOJIENU C TOYHOCTBIO /IO ITOCTOSTHHBIX
K03(h(HUIMEHTOB, KOTOpPbIE 00YYAIOTCS HA IKCIIEPUMEHTAJIBHBIX JTaHHBIX. METOIMKE IIOCTPOCHUSI MOJIENEH, TPUMEHN-
MBIX IS PEIICHUS IPAKTUYECKUX 3a/1a4, Ha 6a3e MeTo0B Data Science u MeTo1a MATEMATHYECKOTO TIPOTOTHITUPOBA-
HUS DHEPTETHUECKUX MPOIECCOB MOCBAIICHA HACTOsAIIAs pabota. Mamepuanst u memoosi. Cunte3 B Buae auddepeH-
LUaJIbHBIX YPAaBHEHHUH MOJHOW MOJAENN JAWHAMUKU (PU3NYECKUX M XMMHUYECKHX IMPOIIECCOB OCYIIECTBISIETCS Ha 0ase
METO0/1a MATEMATHYECKOTO TPOTOTUITMPOBAHMUS SHEPTETUIECKUX MPOIIECCOB M METOJIOB TUHAMHYECKOTO IIPOrPaMMHUPO-
BaHus. [locTpOEHHE YIPOIICHHBIX aHATUTHYECKUX MOJIEed, MPUMEHUMBIX JUIsl PEIICHUS MPAKTHUECKUX 3a7ad, OCY-
HIECTBIISICTCS Ty TEM BBIUUCIMTENILHOTO IKCIIEPUMEHTA Ha 6a3e MOJTHON MOJIeNH ¢ TabHEHIIUM IPUMEHEHUEM METOI0B
uaeHTU(UKALNHI, CHMBOJIBHON PErPEeCcCry, MAIMHHOTO 00y4ueHust. Pezyrbmamul. IIpeyioskeHHAsI METOJMKA TIO3BOJISIET
CTPOUTHh TOYHBIC U a[CKBATHbIC MOJCIH, MPUMEHUMBIC Ul PEIICHUS MPAKTHYSCKUX 33734 B MPHEMIIEMbBIC CPOKH.
Boi6o0wi. TIpeuioxkeHHast METOANKA OCTPOSHUSI MATEMATHUECKUX MOJIEIEH MOXKET OBITh ITOJIOKEHA B OCHOBY ITPOTPaM-
MHO-TEXHOJOTHYECKOM MI1aThOPMBbI IIU(POBBIX ABOHHUKOB, MOTPEOIISIOINICH TPUEMIIEMble BEIYHCIUTEILHBIC PECYPCHI.

KaioueBble ciioBa: METOJI MaTeMaTHYECKOTO MPOTOTUIIMPOBAHMUS SHEPreTHYECKUX nporeccoB, Data Science,
MaIIMHHOE 00yUeHHe, TMHAMUYECKOe TIPOrpaMMHUPOBaHHe

Jst yuruposanusi: Crapoctur U. E. I[TocTpoenue aHaTUTHYECKUX MO/IeICH pa3inyHbIX (PU3UKO-XUMHYECKUX CHCTEM Me-
togamu Data Science 1 MaTeMaTH4eCKOr0 IMPOTOTHIMPOBAHUS SHEPreTHYECKUX mpoleccoB // HaneKHOCTb M Ka4ecTBO CIOKHBIX
cucreM. 2025. Ne 3. C. 36-44. doi: 10.21685/2307-4205-2025-3-4

CONSTRUCTION OF ANALYTICAL MODELS OF VARIOUS PHYSICAL
AND CHEMICAL SYSTEMS BY METHODS OF DATA SCIENCE
AND MATHEMATICAL PROTOTYPING OF ENERGY PROCESSES

I.E. Starostin

Moscow State Technical University of Civil Aviation, Moscow, Russia
starostinigo@yandex.ru

Abstract. Background. Construction of mathematical models of systems of various physical and chemical nature
is the most important stage in the development of methods for designing and operating the above-mentioned systems.
Currently, there are Data Science methods dedicated to collecting and processing data with subsequent construction of

© Crapocrus . E., 2025. Konrenr noctynen no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0
License.
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mathematical models. To construct the above-mentioned models, it is necessary to specify their class. The main require-
ments for mathematical models of systems of various physical and chemical nature are their accuracy and adequacy
(consistency with physical and chemical laws). To construct a class of mathematical models of the above-mentioned
systems that satisfy the above-mentioned requirements, a method of mathematical prototyping of energy processes was
proposed within the framework of mechanics, electrodynamics and modern non-equilibrium thermodynamics. In ac-
cordance with the above-mentioned method, complete mathematical models of various physical and chemical systems
with an accuracy of up to experimentally studied constant coefficients can be obtained in the form of a system of differ-
ential equations. Then, the obtained complete models are transformed into simplified analytical models with an accuracy
of up to constant coefficients, which are trained on experimental data. This work is devoted to the methodology of
constructing models applicable for solving practical problems based on Data Science methods and the method of math-
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The proposed methodology allows to build accurate and adequate models applicable for solving practical problems
within acceptable timeframes. Conclusions. The proposed methodology for constructing mathematical models can be
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BBepenne

[octpoenne matemaTnyeckux mogaeneit (MM) cucteM pa3nuuHoi GU3MUECKON U XUMHUYECKOH MpH-
POIBI SBISETCS BAXHEUITUM STAlOM IMPOEKTHPOBAHUS M AKCILTyaTallMd YIIOMSIHYTHIX cucteM [1-4]. B 00-
meM cirydae i1 mocTpoeHuss MM Jro0BIX CHCTEM M3 IKCIIEPUMEHTABHBIX JaHHBIX (D/]) MoryT OBITH HC-
noJb30BaHbl MeTobl Data Science [5, 6], MeToabI ccTeMHOTO aHanu3a [7]. B cooTBeTcTBHM C yITOMSHYTHIMU
METOAaMH OCYILECTBIISIFOTCS MOCTAHOBKA LIEJIM UCCIIeIOBaHuUs, COOp AaHHBIX C MOCIENYIOMEeH HX 00paboT-
KO M uccienoBaHueM, Jajee — nocrpoeHne MM uccienyeMon CUCTEMBI ¢ MOCIEAyIOEed MPaKTHYECKON
peanu3zanueit mocrpoenHoit MM [5—7]. Ynomsaayteie MM wuiiyTes B 3agaHHbIX Kiaccax MM [7, 8] mero-
JaMH, YIOMSIHYTBIMH B paboTax [7—10]. OcHOBHBIME TpeOOBaHHUAMHU, MIpeabaBIsieMbiIMU K MM cuctem pas-
JUYHON (PU3NUECKON U XUMHUYECKOH MPUPOIBI, SIBJISIOTCS HEO0X0ANMAs TOUHOCTH (HE HMXKE 3aJaHHOW TOY-
HOCTH) U aJIKBaTHOCTE (HE MPOTHBOPEIMBOCTH 3aKOHAM (U3HUKH) [7].

st mocTpoeHHsT YAOBIETBOPSIOMINX YIOMSHYTBIM TpeOoBaHUAM KiaccoB MM cucteM, xapakTepu-
3YIOIIMXCS NPOTEKaHNEM B HUX Qu3ndeckux u xuMudeckux npoueccos (PXII) pasnuuHol NpUpoIsl, aBTO-
POM ObLI NPEIIOKEH B paMKaX COBPEMEHHON HEPaBHOBECHOM TEPMOJUHAMUKY, MEXaHUKHU U IEKTPOANHA-
MHUKHA METOJ] MaTeMaTHYecKOTOo MPOTOTHIHPOBAaHUS 3Heprerudeckux mnporeccoB (MMIIDII) [11-16].
Ortcrona noctpoennsie MMIIJII B Buze cuctemsl nuddepenunansabix ypasHenui (1Y) MM nuHamMukn
pasmuunbix @XII He npoTuBopeyar oM (PU3NIECKUM 3aKOHaM (3aKOHAM COXpPaHEHUs, HadajaM TEPMO-
JVUHAMUKH, U T.J.), & TaKKe (PU3NIeCKUM 0COOECHHOCTSIM MPOTEKaHUs TPOLIECCOB B paccMaTpuBaeMoM 00b-
exte [11-16]. Jns pemenns ynomsaHyTeix npaktuueckux 3anad (I113) [1-4] nomyuenasie MMIIOIT monenu
CHCTEMBI ITPeoOpa30BBIBAIOTCS K YIPOIICHHBIM aHATUTHYECKUM MM, MPUMEHUMBIM [UTS PEIICHUS YIIOMS-
HyTBIX 113, KoTOpBIe 00y4aroTcst Ha cooTBeTcTBYIOmMX D/ [13].

Ienp HacTosmIeH pabOThl — pa3paboTKa eIUHOIO MOAX0/(a CHHTe3a MM CHUCTeM pa3audHOl (Qu3nde-
CKOW M XMMHUYecKo# mpupoasl Ha ocHoBe MMIIDII u metonos Data Sciense.

MaTeprasbl H METOABL

B pamkax MMIIDII cocTosiHWe CHUCTEMBI B TEKYIIMH MOMEHT BPEMEHH OJIHO3HAYHO (HE3aBHCHMO
OT €€ MPEeABICTOPHH) XapaKTePU3yeTCcsl ee KOOpAUHATaMU COCTOSHUS, U3MEHSIOUINMMHUCS B pe3yJbTaTe Ipo-
texanus OXI1 BHyTpH crcTEMBI ¥ BHEITHUX OTOKOB B HEE B paMKax 3aKOHOB coxpanenus (puc. 1) [11, 12].
[IprunHOii 1 HEOOXOIUMBIM YCIOBHEM MTpOoTeKaHus pasnuuHbiX DX sSBISIOTCS TEPMOANHAMUYECKHE CHIIBL,
oTpeieIsieMbIe Yepe3 MOTEHITHAIBI B3aUMOJICHCTBHIS C YIETOM 3aKOHOB coxpaHeHus (puc. 1) [11, 12]. Heza-
BHCHMO OT TEpMOJMHAMHUYECKUX cui AeTanu AuHaMuku OXIT onpenensroTcss KHHETUYECKUMH CBONCTBaMH
cucteMsl (puc. 1), «Ikamoin» KOTOPHIX ABIsSIeTCs KHHeTHdeckas maTpuna [11, 12]. B pe3ynbsrare mporekaHus
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OXII (kpome mporeccoB TEIII000MEHa) BBIICISIOTCS HEKOMIICHCHPOBAaHHBIC TEIUIOTHI, KOTOPEIE pactperie-
JISI0TCST TIO0  TemmeparypaMm (B OOIEeM ciIydae HEpPaBHOBECHBIX) B CHCTEME B COOTBETCTBHH
C JIOJISIMU pacipe/iesieHus] HeKOMIIEHCUpOoBaHHbIX TeroT (puc. 1) [11, 12]. Ilpupaiienust BHyTpeHHHUX 3HEp-
TH B CHCTEME CBSI3aHO C TIPUpAIIEHIEM TeMIlepaTyp Yepe3 MpUBEACHHBIE TeIUIOeMKOCTH [12], a ¢ mpounmu

KOOpJIMHATAMHU COCTOSHUS — Yepe3 MPUBEACHHBIC TEIUTOBEIE 3 dekTHl (puc. 1) [12].
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I MamepAemble BblX0OHEIR X3P aKTEPUCT MKW CHCTEMbII

I KOHTponupy eMBle BbIXOOHEIE XaPaKT epMcTHEW CHCTEME I

Puc. 1. ®akTopsl, onpeaensomye MpoTeKaHIe MPOIECCOB PA3INIHON (PH3HUecKON 1 XUMUYIECKOH IPHPOIBI

JlMHAMKKa POIIECCOB B pacCMaTpUBACMOM CHCTEME OTNIpeeNsieT JMHAMUKY €€ U3MEpseMbIX XapaKTe-
puctuk (UX) u xouTpommpyembix xapaktepucTuk (KX) (puc. 1) [11, 12]. [Ins peanuzanuu B 9UCICHHOM
Bune MM, nonydenasix MMIIOII, HeoOX0AMMO ¢ TOYHOCTHIO J0 SKCIIEPUMEHTAIHHO UCCIETYEMBIX ITOCTO-

SHHBIX KO3 PUIIMEHTOB 3a1aTh GYHKIUHN cocTosHus (Tabm. 1) [12].

Tabnmna 1

q)yHKLII/II/I COCTOAHUA JIA CBOMCTB BCHICCTB U IIPOLIECCOB

CBoiicTBa BelecTBa WIK Iporiecca

3ajiaHue CBOMCTBA BEIIECTBA HUIIK Mpoliecca

I[I/ICCI/IHEITI/IBHEISI MaTrpunia

3anmaetcs uepes [14]:

— oOpaTuMBble COCTaBJISIONINE,

— NIPUBEACHHbBIE HEOOPATHMBIE COCTaBIISIOIIHE;

— BBIOOP (PHIIBTPOB MONOKUTETBHOCTH HEOOPATHUMBIX COCTABIIIOIINX
Ha OCHOBE Pa3JIOKEHHUs IMCCUIIATUBHOM MaTpHLIbI HA ee 00paTUMbIe
1 HEOOpaTHMBIE COCTABIISIOLIME C ITOJIOKUTEIBHON (HIbTpaLuen
HEoOpaTUMBIX COCTaBIISIOIINX

I[OJ'II/I pacrpeacjicHnss HCKOMIICHCH -
POBAHHBIX TCIJIOT

3anaercs uepes [16]:

— IPUBE/ICHHBIEC TOJU PaCIPEICIICHUsT HEKOMIICHCHPOBAHHOH TEIUIOTHI;
— BBIOODP (PHIIBTPOB MOJOKHUTEITBHOCTH JIOJICH pacipeieieHus
HEKOMIICHCHUPOBAHHOM TETUIOTHI

Ha OCHOBE HOPMATM3alUK OT()UIBTPOBAHHBIX Yepe3 MOJI0KUTEIbHbIC
GuIbTpa YIMOMSHYTHIX TPUBEACHHBIX JI0JICH paclpeieIeHUs
HEKOMITICHCHPOBAHHBIX TEILIOT

TloTeHnmansl B3anMOICHCTBUS

HpI/IBC,Z[eHHBIe TCIIJIIOCMKOCTH

IIpuBeneHHbIC TEILTIOBBIC () (HEKTHI

3ajaercst B COOTBETCTBHE C IEPBBIM U BTOPHIM HAYAJIOM TEPMOIUHAMHUKH
gepes [15]:

— YaCTHbIE MPOU3BO/IHBIE IPUBEICHHOM YHTPOIUH MO0 KOOPANHATAM
COCTOSIHMS,

— 3aJ1a€TCs YEPE3 YaCTHRIE IIPOU3BOJIHBIE IIPUBEIECHHLIX BHYTPEHHUX
SHEPIrHi 10 KOOPIUHATAM COCTOSHHUSI

Martpura 6ananca

3aI[aCTCH B COOTBETCTBUC C 3aKOHAMU COXpaHCHU Y€PE3 HC3aBUCHUMbIC
COCTaBJIAOIINC

Kax BumgHO M3 Tabm. 1, mis 3agaHus MPUBENCHHBIX B HeW (DYHKIIMHA COCTOSHHUS HEOOXOAMMO 3aJaTh
(GyHKIUHM cocTOsIHUS He3aBUCUMBIX cocTaBisiromux (OCHC) ynoMsanyThix GyHKIUE Hapsny ¢ QyHKIHIMU
BHEIIIHUX [TOTOKOB M UIyKTyalni, KOTophle Takxke MokHO oTHecTH K DCHC (Taba. 2) [15]. Ha ynoMsinyThie
OCHC MoryT OBITH HAIOKEHBI OTPaHIYEHUS, 00YCIIOBICHHbIE (PH3UKOW KOHKPETHON CHCTEMBI, OJTHAKO 00-
neu3nIecKuX OrpaHuyveHH He HaknaneiBaeTcs [15]. brarogaps stomy @CHC MoryT OBITH TOCTPOCHBI
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n3 OJ1 n3BeCTHBIMU METOaMHu TeopuH uaeHTudukanuu [8, 15], cumBonbHOI perpeccuu [10, 15], mammH-
Horo obOyuenwus [9, 15]. [Ipu atom MM, nosrygerasie MMIIOII, e mpoTuBopeyarue 3akoHaM (HHU3UKH, MO-
TYT BOCIIPOU3BECTH JIIO00U pekUM pabOThl CUCTEM Pa3iUYHON (PU3NUECKOW M XUMUYeCKOH mpupoast [11,
12, 15]. ®CHC moryT OBITh 3aJaHbl, HAPUMEP, B BUJE alIIPOKCUMALMOHHBIX MOJTUHOMOB [17], a Taxxke
MPOYNX PErPECCHOHHBIX MOJIeTIei MammuHAOT0 00ydeH™Ms [9, 10].

Tabmnuua 2

3aI[aHI/I€ HC3aBUCHUMBIX COCTABJIAIOIINX q)YHKL[I/Iﬁ AT XapaKTCPUCTUK CUCTEM

HesaBucumele cocTapisiione QyHKIMNH CHCTEMBI 3aaHne He3aBUCUMOM cocTaBisFonel (PYHKIIMU CHCTEMBI
OOpaTtiMble COCTABIISIIONINE JMCCUITATUBHONW MaTpUIbl | 3a1aeTcs C TOYHOCTBIO IO 3KCIIEPUMEHTAIBHO
[IpuBeneHHbIE HEOOPATUMBIE COCTABIISIOIINE HCCIIeIyeMbIX ITapaMeTpoB (PYHKIHUS OT KOOPIHHAT
JIICCUITaTUBHOW MaTpPUIIBI COCTOSTHHSI CHCTEMBI
[IpuBeneHHbIE 10T pacHpeiesIeHHs
HEKOMIEHCHPOBAaHHOM TETLIOTHI
[IpuBenenas sHTponUs
[IpuBeieHHBIE BHYTPEHHHUE YSHEPTHH
HesaBucumple COCTaBISIONINE MAaTPHUIIBI OalaHca
BremHne noToku 3agaercst ¢ TOYHOCTHIO 10 IKCIIEPUMEHTAIIBHO
HCCIIEAyeMBIX TapaMeTpoB (pyHKIWS B 00IIeM cirydae
OT BPEMEHH U OT KOOPJIMHAT COCTOSTHHS CHCTEMBI
Dnykryanuu 3agarorcst QyHKIUH OT CIIy4aiHbIX TapaMeTPoB

U3 puc. 1 BUAHO, 4TO MO AKCHEPUMEHTAIBHBIM JaHHBIM U3MEPSIEMBIX XapaKTEPUCTHK OIIEHUBAIOTCA
napametpsl @CHC, koTopble noapa3aessioTca Ha MHAUBH Y albHbIE, MEHSIOIINECS OT 3K3eMILISIpa K IK3eM-
IUIAPY CHUCTEMBI, Tak M OOIIME, OJUHAKOBBIE [UI1 BCEX IK3EMIULIPOB CHUCTEM paccMaTpUBAaeMOro Kiacca,
HayvaJbHOE COCTOSIHHE CHCTEMBI, 3aTE€M IO OLIEHEHHBIM 3HaYeHHUAM YIOMSHYTHIX BEJIMYMH MOJTy4aeM TUHa-
MHKY CUCTEMBI B TpeOyEMBIX €€ peKuMax, a o Hei — auHamuky ee UX u KX [11, 12].

Opnaxo misa onpeneneHus u3 O sxomsanmx B DCHC mocTosHHBIX TapaMeTPOB HEOOXOIUMO JTOCTa-
TouHO OoJbmoe yuciao D] [11-16]. Dto obyciornmuBaet npodiemy coopa D/ [5, 18], a Takxke mpodiiemy
uaeHTHHUKAIUN O0JBIIOro uncia napamerpoB MM (8, 18], 4To NpuBOAUT K HEOOXOAMMOCTH JOKAIBHOTO
ympomenus nmowyaerHoir MMIIDII cucremsr 1Y u ee uncnerHo-aHanuTHYeCKOT0 peoOpazoBanus [13, 18].
ITocTpoenne mpeoOpa3zoBaHHON aHATUTHYIECKOH MM 3akitouaeTcs B 3aJaHUH aHATUTHICCKOTO BEIPAYKEHUS
obmero pemenus cuctemsl 1Y momyuernsix MMITOI, k03¢ duImeHTs KOTOPOTO HIYTCS U3 YIIOMSIHYTBIX
AV (puc. 2) [13]. Iloxy4uerHoe ananutudeckoe oobmee pemenue Y Hapsny ¢ pyakmmamu gt UX u KX
CUCTEMHI sBiIsieTcs ee MM, npumennmoit 1yt pemenns [13 (puc. 2) [13]. [IpuBeneHnsie Ha puc. 2 QYHKITUN
JUIS TTapaMeTPOB aHAIUTHYECKON MOJIEIN AMHAMUKH pacCMaTpUBAEMON CHCTEMBI CTPOSATCS OAHOBPEMEHHO
¢ gynxousamu mi1st napametpos Y cuctemsl nomydenasix MMIIOII [13].

OnHamuKa KOHTPONMpYEMbIX [uHamuka usmepsembix
XapaKTepUCTUK CUCTEMbI XapaKTepucTUK CUCTEMbI

/

/

DYHKUMA ANA BbIXOAHBIX
XapakTepUCTUK CUCTEMbI

Cropoctn /
YpaBHeHn MeToga
@ MaTemMaqeckoro NpoToTUNYPOBaHIA

JHepreTn4yecknx npoyeccoe

A

3KenepuMeHTanbHble

JaHHble namepsemblx

XapakTepucTik
CUCTEMbI

Obue napameTphbl
CUCTEMBI

MapameTpbl yHKLWMK
KOHTP ONbHBIX AUHAMMWK

MocTosHHbIE
MHAWBUAYaNbHLIE
napameTpsbl
cucTembl

~__
MapameTpbl hyHKL MW PenpeseHTaTMBHbIV
penpeseHTaTUBHOMO yYacTka AMHaM UKW YYacToK KpUBOH ANHaMUKN
Puc. 2. ITonyyenue npeoOpa3oBaHHON aHATUTUYCCKON MOJICIIA CHCTEMBI
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Jus moctpoenuss ®CHC u3 D/1 nenecooOpa3HO MPUMEHUTh PETPECCHOHHBIE METOEI [16], B 4acTHO-
CTH METOJBl MHIYKTUBHOTO MTOPOXICHMS PErpecCHOHHBIX Mojenei [10], mo3pomstoniue, pa3ouB 001acTh
ompeJieNieHHst ICKOMBIX (PyHKIMI Ha IOA00IacTH, MOMYYHTh YIPOIIECHHbIe (YHKIIUH B KX I0W TaKoH 00a-
CTH C MTOCTIETYIOIINM 00BEIMHEHUEM YIIPOILICHHBIX (DYHKINH B MOJHYIO (PYHKLIHUIO B HICKOMOM 00J1acTH o1pe-
nenenus [10]. B paccmaTpuBaeMoM citydae, Kak BUAHO U3 PHC. 1, KaKI0H COBOKYITHOCTH TaKHX ITOA00IacTeH
cootBercTBytomuX obnacrei onpeneneHust ®CHC cOOTHOCHUTCSI COBOKYITHOCTh YYacCTKOB KPHUBBIX JTUHA-
muku UX u KX cucremsr (puc. 3) [18].

y(t) yit)

t t

Puc. 3. O6nactu ynponieHus: pyHKIUI COCTOSIHUS U COOTBETCTBYIOIINE UM JHHAMUKH.
BykBeHHO-1I(PpOBBIE 0003HAYEHUS 00JIACTEH YIIPOIIECHHUS COOTBETCTBYIOT OYKBEHHO-ITU(PPOBBIM
0003HAYCHHUSM COOTBETCTBYIOIINX YYaCTKOB COBOKYITHOCTEH KPHBBIX JHHAMUK U3MEPSAEMBIX MTApaMETPOB

C nomonrsto ®CHC u MMIIDII 00BsACHSIOTCS COOTBETCTBYIOIINE YUAaCTKH quHaMuk UX, a ucxoms u3
MOCJIE0BATENBHOTO clieioBanus yuacTkoB ynpouienuss ®CHC apyr 3a 1pyrom, Mbl BOCCTAHOBUM YIIPOIIIEH-
Heie ®CHC Ha cooTBeTcTBYROmMUX oOnacTsx ynpomenus (puc. 3) [18]. lanee B cooTBeTCTBHE ¢ METOIAMHU
WHAYKIIMOHHOTO TIOPOXKACHUS perpeccuonHbIx Mozeneit [ 10] mbr crpoum @CHC Bo BceM (pa3oBoM mpocTpan-
ctBe [10, 18]. AHaJIOrMYHO CTPOUTCS U MOJTHOE aHATUTUYECKOE BhIpakeHHE TUHAMHUKH COCTOSIHHUS paccMaTpu-
BaeMoii cucTeMsl [ 18] — aHanmMTHYecKoe BhIpaXeHHe o01ero pemenus cuctemsl 1Y, nomyuenasix MMITOIL
Takoi IoAX0A CYIECTBEHHO YIIPOLIAET OCTPOSHHUE aHATMTUUECKUX MOZENEH, TaK KakK JUI aHAJIOTMYHBIX 00-
JIACTEU YMPOIIEHUS TUHAMHUKH CTPOSTCS. aHAJIOTHYHO T10 TOJTYYCHHBIM OJIMH pa3 COOTHOIIeHUsM [7, 18].

y(t) p v{i};.\

)

4 T a t
HUFWEHHME' AWHAMHEH, e NonyueHHoIe GMHIMKMEN
COBOKYNMHOCTA 3HAYBHWI ik A v
KauecTeeHHO HEe COOTBETCTEYIOWME v KayecTeeHHO COOTEETCTRYIOWMWE
3KCMEPUMEHTA/IBHBIM NapameTpoB CUCTEMDI IKCNIEDUMEHTANbHBIM

Puc. 4. Ouenka obnacreit 3HaueHHU TapamMeTpoB QYHKIMN cHCTeMbl. TOHKOH CIIONIHOM JMHUEH OTIeIeHa
00J1aCTh TAKUX COBOKYITHOCTEH TApaMETPOB M COOTBETCTBYIOIIAX UM PACCUUTAHHBIX I10 ITOJTHOW MOJEITU TUHAMUK,
B KOTOPO# pacCYNTaHHBIC TUHAMHUKH U3MEPSEMBIX IMapaMeTPOB (Ha PUCYHKE IMOKA3aHbI TOJICTHIMU CILIOITHBIMU
JUHHUSMHU) COOTBETCTBYIOT SKCIIEpUMEHTY. [IyHKTHPOM IMOKa3aHbl IKCIIEPUMEHTAIBHBIC THHAMHUKH
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B ynomsHyTBIX 06macTsax ynpomerns @CHC MoryT OBITh OIIeHEHBI 00J1aCTH 3HaYeHUH KO (DUIHEHTOB
ynpomeHHsx ®CHC, a 3raunt, u odmact 3HadeHnH kodddurimerToB @CHC [18]. C aT0ii nemnsio 11e5mecooo-
Pa3Ho HCIOB30BaTh MeTOBI MoHTe-Kapno, B cooTBETCTBUM ¢ KOTOpBIMH TeHeprpytoTcs napamerpsl @CHC,
paccuuThiBatOTCs B cooTBETCTBUM ¢ MM nonyuennsix MMIIOII, cootBercTBYI0mIKE AuHaMuku X cucteMbl
Y OTCEHMBAIOTCS T€ COBOKYIHOCTH 3HAYEHHUH YIMOMSHYTHIX ITapaMeTpOB, NMPH KOTOPHIX pPacCUUTaHHBIE JHHA-
MUK UX HEe COOTBETCTBYIOT CTAaTHCTHKE HCIIBITAHUM IK3EMIUIIPOB paccMaTpuBaeMON cUCTeMbI (puc. 4).
Ha octaBmmxcs muaamukax X ctporm nipeoOpazoBarHyio MM, nmpumeHnMyto i pernenns 113 (puc. 2) [13].

B nonyuennyro MM, npumenumyto 1iist pernenus 113 (puc. 2), BXOIST Kak aHaTUTHYECKOE BEIpaKEHHE
obmero pemrenns Y nomyderasix MMIIOI, Tak u ynpomieHusie ypasHeHust MMIIOIIL, momydeHHbIe TyTeM
nokanpHOro ynpomenus @CHC [13]. Takoe aHamuTHYECKOE BBIPAKCHHUE MOXKET OBITH IMOCTPOCHO IMyTEM
pPa3BEIOYHOrO aHalu3a JaHHBIX [6, 19] qMHAMUK, TOJYYEHHBIX B COOTBETCTBUU C MPUBEIEHHON Ha puc. 4
CXEMOH, Ha ITpeIMET YCTAHOBUBIIMXCS U MIEPEXOAHBIX YHaCTKOB, Y4aCTKOB BO3PACTaHUs/yObIBaHUS, BBIILYK-
JIOCTH/BOTHYTOCTH, TIepeceyeHus/HernepeceueHus a3oBbIX KpUBBIX [ 13], KOTOpbIE U 3aKIaAbIBAIOTCS B YTIO-
MSIHYTO€ aHaJIUTHYECKOEe BhIpaxkeHue [13]. DTo rapantupyetr KOppeKTHOCTs MM, npuMeHUMOH [JIs1 peliie-
aust [13 (puc. 2) [13]. Takum 00pa3om, B COOTBETCTBHU CO CXEMOH, IMOKa3aHHOH Ha puc. 4, HEOOXOIUMO
MOJYYUTh TaKOE€ KOJIMYECTBO AWHAMUK COCTOSHHS CUCTEMBI, KOTOpPOEe OYIET IMOJHOCThIO OTPakaTh BBIIIE-
[IPUBEICHHBIE KaUeCTBEHHbIE OCOOEHHOCTH YNOMSHYTBHIX AMHAMMK, a TaKOKe IIEPEKPECTHBIE CBA3H MEXIY
OTIOPHBIMH TOYKAMH{ AMHAMUK CUCTEMBI B pa3IMYHBIX €€ peKuMax padoThl (C TOYHOCTHIO /IO B3aMHO-HE3a-
BHCHMBIX ONOPHBIX ToueK) [13]. M Ha 3TOM MHOXeCTBe JUHAMHUK COCTOSIHUSI CUCTEMBI CTPOUTD YIIOMSHYThIC
MM cuctemsl, npuMeHuMBbIe 1st pernerus 113 (puc. 2) [13].

YHOMSHYTO€ MHOKECTBO AMHAMHK CTPOUTCS MyTEM I'eHEpalllii COBOKYTHOCTEH 3HaYeHNH 00IIMX ma-
paMeTpoB CUCTEMBI, 3aTeM JUIs KaKIO0H TaKOH COBOKYIHOCTH 3HAUYEHHUH IeHepUpyeM COBOKYIHOCTH UH]U-
BHIyaJIbHBIX [TAPAMETPOB CUCTEMBI U €€ HAaYAJIbHBIX COCTOSIHUM. Ha Kak70M Takol COBOKYITHOCTH JTHHAMUK
cucTeMsl, oay4deHHbIX u3 1Y Ha 6aze MMIIOII, ans creHepupoBaHHON COBOKYITHOCTH MHIUBUIYATBHBIX
[IapaMeTPOB CUCTEMBI U €€ HauyaJIbHOI'O COCTOSIHUS, COOTBETCTBYIOIINX KOHKPETHOM COBOKYIIHOCTH 3Haue-
HUI 00IIMX MapaMeTpoB, BBHIIICONMCAHHBIM IyTeM cTpouM MM, npumenumyto ams petnenus [13 (puc. 2),
BBIOpaB M MPOTECTUPOBAB AJITOPHUTM ¢ OOydeHHs. BhIOpaHHBIA aJrOpUTM OOYUIEHHUS JOJIKEH OJUHAKOBO
Xopoto cTpoutb MM, npuMennmMsble i pemeHus [13 (puc. 2), Ha BceX COBOKYITHOCTSIX 3HAYEHUH OOIIMX
[apaMeTpoB.

Yupomenune Y nomydenasrx MMIIOII, Bxoasmmux B MM, npumenumyto ais pemenwns 113 (puc. 2),
CTPOUTCS ITyTeM BBIOOpa o0macTeld (ha30BOro MPOCTPAHCTBA CHCTEMBI, Yepe3 KOTOPhIC POXOIAT MOCTPOCH-
HBIE B COOTBETCTBHU C TIOKA3aHHOI Ha puc. 4 cXeMOl ee TMHAMUKH, C ITOCTIeIYIONINM 3aJaHUEM YIIPOILCHUH
OCHC B BbIOpaHHBIX 007acTsX (pazoBoro mpoctpancTsa. [lonmyuernnas MM, kak HETPyIHO BUICTh U3 PHC.
2, SBJSFOIIAsACS PU3NIeCKH MHPOPMHUPOBAHHON MOJIENBI0 MaMHHOTO o0ydeHus [20], o0yuaercs Ha D] c
MOCJIEIYIOUIMM €€ IPUMEeHeHueM i pereHust [13.

PesyabTaTpI

Ennnas meronuka moctpoerns MM cucrem paznudHON (pU3HMUECKON U XUMHUYECKOW TPUPOMIBI, TIPH-
MEHHUMBIX IS pemieHus pa3mnuHbix 113, Ha 6a3e MmeromoB Data Science 1 MMIIDII umeer Bu:

1. BemmonHsieTcsi mocTaHOBKa 3afa4yu moctpoeHust MM, nmpumenumoii ans pemenus [13 (puc. 2),
B COOTBETCTBUU C TPEOOBAHUAMM 3aKa3uuKa: TpeOyemasi TOYHOCTh U JOIIyCTHMAs cI0XKHOCTh MM, ee BXoa-
HBIC U BBIXOJIHBIC TapaMeTpsl [5, 7].

2. BemomHseTcs cOOp BXOIHBIX M COOTBETCTBYIOIIUX UM BRIXOTHBIX D/ nckomoit MM [5, 7].

3. Bemomnasercs Heobxomumas moarotoska D/ [5]: mpuBoaaTCs JaHHBIC K TPeOyeMBIM €IUHUIIAM
W3MEpEHHUs], BBIIIOTHETCS MaclTabupoBanue 1 nHTerpanus J/1.

4. Brmomnsercs nccienoBanne (oowsacuenune) /1 [5]:

4.1. PazouBaercst nuHamuka UX Ha yuactku, cunresupyercs MMIIOIII (puc. 1, Tabin. 1) cucrema Y
JuHAMUKH paccMatpuBaeMoii cuctemsl v ee X u KX nyrem noctpoenus nokansHO yrpomeHHbx @CHC,
OIUPAsiCh Ha COOTBETCTBYIOIME yUacTKU AUHAMUK WX cucTeMsl 110 cxeMme, IOKa3aHHO! Ha puc. 3.

4.2. MeronaMu MHIYKIIMOHHOTO MOPOKAEHNS perpeccnoHHbIX Mojenei ctpoutcs @CHC.

5. Brmmonnsercs ayrmenTanus S/1;

5.1. OuenuBaercs u3 D/] obyacth 3HaueHuit mapamerpos /1Y, momyuenasix MMIIJII, no cxeme, mo-
Ka3aHHOI Ha puc. 4.

5.2. B momydeHHO# 001acTH 3HAYCHUN BHITICYITOMSHYTHIX TTApaMETPOB T€HEPUPYETCS COBOKYITHOCTh
3HA4YEeHUI OOIIMX MapaMeTpOB U AJIsI KAXKIOH TaKOH COBOKYIHOCTH 3HAaY€HUI TeHEPHPYETCsl COBOKYITHOCTD
WHAWBUAYAIbHBIX 3HAYEHUH apaMeTPOB CUCTEMBI U €€ Ha4aJIbHOT'O COCTOSIHHMS.
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5.3. JIns creHepupOBaHHBIX COBOKYIHOCTEN NapaMeTPOB PaCCUUTHIBAECTCS B COOTBETCTBUU ¢ MM mo-
mygerHoit MMIIOII, auaamuka cuctemsl u ee X u KX.

6. Ha MHOXecTBax creHeprpOoBaHHBIX AHMHAMUK cocTostHUs cucTeMbl U ee X u KX, cooTBeTcTBYyIO-
IIMX COBOKYITHOCTSIM 3HAYCHHUH OOIIUX MapamMeTpoB, CTPOUTCS cTpyKTypa MM, mpuMeHUMON AJIsl peleHus
I13 (puc. 2) m oTpabaTeIBatOTCS aNTOPUTMBI 00ydeHUS 13 /] aToit MM.

7. OOyuaercst Ha oOydaromux D/ nonyuennas MM, npumenuMas ans pemenus 113, u npoBepsiercs
Ha TECTOBBIX JaHHBIX. [Ipn HEOOXOAUMOCTH B COOTBETCTBHH C MPEABIIYIINMH IIaraMi U KOPPEKTUPYeETCs
nonydyeHHass MM, npumenumas i pemenus 113.

B cOOTBeTCTBUH C MOIYyYEHHON METOIUKOMN CTPOSTCS (u3muecku mHPopMUpoBaHHBIe MM MammH-
HOTro 00yd4eHHsl, He MPOTHUBOpEYaIie 3aKoHaM (U3HKH, Uil 00yueHH KOTOPBIX TpeOyeTcsi OTHOCUTEEHO
HebompImoi o0beM D/1 [20].

O6cyxaenne

[Tomygaembie B COOTBETCTBHH ¢ YHOMSIHYTON MeToaukoit MM, nmpumeHuMBbIe i permenus 113, xa-
pakTepu3yroTcs npoctotoil. [IpuBeaeHHas B Hel ayrMeHTarus 31 HeoOXxoauMa i aHaIi3a KaueCTBEHHOTO
xapaktepa quHaMuK O XII 1 nepekpecTHBIX CBA3EH MEXAY AMHAMHUKAMU MPOILECCOB, YTO TapaHTUPYET QH-
3u4ecKyro nH(popMupoBaHHOCTE MM 1 ee 00y4aeMocCTh 3a mpuemiemoe Bpems [20].

3akAroueHune

[pennoxxennas metoanka mocrpoenuss MM, nmpumeHuMbix ais 113, cucrem paznuyHOl (pu3ngecKon
Y XUMHUYECKON MPUPOIBI MOKET OBITH MOJIOKEHAa B MaTeMaTHYECKYI0 OCHOBY MPOrPaMMHO-TEXHOJIOTHYE-
ckoii matdopmpl T(POBHIX ABOWHUKOB. A moy4eHHbIe MM, npumeHnMble 1t pemerust [13, MoryT ObITh
MI0JI0KEHBI B OCHOBY MaTEMaTHUYECKOI'0 sIpa IIU(PPOBBIX IBOHHUKOB.
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MHOTI'OATEHTHAS CUCTEMA ABTOMATHYECKOI'O
ITAAHUPOBAHUA U YIIPABAEHWA MTH)KEHEPHBIMU
N3MEHEHUWAMMUM HA ITPEAIIPYAATAN PAAMOIAEKTPOHHUKH
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AHHoTamms. AxmyanvHocms u yeny. COBpeMEHHBIM PAIHO3IEKTPOHHBIM IPEANPUATHAM HPUXOAUTCS OATED-
JKUBATb 3aMHTCPCCOBAHHOCTDH HOTpe6l/ITeIleI‘/II 3a CUYCT NOCTOSIHHOT'O COBEPLICHCTBOBAHMS BbIITYCKACMBIX H3}1€HHﬁ, pas-
pa60T1<1/1 HOBBIX MOI[I/I(bI/IKaHI/lﬁ 1 BHECCHUSA MHKXCHCPHBIX W3MEHECHUM B KOHCTPYKIUIO U TEXHOJIOTUIO U3IOTOBJICHUA.
WnxeHepHble M3MEHEHUs] TPeOYIOT 3HAYMTENBHBIX YCHJIMH 10 WX IIAHUPOBAHHIO, COTJIACOBAHMIO M BHEIPEHHUIO
Ha MPEINPHUATHH U ITPOBOAATCS B OOJIBIIMHCTBE CIIy4aeB B PydHOM pekumMe. Hacrosiee ucciieioBaHue CTaBUT LENbIO
pa3paboTaTh MHOTOAr€HTHYIO CHCTEMY TOJICPKKHU ITPUHSTHS PELIEHUH 110 YIIPaBICHUIO HHXCHEPHBIMHI N3MEHEHUSIMH
B M3JCNIUSIX C WCIIOJNB30BaHMEM LIMPOKHUX BO3MOXKHOCTEH TEXHOJIOTHMII MCKYCCTBEHHOrO WHTEIUIeKTa. Mamepuanv
u memoOsi. Ha ocHOBe paHee pa3paOOTaHHOI aBTOpaMH MOJEIH 00CITy)KHUBaHUS HHXCHEPHBIX W3MEHEHUH CPOPMHPO-
BaHa OpPUTHHAIBHAS POJIeBas MOJEINb B3aUMOJCHCTBUIT areHTOB. ATEHTHI, (PyHKIHOHUPYIOIIHE B YCIOBHAX HEolpee-
JICHHOM Cpelbl U OTCYTCTBHS ITOJHOW MH(OPMALMH, UCTIONB3YIOT IS BEIBOJOB KOTHUTHBHBIE CTPYKTYPHI JaHHBIX U
METOJbI JEAYKLIMU U MHAYKUUH. Pe3ynbmamsl u 6b1600vi. I1peioxeHa KOHIENIHS CHCTEMBI, COCTOAIIEH UX YeThIpex
areHTOB U COJePXKallleil KOTHUTHBHBIE CTPYKTYPHI JAHHBIX U METO/IbI JIOTHYECKHUX BEIBOJIOB C 00yUYEHHEM U aJlanTaliei.
CdopmyinpoBaHbl JIOKAIBHBIE LETH ar€HTOB B CUCTEME, PACKPBITHI HX POJIb U 00LIIast JIOTHKA ISHCTBUIA IO MOJIEPIKKE
HNPUHATHS PELISHUH 10 BHEAPEHHUIO MH)KEHEPHBIX M3MEHEHHUH B M3JENUAX PaIHOodIeKTpOHUKH. Pa3paboTana noruye-
CKasl apXUTEKTypa areHTa-KOOpAWHATOPa, KOTOPBIN 3alpallliBaeT ONTHMAaJIbHbIE BPEMSl U CTOMMOCTh peali3aliuy HH-
YKEHEPHBIX M3MEHEHHUH 1 COCTaBIIsIeT IpahMK BHEIPEHHS UX Ha MPeNpHsITHH. [10CTpOEHBI TaKKe apXUTEKTYphI areHTa-
MIPOTHOCTHKA, areHTa-oNTHMN3aTOpa U areHra oopaTHOM CBs3M. Mozienb UMeeT OrpaHWYeHHs B BUJIE MOSIBJICHUS BHE-
LITATHBIX CUTyalWil Ha MIPEANPHUATHH, FOPUIMYECKH 3HAYMMBIX WIA KPUTHYECKUX ISl 0€30IaCHOCTH TPEIPHUSITUS U3-
MEHEHHI, 4TO TpeOyeT Iepexoia Ha pydHOe yIpaBJIeHHE.

Ki1roueBble €10Ba: areHT-KOOPIUHATOP, areHT OOPAaTHOM CBSI3H, areHT-ONTHMHU3ATOP, ar€HT-NPOTHOCTHK, WH-
KEHEpHOE N3MEHEHHE, NCKYCCTBEHHBIN HHTEIJIEKT, MHOTOAreHTHast CHCTeEMa
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Abstract. Background. Modern radio-electronic enterprises have to maintain consumer interest by continuously
improving their products, developing new modifications and introducing engineering changes into the design and man-
ufacturing technology. Engineering changes require significant efforts for their planning, coordination and implemen-
tation at the enterprise and are carried out in most cases manually. This study aims to develop a multi-agent decision
support system for managing engineering changes in products using the wide capabilities of artificial intelligence tech-
nologies. Materials and methods. Based on the engineering change maintenance model previously developed by the
authors, an original role model of agent interactions has been formed. Agents operating in an uncertain environment and
lack of complete information use cognitive data structures and deduction and induction methods to draw conclusions.
Results and conclusions. The concept of a system consisting of four agents and containing cognitive data structures and
methods of logical inference with training and adaptation is proposed. Local goals of agents in the system are formulated,
their role and general logic of actions to support decision-making on the implementation of engineering changes in
electronic products are revealed. The logical architecture of the coordinator agent is developed, which requests the op-
timal time and cost of implementing engineering changes and makes a schedule for their implementation at the enter-
prise. Architectures of the forecaster agent, optimizer agent and feedback agent are also built. The model has limitations
in the form of emergency situations at the enterprise, legally significant or critical changes for the safety of the enterprise,
which requires switching to manual control.

Keywords: coordinator agent, feedback agent, optimizer agent, forecaster agent, engineering change, artificial
intelligence, multi-agent system
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BBepenne

I'enepanus nmxeHepHbIX n3MeHeHnd (MuM), mpopaboTka KOHCTPYKTOPCKO-TEXHOJIOTHICCKON TOKY-
MEHTAIMH, COTJIACOBAaHHUE UX CO CIEIHUANNCTaAMU U BHEPEHHE CBS3aHBI C IETBIM PSIOM TpodiieM, TpeOyro-
IIMX UCCIIEAOBaHUI 1 pa3pabOTKN HHCTPYMEHTApUS yIpaBieHus uMH. LUK poBeiCHNS MHKCHEPHBIX H3-
MEHEHHA Ha PaJHOdICKTPOHHBIC U3/IENUS BKITIOYAET B ce0s PsJ/I ATAIOB, IIOKa3aHHBIX Ha puC. 1.
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Puc. 1. IIponecc reneparmu, mpopabOTKH, COTJIACOBAHUS U BHEAPCHNS HMH)KEHEPHBIX N3MEHEHUH

TpeboBanus Ha MHU B n3aenusix MOTyT reHEpHpOBaTh KaK MPOCKTUPOBIINKY U3ACIHS, TaK U TEXHO-
JIOTY, MaTE€pUAIOBE/bl, CIIELIUATUCTHI MOAPA3ACICHUN, 3aKa3UUKHU U APYTHUE U3-3a TOTO, UTO LIEJIEBbIE CBOM-
CTBa MPOJYKTa OOIBIIE HE COOTBETCTBYIOT ero (pakTHuecKuM cBorcTBaM. OTKIIOHEHHE MOXET UMETh Kak
BHYTpPEHHME, TaK U BHEIIHUE NMpUUKHEI [1]. BHyTpeHHNe MpUYUHBI HHKEHEPHBIX U3MEHEHUHN B U3JIENHU —
9TO BHYTPEHHHE WHHOBALlMU M YIJy4YIIEHHA NPOAYKTa, 3HAHMS, MOJYUYEHHBIE B NPOLIECCE NMPOU3BOJCTBA,
COOpKHM ¥ YIIpaBIEHUS KAa4eCTBOM, COOOIIEHHS O BHYTPEHHUX OINMMOKaX, OpraHW3allMOHHBIE M3MEHEHHS

46



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2025;(3)

BHYTPH TPEANPHUSATHS, Ype3MEPHO BHICOKHE 3aTPAThI, OIMUOKHN MPOCKTUPOBAHUS U3-32 OTCYTCTBHUS 3HAHUI
0 TIPOAYKTE WM YCIOBHSIX €0 MCIOIL30BaHNs. BHEITHIMY IpUIHHAMA MOKHO CUHUTATh, HAIIPUMEp, TTOSB-
JICHHE HOBBIX MAaTEPHAJIOB U TEXHOJIOTUH, IIU(DPOBU3AIIMIO MPOU3BOICTBEHHBIX MPOIIECCOB, U3MEHEHHS Tpe-
0OBaHUI WM TCHJICHIIUN PHIHKA, 3aIIPOCOB ITOTPEOUTENCH, YIIyUIIICHHE aHAJIOTOB Y KOHKYPEHTOB, U3MEHE-
HHS KOMIUICKTYIOIHUX W KOMITOHEHTOB, IOIYYaeMBIX OT IOCTaBIINKOB, M3MEHEHHUS 3aKOHOB, CTaHIAPTOB,
HOPMAaTHUBHO-TEXHUYECKHUX JOKYMEHTOB, JKaJI00bI, OT3BIBBI U PEKJIaMaIluH KIIUCHTOB [2, 3]. Bo3HukaeT HeoO-
XOJIUMOCTb B YIIOPSIOUEHHUH CBSA3CH M KOMMYHUKAITUH MEXTy UCTIOTHUTEISIMH U CIy)K0aMHU, OTBEUAIOITIMHU
3a pa3paboTKy, BHeceHne MHM B KOHCTPYKTOPCKO-TEXHOIOTHIECKYIO TOKYMEHTAITUIO U BHEIPEHNE B TIPO-
H3BOJICTBO, YCTPaHEHHUE PAa3HOTIIACHHA MEXKIY HUMHU O€3 TTOBBIIIIECHUST CTOMMOCTH 3aTpart.

IIpoutecc BHeapenust THM BrirouaeT B ceOsi KOMMYHHUKAIIMIO MHOKECTBA 3aMHTEPECOBAHHBIX CTOPOH
Y OTJIEJIOB Ha MPEANPHUITHN, KOTOPBIE CBOOOHO COTPYIHHYAIOT IOCPEICTBOM JEHCTBUI KOOPAMHATOPA H3-
MEHEHHU. B ycrmoBusAX pa3BuTus 1MudpOBOH Cpeanbl Ha MPOMBIIIICHHBIX MPEIPUATHSIX TMPOIECCHI YITpaBIIe-
Hus MulM, BHOCUMBIMU B TIPOCKTHPYEMBIE I OCBAaMBAEMBIC M3/IENHsI, TPEOYIOT aBTOMATH3aIlMN U MHTEIJICK-
tyanmusaiuu [4, 5]. IlpeacraBneHne CBOOOAHOTO COTPYJHHYECTBA MEXKTY ABTOHOMHBIMU CYyOBEKTaMH,
yhpasJeHne mpoieccamu BHeapeHns Ual cTaHOBUTCS BO3MOXKHBIM Yepe3 MHOTOAreHTHYIO CUCTEMY C BO3-
MO>XHOCTSIMUA MCKYCCTBEHHOT'O WHTEJIICKTA.

Cornacho omnpenenenuto Paccena u Hopsura [6], areHT — 3TO aBTOHOMHASs! CYIITHOCTb, KOTOPAast BOCIPUHU-
MaeT Cpery Yepe3 JaTIUKH, Ha OCHOBE MH(POPMAIIMU OT KOTOPBIX OH MOXET ACHCTBOBATh Uepe3 HCIIOTHUTEIEHBIE
MEXaHU3MBI. ATEHTBI CIIOCOOHBI OCYIIIECTBIISATH JIOTHUECKUE BHIBOJIBI B YCIIOBHSIX TIOTYUICHHUS HETIOHOU U TIPO-
TUBOPEUMBON MHGOPMAIMH, OHU COJICP)KAT KOTHUTUBHBIC CTPYKTYPBI JaHHBIX M METO/IbI, PEATU3YIOIINE JICTYK-
TUBHBIE WM WHIYKTUBHEIE BBIBOJBI [7]. KpoMme Toro, Momens areHTta HHTErpUpyeT MEXaHU3MBI PacCyKICHUS
Ha OCHOBE 3HAHWH C HEHPOCETEBHIM (KOHHEKITMOHMCTCKUM) ITOIX0A0M ¢ 00ydeHHeM U aganTanueil. Kak cropa-
BEIJIMBO OTMEUCHO B paboTe [8], B3aMMOJICHCTBYE areHTOB CBS3aHO C IIEPErOBOPAMHU U IOCTHKCHUEM COTJIaCHsI
3a CYET MHTEPAKTUBHOTO 0OMeHa uH(opMalmeli B (hopMe MpeIoKESHUN U KOHTPITPEITI0KCHHH.

MoaeAb MHOrOareHTHOM CHCTEMbI YIIPABACHHUS HHK€HEPHBIMH H3MEHEHHAMH

Pa3zpaborana poneBasi MOJeNb B3aMMOJICHCTBHN, MPOUCXOAIINX B MHOTOAr€HTHOM CHCTEME IO-
JIEP’KKHU TPHUHSTH penieHui mo ynpasieruto MHU (puc. 2). PoneBoii acmekT 0XBaThHIBAET BO3ZMOXKHBIC CIIC-
[UATA3AIUY aTreHTOB U TO, KaK OHH MOTYT OBITh CBSI3aHBI JAPYT C ApyroM [9].
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Puc. 2. Monens MHOroareHTHoi cucteMsl BHeApeHust IHU Ha npeanpusitun

Poinp — cBoero pona aGcTpakiys OBEICHUS areHTa, ero 00s3aHHOCTEHN, B JaHHOM Cllydyae IpH opra-
HHU3aluu npoueccoB BHeapeHus MuM B m3nenusax Ha npeanpustin. OHa AaeT mpencTaBieHne 00 OOImx
(YHKLIHUSX areHTOB, KOTOPBIE OYyAyT pacIlUpeHbl M0 Mepe AeTaTu3NpOBaHHON pa3pabOTKH MHOTOAreHTHON
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cucteMsl. Llenn areHToB B crucTeMe MOXKHO C(POPMYITHPOBATH CIECAYIONUM 00pa3oM B COOTBETCTBHH C 3afa-
JaMH, OTIMCAaHHBIMH B pabdote [10]:

I[1 — onpenencHre ONTUMAIBHBIX JUIS TIPEANPHUATHS CPOKOB BCTyIUIeHUs B cuity IHU Ha ypoBHe je-
Tajel Win COOPOYHBIX CIMHHII;

12 — BeIpaboTKa mporHo3a o BeacHun HU Ha geTanb (COOpOIHYIO SIUHUITY ) B COOTBETCTBHH C TIPH-
HATBIM Ha MPEIIPHUATAN PETIIAMEHTOM M B 3aBUCUMOCTH OT JIJAHHBIX IPYTHX YYaCTHUKOB coryiacoBanus MHU;

113 — mpenmocraBnenue rpaduka BHenperus MHN B COOTBETCTBUY C pe3ybTaTaMu JTOCTHKSHUS 1eeH
11 n 112;

14 — mpemocTaBneHNEe OOPATHON CBS3H.

Henp I[1 moxer BKIIOYATh B ceOs Takxke nakerupoBanue VMHUW omHONW NMpUYMHBI BOSHHUKHOBEHUS
JUTSL TPYTIBI M3ICTHA OJJHOTO KIIAcca, 3TO CHIDKAET 3aTPAaThl M CIIOKHOCTH BHEApeHUs n3MeHeHu. [Ipu aB-
TOMAaTH3alUH TIPOIIECCOB Ha MPEANPUATHH BBHIMOTHUTH 1[2 — mpemcka3aTs maTy BHEAPECHHS] U3MCHCHHS —
MOKHO Yepe3 MPUII0KEHUS UCKYCCTBEHHOTO MHTEIUICKTA, UCIIONIB3YsI JaHHBIC U3 HECKOJIBKUX UCTOUYHUKOB.
113 ciocobcTBYeT aBTOMaTH3aIUy IIaHupoBanus MH, 4To 3HAUNTENEHO yITydlIaeT 3KCILTyaTaIUuio TOTI0-
HUTEIFHBIX MOIITHOCTEH U PECypCcoB, HEOOXOAMMBIX JIJIs UX BHEIPEeHUS Ha peanpusTad. 1[4 mo3BonseT KoH-
TPOJMPOBATH MPOIECCHI M OCYIIECTBIIATE MPH HEOOXOIMMOCTH PYYHOE BMEIIATEILCTRO.

Ha puc. 2 mokaszaHo, Kak areHT-KOOPAWHATOP YIPABISET 3a1la4aMHy U TPEIOCTABISIET rpaduK BHEIpE-
Husa Mual. Ipu noctymienun HoBoro MHU oH 3ampammBaeT pacueT ONTUMANIbHBIX 3HAYCHUH JaT BCTYILIE-
HUSl B CWJIYy U3MEHCHHH C TOYKH 3PEHUS MHHUMAIBHBIX 3aTpar (3(Q(PEKTHBHOCTH M3MEHEHUs). ATEHTOM
3alpaliuBaeTCs TaKXKe IMPOTHO3 M0 MoKa3aTe/to 3 (HEKTUBHOCTH M3MEHEHHUS. ATCHT CpaBHUBACT JIaTy U IPO-
THO3 110 3(()EKTUBHOCTH ¢ UACHTU(DHUITHPOBAHHBIM HAOOPOM mpaBmil. Eciii pe3ynsTaT — B Ipeaesiax mprueM-
JeMbIX BenmnduH, MM mimanupyeTcs B MPpOU3BOJICTBEHHON CETH, MHAYE — areHT-KOOPAMHATOP TIOBTOPHO 3a-
MMyCKaeT areHTa-oNTHMH3aTOPa, 3allpaIluBas TIOUCK CIEAYIOMIETO JIyYIIero JOKAIFHOTO ONTHMYyMa.

ATeHT-0NTUMHU3aTOp 00panaeTcs K NepBOi LEH i ONPEACICHHUS ONTUMAIBHOMN JaThl BHEIPCHUS
WHU ¢ Touku 3peHusi CTOMMOCTH U BpeMeHH. [lepen pacyeToM ONTUMAaNTbHBIX 3HAYCHUH areHT JOJDKEH Tpo-
BECTH KJIacCU(PHUKAIIMIO U3MEHEHUS M MICHTH(UIIMPOBATH €0 TUII JJIs CBSI3BIBAHUS C 3aTpaTaMHy Ha €ro BHE/I-
penne. MHGOpMaITis mpeaocTaBisgeTcs areHTy-KoopauHaTopy. VIcoTHUTe IbHBIC MEXaHU3MBI ar¢HTa-0ITH-
MH3aTopa MOTYT OBITh pa3paboTaHBl KaK 3aKOJWPOBAHHBIC IApaMETPhl TEHETHYECKOTO aJIfOpHUTMA
B COYETAHHUH C IIOMCKOM.

ATeHT-TPOrHOCTHK BBINONHSET 12 1 mpeocTaBisieT areHTy-KOOPAUHATOPY JTOBEPUTEIBHEIN UHTEP-
BaJl TOYHOCTH BHEJPEHUSI MH)KEHEPHOTO H3MECHEHUS U OLICHKY BO3/IeHCcTBUS. Ero moTok ymnpasieHus gocra-
TOYHO MPOCTOM, TaK KaK MPU MHUITHAIM3ALMU arCHTY [TOPYYaeTCs MPOrHO3UpoBaTh 3(P(HEKTUBHOCTH BHEAPE-
HUSA 11 BcexX 3afaHHBIX nmar. [locie pacdera mporHo3a pe3yibTaT BO3BpAIIaeTCS IS COTOCTaBIICHUS
¢ HabOpOM TIpaBWII areHTa-kKoopauHaTopa. [IporHOCTHK — 00yJalOIMUNCS areHT, TIOCTOSHHO YITYYIIArOIIAN
CBOM ITPOTHO3HI C MTOMOIIIBIO TAHHBIX MPOILUIBIX U3MEHEHHIA.

AreHT 00paTHOH CBsi3U B cooTBeTCTBHH ¢ L[4 0OecnieunBaeT nHbopMaIyei 4eroBeKa B cirydae Heoo-
XOJMMOCTH PYYHOT'O YIIPaBJICHUS W BHOCUT M3MEHEHHUs B 0a3bl 3HaHMU. KoHTponupys rpaduk BHEAPCHHS
WuM, oH B ciiyyae BBISBICHUS KaKUX-THO0 OTKIIOHEHHUH HH(POPMHUPYET OllepaTopa-ueoBeKa U areHTa-Koop-
IHATOpa. ATEHTY JOJDKEH OBITH MPEAOoCTaBlieH 0a30BBIM HAOOp MPABMII, COTIIACHO KOTOPHIM OTKJIOHEHUS
CUMTAIOTCS TOCTATOYHO CEPhE3HBIMH, YTOOKI ITOTPEeOOBAThH MPOBEPKHU rpadrka BHEIPCHHS U3MEHEHUHN WITH
nake orMeHuTh camo Mul.

Jlyis KaXKa0ro are’ra HeoOXoAuMa cpefia 3aauu, onpeesieMas oka3aTesieM TPOU3BOIUTEIBHOCTH,
WCIIOJTHUTEIHHBIM MEXaHU3MOM U JATYMKOM. DTH TIOKA3aTEIH MIPEIICTABICHBI B Ta0. 1.

Tabnuna 1
ITokazarenu areHToB cucTemMbl BHepenua MU Ha npeanpustuu
[Tokazarenu AreHT
KOOPAWHATOP ONTHMH3ATOP MIPOTHOCTHK 00paTHO CBSA3U
1 2 3 4 5
IIpousBonu- TouHOCTH CTonMocCTh KauectBo npornosa Pyunoe
TCJIBbHOCTb IJIaHUPOBAaHUA pcaiusanunu BMEIIATECIbCTBO
1 BpeMs
Cpena Jannasie 06 M IIpoextupoBanue, [Ipouusle u Tekymue | Pacnucanne MU
JIOTHCTHKA, JaHHBIE | JAHHBIE O
00 Uuald JIOTUCTHKE, TaHHBIE
MIPOEKTUPOBAHMUS,
naxaeie 06 Ml

48




RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2025;(3)

Oxonyanue 1a0m. 1

1 2 3 4 5
VcnonaurensHeit | 3ampoc pacuera, Anroputm Anroputm 3anpocsl
MEXaHU3M 3a1poc KiaccudukaTopa, MIPOTHO3UPOBAHUS IIPOTHO3UPOBAHHS,
IPOTHO3UPOBAHMS, AJITOPUTM pacuera koHpwuryparwms Uual,
aNrOpUTM CPaBHEHMS, JaHHBIE IIpoLECCa
manupoBanue NuN, U CUHXPOHU3ALUU
3arpocHa
py4HOE YIIpaBIeHUe

Jatuuku Kondurypauus Mul, | Kondurypamus IIposepka Jlannble rpaduka
pacuer, %0314 08 [JIAHUPOBAHUSA Nul,
IIPOrHO3UPOBAHUE, 3aIpochl Ha pacyeT, | 3ampoc, ooparHas JTaHHBIE
nHpopManus JIaHHBIE LENOYKU CBSI3b, IIPOTHO3UPOBAHHS,
0 peanu3aluy, MOCTaBOK, JAHHBIE | paclpelelieHe JIaHHBIE IIpoLEecca
IIPOBEPKA 0 IIPOJYKTE, U CHHXPOHH3aLUU
IUTAHUPOBAHUS rpaduk

IIPOU3BOJICTBA

ApaneKTypa )7 ¢ (l)YHKI.[I/II/I Ar€HTOB CHCTEMbI YIIPAaBAC€HHSI HHDK€HEPHDBIMH H3MECHECHHNUSIMH

I'maBHBIN areHT Bcel CUCTEMBI — KOOPAMHATOP, OCYILECTBIISIET COTIACOBAaHUE 3a/1a4 C IPYTUMH areH-
TaMU ¥ TpeaocTaBisieT rpaguk BHeaApeHust HU, Beimonass nensb 1[1. PazpaboranHbiil kKak areHT, HalleleH-
HBII Ha OOyYCHHE, OH MMEET JIOTHUSCKYI0 apXUTEKTypy, MTOKa3aHHy Ha Oiok-cxeme (puc. 3). PemeHus

MIPUHUMAIOTCS HE

HIOCJIEIOBATEIBHO, a CKOPEe OJHOBPEMEHHO, OTTAIKHUBAsICh OT HHPOPMALIUH, TOTyIEHHOH

OT JAaTYMKOB, KOTOPBIC MO3BOJIAKOT BOCIIPUHUMATD ar€HTY OKPYKAroUlyro Cpeay u ,Z[eﬁCTBOBaTI: B 3aBUCHMO-
CTH OT TCKYUICTO COCTOSAHHUSA.

Hauamo

[ Nuannamnzamusa ]

HET v

3ampoc pacuera | A4 OXUIaHHe
H IPOTHO34

el

JIOCTYIIHO peanmzoeaHo?

HoBo¢ MHIT?

—

3ampoc MporHo3a

HET JIOCTYITHEL
)y OTKIOHECHHE Aa TIpOTHOSEI H
acueTsl?
3aperHCTPHPOBaHO? Pé Pacrnicanme
[ CpaBHeHHE ] Null
r
PesyasTar
YAOBICTBOPHTEIIBHBIIN?

3ampoc pemeHn
BPYIHYHO

1

KonmmuecTBo IHKIOB
JOIYCTHMO?

3arIpoc HOBOTO ]
pacuera J

Puc. 3. Jlornueckas apXuTeKTypa areHTa-KoopAUHATOpa
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[locne wHUNMATM3AIMK areHT HAXOMUTCS B COCTOSIHMH OXKHIAHHSI TOCTyNa K HOBOMY TpeOOBaHUIO
Ha HU. Tocne ero nony4deHus areHT-KOOPAUHATOP 3alpallluBaET pacueT ONTUMAIbHbBIX 3HAUEHUN BpeMEHU
peanu3anuu ¥ cronmoctu MTHU. Kpome Toro, 3anpammBaercst porHo3 3 (heKTHBHOCTH BHEAPEHUST KOHKPET-
Horo VMHU. Ilpy Hanmm4uu oNTUManbHOTO TPOTHO3a areHT CPaBHUBACT MTPOTHO3UPYEMBIi A (EKT U UIICHTH-
¢upoBaHHyIO AaTy ¢ HabopoM mpaBuil. Eciu morydeHHasi cpaBHUTENbHAs OI[EHKa HaXOJUTCS B TIpHUeMIIe-
MBIX Tpeaenax, To MM miaHupyercs B MPOU3BOJACTBEHHOMN CETH, HHA4Y€ — areHT-KOOPAWHATOP MOBTOPHO
3aMyCcKaeT areHTa-oNTUMHU3aTopa, 3alpallinBas MOUCK CIASAYIOIIEro JYUIIEero JIOKaJIbHOTO ONTUMYMa, Tepe-
3aImycKasi IeTI0YKy «ONTUMH3AIHSI — IIPOTHO3UPOBAHKE — rpapuK BHEPEHUSD.

Ecnu ot arenra oOpaTHO# CBA3H HE MOTyYeH 3apOC Ha yIpaBJIeHNE PacIUCAHUEM, areHT-KOOpIuHa-
TOP OCTAETCS B COCTOSIHUU OXUAAHUS O NOJy4YeHUs moATBepkaeHus oT UHU, uTo mpuBOIUT K €ro 3aBep-
mennto. OgHAKO ecii 3a()MKCHPOBAHO OTKIIOHEHHE, areHT-KOOPAWHATOp 3alpallnBaeT HOBBIA MPOTHO3
JUTSE TIEPEOIICHKH CUTYalliy M B 3aBUCHMOCTH OT pe3yJIbTaTa paclucaHue MOATBEPKIaeTCa WIH TpedyeTcs
HOBBI ONTUMAaIBHBIN pacueT, (PaKTHUECKH Mepe3aryCcKaeTcsl MOCIeI0BaTEIbHOCTh «ONTUMH3AIUS — TPO-
THO3WpOBaHKE — rpaduK BHeAPeHMs». HakoHell, ciemyeT yCTaHOBUTh OTPaHUYCHUE Ha KOJIMYECTBO IHKIIOB,
KOTOpBIE MOTYT OBITh TIEpPE3aIyIIeHbI, U B CIy4ae, €CIIU II00aTbHBIA ONTUMYM HE JTOCTHTAETCSI, 3aIpalliBa-
€TCsl pyYHOe TIepeonpeiesieHIe WK pellleHHe.

®dakTopsl, KOTOPBIE HEOOXOAUMO YUUTHIBATH MPU Pa3pabdOTKe areHTa-KOOPAUHATOPA, — YaCTOTa MPO-
BEPKH, KOHIICTIIINS XpaHeHMs JaHHBIX U HaOop mpaBwit. Ecnu nepBeiid ¥ BTOPO# (haKTOphI OrpaHUYEHBI BBI-
YUCITUTEIBHBIMU PECYpCaMH, TO HaOOp TIPaBUII YHUKAJIEH B COOTBETCTBUH C TPEOOBAaHMSIMUA KOHKPETHOTO TIPe/I-
npusATHs. B kauecTBe mokazaTernsi MPOU3BOJUTENBHOCTH IpeylaraeTcs TOYHOCTh IIaHupoBaHus (Tabdi. 1),
MOCKOJIPKY 3Ta METPHKA TO3BOJISAET areHTY-KOOPAWHATOPY aBTOHOMHO YJyYIaTh M afalnTHPOBaTh HAOOP
MIPaBHJI C TEUCHUEM BPEMEHH, MOBBIIMIAS TOYHOCTE U 3((DEKTUBHOCTH Oyaymux rpadukoB BHeaApeHus UHI.
Jnst ymydiieHust paboThI areHTa Mpe;uIoskKeH alrOpUTM 00yUeHHS C IOJKPETUIEHUEM, KOTOPBIH 3aKITI0uaeTcs
B TOM, YTO CHadaja paboTa areHTOB JJOJKHA KOHTPOJIUPOBATHCS YSIIOBEKOM, TIOKa He OyIeT HAKOIUICH OIIBIT
Y COOpaHBI JaHHEIE.

ATEHT-ONITUMHU3ATOp TpENCTaBIsAeT JocTxkeHne nenu L[l u 3agady moncka ONTHMAaTbHBIX CPOKOB
BHEJIPCHUS MHKECHEPHOT'O U3MEHEHUS C TOUKH 3pEHUS MUHUMAJIBHBIX 3aTpaT MaTepUaIbHBIX PECYPCOB U Bpe-
Menu (puc. 4). KpoMe 3T0r0, ONTUMH3ATOP MOIHKEH WACHTU(UITUPOBATH TUIl U3MEHEHHS U MPHUBI3aHHYIO
K HEMY CTOMMOCTH 3aTpart. TpebyeTcst OTHeIbHOE HCCIeI0OBaHUEe TOTO, KaKas KiacCH(PUKAIHS JTydIle: OCHO-
BaHHAs Ha MpaBWJIaX WM MalIMHHOM oOydeHuH. [Tocne onpeneneHust rno0alrsHOr0 ONTUMYMa B KIIacCH(H-
KallW THIIA U3MEHEHUS WH(pOPMAIIHs TPEIOCTABISACTCS areHTY-KOOPAMHATOPY U areHT-ONTHMHU3aTOp BO3-
BpaIaeTcs B COCTOSHUE OKHIaHMs. ECIi moirydeH JOMOHNTENbHBIHN 3aITpoC Ha pacyeT, ONTHMHU3ATOpP UIET
BTOpYIO JIy4lllyto JaTy BcryrwieHud B cuity MHU. Tlocne yBenomnenust o ToM, uro MHM 3amnanupoBaHo,

areHrT MpeKpauaeT padboTy.

[ HMHHUIHATH3AIHA ]

BrIuHcIeHne
r1o8aabLHOTO
OIITHMYyMa

Hull
3aILIAHHPOBAHO? | HET

,-1a

Knaccupurarms — o);cmaHHe

Hull

3ampoc Ha
NepPBOHAYAILHBII
pacueT moayueH?

Tpebyerca
JOIOTHHTEIbHBIA
pacuet? 1a

BEUHCIEHHS

JIOKAIBHOI'O
OIITHMYMa

Puc. 4. Jlornyeckast apXUTEKTypa areHTa-ONTUMH3aTOpa
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ATEHT-TIPOTHOCTHK oOparaercsi K BeImoiHeHHI0 1[2 — mporHo3upoBanmio 3¢ dekra OT BHEIAPSHUS
MuU. ITosToMy OH IpeOCTaBISET KOOPAUHATOPY JOBEPUTENBHBIN HHTEPBAJI TOUHOCTH BHEJPEHUS U OLICHKY
Bo37elcTBUA. Ero noTok ynpasieHus (puc. 5) 10BOJIBHO MPOCT, TaK Kak MPU MHULMAINU3ALMN ar€HTy Mopy-
YaeTcs MPOrHO3UPOBaTh 3((HEKTUBHOCTD JUIS BCEX 3aJaHHBIX Jat U Tekyied napopmarmu 06 MaU. Tocne
pacdera mporHos3a i 3TuxX 3(pQeKToB pe3ynbTaT BO3BpAIIAeTCA sl COMMOCTABICHHS ¢ HAOOpOM TpaBHIT
aréHTa-KoopanuHartopa. HpOFHOCTI/IK SABJISICTCA 06y‘IaIOHII/IMCSI ar¢HTOM, IIOCTOSAHHO YJIy4YlIarolIuM CBOU IIPO-
THO3BI C IOMOIIBIO JAHHBIX MPONUIBIX H3MeHeHH. OH UMeeT caMblii 0OJBIION 00heM MOTPEOICHUS TaHHBIX,
JUTS ITOPUTMA TIPOTHO3UPOBAHUS TIPEUI0KEHA KOHTPOIUpPYeMasi MOJIETh MacCOBOTO OOCITYKHBAHHS.

Hammamn3anms
OxugaHue

3anpoc Ha
IPOTHO3HPOBAHHE
oOHapyKeH?

IIpornos
JOCTYIHOH
JIaThl H TeKyIIeH
nH(popMarn

Puc. 5. Jlornueckast apXUTEKTypa areHTa-IporHOCTUKA

ATeHT 00paTHOU CBSI3M UMEET JIOTHYECKYI0 apXUTEKTYpy, TOKa3aHHYIO Ha pHC. 6, ¥ MPEIOCTaBIsICT
npeoxkenus i BeimonHeHus 114. Ero nenb — koHTposnupoBathk rpaduk BHeapenus MHU u B ciiyyae 00-
Hapy>XKEeHUs OTKJIOHCHHH HH()OPMHUPOBATH 00 ATOM UeJIOBEKa-omepaTopa JIndo areHTa-KoopauHaTopa.

[TepBoHaYaEHO JOMKEH OBITH IPEOCTABICH 0a30BBIN HA0OP MPABUIL, IO KOTOPHIM OTKIOHEHHUS CUH-
TAOTCS JOCTATOYHO CEPhE3HBIMHU, YTOOBI MOTPEOOBATH MPOBEPKH pACIUCAHUS WM Jake oTMeHbl WHIU.
B Hacrosiee BpeMsi OCHOBHAS CII0)KHOCTD 3aKITIOYACTCSI B TPOTHO3MPOBAHUY PE3yIIbTaTa dTara B 3aBUCHMO-
CTH OT IpomeAmero BPpEMCEHHU. 910 eZ[HHCTBeHHBIﬁ arcHr, KOTOpLIﬁ 3aBUCUT OT YCJIOBCKO-MaIlIMHHOI'O
nHTepderica, MEpoil ero MPOU3BOAUTEIHLHOCTH SBISACTCS KOJIUIECTBO PYYHBIX BMEIIATEIILCTB B IPOIIECC pac-
cMmotpenus M. Ciryuan pyqHOTO YIIpaBICHUSI MOTYT OBITh HCITOE30BAHBI ar€HTOM JUISl H3YYCHUS U YIIy4-
IICHHUS HAa0OPa MPaBIJI OTKJIOHEHUS C MTOMOIIIBIO aJITOPUTMA O0YUCHHSI C TIOJIKPETLICHUEM.

Hagamo

HHuIaTn3amnms

PacnpocTparenne

Pernctpama O:KHIaHIe HH(QOPMAIHH 0
OTKIOHEHHS BHEJIpEHHH

T H3menerue Hul I
| HICHTH()HIHMPOBAHO? BHeZpeHo? |

OT3BIBEL OT3BIBBL

Puc. 6. Jlorndeckas apxutekTypa areHra oOpaTHOI CBSI3U
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3akAroueHue

B craTthe mpencTaBieHa KOHIICTIUS MHOTOAreHTHOW CUCTEMBI JUUISi aBTOMATHYECKOTO TJIAHUPOBAHUS
BHeApeHus: UHM Ha npeanpustun. OnpenencHpl 4eThIpe neian it 3 (HEeKTUBHOTO ITIAHUPOBAHUS CUCTEMEI,
JUTSL X BBITIOJTHEHHMSI BBEJICHBI YeThIpe areHTa. OOCYKICHBI JIOTHKa JSHCTBUN U IIeTTH Kaxaoro areara. Heo0-
XOAMMO OTMETHTH Pl OTPAHUYCHH, HAKIIAJAbIBAEMBIX Ha (PYHKIIMOHUPOBAHUE MHOTOATCHTHON CHCTEMBI.
OHu cBs3aHBI C HENPEICKa3yeMbIM BOSHUKHOBEHUEM Ha MPEANPHUSITAN BHEINTATHBIX CUTYAIMHA, CBA3aHHBIX
C TIOSIBJICHUEM U BHeJpeHreM HekoTopblx MHU. Kpome Toro, nmpu BHEAPSHUU IOPUIMYECKH 3HAYMMBIX WIIH
KPUTHYECKUX JIJIsl 0€30MacCHOCTH U3MEHEHU, OHU JOJKHBI OBITh TIPOBEPECHBI H 0JJOOPEHBI TOJIBKO YEIOBE-
koM. HeBO3MOXHOCTh IIpeyraiaTh BCE BEPOSATHBIC UCXO bl B3aUMOJICHCTBUS aBTOHOMHBIX ar€HTOB MOXET
MIPUBECTH K HEMPEICKa3yeMOMY ITOBEICHUIO CHCTEMBI yIipaBiieHus: IHM, 4yTo CBsi3aHO ¢ €CTECTBEHHOM Orpa-
HUYCHHOCTBIO MOJISNICH HEOTHOPOIHBIX areHTOB, a TakXKe He Bceraa (popMau3yeMoi JOTMKOM MTOBEICHHUS
WX TIpU COBMECTHOM perreHnn 3amad [11]. OgHako npemioxeHHas MOIETh ¢ YISTOM OTpaHUICHHNA Oymer
COBEPILICHCTBOBATHCS, KOMIIOHEHTBI MOJICITH YTOUHSTHCS, B JANbHEHIIIEM BO3MOXKHO BBEJICHHUE B MOJICNb
JPYTUX arcHTOB.

Bnaromapst pa3paboTaHHOVW MHOTOAreéHTHOW CHUCTEME Ha MPEANPHUITUAX ¢ MHOrouucieHHbiMu MHU
B X0JI¢ MPOCKTUPOBAHMS, OCBOCHUS U MPOU3BOJICTBA U3JICIIMH MOXKHO OYJIET OKa3aTh MOICPKKY BHEIPCHUIO
WH)XEHEPHBIX U3MEHEHHH, UCTIONb3YsI BO3MOKHOCTH UCKYCCTBEHHOI'O MHTEIUIEKTA. 3a CYET ITOI'0 COKPATHUTh
BpEMEHHBIE ¥ MaTepUalbHBIC 3aTpaThl HA MpOBelleHHe W BHeApeHne VHU, yinydninTh opraHU3allMOHHbIC
Y KOMMYHUKAIIMOHHBIC BO3MOXKHOCTH TTO/IPA3JICIICHUN MPEPHSITHSI.
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AOKAADHASA CUCTEMAIIPOCTPAHCTBEHHOT O
IHO3UITNOHNUPOBAHMA BECITMAOTHOI'O
AETATEADHOT O AIIITAPATA HA OCHOBE ITEAEHTOBAHU A
TEMIIEPATYPHO-KOHTPACTHBIX SAEMEHTOB ETO KOHCTPYKIINHN
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1,2.4,5,6 Jlyranckuii rocyIapCTBEHHBI IIeJarOTMYeCKUi yHUBEpCHTET, Jlyranck, Poccus
3000 «Apuakomnanus Bonra-Iuenp», Mocksa, Poccus
! navigatorsystem@yandex.ru, > kap-kapchik@mail.ru, 3 korop_g@mail.ru,
40sv260176@rambler.ru, ° sentyayroman@yandex.ru, ® slavik_asas@mail.ru

AHHOTamMs. AxkmyanvHocms u yeau. AHAIU3UPYETCS COZAEp)KaHWE IOJIXOJOB W TEXHOJOIMH pa3paboTKu
JIOKAJIBHOW CHCTEMBI MPOCTPAHCTBEHHOTO MTO3ULIMOHUPOBAHMS OSCITMIIOTHOTO JIETAaTENBHOTO anmapara Ha OCHOBE Iie-
JICHTOBaHUSl TEMIIEPAaTyPHO-KOHTPACTHBIX 3JIEMEHTOB €r0 KOHCTPYKUMU. Mamepuanvt u memoost. IlpencraBieHs
BapUaHTHI TPOCTPAHCTBEHHOW KOMITOHOBKH M3MEPHUTEIBHBIX HJIEMEHTOB CHCTEMbI M MX BIMSHHAE HA TOYHOCTD ITO3UIINO-
HUPOBaHMS OECIMIOTHOTO JICTATENIbHOTO ammapara. Pesyabmamul U 661600bl. DOpMyIupyercs: NpUHIUI PabOTHI
JIOKJIBHON CHCTEMBI MPOCTPAHCTBEHHOTO NMO3WIIMOHUPOBAHNS OCCITMIIOTHOTO JIETATENBHOTO anmapara Ha OCHOBE Iie-
JICHTOBaHUS TEMIIEPATypPHO-KOHTPACTHBIX (I[BETOKOHTPACTHBIX) 3JIEMEHTOB €ro KOHCTPYKIMHU. [IpuBoauTcs anroputm
U MaTeMaTH9eCKasi MOJIENb pabOThI TAKOHW CHCTEMBI.

KuioueBble ¢j10Ba: cucTeMa KOOPJMHAT, JJOKAJIbHAS CHCTEMa MPOCTPAHCTBEHHOTO To3unronupoBanus BITJIA,
MaTeMaTH4ecKasi MOZEIb, TEMIIEPATypPHO-KOHTPACTHBIE 3JIeMEeHTHI KOHCTpyKIun BITJIA

Jis nutupoBanus: Kosans A. A., Kanyctus /I, A., Kopon I'. B., Ononuenxo C. B., Centsii P. H., IlIBsipoB B. B. Jlokais-
Has CUCTeMa IIPOCTPAHCTBEHHOTO MO3UIIMOHMPOBAHUS OECIUIIOTHOTO JIETATENILHOTO annapaTa Ha OCHOBE NEJICHTOBAHHs TeMIlepa-
TypHO-KOHTPACTHBIX 3JIEMEHTOB €T0 KOHCTpYKIHH // HanesxHoCTh 1 kKauecTBO clIoKHBIX crcTeM. 2025. Ne 3. C. 54-69. doi: 10.21685/
2307-4205-2025-3-6

ALOCAL SPATIAL POSITIONING SYSTEM FOR AN UNMANNED
AERIAL VEHICLE BASED ON THE BEARING
OF TEMPERATURE-CONTRASTING ELEMENTS OF ITS DESIGN
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Abstract. Background. The content of approaches and technologies for the development of a local spatial posi-
tioning system for an unmanned aerial vehicle based on the bearing of temperature-contrasting elements of its design is
analyzed. Materials and methods. The variants of the spatial arrangement of the measuring elements of the system
and their effect on the accuracy of the unmanned aerial vehicle positioning are presented. Results and conclusions.
The principle of operation of a local spatial positioning system of an unmanned aerial vehicle based on the bearing
of temperature-contrast (color-contrast) elements of its design is formulated. The algorithm and mathematical model
of such a system are given.

Keywords: coordinate system, local UAV spatial positioning system, mathematical model, temperature-
contrasting elements of the UAV design

For citation: Koval A.A., Kapustin D.A., Korop G.V., Onopchenko S.V., Sentyay R.N., Shvyrov V.V. A local spatial posi-
tioning system for an unmanned aerial vehicle based on the bearing of temperature-contrasting elements of its design. Nadezhnost'
i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2025;(3):54—69. (In Russ.). doi: 10.21685/2307-4205-
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ITocTraHOBKAa MPOGAEMBI

B nacTtosiee Bpemsi B mporecce MmoAroTOBKM ONEPaTOpPOB OECHUIOTHBIX aBHAIIMOHHBIX CHCTEM aK-
THUBHO UCIOJIB3YIOTCS TpeHAXephl. Takue TpeHaxephl MO3BOJISIOT ChOPMHUPOBATH HEOOXOAMMBIC HauaIbHBIC
HAaBBIKH B JUCTAHIIMOHHOM MWJIOTHPOBAHUM OCCHIIOTHBIM JieTaTeNlbHbIM armmaparoMm (BIIJIA), HaBeIku Bx
MPOCTPAHCTBEHHOTO MO3UIIUOHUPOBAHUSL.

ITox npocTtpancTBenHbIM no3utmoHupoBanueM BIIJIA cnexyeT moHUMAaTh MpoIecC OMpeAeIeHuUs ero
MIPOCTPaHCTBEHHO-BPEMEHHBIX KOOPAMHAT C SN0 BBIBOJA B 33JaHHYIO TOUKY IpocTpaHcTBa. [Iporecc mpo-
CTPAHCTBEHHOT'O MO3ULMOHUPOBAHUS JIEKUT B OCHOBE TOUHOH MpocTpaHcTBeHHOM HaBurauuu bITJIA u, cie-
JIOBAaTEIbHO, B OCHOBE BEITIOJIHEHUS JIFOOOTO ITOJIETHOTO 33 IaHMS.

B HacTosImIee Bpems CyIIeCTBYIOT pa3iindHbIe CHCTEMBI OIPeesIeHIs MPOCTPAHCTBEHHBIX KOOPIMHAT
BIIJTA. B 9acTHOCTH, TAKUMH CHCTEMaMH SIBISIFOTCST OectuiaThOpMEHHbBIE HHEPIIUATLHBIC HAaBUTAITMOHHBIC
cucremsl (BUHC), rnobaneshele cryTHuKoBbIe Hapuranuonnsie cuctemsl (IJIOHACC, GPS), cucremsl om-
TUYECKOH (BU3YaJbHOMN) OJOMETPUH U T.II.

B mponecce TpeHakepHOH MOATOTOBKH ONEPaTOpOB OecHuOTHHIX aBuannoHHBIX cucteM (BAC)
Ba)KHEHUIIICH 3a/aueii sIBISAETCS OlleHKa TOYHOCTH paboThI omneparopa B no3unuonupoanuu BIIJIA, Tou-
HOCTH BBITIOJIHCHHSI IPOCTPAHCTBEHHBIX MaHEBPOB, ONPEACIICHUS KOOpAUHAT 00BeKTOB (1ieieli), copoca
TPY30B U T.II.

Takxum 00pa3oM, HEMPEPHIBHOE OIpe/ieieHne TOUHBIX (hakTniaecknx koopauHat BITJIA sBisercs He-
00XOIMMBIM YCJIIOBHEM KaK BBITIOJTHEHHS TIOJIETHOTO 33/IaHMs, TaK U OIIEHKH JeiicTBuii onepatopa BAC.

TperaxepHas moaroToBka oneparopoB bAC nmpoBoauTCs, Kak IpaBHIO, HA MaJOM TaKTHICCKOM I10-
JIUTOHE WJIH B 3aKPBITOM TIOMEIIEHNH COOTBETCTBYIOMINX pa3MepoB. [loaToMy it onpeneneHust KoopanHaT
BIITA TpebyeTcsi OTHOCUTENLHO HEAOporasi, aBTOHOMHASI M IOCTATOYHO TOYHAsI CUCTEMA MPOCTPAHCTBEH-
HOTO TIO3UITHOHUPOBAHUSL.

B Hacrosiiiee BpeMs pa3pabOTaHO U UCHOJB3YETCs I ATHX IeJIed HECKOJIbKO TaKMX aBTOHOMHBIX
cucreM. B 4acTHOCTH, K TaKUM CHCTEMaM MOXHO OTHECTH YJIbTPA3BYKOBYIO U MH(DPaKpaCHYIO JOKAILHBIC
CHUCTEMBI TO3UILIMOHUPOBAHUS. Bce Takue cucTeMBI pelaroT 3aady JIOKaabHOro no3unuonuposanus BITJIA,
XOTS ¥ IMEIOT PsIJT OTPAaHWICHUN UX TPUMEHEHHUSI.

CrpeMuTeIbHOE pACIIMPEHNE UCTIONB30BaHNS TPEHAKEPOB IS TIeTieii MoAT0TOBKHU ornepatopoB bBAC,
a TakKe PsJi OTPaHUYCHUH, CBS3aHHBIX C UCIIOB30BaHUEM TPEHAKEPHOTO 000PYIOBaHUS B 3aKPHITHIX ITOME-
IIEHUAX BBIIBIAIOT HEOOXOIUMOCTh Pa3pabOTKH HOBBIX aBTOHOMHBIX JIOKAJIBHBIX CHCTEM MO3UIIHOHUPOBA-
Husi BIUJIA ¢ BBICOKUMU TOYHOCTHBIMH XapaKTEPUCTUKAMHU.

Lenrio ucciemoBanus, MPUBEICHHOTO HIDKE, SIBJISIETCS pa3pad0TKa KOHLECTITYIbHONW MOJICIH JIOKAIb-
HOW CHUCTEMBI MPOCTPAHCTBEHHOTO MO3UITHOHUPOBAHUS OCSCIUIOTHOTO JICTATSILHOTO arlapara Ha OCHOBE
MEeTICHTOBAHUS TEMIIEPaTyPHO-KOHTPACTHBIX (IIBETOKOHTPACTHBIX) 3JIEMEHTOB €r0 KOHCTPYKIIUH.

OOBEKTOM HCCIICI0BaHUS SIBISIOTCS ABTOHOMHBIE CHUCTEMBI JIOKAJIBHOTO MPOCTPAHCTBEHHOTO TIO3UIIUO-
HUPOBaHUs OCCITUIIOTHBIX JICTATENBHBIX allapaToB.

[IpenmeTom uccie0BaHUS SBISIETCS MaTeMaTHIECKask MOZEIb U allTOPUTMEI (PYHKITMOHUPOBAHUS JIO-
KaITbHOW CHCTEMBI TIPOCTPAHCTBEHHOTO MO3UIIMOHUPOBAHMUS OECIIIIOTHOTO JIETATEIBHOTO arnmnapara Ha oc-
HOBE IEJICHTOBaHUS TEMIIEPATYPHO-KOHTPACTHBIX (IIBETOKOHTPACTHBIX) 3JIEMEHTOB €r0 KOHCTPYKITUH.

Bun nccnegoBanus: IpuKIIagHOE UCCIIEIOBAHNE, MATEMAaTHIECKOE MOCTUPOBAHHE.

MeTo/p1 HCCIeIOBaHMS: U3yUeHHE TOKYMEHTOB, MAaTEMaTHIECKOe MOIETHPOBAHNE, CTATHCTUIECKHN
aHaJlu3, CTPYKTYPHAs JICKOMITO3HUIIMS, CHCTeMaTH3alusl, KiaccuuKkaiys, anajiu3, CpaBHeHUE, 0000IIeHHE,
(u3nyYecKoe MOJICITMPOBAHNUE, arperaiys, HaOJI0ACHHEe, U3MEPEHUE, SKCIICPUMEHT.

KonnenryaAbHasi MOAEAD AATOPHTMA IEACHTOBAHHS TEMIIEPAaTyPHO-KOHTPACTHBIX
(BETOKOHTPACTHBIX) 3A€MeHTOB KOHCTPyKmu BITAA

IIpencraBienHas HUXe KOHIENTyalbHas MOJEINb JIOKaIbHON CHCTEMBI IPOCTPAHCTBEHHOTO MTO3UIHO-
nuposanus BITJIA Ha ocHOBE MeneHTrOBaHUs TEMIIEPATYPHO-KOHTPACTHBIX (LIBETOKOHTPACTHBIX) 3JIEMEHTOB
€ro KOHCTPYKLIMH OCHOBaHA Ha BO3MO>KHOCTH OIPEAETICHHs HANpaBICHUM Ha XapaKTepHBIN 3JIEMEHT KOH-
crpykunu BIUUIA u3 Touku cranmoHapHOro pazMmenieHus BuaeokaMmepbl. OnuH U3 cocoOoB onpeaeaeHus
HaIlpaBJICHUI Ha XapakTEpHbIX 371eMeHT KOHCTPpYKIMHU BITJIA 13 TOUKM cTalMOHAPHOIO pa3MEIIeHUs BUIECO-
KaMephbl [oKa3aH Ha puc. 1.
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Puc. 1. [IpuHImn onpeaeneHns HapaBJIeHHH Ha XapaKTepHBINA deMeHT KoHCTpyKiu BITJIA n3 Toukn
CTallMOHAPHOTO pa3MEIeHNs BUJEOKaMephl ITyTeM (OPMHUPOBAHUS IBYX INIOCKOCTEH MEICHTOBaHHS

Ha puc. 1 nokazana MaTpuia BUieoKaMepsl U TPH CBSI3aHHBIX ¢ HEW cucTeMbl KoopAuHar [ 1, 2]: nmpo-
CTpaHCTBEHHASI IPAMOYTOJbHAs cucTeMa KoopauHaT MaTpuisl OuX, YuZy, TPOCTpaHCTBEHHAS CUCTEMa KO-
opauHat nenu OpX,YyZy 1 mpocTpancTBeHHas cucteMa koopauHat OX,Y,Z,, COBMEIIEHHAs C ONTHYCCKUM
HEHTPOM 00BeKTHBa. B 0003HAYEHHBIX cHCTEMaX KOOPAMHAT KOOPAWHATHI TOYEK METPUYECKUE U M3MEpsi-
IOTCS B IOJISIX METpA.

[lapamnensHO TUIOCKOCTH MAaTpPHUIIBI BHIEOKAMEPHI PACIONIOKEHA IMIOCKOCTh meiu. C MIOCKOCTBIO
LIENN CBSI3aHBl JIB€ MPOCTPAHCTBEHHBIE CHCTEMBI KOOPJIMHAT: JIOKalbHasg cucreMa KoopAuHaT OnX,Y.Z,
U BcIioMorarespHas cucteMa koopauHaT O X 1Y1Z;. B 3Tux cucreMax KOOpAUHAT OMPEAEISIOTCS MPOCTPaH-
CTBEHHAsI OPHUEHTAINS U KOOPJAMHATHI IIEHTPa MaTPHUIIBI BHIEOKaMephl, KOOPIUHATHI ()OKyca BHICOKAMEPHI
Or (x1; ¥1; z1), KOOPAMHATH BEKTOPOB HOPMAJIEH K IUIOCKOCTSIM MEJICHTOBAHUS ﬁcl u 1762 , IIIOCKOCTH TIEJIEH-
TOBaHMs G| U G2 (Ha puc. | BeIOENCHBI BEPTUKAILHON U TOPU30HTAIBHOM IITPUXOBKOM), TEKYIINE KOOPIHU-
Hatel BITJIA.

OpueHTanws IIOCKOCTEH MTEeJICHTOBAHUS G| U G2 B POCTPAHCTBE B cucTeMe koopauHat OX,Y.Z,, COB-
MEILEHHON ¢ ONTUYECKUM LIEHTPOM OOBEKTHBA, ONPENENIIETCS BEKTOpaMH HOpMaiei ﬁcl u ﬁcz . Kak 6yner

IMMOKa3aHO MAajiblie, KOOPAWHATBI 3TUX BCKTOPOB MOTIYT OBITH pacCuuTaHbl 4YCpPe3 KOOPAUHATHI LCIU

6ma

0. 0.
(x5 ».5 2. ) B cucteme koopauHat nemd OupXyYyZy ¥ KOOPAMHATBI ONTHYECKOTO IIEHTPa OOBEKTHBA

O (x;; ¥); z,) B JTOKaJIbHOH CHCTEME KOOPJHHAT.
Taxum 006pazom, mnockoctu neneHrosanust BITIA (1ienm) 61 1 62 MOTYT OBITh OIHO3HAYHO OTIPECIICHBI
Yyepe3 CBOM BEKTOPBI HOpMaeh ﬁcl " ﬁcz U KOOPJIMHATBI ONTHUYECKOTO IeHTpa o0bekTuBa O (x7; y5; z.)

KaK TOYKH, IPUHAJIEKALIUE 3TUM ITIOCKOCTSIM.
Hpyroii crtoco6 onpeneneHust HANPaBISHHS HA XapaKTepHBIH dNieMeHT KoHCTpyKimu BIIJIA n3 Toukn
CTaLlMOHAPHOTO Pa3MeEIIEHUs BUeOKaMephl II0Ka3aH Ha puc. 2.
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Puc. 2. [IpuHiun onpeaeneHus HanpaBJIeHUH Ha XapaKTepHBIN 371eMeHT KOHCTpyKiuu BITJIA u3 Toukun
CTAaLMOHAPHOTO Pa3MEILEHHUs BUEOKaMephl IyTeM (POPMUPOBAHUS OHOM INIOCKOCTH TIE€JIEHTOBAHUS

Ha puc. 2 nokazana maTpuiia BUIeOKaMephl U TP CBSA3AHHBIX C HEM CHCTEMBI KOOPIUHAT: IIPOCTPaH-
CTBEHHAs NpSIMOYToIbHas cucteMa KoopauHaT MaTpULbl OyXy YuZy, IPOCTPAHCTBEHHAS CUCTEMa KOOPIUHAT
uenu OnX,YuZ, v nmpocTpancTBeHHas cucteMa koopauHat OX,Y,Z,, COBMEILIEHHAs! C ONTUYECKUM LEHTPOM
00BeKTHBA BHICOKaMephl. B 0003HaUEHHBIX CHCTEMAaX KOOPAMHAT KOOPIAWHATHI TOUEK METPHUCCKIE U M3Me-
PAIOTCS B IOJISIX METpa.

ITapannenbHO MIOCKOCTH MaTpULIBl BUACOKAMEPBI PACHOJIOKEHA MIOCKOCTh Lenu. C MIOCKOCTHIO
IIETTH CBSI3aHBI JBE MPOCTPAHCTBEHHBIE CHCTEMBI KOOPAMHAT: JIOKAbHAs cucTemMa KoopauHaT OxX;YnZ,
U BCTIOMoOTaTeNbHas cucteMa koopauHat O1X1Y1Z;. B aTux cucreMax KOOpJauHAT ONPEACIISIOTCS MPOCTPaH-
CTBEHHAs OPUEHTALIUSI U KOOPJAUHATHI LIEHTPA MATPUILIBI BUCOKAMEPHI, KOOPAUHATHl ONTHYECKOTO LIEHTPa
obbekTHBa Buaeokamepsl O (x5 y7; z) ), KOOPAUHATBEI BEKTOPAa HOPMalU 71'61 K IJIOCKOCTH TIEJICHTOBaHUS

o1 (Ha puc. 1 MIOCKOCTH MEJICHrOBaHUSA BBIJIETICHA IITPUXOBKOH ), TeKyue koopauHatel BITJIA Ha maTpuie

6. 0. 6.
Buzeokamepsl (x5 y,"; z,™).

B otnuume ot nepBoro cnoco0a, BO BTOPOM CIIOCO0€ ISl MOCTPOCHHUSI OJJHOTO BEKTOPa HOPMAaJIH ﬁcl

6na, _ Gia

K IJIOCKOCTH TEJIEHTOBAaHUA G| HEOOXOIMMO 3HAHHUE JIByX KOOpAMHAT Hem (X, ; y," ), K3MEPEHHBIX B CH-

creme koopauHat uenu OuXyYuZy.
XapakTepHOW 0COOECHHOCTHIO BTOPOTO CITOCO0A IMMOCTPOCHUS BEKTOpPa HOPMAIH ﬁcl K IUIOCKOCTH IIe-

nenroBanus BIUJIA o, siBisieTcs ero HE3aBUCUMOCTB OT KOOPAWHAT POoKyca U (POKYCHOTO paCCTOSHUS BUIEO-
kamepsl. Kak OyieT moka3zaHo HIXKE, eIIe OJTHUM MIPEUMYIIIECTBOM BTOPOTO CIIOC00a SIBJISETCS BO3MOKHOCTb
MOCTPOEHUS HAITPABJICHUSI INIOCKOCTH MEJIEHTOBAHMSI C OAHOU BUJIEOKaMephl B quana3zoHe ot 0 mo 360°.
CoBMeIeHre epBOTro M BTOPOTO CIOC00a TaeT BO3MOKHOCTD ITOCTPOUTE TIEICHTaTOPHYIO 0a3y, 1mo3-
BOJISIIOIIYIO OJTHO3HAYHO OTIPEIEIIAThH IPOCTPAHCTBEHHOE MOJIOKEHHUE (KOOPIUHATHI) MEJICHTYEMOT0 00HEKTa
(BIIJTA) B nokanbHOW cucteMe kKoopawHaT O,X;Y,Z,, CBs3aHHOW C Yy4eOHBIM IOJIMTOHOM TpEHAKEpa
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onepatopa BIIJIA. BapuaHT mocTpoeHUs MENeHraTOpHON 0a3bl JIOKAIBHOW CHCTEMBI TTO3HIIMOHUPOBAHUS
BITJIA mpencraBiieH Ha puc. 3.

Kamepa Ne2
(X2;y2;22)

Kamepa Ne1
(xt;y1;21) 2w
Kamepa Ne3
(x3y3,23) B
G, - TINIOCKOCTb
/_\ neneHroBaHust
/\ Kamepbi-2 A
‘ﬁ 3“Zua Y
Zy | EL i
P
O3 - TIIOCKOCTb
neneHroBaHusa
Zonm | - BMNA kamepbl-3

TOYKA ITepeCceUCHHs
TPEX IIOCKOCTEH

O, v O} - IINIOCKOCTb X,
Xouna neneHroBaHus
kamepbl-1

Puc. 3. [IpuHIUI TOCTPOCHHUS MEIEHIATOPHOM 0a3bI JOKAIHHON CUCTEMBI
MPOCTpPaHCTBEHHOr 0 no3uionupoBanus BITJIA, nocTpoeHHOI Ha OCHOBE BUAECOKAMED

KoopauHaTHYI0 OCHOBY CHCTEMBI TICJICHTOBAaHUS TEMIIEPATYPHO-KOHTPACTHBIX (IIBETOKOHTPACTHEIX )
aneMeHTOB KOHCTpykimu BIUIA mpenctamisieT jgokaibHas CUCTEMA MPSMOYTOJBHBIX MPOCTPAaHCTBEHHBIX
koopauHat O, X;Y,Z,. B 3T0l cucTeMe 3a1ar0TCsl KOOPIUHATHI IEHTPOB BUACOMATPUIL, (JOKYCOB BUACOKaMED,
ONTHYECKUX IICHTPOB OOBEKTUBOB BUICOKAMEP, YTJIBI OPHUEHTAITNH (DOTOMATPHUIl BHUACOKAMED, OMPEHACIIs-
I0TCSI IPOCTPAHCTBEHHBIE TPAHUIIBI 00JIACTH U3MEpEeHUs! U KOHTpoisi koopauHat BITJIA, coOcTBeHHO KOOp-
nuHathl BITJIA u mapameTpsl ero ABM)KEHUS.

B mportecce paboThI CHCTEMBI TICIICHTOBAaHUS HAa MAaTPHUIIaX BUIACOKaMep HOpPMHPYETCS N300pakeHre
BITJIA, xoTOpoe B peadhbHOM MacmiTade BPEMEHHU C MTOMOIIBI0 MPOTPAMMHOTO aJITOpHTMa IpeodpaszyeTcs

6na , 6a

B TOUKY C MUKCEIbHBIMU (xlflﬂa; yiﬂa ) ¥ COOTBETCTBYIOIIMMH METPUICCKUMU (le 3V, ) KOOpAMHATAMH.

[lo onpeneneHHBIM METPUUECKUM NIPSIMOYTOJIBHBIM KOOpAWHATaM xapakTtepHoi Touku BITJIA B mutoc-
KOCTH (pOTOMATPHIIBI ONPEACIISAIOTCS OTKJIOHCHUS TOPU3OHTAIBHBIX U BEPTHKAIBHBIX YIJIOB BH3HUPOBAHHS
Ha BITJIA oTHOCHTENHHO IIEHTPAIBHON TOYKH (POTOMATPHIIEI.

OmpeneneHHbIC TaKUM 00pa3oM TOPH3OHTAIBHBIC W BEPTHUKAIBHBIC YTIBI Bu3upoBaHus BILJIA,
a TaKXe KOOPJIWHATHI ONITUYECKUX [EHTPOB OOBEKTHUBOB M (POKYCOB BHICOKAMED B JIOKAIBHOM CHCTEME KO-
OpJIMHAT MO3BOJIAIOT OMPEACIUTh apaMeTphl miockocTel neneHropanus bITJIA.

[Ipu ompeneneHHBIX YCIOBUAX (0 HUX OYyJeT CKa3aHO HIDKE) NMEPECEYCHUEM TPEX TaKHUX IIOCKOCTEH
ONPEAETSAIOT TOYKY B MPOCTPAHCTBE, KOOPAUHATHI KOTOPONH COOTBETCTBYIOT KOOpPAMHATAM XapaKTepHOU
touku bIIJIA. Ha puc. 3 B JOKadbHOH CHCTEME MPSMOYTOIBHBIX MPOCTPAHCTBEHHBIX KoopauHAT OzX,Y:Z,
MTOKA3aHO TEPECEUCHHE TPEX IIOCKOCTEH G, 02 ¥ 03, CPOPMHUPOBAHHBIX C TIOMOIILI0 Buneokamep Ne 1, 2 u 3.

MaremMaTnieckas MOAEAD H AATOPHTM OIIPeAEACHH S AOKAAbHBIX KoopAnHaT BIIAA

[TnockocTh MENEHrOBaHUS MOXKET OBITh OJHO3HAYHO OINpEZEeHa B JIOKATbHON cUCTEME KOOpAUHAT
O:X1YsZ;, ecny 3a1aHbl KOOPAWHATHI BEKTOPa HOPMallM K IUIOCKOCTH M KOOPAMHATHI JTI000M TOUKU STON

IIJIOCKOCTH.
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I'padmgeckas Mogens 1 aNTOPUTM ONpEETICHIS MapaMeTpoB TIockocTr neneHroBanus bIUJIA otHo-
CUTENFHO TOYKH CTAIIMOHAPHOTO pa3MeIIeHuUs BUICOKaMephl IIOKa3aHbl Ha puc. 4.

B HkHel yacty puc. 4 moka3zaHa 30Ha U3MEPEHUS MTPOCTPAHCTBEHHBIX KOOPIWHAT ¥ TAPAMETPOB JABH-
skerust BIUIA. C 3Toif 30HOM KECTKO CBS3aHBI JIOKaIbHAs cucTemMa koopauHat OnX;YsZ,; M IBEe BCIIOMOTa-
TeIbHBIC cucTeMBbI KoopauHaT 01X, Y12, u O.X»2Y>Z,. U3mepenne npocTpancTBeHHBIX koopanHat BITJIA, ko-
Op/IMHAT [IEHTpa MAaTPHLBI BHICOKAMEpHl, KOOPAMHAT OINTHYECKOr0 ILeHTpa oOBeKkTHBa H (okyca
BUJIEOKaMephl, a TaKKe OpUEHTalUd BUAECOKaMephl B MPOCTPAHCTBE 33Jal0TCS OTHOCHUTENBHO JIOKAJIBHOU
0,X,YsZ, cCTEMBI KOOPAWHAT.

IInockocTh MaTpuIlsl BUACOKAMEPHI MapaienbHa mIocKocTH X,0,Y;, a nuaus O 0 nepneHauKy-
JsipHa MI0CKOCTH X0y Yy TOKANBbHOW CUCTEMBI KOOpAUHAT. Bece 00BEeKThI, HaXOAAIIKMECS B ITOJIE 3pCHUS BU-
JleoKaMepsl 0ToOpakaroTcsl Ha ee marpuile. [lonoxenne 3THX 0OBEKTOB HA MATPHIIE ONPEEIISIETCS B THK-
cenbHOM (Oy X, Yn) 1 MeTprueckoit (OyXyY.) cucTeMax KoopauHAT MaTpuIilbl. KpoMe Toro, uis onpeneiaeHus
MIPOCTPAHCTBEHHONH OPHEHTAIlMM TUIOCKOCTH TIEJIEHTOBAaHUS HCIIONB3YETCSl CHUCTEMa KOOPAWHAT IEH
(OuXuYuZy). OcH 3TO# CUCTEMBI KOOPAMHAT MapauIeIbHBI OCSIM MTUKCEITEHON U METPUIECKOM CHCTEM KOOp-
JIUHAT MaTPHUIBI BUJEOKAMEPHI.

B nukcensHO# crcTeMe KOOPIUHAT IOJIOKEHHE 00BbEKTa OMpPEeIsIeTCsl B IUKCENaX MaTPHUIIbI, B MET-
pHYECKON CHCTEME M CUCTEME KOOPAMHAT IEITH MOJIOKEHHE O0BbEKTa ONPEIEIIeTCs B AOJIX METPa.

Ha puc. 4, B kauecTBe npumMepa, nokazano noioxenue bITJIA B koHTponmpyeMoii 001acT poCcTpaH-
CTBa U €ro OTOOpakeHUe Ha MaTpUIIe BUACOKaMEPHI.

XapaxtepHas Touka BIIJIA (Hampumep, TeMnepaTypHO-KOHTPACTHBIN MM IBETOKOHTPACTHBIM Map-

6na, _ Ona

KE€p) Ha MaTpUILIE BUACOKaMephbl uMeeT koopaunatel uemu (BIUIA) (x™; y,™ ). Ha puc. 4 Taxxke nokasan

BEKTOp ImyTeBoM ckopoctr BITJIA (W) .

[onoxenue BIIJIA B mpocTpaHcTBE U OTOOpaKEHHE €TO XapaKTEPHOW TOUYKM Ha MaTpHUIE BUACOKa-
Mepbl HaXOJATCS B OJHOM IIOCKOCTH. JTa INIOCKOCTh Ha pHc. 4 BbIAEIEeHA 3aIUBKOM ceporo nsera. Coo-
CTBEHHO, 3Ta IUIOCKOCTb SIBJISIETCS IVIOCKOCThIO neneHroBanus BITJIA.

A3MMYTaJIbHOE HOJI0XKEHHE ITOH IIOCKOCTH B MPOCTPAHCTBE OJHO3HAYHO ONpENENsAeTCs YoM 3

Ona
n 2

3aKIIIOYEHHBIM Mexay ocblo O Xy u oTpe3koM Oyll, coeaMHSIOMMM LEHTP CHCTEMbl KOOPIUHAT LEJIU
1 TOUKY, oToOpaxkaronryro bIIJIA Ha MaTpuiie BumeokaMepsbl.

II;mocKOCTh TEIEHTOBaHMS OJTHO3HAYHO 33/1aeTCs B JIOKATBHOW cucTeMe KoopauHat OnX,Y,Z, depes
KOOPZIMHATHl ONTHYECKOIO LIEHTpa BUAEOKAMEPHI, NPUHAIKAIIEH 3TON IIOCKOCTH, U BEKTOP HOPMalu
K OTOH TUIOCKOCTH 7 . BekTop HopManu n Tmoka3aH Ha puc. 4 B mIOCKOCTH X;OyYs, a ero oToOpakeHHe
B IUIOCKOCTH MaTpHLIbI BUAEOKaMepHl B cucreMe koopanHat uend OnXy Y.

st Hax0KAeHUS HaNpaBJIeHUs BEKTOPa HOPMAaJIM # K IJIOCKOCTH MEJICHIOBaHUS JITOPUTMOM I1€JICH-

e —

TOBAHMS IPElyCMaTPUBACTCS HPEIBAPUTEIbHOE HAX0XK/ICHNE HanpaBinenns B Bexropa nemn O,11 B cu-

CTEMC KOOpAWHAT HEJIN B INIOCKOCTU MAaTpPHUILIBIL.

e ——

BeKTOp oeian OHI_[ NPUHAMJIC)KUT OAHOBPEMCHHO ABYM IIJIOCKOCTAM: INIOCKOCTU MAaTpUIbl BUICOKA-

MEpBhI U TUIOCKOCTH TICJICHTOBAHMSI.
Hanpagnenue 3Toro BEKTopa B INIOCKOCTH MATPHUIIBI B CHCTEME KOOPIUHAT EJTH OTIPECIIACTCS YIIIOM,
OTCYUTHIBAEMBIM OT IMOJIOXKHUTEIBHOIO HanpanieHust ocu Oy X, MPOTHB YaCOBOW CTPEJKH B Juamna3one ot 0
0 27
Yron Bi“a B cucTeMe KoopAauHaT MaTpuIlsl Oy Xy Yy MOKET OBITh pacCUuTaH Yepe3 METPHISCKHIE KOOp-

Gna , 6na

JMHATHI XapakTepHoi Touku BIUIA (x,™; y,™ ) mo ¢popmyie

6.
iyiﬂa ix6ﬂa +y6na —(i'x ﬂa)

u!

o =0,5| 7=+ +1 |arccos - —0,5| === ~1 || m+arccos , (D)
L oy ey )b Y+ 0y
61a

1; Y 1;
rae xi”'“ > Yo" — METPHYECKHE KOOPAMHATEI XapakTepHoi Touku BIIJIA Ha MaTpuie BHieOKaMepBL.
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OnTnYecknin LeHTp

/ obbekTVBa

CIARAED)

BrJiA

[pocTpaHCTBO N3MepeHns
KOOpAMHAT 1 NapameTpoB
nswxkeHns BrJ1A

neneHroeanus BrJ1A

»¥—___ 0, - NnocKocTb

Youna

Puc. 4. T'paduyeckas MOzeIb M QJITOPUTM ONPEICICHHS TAPAMETPOB TLIOCKOCTH
neneHroBanusi bITJIA oTHOCHTEIHHO TOUKH CTAIMOHAPHOTO Pa3MEIICHHSI BHICOKaMEPhI

dopmyna (1) sBiseTcs KOMOMHAITUEH JIBYX OPMYI CKAISIPHOTO MPOU3BEACHUS BEKTOPOB B KOOPIH-
HaTHOU dopme [3].
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ITo u3BecTHOMY yriny B°™ ompesensercs HanpapIeHHEe OTOOPAKEHHs BEKTOPA HOPMAH /i B TLIOCKO-

CTH MaTpHLBl 110 popmyIe
; 2

rae (lgna — HallpaBJICHUC BEKTOPAa HOPMAJIX K IJIOCKOCTHU NMEJICHIOBAHUWS, BEIYUCJICHHOC 110 MECTPUYCCKUM KO-

_—

— HaIIpaBJICHHUC BCKTOpaA LECIN OHL[

6mna

opAuHaTaM xapakTepHoi Touku BIIJIA na matpuie Buaeoxamepsr; 37
B CUCTEME KOOPMHAT IIeNIN B INIOCKOCTH MAaTPHIIBI.

W3 ananuza puc. 4 cnenyer, 4TO HalpaBJIeHWE BEKTOPAa HOPMAJHU K IUIOCKOCTH IIEJICHTOBAaHUS B JIO-
KaJlbHO# cucTeMe KoopauHaT OxX,Y,Z, OyaeT IPOTHBOMONOKHBIM YTy o' H ONpeAenntcs popMyIioi

aﬁna 6.|'ld + T, (3)

;i

Gna

rae o, - — HalpaBJICHHC BCKTOPa HOPMAJIM K IJIOCKOCTH IICJICHTOBAHHUA B JIOKaJIbHOM CHUCTEME KOOpAUHAT

B I0CKOCTH OpXnYs; o™ — HampaBlIeHHe BEKTOpa HOPMAJH K IUTOCKOCTH MEICHIOBAHHUS B CHCTEME KOOp-

nuHaT MaTpuubl OuX, Yy

W3 ananu3a puc. 4 Takxke ClIeAyeT, YTO KOOPAMHATHI CIUHUYHOTO BEKTOPA HOPMAIU 7 K MJIOCKOCTH
MIEJICHIOBAHHUSI MOTYT OBITh OMPE/IC/ICHbI KaK MPOSKIIMU 3TOT0 BEKTOPA HA OCH JIOKAJIbHOW CUCTEMBI KOO IH-
HaT O.X,Y.Z, o popmynam

n,=coso,, n,=sino,, n,=0. 4

Ilo u3BecTHBIM KOOpAHHaTaM BEKTOpa HOPMAJIM K IIJIOCKOCTH ITCJICHI'OBAHUA 71, (l’lx; n ) s n, ) U IIPpOCTpaH-

CTBEHHBIM KOOpPAMHATAM ONTHYECKOTO IHEHTpa OOBEKTHBA BHUAECOKAMEPHI O(x;’; vy zf]’) WIK KOOpAMHATAM

0, 0, O,.
IIeHTpa MaTpuIb! Bugeokamepsl O, (x,"; ¥, ™; z," ) onpenenseTcs ypaBHEHHE IITOCKOCTH TIeJIeHroBaHus [4]:

nx(x—xﬁ)+ny(y—yﬁ)+nz(z—z;’)=0. ®)]

[Tocne npeoOpazoBanus ypaBHeHuUs (5) MOTydnM 00IIee ypaBHEHHUE IJIOCKOCTH MeneHroBanus BITITA
B JIOKaNbHOU cucteMe KoopauHaT OnX,YrZy:

x+ n yg”a +nx°" —(nxxﬂ" + ny, + nzx;’) =0, (6)
J1a

e x°°, yo*, z% — nckoMmble KOOpAMHATHI XapakTepHO Touku BIUJIA B OKaJIBHON CHCTEME KOOPIMHAT;

o
it

n,, n,, n, —KOOPIUHATHI BEKTOPA HOPMAJIH K IUIOCKOCTH MEJIEHIOBAHUS; X, , ¥, , Z, — KOOPAMHATHI ONTHYE-

CKOT'O IEHTPa 00BEKTHUBA BUICOKAMEPHI B JIOKATHHON CHCTEME KOOpIUHAT.
BmecTo koopAMHAT ONTHYECKOTO IIEHTPa 00BEKTHBA BUCOKaMEPhI B ypaBHEHUE (6) MOTYT OBITh ITOJ-

M

CTaBJIEHbl KOOPAUHATHI LIEHTpa MaTpuusl (x,'; y.'; z."';). B aToM ciyuae ypaBHeHHE IIOCKOCTH OyJeT
HUMETh BUJI

x4 op yﬁ”a +nzxf’"’ ( “+on y”“ +n.z ):0. @)

Ypasuenus (6) u (7) cogepkaT TpH HEU3BECTHBIC KOOPIUHATHI XapakTepHoi Touku BITJIA B mokab-

Ona 6na

HOM cucTeMe KoopauHatr: x ™, yo™ . s snaxoxnennst koopauaat BIIJIA HeoOX0AMMO UMETh CHCTEMY

J
13 TpeX TaKUX YPaBHCHMH, onpe/:[enmomnx TPHU IUIOCKOCTHU TIE€JICHIOBaHMUS.
Cucrema ypaBHEHHH Tpex MIIOCKOCTEHN, COEpIKaIMX MEJIEHTyeMYo XapakTepHyto Touky bITJIA B 1o-
KaJbHOM CHCTEME KOOPANHAT, IPEICTABICHA HIKE:

-1 M-1
—(nxlxII +ny1yj1 +”Z,Zn )

n x, " +n,y, +nz (n)(zx;f'v"2+nyzyn +n, z" ) (8)

Gua M-3 um-3 M-3
v3 Jl + nhyu + n23211 - (nx3x11 + ny3le +n z Z ) 0’
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Ouia Gua Gua

roe x,*, y*, z)" — KOOpAMHATBI UCKOMOW XapakTepHoi Touku BIIJIA B n0KaiabHON cCHCTEME KOOPAUHAT;

l’lx1 5 l’ly1 , nzl — KOOPJAUHATEI BEKTOpa HOPMAJIM K IIEPBOU INIOCKOCTHU ICJICHI'OBAHMA I’lx2 , N I’lz2 — KOOpAMHAaThI

»?

BCEKTOpa HOpMaAJIA KO BTOpOﬁ IINIOCKOCTH IICJICHI'OBAaHU A, I’lx3 , N, N, —KOOPAWHATHI BEKTOPAa HOPMAJIA K TPEC-

32 g
m-1
J

Thell TMIOCKOCTH menenroBanus; x™', y™', z

M-2 1m-2 M-2
xn > yn 4 Zn

LCHTpPAa MaTPUIIbL TpeTLeﬁ BUJACOKAMCPHI B JIOKaJIbHOM CHCTEME KOOpAWHAT.

— KOOpAHMHATHI [IEHTPa MATPHUIIHl IEPBOW BHIEOKAMEPHI;

M-3 m-3 m-3

— KOOPAMHATBI LICHTpa MATPHULBI BTOPOH BUACOKAMEDBL; X, , V. , Z. = — KOOPIUHATHI

AAropHTM QYHKIITMOHHPOBAHH AOKAABHON CHCTEMBI
NPOCTPAHCTBEHHOro nosunuonnposanmsi bIIAA

PaboTa anropurma nmosunnonupoBanus BITJIA obGecriedanBaeTcss KOMIBIOTEPHOM MTPOTrPAMMOM, TIO3BO-
JISIOTIEH B peaibHOM MaciTabe BpeMEeHH IIPOU3BOIUTE IMTOKAIPOBYI0 CHHXPOHHYIO 00pab0TKY BUICOIIOTOKA,
MOJTy4aeMOTr0 C TPEX BUACOKaMep.

QOyHKINOHATBFHAS cXeMa aNropuTMa (yHKIIMOHUPOBAHUS JIOKAIBHON CHCTEMBI IPOCTPAHCTBEHHOTO
nosunnonupoBanus BITJIA npeacrasiena Ha puc. 5.

B cuctemy KOHTpons napameTpoB ABUxeHus BMNJTA

A

B

A

Mopynb pacyeta koopavHat Br1A

‘ MODyJ'Ib aHarnusa KOppekTHOCTH NapameTpoB ypaBHeHMVI MMOCKOCTEN G1, G2, G3 Y PELUEHNS CUCTEMbI ‘

®M-1.6

OM-1.5

Moaynb nocTpoerus
ypaBHeHuA nnockocth 01
neneHroBaHus
Bupeokameps! BK-1

OM-1.4
Moaynb pacyeta
KOOp/MHAT BeKTopa
HOpManu K nockocT1
nerneHroBaHns
Bufeokamepbl BK-1

BUPTYanbHoit MeTkn BIJA
B C/CTEME KOOpAUHAT
matpuupl BK-1

1

OM-1.2

Monynb dopmuposanmns
BUPTYanbHOI METKA
(TOYKN) C NMKCENbHBIMM
koopavHatamu BIMJIA

OM-1.1

Mopynb nokagpoBo
unbTpaLuN 1 BblaeneHUs
TemnepaTypHO-KOHTPACTHbIX
(LUBETOKOHTPACTHbIX)
3MIEMEHTOB U306paxeHns

0: 0:

OM-2.5

Mogynb nocTpoenms

]

ypaBHEH!A NnockocTh 02
nenexroBaH1s
Buaeokamepbl BK-2

oM-2.4
Moaynb pacyeta
KOOp/AMHAT BeKTopa
HOpMany K NNOCKOCT!
MeneHroBanns
Buaeokamepsl BK-2

BUpTYanbHoi mMeTkn BIJA
B C/ICTEME KOOpAUHAT
matpuupl BK-2

{

OM-2.2

Mopynb opmupoBaHins
BUPTYanbHOA MeTKA
(TOUKM) C MUKCETNbHBIMIA
KkoopavHatamu BMNA

oM-2.1

Mopynb nokaposoit
unbTpaLMN 1 BblaENeHNs
TeMMepaTypHO-KOHTPACTHBIX
(LIBETOKOHTPACTHbIX)
3IEMEHTOB M306paKeHns

OM-1.3 OM-2.3 ®M-3.3
Moaynb pacyeta Mopynb pacyeta Moaynb pacyeta
METPU4ECKAX KOOpAHAT METPUHECKAX KOOpAHAT METPUHECKAX KoopAMHaT

o3| [,03| | O

®M-3.5

Mopynb noctpoerus
YpasHeHus nnockoctn 03
neneHroBaHns
Buaeokamepbl BK-3

®M-3.4
Moaynb pacyeta
KOOpAMHAT BeKTopa
HOpMany K NNOCKOCT!
neneHroBaHns
Bueokamepsl BK-2

BMPTYanbHoi MeTku BIJIA
B C/CTEMe KoopAuHaT
matpuupl BK-3

t

®M-3.2

Mopynb chopmupoBaHns
BUPTYanbHOI METKA
(TOYKM) C MUKCENbHBIMMU
koopavHatamu BIJIA

®M-3.1

Mopynb nokanposoi
bunbTpaLWM 1 BblgeNeHUs
TeMnepaTypHO-KOHTPACTHbIX
(LIBETOKOHTPACTHbIX)
3NeMEHTOB 1306paxeHns

Puc. 5. dyHKIMOHATIBHAS CXeMa ANrOpUTMa (PYHKIIMOHUPOBAHHS
JIOKAJIbHOW CUCTEMBI IPOCTPAHCTBEHHOTO Mo3uiimonuposanus BITJTA
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Buneonzobpaxenne B peasbHOM MacmiTabe BpemeHH (opmupyercs Bupeokamepamu BK-1, BK-2
u BK-3. C moMoIisio crienuaibHOTO MTPOrpaMMHOTO ajiroOpuTMa 00paboTKH BHACON300paKEHUS OCYIIIEeCTB-
JsieTcsl TOKaApoBasi GUIIBTPALUS ¥ BBICTICHUE TEMIIEpaTypHO-KOHTPACTHBIX (IIBETOKOHTPACTHBIX) JIEMEH-
ToB n3o0paxenus: BIUJIA (¢pynkunonansasie Mmogynu ®M-1.1, ®M-2.1 u ®M-3.1).

C noMomIbpI0 CIENUAIbHOIO aJrOpUTMa B KAXKAOM KaJIpe BUAEONOTOKA (GOpMUPYETCS BUPTyalbHAs
TOYKA C MAKCEIbHBIMU KOOPJMHATAMH, COOTBETCTBYIOIIUMH (PAKTHUIECKOMY TMPOCHHPOBAHUIO XapaKTEPHOM
touku BIIJIA Ha MaTpuny BuzneokaMepsl (GyHKUHOHAIBHBIE MOayn DM-1.2, ®M-2.2 u ®M-3.2).

B cBoro ouepens, MUKceIbHBIE KOOPIUHATH CPOPMUPOBAHHOM xapaktepHoi Touku BITJIA Ha maTpu-
[ax BUACOKaMep MpeoOpa3yroTcs GyHKITMOHAIEHEIMU MoaysiMu OM-1.3, ®M-2.3 u ®M-3.3 B meTpuye-
CKHE KOOPIWHATHI, BBIPAKCHHBIC B IOJISIX METpa (B MUKPOMETpPaXx).

[lo Texymum 3HadeHusIM MeTprueckux koopanHat BITJIA B cuctemMe KOOpAMHAT MaTPULIBI PACCUUTHI-
BAIOTCSI KOOPJAMHATHI €AMHUYHOTO BEKTOPAa HOPMAJIH K KaXI0HM U3 TpeX IJIOCKOCTEH mejeHroBanus ((QyHk-
nroHanbHbIe MOy OM-1.4, OM-2.4 u ®M-3.4).

[lasiee B COOTBETCTBUHU C aJrOPUTMOM MO TEKYLIUM 3HAYEHHMSIM KOOPIMHAT BEKTOPOB HOpMaieH
U 3HAYEHHSIM KOOpAUHAT (POKYCOB BHICOKAMEP PACCUUTHIBAIOTCS MMapaMeTphl ypaBHEHUI TpeX IUIOCKOCTeH
TIEJICHTOBaHUS G1, G2 U G3.

[Tocne mpoueayps! NPOBEPKU KOPPEKTHOCTH ITApaMETPOB YPAaBHEHUH TIIOCKOCTEHN MPOU3BOAUTCS LIUK-
JIMYECKOE PELICHNE CUCTEMBI ypaBHEHUH. B pe3ynbrare nponenypsl IUKIHYECKOTO PELICHUS CHCTEMbI ypaB-

Gia

HEHUIl Tpex IUIoCKOcTel (OpMHUPYETCS MAacCHUB TEKyIIMX 3Ha4deHwi koopawmHat BITJIA (xﬂ , o, z;j”a)

B JIOKaJIbHOW CHCTEME KOOPAWHAT C JUCKPETHOCTHIO PABHOM YacTOTE KaJAPOB BHICOKAMEPHI.

AHaruTHYECKOE MOAEAHIpOBaHHE PaﬁOTbl CHCTEMBI AOKAABHOI'O ITIO3UITMOHUPOBAHHUA

C 1enbio MPOBEPKU KOPPEKTHOCTU pabOTHI alTOPUTMA B paMKax UCCIIEJOBAaHUS IPOBOAUIOCH aHAIU-
THUYECKOE U MPAKTUYECKOE MOSIUPOBaHNE pa0OThI CUCTEMBI JOKAILHOTO MO3UIIMOHUPOBAHHUS.

C menpl0 aHATUTHYECKOTO MOJEIHPOBAHMS CHUCTEMBI OBUIM 3aJaHbl CIEIYIOIINEe HMCXOIHBIE Iapa-
METpBI:

— pa3Mep 30HBI KOHTPOJIS KOOpAUHAT: JunHa: [, = 10 M, mupuna /, = 5 M, BbIcOTa [ = 5 M;

— (akTHuecKue noKanbHble KoopauHaTel BIUTA: x7* =7,5M; y =1,25m; z0™ =4 m;

— pasmep mukcenst poromatpuisl [5]: 0,006%0,006 mm;

— pa3zMep Matpullbl [5]: 3%4 mm;

— ¢okycHOe paccTosiHHEe 00BEKTHBA Kamephl [S]: f= 3,6 MM;

— KOOPZMHATHI ONTHYECKOTO [IEHTpa 00BbEKTHBA IIEPBOH BUIECOKAMEPHI B JIOKAJIBHON CHCTEME KOOPIH-

HaT OnXnYnZy: xfl)‘ =5M; yf‘ =2,5Mm; Zf‘ =4,9964 m;
— KOOpAWHATBI ONITHUYCCKOI'0O ICHTPa 00beKTHBA BTOpOI7I BUIACOKAMEPHI B JIOKaIbHOM CUCTEME Koopau-
HatT OuXyYaZs: X% =7,5m; y% =3,75M; z% =4,9964 m;

Ja

— KOOPJIUHATHI ONITUYECKOTO IIEHTpa 0O0BEKTHBA TPEThel BHASCOKaMEpHI B JOKAIFHOW CHCTEME KOOp-
muHatT OxX,YoZy: x% =0,0036 m; x% =2,5M; x> =3,5m;

— KOOpAMHATHI [ICHTPa MAaTPHUIIbI IEPBOM BUICOKaMEPHI B JIOKaIbHOUM cucteMe KoopAuHAT OnXyYVnZy:
At =5my ™ =2,5m; 2™ =5 M

— KOOpAMHATHI IICHTPa MATPHIIBI BTOPOM BHUICOKAMEPHI B JIOKATLHOUW crucTteMe KoopauHAT OnXyYyZy:
x;'M'2 =7,5Mm; y;‘“'z =3,75 m; Z;'M'z =5M;

— KOOPJAMHATHI IEHTPA MAaTPULIbI TPEThEH BUACOKAMEPHI B TOKaIbHOU cucteme KoopauHaT OnXyYnZy:
M =0wm; Y™ =2,5M; 2™ =3,5m.

Ilepexon ot koopauHar (x,; y,; z, ) JOKAIbHOM CUCTEMBI KOOPAMHAT K KOOPAUHATAM ( X,; V,;Z, ) BCIIO-
MOTaTeNnbHOM cucTeMbl koopauHaT O1X1Y1Z; oCymecTBIsIICS o hopMyam:

X, =X,—d, y,=y,—4,;z=2-4a, )

I X,; y,; Z, — KOOpIUHATBl TOUYKH B JIOKAJIbHOM CUCTEME KOOPAWHAT; X,,),,Z, — KOOPAUHATHI TOUKU BO
BCIIOMOTATeNLHOM cucTemMe koopauHaT O1.X1Y1Z;; a.a,a, — JIMHEMHBIE CMEIICHNS Havajla BCIIOMOTaTehb-

HO# cucTeMbl koopauHaT (O1X1Y1Z) OTHOCUTEIHLHO Havama KOOPAWHAT JOKATBHON CUCTEMBI O X, Y5 Z;.
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ITepexon oT koopauHAT (X, ; ¥, ; z, ) TOKAJIbHON CUCTEMbI KOOPIUHAT K KOOpAUHATAM ( X,; ,;Z, ) BCHO-
MOTaTelbHOH cUcTeMbI KoopauHaT O X>Y>Z, ocymiecTBisieTcs o (hopMyam:

x2:xn_bx;y2:yn_bv;Z2:Zn_bz’ (10)

Y

TAe X,; y,; Z, — KOOPAMHATHI TOUKH B JIOKAIbHOW CHCTEME KOOPAWHAT; X,,Y,,Z, — KOOPIUHATHI TOUKH BO
BCIIOMOTaTeNabHOU cucteMe koopauHat O0rX>Yr25; bx,by,bz — JIMHEWHEIE CMEIICHHS Hadaja BCIIOMOTaTelb-

HOI cuctembl KoopauHaT (0»X>Y>Z> OTHOCUTENBHO Hayana KOOPAUHAT JOKAIbHOU CUCTEMBI OnX; Y Z;.

Ona , . _Gna

6 9
Mognenuposatue GakTHIECKHX METPUYECKHX KoopauHar (x,"; y,"; z,™) ormerkn ot BIUIA B cu-

creMe koopauHAaT nend OyX, Y, B TIIOCKOCTH MaTpuIlbl BuaeokaMepsl No 1 kak GyHKIAN GaKTHISCKUX JI0-
KabHbIX KoopiHat BITA (x;™; yi™; z)™) nponssomusiock o Gpopmyram:
— Bugeokamepa Ne 1:

KOOp/IHMHATa x°™ :
1

(11)

KoOpaMHaTa yo™* :
1

; (12)

6ma .,
KOOpAuHaTa ZLll .

2=, (13)

6na

TIe ng“‘, yf]“a, z," — KOOp/IHHATEI BIUIA B cucteme koopaunat uenu O X, Y, MaTpuisl Buaeokamepsl Ne 1;

X%, yo | 2% — koopnunatel BIUJIA B nokanbHol cucteme koopmuHat OnX;YaZs; fi — pOKyCHOE paccTosHue
BHeoKaMepsl No 1.
6na , 6a

MogpenupoBanne GakTHUECKMX METpHUECKUX KoopauHar ( x*™*; y®*; z0) ormetku ot BILJIA B cu-
L5 1y L5

creme koopauHat uesnu OuX, Yy B IUIOCKOCTH MaTpuibl Bugeokamepsl Ne 2 kak QyHKIUH GaKTHIECKUX JIO-
KanbHbIX koopaunat BIUIA (x™; y*; z*) npoussoamnocs mo Gpopmymam:
— Bugeokamepa Ne 2:

KOOpIMHATA xi“" :

6ra BK-2
S =)

“ = (7)) (14)
KOOpIMHATA yff“ :
yon (" -») ; as)
C L=zt h)
KoopauHaTa z;" :
2 =, (16)

6na

e nga, yf;"‘, z," — KOOp/MHATHI BIUTA B cucteme xoopaunat uenu Oy X, Y, MaTpuiisl Buaeokamepsl Ne 2;

6ma Oma

ona
xn ’yn s Z

Ja

koopauHatel BITJIA B nokanbHO# cucteme koopauHat OnX,YqZy; f> — hoKycHOe paccTosiHHue
BUjieokamepnl Ne 2,
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ona , . _bma

6na
MozenupoBanne hakTHICCKHX METPHYCCKUX KOOpAHHAT (x,; y,"; z,* ) orMerku ot BIUIA B cu-

creme koopauHat 1enu O, X, Y, B TUIOCKOCTH MaTpHIbl BuaeokaMepsl Ne 3 kak QyHKIuiH pakTHIecKux Jo-
KambHbIX Koopauuat BILTA (x(™; yi™; z)™) npoussoamiocs mo dpopmysam:

— Bugeokamepa Ne 3:
KOOp/IMHATA X, :

=0 (17)

KoOpAMHATA y,™* :

o= = ; (18)
' =1
KOOpJIMHATA zﬁfa:
6na BK-3
6J‘Ia__f;(zﬂ _Zn ) 19
Zu3 - x6ﬂa _ f 4 ( )
1 3

6na

rae xffa, yf‘fa, z," — xoopauHatel bILIIA B cucteme koopauHat uend OuXy Yy MaTpHubl Bugeokamepst Ne 3;

X, yo | 2% _goopaunatel BITJIA B okanbHO# cructeme kKoopauHaT OxX, YaZsy; 3 — OKYCHOE paccTosiHuE

BHUIEeOKaMephl No 3.
MopnenupoBanue TeKynux 3HadeHuid neneHroB bITJIA u yriioBbIX MONOKEHUH BEKTOPOB HOpMasen
K TUTOCKOCTSIM TICJICHTOBaHUS OCYIIECTBIILIOCH 1Mo hopmyram (1)—(3).

MogenupoBanue TEKYIIMX KOOPAWHAT BEKTOPOB HOPMAJEH #;, K IUIOCKOCTAM IIEJIEHIOBAaHHS OCY-

LIECTBISIIOCH YePEe3 pacueT TeKYIIMX 3HAUYCHUN MPOSKIUH 3TUX BEKTOPOB HA OCH JIOKAJIbHOIN CHCTEMBI KO-
opauHat O.X,YsZ; 1o popmynam:
— i BuneokaMepsr Ne 1:

n, =cos(af ); n, =sin(0™); n, =0; (20)
— 1u1g BUuzeokaMmepsl No 2:

n,, =cos<oc§’;f‘2); n, =sin(oc§z); n, =0; (1)
— J1s1 BUjieokamepsl Ne 3:

n,.=0;n, :cos(oci‘: ); n, :sin(uﬁz ) (22)

MonenupoBaHue TEKYIIUX MPOCTPAHCTBEHHBIX MOJI0KEHNUHN TIIOCKOCTEN MEIEHTOBAHUS OCYIIECTBIIS-
nock o hopmyie (7).

B pesynbpraTe MoAenupoBaHus MONy4eHa CUCTEMa TPEX YPaBHEHHH C TpeMs UCKOMBIMH KOOpPIWHA-
tamu BIIJIA. Pemienue cuctemMpl ypaBHEHUH TpexX IUNIOCKOCTER OoCcyIIecTBIsLIOCh MeToioM Kpamepa [4]. Pe-
3yJbTaThl aHATUTHUECKOTO MOJIEIMPOBaHUA npouecca nenenrosanus BITJIA tpems Bugeokamepamu npen-
CTaBJieHbI B Ta0I. 1.

ITo BBIYKCICHHBIM KOOPAMHATAM BEKTOPOB HOpMalieH K MmiocKocTsM nenenroanus bITJIA u koopau-
HaTaM LIEHTPOB MaTpHI] TPEX BUACOKAMEDP B COOTBETCTBHH C AITOPUTMOM COCTaBJIEHA CHCTEMA ypaBHEHHM
TpeX TUIOCKOCTEi:

0,447 - x¥* +0,894 - y™ +0- 2% — 4,472 = 0;
1-x% +0-y% +0-25 - 7,5=0; (23)
0-x™—0,37-y% -0,93-z7 +4,18 =0.

Pemenune cuctemsl ypaBHeHu# (23) 0JHO3HAYHO ONpeaemsieT TouKy ¢ koopauHatamu bITJIA:

X =7,5M, y =125 M, 2" =4 m. (24)
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Taxum 00pa3zoM, aHAIUTHYECKOE MOJIEIMpoBaHKe npolecca nenenrosanus BITJIA tpems Bugeokame-
pamu moATBEpKIAaeT padoTOCHOCOOHOCTh U KOPPEKTHOCTh MPENI0KEHHOT0 aJITOPUTMA ONPENEICHHsI TEeKY-
IIUX JOKATBHBIX KoopauHat BITJIA.

B Hacrosmee BpeMs aBTOPCKHM KOJUIEKTHBOM MPOBOISTCS UCCIEAOBAaHUSA 110 MIPAKTUIECKOW peann3a-
LMY aJITOPUTMA C LIEIbI0 €T0 AKCIIEPUMEHTAIBHOM MPOBEPKHU B TPEHAXKEPHOH cructeme onepaTtopoB BILIA [6].

3akArouenue

C nenpio obecrieueHus TpeHAKEPHOU MTOATOTOBKH OIIEPaTOPOB OSCIHIIOTHBIX aBHAIIMOHHBIX CHCTEM
HE00XOJMMO HEMPEPBIBHOE OIpEIeIeHnEe TOUHBIX (hakTuueckux koopauHat BITJIA. Dto sBinsercs HeoOXo-
JTUMBIM yCIIOBHEM KaK BBITIOJIHCHUS TIOJICTHOTO 3aJaHus, TAaK M TOUYHOH OIIEHKH AeicTBUil onepaTtopa BAC.
st onpenenenns koopauHat BITJIA B mporiecce TpeHaKepHO# MOATOTOBKH TPEOYeTCsS OTHOCUTEIEHO He-
Joporasi, aBTOHOMHAs ¥ JOCTATOYHO TOYHAsI CHCTEMa MPOCTPAHCTBEHHOTO MO3UIIMOHUPOBAHHSL.

B Hacrosimee BpeMs pa3paOOTaHO U UCHOIB3YETCs I ATHX IeJIed HECKOJIbKO TaKMX aBTOHOMHBIX
cucteM. B 4acTHOCTH, K TaKUM CHCTEMaM MOYKHO OTHECTH YJIbTPa3BYKOBYIO M MH(PaKpPaCHYIO JOKAJIbHBIC
CHUCTEMBI TTO3MIIMOHUPOBAHM. DTH CHCTEMBI PEIIAlOT 3aJady JIOKaJhbHOTo To3uImoHupoBaHus BILIA,
HO MMEIOT PSJl OTPaHUYCHNH X IPUMEHEHHsI B 3aKPBITOM IIPOCTPAHCTBE.

Takum 00pa3om, JJis el TpeHAKEPHOU TOATrOTOBKH onepatopoB BAC B 3aKpBITHIX TOMEUICHHUSIX
CYIIECTBYET HEOOXOIUMOCTh Pa3pabOTKH HOBBIX aBTOHOMHBEIX JIOKAIBHBIX CHCTEM ITO3HIIMOHUPOBAHUS
BITJTA ¢ BBICOKMMHU TOYHOCTHBIMH XapaKTEPUCTUKAMHU.

[IpennoxeHHas KOHIENTyalIbHAS MOJIENb JIOKaJTbHON CHCTEMBI TPOCTPAHCTBEHHOTO TTO3UIIHOHUPOBA-
HUs OECITUIIOTHOTO JICTATEIBHOTO arliapara Ha OCHOBE MEJICHIOBAHUS TEMIIEPaTyPHO-KOHTPACTHBIX (IIBETO-
KOHTPACTHBIX) 3JIEMEHTOB €r0 KOHCTPYKLWH SIBISAETCS aIbTEPHATUBON CYIIECTBYIOIIUM CHCTEMaM I0100-
HOTO poJa.

AHanuTHYecKoe MOJENHpOBaHue mpoliecca nenenroBanus BIIJIA Tpems BupeokamepaMu MOITBEP-
JKIaeT KOPPEKTHOCTh MPEUIOKECHHON MATEMaTUISCKOM MOJICII M AITOPUTMOB ()YHKIIHOHUPOBAHHUS JTOKAITb-
HOM CHCTEMBI POCTPAHCTBEHHOTO MO3UIIMOHUPOBAHUS OCCIIMIOTHOTO JICTATEIBHOTO ariapara Ha OCHOBE
TIEJICHIOBAaHUS TEMIIEPATyPHO-KOHTPACTHBIX (LIBETOKOHTPACTHBIX ) 3JIEMEHTOB €T0 KOHCTPYKITHH.
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IKCITEPTU3A KAYECTBA IIPOAYKIIMU 3BAMKHYTOTI'O
IIMKAA OBPAIIEHMA C KOHCTPYKITMOHHBIMH
MATEPUAAAMU ATOMHBIX CTAHITUH

A. C.Tpuropses’, H. H. Cagponosa’, U. A. Tyruos®

13 HanmonanbHbIi uccnenosatensekuii nenTp «Kypuatosckuit uacTuTy™, MOCKBa, Poccus
2 Acconuanus OpraHu3aliii CTPOUTELHOTO KOMIUIEKCa aTOMHOM oTpaciu, Mocksa, Poccust
! Grigoriev_AS@nrcki.ru, 2 safronova_nn@accni.ru, * Tutnov_IA@nrcki.ru

AHHOTAIMSA. AKMYyanrbHOCMb U Yeau. PaccMOTPEHBI BO3MOXKHBIE ITyTH PELICHUS AKTyaIbHON 331241 SKCTIEPTU3BI
U IUarHOCTHYECKOTO0 KOHTPOJIA KauecTBa CHeNU(pUIECKO MPOLYKIMH OPUTHHAIBHBIX IIPOM3BOJCTB IO YTHIN3ALUH [e-
MOHTHPOBaHHBIX KOHCTPYKTHUBHBIX 3JIEMEHTOB aTOMHBIX CTaHLUH B IIEPUOA UX BBIBOJA M3 KCIUTyaTauuu. Mamepuaivl
u memoowi. IIpuBeseH METO pacdyeTa BEPOSITHOCTEH MPOSABIECHHUA OUIMOOK B MPOILECCE MPOBEPKH KaueCcTBAa TOTOBOM
NPOJYKLIMH CEPUHHOTO NMPOM3BOACTBA B chepe yTHIN3AUMK U NIepepadOTKH KOHCTPYKIMOHHBIX MaTepHaIOB YHEPro-
0JIOKOB C SIIGPHBIMU PEAKTOPAMU C LIEJIBIO TIOBTOPHOTO PUMEHEHHSI 9TOH [TPOILYKIMU, MAaTEPHUAIIOB U U3JIENIUH 110 HO-
BOMY HazHaueHMI0. [IpeiokeH MeToA SKCHEpTU3bl KauecTBa TAKOM NMPOJYKLUHU, OLEHEH Pe3ylbTaT — YMEHBIICHUE
BEPOSITHOCTH TPOIyCKa e(eKTHOM NPOYKIMH IIPH KOHTPOJIE HECKOJIBKUX MapaMeTPOB, ONPEAEIAIONNX (PU3HUKO-TEX-
HOJIOTUYECKYIO IIEHHOCTh 3aMKHYTOI'O LIMKJIA OOpalleHus] ¢ KOHCTPYKIMOHHBIMH MaTepHajaMH aTOMHBIX CTaHIHH.
MeTo OTKpBIBAET BO3MOXKHOCTB: ONTHMAJIBHO, 110 KPUTEPUSAM PalMOHAIBHOTO MPHUPOIONOIb30BAHMS M IKOJIOTHIE-
CKOW IMMPUEMIIEMOCTH, SKOHOMUYECKOH L1eJIECO00pa3HOCTH, BBIOPATH M OLEHUTH 3P (PEKTUBHOCTD PA3ITMUHBIX COYETAaHNH
WHCTPYMEHTAIBHBIX CPEICTB HEPa3pyLIAIOIEro JHarHOCTHYECKOTO KOHTPOJISI U SKCHEPTHU3bl KauecTBa TOTOBOM MPO-
JIYKLHUH B II€JIOM; TI0 PE3Y/IbTaTaM OLIEHKH Ka4eCTBa TOTOBOH MPOIYKIUH ONPEAETUTh TEXHOIOTHUECKYIO KapTy MEXO0-
MEPANMOHHOIO U BBIXOJHOTO KOHTPOJIS AJIsl IPOU3BOACTBA 110 NepepaboTKe 1eMOHTHPOBAHHBIX KOHCTPYKTHBHBIX KOM-
MIOHCHTOB AaTOMHBIX 3JIEKTPOCTAHIMI Ha 3Tale JMKBUAALMHA MX HETaTUBHOTO SAIEPHOrO Hacneaus. Pe3yibmamul
u 66180001 [IpeacraBineHbl 1 00OCHOBaHBI OCHOBHBIE HAay4YHbIE ITOJIOKEHUS W NMPUHLUIBI, Ha 0a3e KOTOPBIX CTPOUTCS
METOJI CUCTEMHOI'O aHaln3a M SKCIEPTU3bl KaueCcTBa MPOAYKLUUH B (hopMare 3aMKHYTOTO IMKJa OOpalieHust ¢ KOH-
CTPYKIIMOHHBIMH MaTepHallaMH AJ€PHBIX SHEPreTHYECKUX YCTaHOBOK.

KiioueBble ci10Ba: aToMHast QJICKTPHUYCCKAad CTaHUMs, BbBIBOJA M3 SKCITyaTalluu, 6C3OHaCHOCTB, METOA KOH-
TPOJIAd, HAACKHOCTb NPOU3BOJACTBECHHOI'O KOHTPOJIA Ka4€CTBA NPOAYKINH

duHaHCHPOBaHNeE: CTaThs IOATOTOBJIEHA IIPH BBINOJHEHUU rocynapcrseHHoro 3aganus HUL «KypuaTtoBckuit
WHCTUTYT» B pPaMKax BBITOJIHEHUS JoroBopa Ne 210/494-24.

Js uurupoBanus: ['puropses A. C., Cadponosa H. H., TytHoB 1. A. DxcriepTu3a KauecTBa MpOAyKIUN 3aMKHYTOTO IIHKJIa
oOparnieHus ¢ KOHCTPYKIIMOHHBIMU MaTepHallaMi aTOMHBIX CTaHIwH // Haxe:KHOCTD M KaduecTBO CIOKHBIX cucteM. 2025. Ne 3. C. 70-81.
doi: 10.21685/2307-4205-2025-3-7

QUALITY PRODUCTS EXAMINATION AT CLOSED-CYCLE INDUSTRIES
NUCLEAR POWER PLANT STRUCTURAL MATERIALS

A.S. Grigoriev', N.N. Safronova?, I.A. Tutnov’

1.3 National Research Center "Kurchatov Institute", Moscow, Russia
2 Association of Nuclear Industry Construction Organizations, Moscow, Russia
! Grigoriev_ AS@nrcki.ru, 2 safronova nn@accni.ru, 3 Tutnov_[A@nrcki.ru

Abstract. Background. The article considers the way to solve the urgent problem of expertise and quality testing
of specific products of original production facilities for the utilization of dismantled structural elements of nuclear power
plants during their decommissioning. Materials and methods. The methodology for calculating the probabilities of errors
in the process of checking the quality of finished products of mass production in the field of utilization and processing
of structural materials of power units with nuclear reactors, in order to reuse these products, materials and products
for a new purpose, is presented. A method of examining the quality of such products is proposed, and the result is
estimated — reducing the likelihood of defective products being missed when inspecting several parameters that

© T'puropses A. C., Capporosa H. H., Tytros U. A., 2025. KonrenT nocrynen no nunensun Creative Commons Attribution 4.0 License / This work is licensed under
a Creative Commons Attribution 4.0 License.
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determine the physic technological value of a closed cycle of handling structural materials of nuclear power plants. The
method opens up the possibility to optimally select and evaluate the effectiveness of various combinations of tools for
non-destructive examination the finished products quality of in general, according to the criteria of rational use of natural
resources and environmental acceptability, economic feasibility; Based on the results of the evaluation of the quality of
finished products, determine the technological map of output examination for the processing of dismantled structural
components of nuclear power plants at the stage of eliminating their negative nuclear legacy. Results and conclusions.
The presentation and substantiation of the main scientific provisions and principles on the basis of which a system
analysis of product quality is based in a closed-loop format for handling structural materials of nuclear power plants.

Keywords: nuclear power plant, decommissioning, safety, control method, reliability of production quality control

Financing: the article was prepared while fulfilling the state assignment of the NRC "Kurchatov Institute"
in the framework of the implementation of contract No. 210/494-24.

For citation: Grigoriev A.S., Safronova N.N., Tutnov I.A. Quality products examination at closed-cycle industries nuclear
power plant structural materials. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2025;(3):70-81.
(In Russ.). doi: 10.21685/2307-4205-2025-3-7

BBepenne

K Hacrosimemy BpeMeHHU pH (GOPMUPOBAHUH TEXHUUECKUX PELICHUH B cepe NesITeNbHOCTH 10 Mac-
COBOMY BBIBOAY M3 3KcIutyatanuu ADC mpeiokeHO OpHEHTHPOBATHCS Ha mpoleccsl [1, 2], oTHocsAmumecs
K Pa3BUTHUIO U CO3JAHUIO 3aMKHYTOI'O LIMKJIA NEpepaOdOTKH METAUIMUYECKUX M MHBIX OTXOA0B aTOMHOH OT-
paciu, 00ecreunBaroIero BO3BpaT B aTOMHYIO HHAYCTPHIO BTOPUYHBIX MPOAYKTOB IepepabOoTKH KOHCTPYK-
LIMOHHBIX MaTePHAIIOB M U3JIEJHIA SIEPHBIX SJHEPreTHIeCKUX ycTaHoBOK (S19Y). o 2040 r. B Mupe npeario-
Jaraetcsi BRIBECTH U3 dKcITyaTanuu 6oinee 150 saepHbix peakropoB. Ha ceromns B Poccun yxe ocTaHOBIEHO
10 snepro6nokoB ADC, OHUM HaXOIATCA B COCTOSIHUY JIMKBUAALMN HETATUBHBIX MOCIEICTBHNA WX MPOMBIIII-
nenaHoro (yuknuoHuposaHus. Ilmanupyercs, uto k 2040 1. OyAyT OKOHYATEIIEHO OCTAHOBJICHBI OoJiee
25 3Hepro0OIIOKOB € AAEPHBIMH SHEPTeTUYECKUMH PEAKTOPaMH, BEIBEACHBI U3 IKCITyaTallil MHOTHE UCCIIe-
noBatenbekue DY u apyrue oObeKThl NCIIOJIB30BaHNs aTOMHOM SHEPIHH, YTO NPUBEAET K CYIIECTBEHHBIM
3aTparaM JJis CMSTUYEHHsI BPEAHBIX TOCIIEICTBUI HCII0JIb30BaHUS aTOMHON 3HEepruu. [1o sKkcepTHBIM OLleH-
KaM MHOTHX CIHEHUAIMCTOB, OOLIMe 3aTpaThl Ha BBIBOJA M3 JKCIUIyaTallid OJHOTO 3Heprodmoka ADC
B TEKYIIMX IeHax oneHuBarrcsa B $ 2-3 mupx [1, 3]. [TosroMy akTyalibHOM HaydHOU mpoOieMe 1Mo CHHKE-
HUIO 00mIMX 3aTpaT U o0beMa TpeOyeMBbIX PecypcoB Ul JTUKBUAALMH HETATUBHOIO SIEPHOTO HACIEAMS
ADY, c omHOBpeMEHHBIM MOBBIMICHHEM 3()(EKTUBHOCTH, 0E30MIACHOCTU M HKOJIOTMYECKON MPUEMIIEMOCTH
JESITeNbHOCTH 10 MacCOBOMY BbIBOAY U3 3KcIutyaranuu ADC, B TEKyIIui nepuoj yaensercs ocoboe BHU-
MaHHE CIIEHUATICTOB U SKCIIEPTOB Pa3HOT0 MEKIUCIUIUIMHAPHOTO MPO(HUIIA.

1o sKCHepTHBIM OLIEHKaM CIELUAIMCTOB IIPH BBIBOAE U3 SKCIUIyaTal[Md OJHOI'0 SHEProbiIoKa ¢ saep-
HbIMH peakTopamu Tuna BBOP [4] mepBrix mokonenuit obpasyercs okoio 50 000 T 1eMOHTHPOBAaHHBIX
METAJUIOKOHCTPYKLIUH M METAIUIMYECKUX O0TX010B. M3 00111ero KoIuuecTBa MpoAyKTOB JEMOHTaXa YHEPTO-
0J0Ka, NMpeJHAa3HAYCHHBIX AJIS yTWIM3ALUK, TOJIBKO HEOOJbINas 4acTh 3TOW METaUINYECKOH HpOLyKLIHU
U OTXO0J0B — OK0JO 1,5 % AeMOHTHPOBaHHOTO 0OOPYIOBaHU M METATIOKOHCTPYKIHUH, BKIIIOYAst KPYIHBIC
(parMeHTBl KOPIYCOB SAEPHOTO PEAKTOPa, LUPKYIALHUOHHBIX HACOCOB TETJIOHOCUTENS IEPBOTO KOHTYDA,
naporeHeparopa U uX BHYTPUKOPITYCHBIX YCTPOUCTB, a TAK)KE AJIEMEHTHI TJIaBHBIX UPKYISILIUOHHBIX TPYOO-
IIPOBOJOB MMEIOT ONACHBIE PAaIMOAKTHBHBIC 3arpsizHeHHsA. OCHOBHAS e Macca IEMOHTHPOBaHHBIX (par-
MEHTOB KOHCTPYKTHBHBIX KOMIIOHEHTOB 51OV 1 00pa3yromuxcs pa3IndHbIX METANIMUYECKUX OTXO0/0B, UH-
CTPYMEHTAJIBHBIX CPEACTB U MPUCIIOCOOICHUH, MpUMeHsIeMbIX uis TukBuaanuu ADC, OyneT IMeTh ypOBEHb
(haKTHUECKON aKTUBHOCTH, OTHOCSIIIMICS K PaAMOAKTHBHBIM OTX0JIaM KaTE€rOpuH: HU3KO aKTUBHBIE U OYEHb
HU3KO akTUBHbIE [5]. HakomneHHBIH ONBIT MPOBEACHUS MacIITaOHBIX PadOT MO BBIBOAY M3 JKCILTyaTallHH
ADC[2, 6-8], nezakTUBaLUU AEMOHTHPOBAHHBIX (PPArMEHTOB METAIIIMYECKUX KOHCTPYKIMN U OTXOA0B CBH-
JETENbCTBYET, UTO CIEAYeT OXKHUIATh — 10 99 % 00bemMa IEeMOHTHPOBAHHOTO METaNIa MOXKET OBITh BHIBEICHO
U3-TIOJ PaAUAIIMOHHOTO KOHTPOJISL U BIIOCIIEICTBUU MEpepadOTaHO B HOBYIO MOJIE3HYIO MPOAYKLUIO. 3aTeM
3Ta MeTaUIM4YecKas MPOLYKLUHUS MOKET ObITb MpeIUIo’keHa K IOBTOPHOMY HMCIIOJIB30BaHHMIO BO MHOTHX
cdepax XO03sIMCTBEHHOW JEATENLHOCTH CTPAHbI TI0 HOBOMY Ha3HA4YEHUIO. ITO 0OCTOATENBLCTBO ONpEAesieT
CYIIECTBEHHYIO 3HAYMMOCTb U (PU3UKO-TEXHOIOTHUECKYIO [IEHHOCTh 3aMKHYTOTO IIMKJIa OOpaIleHns ¢ KOH-
CTPYKLMOHHBIMU MaTepHajaM{ aTOMHBIX CTAHLIMH U Ba)KHOCTH (POPMHUPOBAHUS aJECKBATHBIX TEXHHUUECKUX
peleHnii Mo KOHTPOJIIO Ka4ecTBa M HAAKHOCTU B chepe Crenrnaln3upoBaHHbIX IPOU3BOACTB MO oOparle-
HUIO C METAJUIMYECKUMH OTXOJaMH J€MOHTHPOBAaHHBIX 3HEProosiokoB ADC, a TakkKe yTHIN3alKu, iepepa-
OOTKH 3TUX OTXOJIOB B COCTOSTHHE, IPUTOAHOE I TIOBTOPHOTO MCIOIb30BAHNUA KOHBEPCHOHHOTO MeTaslia
A3V no HOBOMY Ha3HAYEHUIO.
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Hayunsriii mouck pemreHus mpoodiemsl 3¢ (HEeKTUBHOTO BBIBO/IA U3 AKCILTyaTanuu DY, KoTopas siBis-
©TCsl OJTHOW M3 OCHOBHBIX JJIT MHPOBOHM aTOMHOW dHEpreTHKHU [2] Ha OmmKaiine Toapl, ONpeneysaeT aKTy-
AJIBHOCTh TE€MBbI I[aHHOI‘/‘I Hy6JII/IKaI_[I/II/I B aCIICKTax pa3pa60TK1/1 HOBBIX ME€TOJ0OB U CPEACTB JJId BBIIIOJHCHUA
9KCIEPTU3bI KayeCTBa MPOJYKIMH 3aMKHYTOTO ITMKJIa OOpAIICHUs C KOHCTPYKIIMOHHBIMH MaTepHaIaMu
ATOMHBIX CTAaHIIWH, a TAaK)KE CHCTEMHOTO NMMPOEKTHPOBAHMS, aHATIN3a TIPUEMIIEMOCTH TEXHUIECKUX PEIIeHHH
B cepe Hae)KHOCTH, O€30ITACHOCTH M 3alUThI OKPYKAIOIICH Cpe/ibl IPU pean3anii 3aMKHYTOTO IHKJIA
oOparlieHus ¢ KOHCTPYKIITMOHHBIMU MaTepUAIaMU aTOMHBIX CTAHIIMIA HA WHTyCTPHAILHONW OCHOBE.

IlocranoBKa 3apaun

[Toka OTCYTCTBYIOT yHHUBEpCAJIbHBIC PEIICHHS WHKEHEPHBIX 3a7ad MaccoBoro BeiBoga ADC u3 sKc-
TUTyaTaluy, 9T0 TpeOdyeT pa3paOOTKM MHOMKECTBA a/IEKBATHBIX PealbHBIM OOCTOATEIHCTBAM TEXHHYECKUX
pelieHuii, UX KJIACCU(PUKAIMOHHOTO OOBCIUHCHHUS M TpPUMEHEHHs i 3((EKTUBHOTO IUIAHUPOBAHUS
Y YIpaBJICHUS TEXHOJIOTHYECKHMH MPOIECCaMU JIMKBUIAINHN SISPHOTO HAaCTIe sl aTOMHOMN 3HepreTukd [ 1, 9].
AKTYaJNbHOCTP U TIENb MTOWCKA JTYYIIeT0 TEXHUYECKOTO PEeIIeHNs MPAKTHIeCKUX MHKEHEPHBIX 3a7a4 10 BbI-
Bony m3 akcruryaraiun ADC ¥ cMATYEHHS TOCIEICTBII HETraTHBHOTO SICPHOTO HACIEAMS MUPHOTO aToMa
B Omkaiimem OyayiieM ompenenseTcs TeM, YTO 3aKII0UNTeIbHbIN epruo sku3HeHHoro uukina ADC npea-
rmoJlaraeT yTHIIN3allUuI0, OKOHYATEIbHOE 3aXOPOHEHHE OMACHBIX PaJMOAKTHBHBIX MATEPHAIIOB U HM3/CIIHH,
KOHCTPYKTHBHBIX KOMIIOHEHTOB SHEPro0JIoKa U ero JUKBUaluo B uejioM [S5, 10, 11]. C mpyroii cTopoHsI,
BBI30BBI COBPEMEHHOCTH 110 PallMOHAJIBHOMY MPHPOAONOIb30BAHIIO, MHHOBALIMOHHOW M MHBECTHULIMOHHON
3¢ (EeKTUBHOCTH, COMANTBHON MPUEMIIEMOCTH PUCKOB B JI€Jie COXPaHEHHs OKPYKAIOIIeH cpebl U IyBCTBH-
TETHHOTO OOpAIeHNs C TPOMBIIIIEHHBIMU ¥ HHBIMHA OTXOJIaMHU B aTOMHOM DHEPTeTHKE OIPENEISIFOT BEKTOP
MPaKTUYECKOW AEATENFHOCTH 110 BBIBOY U3 KcIutyaranun ADC B HOBOM HayYHOM HamlpaBieHUH — (OpMHU-
pOBaHHE TEXHUYECKUX YCIIOBUH TS peau3aliiil 3aMKHYTOTO [IUKJIAa OOpaIIeHNs C KOHCTPYKIIMOHHBIMH Ma-
tepuaiamu (3LJOKM) aneprobiaoko ADC. JlaHHBIA MUK alpHOPH IPEIojiaracT BO3MOXHOCTb MHOTO-
KpPaTHOTO WCIOJIb30BaHMsl KOHCTPYKIIMOHHBIX MATEpPHAJOB W Ja)xKe M3IENUI WK JIeTajeld, OTpadoTaBIIuX
CBOW CPOK 3KCIUTyaTallid B COCTaBe KOHCTPYKTHBHBIX KOMIIOHEHTOB 3HEProOJioKa, HO elle MPUTOAHBIX
1 0e30macHbBIX JIs TIOBTOPHOTO MPUMEHEHUS 110 HOBOMY Ha3HAUYEHHWIO B aTOMHOM DHEPTeTHKE U CMEKHOM
¢ Hel orpacisix mpoMbiuieHHOCTH. MToroBeiM pe3ymbraroM 3LIOKM ADC, co Bcell 0YEeBHIHOCTBIO,
JOJKHO OBITH BHICOKOE KaueCTBO M Ha/Ie)KHOCTh KOHBEPCHOHHON MPOJYKLIUH.

Takum 00pa3oM, BaKHBIM U CBOEBPEMEHHBIM CTAHOBHTCS ITOWCK MYyTEH pelIeHus 3aa4 110 OpraHu-
3ali{ TIPOU3BOJICTBEHHOTO AMArHOCTHYECKOTO KOHTPOJIS MTOKa3aTesel Ha/le)KHOCTH U OE30MacHOCTH MPH-
MEHEHUS] KOHBEPCHOHHBIX METAJUTHUECKUX MaTepruanoB S10Y 1o HOBOMY Ha3HAUYEHUIO.

Ha 3ToM nyTH B COBEpIIEHCTBOBAaHUM METOAOJIOTUH MHIYCTPUANN3AH IPOLIECCOB BBIBOA M3 JKC-
mryaranuy dHeprobaokoB ADC B popmate 3LIOKM ADC Oynet 3pheKTHBEH CHCTEMHBIN aHATN3 TEXHIYIC-
CKUX pEIIECHHH 10 CTAaHOBIICHHIO CHCTEMBI BBIXOJHOTO TEXHOJIOTUYECKOTO KOHTPOJISI KOHBEPCHOHHOM Mpo-
JTYKITUH, METPOJIOTHYECKOTO 00CITY)KUBaHUS U3MEPHUTEIBHBIX PUOOPOB, TPUOOPOB KOHTPOJIS M aBTOMATHKH,
WH(POPMAIIMOHHO-U3MEPHUTEIHHBIX U YIPABJISAIONINX CHCTEM, KOTOPHIE HCIIONB3YIOTCS B Ka4eCTBE WHCTPY-
MEHTAIFHBIX CPEACTB I 00ecTieueHus Ha/Ie)KHOCTH BBIXOJHOTO KOHTPOJIS Ka4eCTBa MPOIYKITUH TIPEATIPH-
ATHHN 110 00paIleHUIO U YTHIN3AIUU JEeMOHTHPOBAHHBIX KOHCTPYKTUBHBIX KOMITOHEHTOB ADC. BeposTHOCT-
HbIE IIOKA3aTeId TOYHOCTH JMAarHOCTHYECKUX M TECTOBBIX HM3MEpPEHHH CIy)KeOHBIX XapaKTePUCTUK
KOHBepcHOHHOU npoaykiuu B popmate 3LIOKM ADC, a Takke UTOroBast JOCTOBEPHOCTH SKCIIEPTH3HI Ka-
YecTBa ATOH MPOAYKIHH OTPa)KaloT MPABHIBLHOCTh M TOYHOCTH MOJIENIE CHCTEMHOTO aHalh3a PUCKOB ITO-
BTOPHOTO HCIOJB30BaHUA KOHCTPYKIHOHHBIX MaTepuanoB ADC. IloaTomMy BEIOOp NPUHLIMIIOB, HA OCHOBE
KOTOPBIX CTPOUTCS CHCTEMa KOHTPOJIS Ka4eCcTBa M HaIeKHOCTH, METPOIIOTHIECKOTO 00CITY)KUBaHUS TUATHO-
CTHYECKHX U WHBIX HHCTPYMEHTANBHBIX CPEAICTB MPOMBIIIIeHHbBIX pon3BoacTB 3LIOKM ADC cnexyert npo-
BOJIUTH, MIPEXK/IE BCETro, HCXOS M3 3aJaHHONW TOYHOCTH MOJENHMPOBAHHS MPOLECCOB CTAPEHUSI U IPOTHO3H-
poBaHUs (DM3MUYECKOW JONTOBEYHOCTH TEXHOJOTUYECKHMX KOMIIOHEHTOB KOHBEPCHOHHOW MPOMYKIIUH.
Otcrona cnenyer HeOOXOJUMOCTh OLIEHKH JOCTATOYHOCTH M BOZMOXKHBIX OIIHOOK MPH MPOBEIEHNH BHIXOJI-
HOT'O KOHTPOJISi KauecTBa KOHBEPCHOHHOW MPOJYKIMHU C MCIOJIb30BaHUEM (YHIAMEHTAIBHBIX ITOJIOKECHHN
CHCTEMHOTO aHan3a 0€30MaCHOCTH CIIOKHBIX TUHAMUYECKHUX CUCTEM U PEKOMEHIANNH, U3II0)KEHHBIX B MO-
Horpaduu [12]. Takum 00pa3om, OCHOBOH JJIsI TOCTAHOBKH 3a7]a4M O pa3pabOTKe METOa SKCIIEPTU3HI Kade-
crBa ipoaykiuu 3LIOKM ADC B HameM citydae OyIyT HayuHble NOI0HCeHUs U NPUHYunsi, Ha 6a3e KOTOPBIX
oOecrieunBaeTcs HASHTU(UKALMS Pe3yIbTaTOB BEIBOAHOTO KOHTPOJIS B aclieKTaX HaJAeKHOCTH TOTOBOM Mpo-
IYKIMH U ee (PyHKIIMOHATHHON 0€30MacHOCTH.
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OcCHOBHas YaCTh — IOAOKEHH S U NPHHIHIIBI IKCIEPTU3DI KaY€CTBA IPOAYKITHHA
3aMKHYTOI'O ITMKAQ 06pamenm1 C KOHCTPYKITHOHHBIMH MaT€pHaAaMH aTOMHBIX CTaH].II/Iﬁ

NMuTarmonHoe MOJETHpPOBaHUE BO3MOYKHBIX PHUCKOB M OMACHOCTEH MW pealu3alui Ha MPaKTHKe
3LOKM [13] moka3siBacT BaXKHYIO HEOOXOIUMOCTh KOHTPOJIS BEIBOJHOTO KadyeCcTBA KOHBEPCHOHHOM IPO-
JYKIUU Ha CUCTEMHOM OCHOBE. I103TOMyY nepBbIi NPUHINI, KOTOPBIN JTOJIKEH JIEKATh B OCHOBE KOHLEILIUN
MeTosia 3kcrepTu3bl kadectBa npoaykuuu 3LJOKM ADC, — o0OBEKTHBHAs TOCTaTOYHOCTH TOYHOCTH
Y JOCTOBEPHOCTH M3MepeHui, c(hOpMUPOBAHHBIX HAa MX OCHOBE IMPOTHO30B O (PAKTHUECKOM TEXHHYECKOM
COCTOSIHMH U pecypce KOHBEPCHOHHBIX MaTepuaiioB. CieayeT OTMETUTH, UTO SKCIEPTH3a KadecTBa MPOIyK-
muu 3LJOKM ADC mnpeamonaraer, 4ro OyIyT JOMOJIHUTENBHBIC 3aTpaThl Ha KYJIbTYpy O€30MacHOCTH
¥ KaueCTBO SKCIUTyaTallMH SJIEPHON TEXHUKU W 3HepreTuieckux oObexToB. [loaTomMy BTOpO# mpuHIMI
JUTSI TIOCTPOEHUS METO 1A IKCIIepTH3hl kKadecTBa mpoaykimn 3IIOKM ADC — yMepeHHOCTh B 3aTpaTax WHIY-
CTPHAJILHOTO IMPOM3BOACTBA MJIsl JMKBHIALWW OMACHOTO siAepHOro Haciemus. s 3Toro HeoOXOIUMBI
OIIEHKH CTOUMOCTH YCIIYT TI0 TEXHOJIOTHUECKOMY 00CITy)KHUBaHUIO, BEPOSITHOCTHBIE JJAHHBIE O PacXoJie MaTe-
pHAJIOB ¥ MHCTPYMEHTA, a TAK)Ke CBEICHUS O IMHAMHUKE N3MEHEHUH TIepBOHAYATBHBIX 3aJJaHui. XapaKTepH-
CTHKH KOHBEPCHOHHOM MPOIYKIMH KaK OOBEKTa TEXHOJOTHYECKOTO OOCIY)XKMBAHHS MOXKHO IOIYYHTh
B IIpOIIecCce aHaNM3a MHOTOMEPHBIX CTATUCTHYECKUX JAaHHBIX O 0€30MacHOCTH KU3HEHHOTO UKJIa oOpare-
HUS C IGMOHTHPOBAHHBIMHA KOHCTPYKTUBHBIME KoMnoHeHTaMu ADC. Ha ocHOBe JaHHOTO TTPUHITUTIA MOKHO
OIICHUTHh BEPOSITHOCTH M3MEHEHUH 3aJaHUN ¥ COCTOSIHUS BHEITHEH cpenbl B Xoze pemenus 3agad 3[{OKM
ADC. Bmecte ¢ 3TiM 3HaYMMBbIe (aKTOpHI 111 0OeCTieYeHNsT paJuallMOHHON 3alIUThI BCEX BHIIOB JIESATEIb-
HOCTH TIpU OOpaieHny ¢ AeMOHTHPOBAHHBIMU KOHCTPYKIMSIMA M PAaTUOAKTUBHBIME OTXOJAaMH JJISI BCEX
niepuonioB peanuzanun 3IIOKM ADC 3HaYuTENbHO OYIOyT BIUATH Ha apXUTEKTYPy METOJA SKCIEPTHU3HI
kauectBa npoaykiuu 3LIOKM ADC. B nepByto ouepenb 310 O0yayT (akTopbl: MHOTOYPOBHEBOM Heolpe/ie-
neHHocTH puckoB mpu peamm3anyu 3[IOKM ADC u HemoAroToBIEHHOCTH HOPMATUBHO-TIPABOBON 0a3bl
IUT TIOBTOPHOTO FWICTIOJIb30BAaHUSI KOHCTPYKIIMOHHBIX MaTepuanoB ADC 1Mo HOBOMY Ha3HAYEHHIO MOCTe
X OKOHYATETHHOM JI€3aKTUBAIMH M BTOPUYHOW KOHBEPCHUOHHOM MepepaboTKu. B 3TO CBS3U HAay4HEIE T10-
JIOKEHMSI ¥ TIOAXO0/, MPUHLIUIIBI TPOEKTHPOBAHUS METOJIa AKCIepTU3bl KauecTBa npoaykuuu 3LIOKM ADC
B2)XHO OPUEHTHPOBATH HAa PEANTH3ANNI0 TEXHUYECKUX PEIICHHH, OTKPHIBAIOIINX ITEPCIIEKTUBHYIO BO3MOXK-
HOCTH BBICBOOOJIUTH M3-TIOJ] PAAMalliOHHOTO KOHTPOJS MaTepHallbl IEMOHTa)Ka KOHCTPYKIUH U M3IEIHi,
MIPUTOJIHBIX JJIsl IOBTOPHOTO UCIIOIB30BaHMS C IIENIBIO Pa3BUTHSI aTOMHOM MHIYCTPUH U CMEKHBIX C HEll OT-
pacieit npombinuienHocTH, TOK Ha mtardopme 3¢ pekTHBHOCTH M palOHATFHOTO MCTIOIB30BaHUS IPUPOJI-
HBIX ¥ HHBIX PECYpPCOB.

PoiHOYHBIE YCTTOBHS XO34WCTBEHHOW NEATENHHOCTH B aTOMHOW NPOMBIIIJIEHHOCTH TpedyioT [14],
4yTOOBl BETMUMHA 3aTpaT Ha yCJIOBHYIO enuHMLy mosie3Horo s¢dexra 3LIOKM ADC Obia menblie, yem
y IPOAYKINY KOHKYpeHTa. BaxxHast ponb AJis yITydIleHns COOTHOIIEHHUS «PBIHOYHAS IIeHa/KauecTBO» KOH-
BepcuoHHOH mpoaykuun 3LIOKM ADC oTBOANTCS MHTETPUPOBAHHON C MPOU3BOICTBEHHBIMHU MPOIECCAMHU
WHPOPMALMOHHOH cpejie BEIXOJHOTO KOHTPOJISI HAle)KHOCTH U (PYHKIMOHATBEHON 6€30MacHOCTH TaKoH Ipo-
nyknwn. LleneBas GpyHKIms 3T0i cpesl [15] cOCTOUT He TOMBKO B pean3aliii IPUHITUIA eANHCTBA TUATrHO-
CTHYECKUX U3MEPEHUH JIJIS BCEX 3TAIOB ku3HEeHHOTO 1Tkia mpoaykmuu 3IIOKM A3C, Ho u B obecrieueHuH
METPOJIOTMYECKUMH 3TAJOHAMH U CTaHJAPTHBIMU 00pa3iaMi COOTBETCTBYIOIINX IIPONU3BOICTBEHHBIX CTPYK-
Typ Ha 0a3e 0OBEKTUBHBIX CIYEOHBIX XapaKTePUCTUK M MoKa3aTellell kadyecTBa TOTOBOM MPOAYKINUU. DTO
co3/1aeT HeoOXOANMbIe YCIIOBUS U CO3TaHMSA W NMpuMeHeHus cnenmann3upoBaHHbix ACY TII, xotopsie
B CBOIO OYepe/b MOBHIIIAI0T KOHKYPEHTHYIO CITIOCOOHOCTh KOHBEPCHOHHOM mpoayKiuu. [Tloatomy KoHIen-
LU0 METOoJa 3KcnepTussl kauectsa npoaykuuu 3LJOKM ADC cneayer paccMaTpuBaTh COBMECTHO C CHCTE-
MaMU YIIpaBIIeHUS Kad4eCTBOM, YIPaBJICHUS pecypcaMH M MpolleccaMy MPOM3BOJICTBA Ha 0a3e cTaHIapTOB
kagectBa UCO 9000:2000, MCO 15531 u pekomenmaruit MOK [16].

Cka3aHHBIM BBIIIIE B LIEJIOM OMPEIEISICTCS CBOJ KOHIENTYaTbHBIX MOJOXEHUN 1 HaAyYHbIE TPUHIIUITBI
COBEpIIICHCTBOBAHHS METOJIOB W TE€XHOJIOTUW BBIXOJHOTO KOHTPOIS KadyecTBa MPOAYKIIUH OPUTHHAIBHBIX
npomsBoacte 3LJOKM ADC.

Hpnmep METO0AQ IKCHIEPTHU3DI KaueCTBA NPOAYKITMH OPUTHHAABHBIX IPOHU3BOACTB
IO KOHBEPCHH ACMOHTHPOBAaHHDBIX KOHCTPYKTHBHbBIX KOMIIOHCHTOB AI9C

K unciy oCHOBHBIX pe3ynbTaToB OpUrHHANBHBIX pon3BoACcTB 3LIOKM ADC crnemyer oTHeCTH moKa-
3aTeNIi TOCTOBEPHOCTH BBIXOJHOTO KOHTPOJISI KAUeCTBA BBIITyCKa€MOW NPOMYKIIMU, KOHBEPCHOHHBIX METaJ-
nnueckux Matepuainos Uit ADC. B nepByto ouepenb K HUM OTHOCATCS BEPOSATHOCTH IIPOITycKa Opaka B Xoze
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TEXHOJIOTHYECKOW MPOBEPKU COOTBETCTBHSI COCTOSIHUS TOTOBOW MPOAYKIIMU 3aJaHHBIM TEXHUYECKUM YCIIO-
BrsIM. [1oka METOIBI M KpUTEpUH IS OIIEHKH KadecTBa M CIY>KEOHBIX IMOKaszaTenel MpoayKIun B hopmaTte
3IOKM ABC, 3kcniepTHOM OIIEHKH BO3MOKHOCTH OIITHOOK MPH BHITIOJTHEHUH TEXHOJIOTUICCKUX TPOIEITYP
BBIXOJTHOTO KOHTPOJISI OCHOBHIBAIOTCSI HA IPUMEHEHUH COBOKYITHOCTH METOJIOB HEPa3pyIIAIOIINX UCIIBITA-
HUW, TEXHHYECKON MUAarHOCTHKN M TEXHOJOTHIECKOTO KOHTposd [17, 18], HO OHM paccCMOTpEeHBI HEAOCTa-
TOYHO IIOJIHO. B 3TOI CBSA3M BO3MOKHBIN IIYTh K PELICHUIO YKa3aHHOM 337Ja4d COCTOUT B CIEAYIOLIEM.
[IpeanonoxuM, 4To IpU KaxA0U MPOIEAYPE BEIXOJHOTO KOHTPOJIS KaueCTBa KOHBEPCHOHHBIX MaTe-
puanoB ADC B dpopmare npousBoacTe 3LIOKM koHTponupyrolei anmnaparypoil peructpupyercs nahop-

MATHBHbII1 TApaMeTp AMarHOCTHYECKOro curHana x, (i=1,...,k), Hecylmmii HHQOPMALHIO O KAYeCTBE KOH-

TPOJIMPYEMOTO TOTOBOTO MPOAYKTA. B CHIIy CTaTHCTHUECKOTO pa3dpoca CBOICTB ATOr0 MPOIYKTa HIH €ro
OT/IENBHBIX CIY)KEOHBIX TMOKa3aTeseil Hae)KHOCTH, OE30MACHOCTH, KOJIOTHYECKON MPUEMIEMOCTH U MPO-

dero s OyAylero, cocraB MHQOPMATHBHBIX IaPaMETPOB {X,} MOXHO pacCMaTpUBaTh KaK Pealu3alliio

cnyqaﬁﬂoro BEKTOpa X = (x, s X5y Xy ) . IL]'ISI OIIPEACICHHOCTH MOXKXEM IIPEAIIOIIOXKUTD, UTO I/IH(l)OpMaTPIBHBIC

rmapaMeTphl IKCIEePTH3hbl KadecTBa ToToBoro npoaykra 3LJOKM ADC sBistoTCs HEMPEPHIBHBIMA CITydaii-
HBIMU BeTMYMHAMU. TOTrJa, COTJIACHO CTATHCTHYECKOW TEOPUH, NMPABHUIO OPAKOBKH CBOIUTCS K MPOBEPKE
BBITIOJTHCHUS aTbTEPHATUBHBIX HEpaBEeHCTB [19]:

P(X|A0
(D
_p(xl4) .
L(X)_—p(X|AO) <L,

rae L(x) — orHouwenue npasaononobus; p(x|4,) u p(x|4,) — ycluoBHbIC IIOTHOCTH BEPOSTHOCTEI 3a-
PErMCTPUPOBATh BEKTOP MHOOPMATHBHBIX IIaPaMETPOB X B CIydae I'OJHOro (rumoresa 4, 00 OTCyTCTBHH
Je(eKToB) U HEroJHOro (albTEPHATUBHAS I'MIOTE3a A, O HAIUYUM HECOOTBETCTBUS TEXHUYECKHM YCIO-
BHSIM) JIJISl TOTOBOTO TIPOAYKTA M3JENHUM; L — KPUTUYECKOE 3HAYEHHE, PACCUMTHIBAEMOE C TIOMOIIBIO BbI-
OpanHOTO KpUTepus oOHapyxenus [20].

3aMeTHM, YTO B Cilydae HOPMAIBHOIO PACIIPE/IEIICHHs B3aMMO3aBUCHMBIX KOMIIOHEHT {X,] BekTOpa

X JUISA BBIYMCIIECHUSI L(x) MIPUMEHSIOT BRIPKEHUS, IPUBEACHHbIE B padoTtax [15, 18-20]. Omnako nocien-

HUC CIIPaBCAJIMBBLI IIPU YCIIOBUH PABECHCTBA CPEAHUX 3HAYCHUN U I[I/ICHGPCI/Iﬁ CHy‘IaﬁHBIX napamMeTpoB {Xi} .

OTH yCIIOBHS XapaKTePHbI AJIs IOBTOPHBIX, MHOTOKPATHBIX 3KCIIEPTU3 KaYeCTBA OANHAKOBBIX KOHBEPCHOH-
HBIX MaTE€PUAJIOB U U3ICIIHH, peaJn3yeMbIX OIHUM U TEM )K€ METOAOM. B citydae, eci 1o TEXHOJIOTHYECKUM
YCIIOBUSIM BBIXOJHOTO KOHTpOJIS KadecTBa B opmare npousBojctBa 3LIOKM ADC pa3nuyHbIMA IUATHO-
ctruyeckuMu Metogamu [ 17, 18] yka3aHHBIE yCTIOBUS HE BBIOJIHSAIOTCS, TOTAA YCIOBHbIE INIOTHOCTH BEPOSIT-
Hocrell p(x|4,) u p(x|4,) B (1) MOXKHO yCTAHOBHTD 110 JAHHBIM [PEBAPUTEIbHBIX HCIIBITAHMIT H31€IHi
JIByX CEpUil, 0 KOTOPBIX allpHOPHO U3BECTHO, YTO OHU COJAEPHKAT TOJIBKO HETOAHBIE U TOJHBIC U3JENUsA. DTH
CepuH HA3bIBAIOT «00yUAIOIIUMI» CEPUSMH cepuitHOTO npousBoacTBa B popmare 3LIOKM ADC [1].
Bribepem rotoBeiid mpoaykt 3LHOKM ADC, HanpuMep HEKOTOPOE U3/ENNe, U3TOTOBICHHOE U3 KOH-
CTPYKLIMOHHOT'O MaTepraa IeMOHTUPOBAHHBIX KOHCTPYKTUBHBIX KOMIIOHEHTOB SIIEPHOTO PEAKTOPa, ¥ IpO-
KOHTPOJIUPYEM €r0 CITy>KeOHBIE MMOKa3aTeld COBOKYIHOCTBIO TEXHUYECKUX CPEACTB. B manpHeiineM mapa-
METpBl pacrpeneleHuid ciaykeOHbIX XapakTepuctuk Takux um3genuid 3LIOKM ADC Oymem cHabxatb
MHJIEKCOM ¢ , IpUHUMAIOINM 3HayeHus 0 ui 1 COOTBETCTBEHHO AJISl TOJHBIX M HETOMHBIX M3aeui. [lomy-
YUM BEKTOD CIIy>KEOHBIX IapaMeTpoB u3zenus X. IIpu npuHSATOM JOIYIIEHUH OH OIHUCHIBAECTCS HOPMallb-

HBIM 3aKOHOM pacnpenenenus [12, 18, 20]. ITycrs uepes x, = (qu; X050 an) — cpelHee 3HaYeHNE BEKTOpa
rmapamerpoB X, a {(5;} , (l' =1,.., k) — ux aucnepeuu. Munexke g npunumaet 3Hadenus 0 wim 1 B 3aBucH-

MOCTU OT TOT'O, M3 KaKOH CEpUU TEXHOJOTMUECKOM ONEpalyy BBIXOJHOTO KOHTPOJS OBUIO B3STO TOTOBOE
uzzienue. XapakTepuCTHKH X, U Gji BBIYHUCIISIOTCS IO XOPOUIO U3BECTHHIM BhIpaxkeHusM [12, 20]. Ecnu
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BBECTH HOPMHUPOBAHHBIH BEKTOP N, ¢ KOMIIOHEHTaMH n'? Z(X; —-x, ) /G ,i» (i=1...,k), Torma mnotHocTs

BCPOATHOCTHU 3apCrUCTPUPOBATH B PE3YJIbTATE HCIBITaHHUI BLIGpaHHOFO U3aeiiv peajim3auro X MOXKHO 3a-
IIUCaTh B BUJC

p(x,xq) = exp(—n'qqunq/2)/(27t)k/2 JdetR, ﬁ(’q; . ()

3neck u ganee R;l — Marpuua, odpaTHasi KOBapULMOHHOM MaTpule R, 3J1eMEeHTBI KOTOPOii SBIISIOTCSE

ko3 duLeHTaMH KOPPEISILUN MEXTy KOMIIOHEHTaMH BEKTOpa X !

(@) = (: +_ .
(R ) _JG s tE D (l,]—l,...,k),
oL i=g

HITpux y BEKTOPOB U UHAEKC «T» Y MaTpUI] B JalbHEmeM OyAyT 03Ha4aTh ONepalnio TPAaHCIIOHUPO-
BaHUsL.

BCKTOp Xq (q =1,2) MCHACTCA OT M3ACIIHA K U3ACITHUIO B Ka)I(,HOﬁ Ccepuu 1o MpUInHEC HEN30CKHBIX

HEeOOJBIINX HEKOHTPOJIUPYEMBIX (CIIy4aiiHbIX) H3MEHEHNH TEXHOJIOTHUECKIX YCIOBHI pou3BoacTBa. Cre-
JOBaTENIbHO, OH TaKXKe SIBJISAETCS CIy4ailHbIM BEKTOPOM, AWCHEPCHS KOMIIOHEHT KOTOPOTO XapaKTepU3yeT
paccesiHie TEXHHYECKUX XapaKTePUCTHK FOJHBIX U HETOAHBIX M3AETHH KaXI0l cepur roTOBOTO MPOAyKTa

3LOKM ADSC. 115t HOpMaIBHOIO 3aKOHA PAaCHpe/IeIICHUs B3aMMO3aBUCHMbIX KOMIIOHCHT BEKTOpa X, 3alli-

1IeM BBIpaKEHHE ISl TTIOTHOCTH BEPOSITHOCTH, YTOOBI TIOJIyYUTh IPH SKCIEPTU3E KayecTBa U3IEIHI B yCIIOo-
Brsix niponsBozcTBa 3LLOKM ADC 13 COOTBETCTBYIOIIMX KOHTPOIMPYEMbIX [TAPTHii CpE/IHEE 3HAYCHUE X,

p(x,.%,)= exp(—v'qTq'vq/:z)/(zn)k/2 JdetT, ﬁfsqi , 3)

A€ BEKTOp V, q HUMCECT KOOPAUHATLI V.(q) =

i

(xqi - xq,. )/qu 5 Xq — BCKTOP CpCAHUX 3HAYCHUUN Xq , XapaKTCPU3yIo-

U yCpeAHEHHbIC HHGOPMaTHBHBIC ITAPaMETPBI COOTBETCTBEHHO BCeX 0e31e(DeKTHRIX M JeEKTHBIX U3/IEITHA
«oOyyaronmxy» naptuid. OctanbHble 0003HAYCHHUS BBEACHBI 10 aHATIOTHH C 0003HAUYCHUSAMH (HOPMYJIBI (2).
Y CIIOBHBIE TUIOTHOCTH BEPOSTHOCTEH, BXOJSIUE B HepaBeHCTBa (1), MOXKHO paccuuTaTth Mo Gopmylie

p(xl4,)=[p(xx,)p(x,:%,)dx,. 4)

NuterpupoBanne MpoBOAUTCS 110 00JaCTH M3MEHEHHs [1apaMETPoB X, (¢=0,1). Hocxe noxcra-
HOBKHM COOTBETCTBYIOIINX IJIOTHOCTEN BEPOSATHOCTH (4) MPUHUMAIOT BUJ

-1

p(x |4, ) = ﬁcqlﬁql. (2n)", /detR_ detT, jexp{—[n;R;lnq -v,T'v, ]/Z}dxq :
i=1

B pesynbTare BRIUMCICHUH JETKO YOSOUTHCS, YTO p(x |4, ) , (¢=0,1) nOgIMHSIOTCS HOPMAILHOMY
3aKOHY pacIpe/eIeHus:

-1

p<X|Aq)= ﬁcqi det(L’ql) (2n)k‘/dethdeth exp{—[y'qH:yJ/Z},
i=1

a OTHOITICHHE MPaBIOTION00US L(x) B COOTHOMICHUAX (1) MpuHUMAET BU

detR,detT, detL;' 70, _ S
—expy—| Yy, H, y, -y ,H 2¢.

detR, detT, detL; 1,:1[(5“ p{ [yl Y OyOJ/ }

B nocnexnux BIpQKEHUAX NPUHATBL 0003HAYCHUS: Y ,, (p=0,1) — BekTOpa C KOMIIOHEHTaMH

yl.(” )= (xl. —X, ) / G ;marpuusl H | onpenensitorcest CleayrommMe BBIPOKCHUSIMA:
pi
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— _ -1 . —N'N-! .

H =2,-7ZG,Z,; Z,=D'N,'D ;
SJIEMEHTHI [IMaroHanbHOM Matpuusl D paBHbI ( ) =3,6,, / o, — cumBos Kponekepa);
G,=Z,+T, ', MaTpuIbl L, ! — 00paTHbIE K TPEYTOJILHONW MATPULIE L, ;IBn;HouleﬁcsI pasioxenuem Xodi-
nepuukoro [15, 20], T.e. cummerpuynoi Matpuusl G, =L' L . Eciu Beectn Matpuny B ¢ snementamn
B,;=9,6,,/G,, M BEKTOp C KOOPIMHATAMH u,; = (X, — X,,)/5,, , MOIKHO 3aIINCaTh COOTHOIIEHHE, CBSA3BIBAIO-

1wee BEKTOPBL Y, U y,, ¥, =B(y, —u) , Toraa coorHoueHue npaBaonoAo0Hs MOKHO IPEACTABUTD B BIJIE

L(x)=L(y,)=Wexp{-[ v, (B'H,B-H, )y, +2uB'H By, | 2} (5)

B KOTOPOM KOHCTAaHTa w paBHa

_ |detR,detT, detL}' Yo, o
"\ detR, detT, detL‘Oll;Icl[ exp{-[m'B"H,Bm | /2}.

OTtHomreHre paBaonoaoous (5) ABISIOTCS o6o61ueHHeM M3BECTHBIX (POPMYJI, TIOTYUEHHBIX B MPE-
IOJIOKEHUH PAaBEHCTBA CPEIHHUX 3HA4eHHUH X, =X, [18, 20] wium cpeaHEKBaApaTHYECKUX OTKIOHEHWH
Gy =0, =0, =6, [12].

BrI60p KPUTHYECKOTO 3HAYEHHUS OTHOIIEHHS IPaBaonoao6us B popmyie (1) L 3aBHCHT OT BBIOpaH-
HOTO KpUTEpHUsi OOHAPYKEHUS U CBA3aH C 3a7jaueii Onpe/elieHUs] BEPOSITHOCTH OITUOOK KOHTPOJIS ITEPBOTO
O, 4 BTOporo o, poxa [12]. ust aToro BBeneM (yHKIHIO

—co

B(s)= ln{TeXp[sL(yo)}p[L(yo) | 4,]dy, } (0<s<1). (6)

3ziech mapameTp s — Kopenb ypashenus df(s)/ds=InL’; p[L(yO) | AOJ — yCIIOBHAS TIIIOTHOCTH Be-
POSITHOCTH pacripe/ieNienust oTHoueHus npasaononodus L=L(y,)=L(x), kak QyHKuus BeKTOpa y, —

B CJIy4ae CIPaBEeAIMBOCTHU FMIIOTE3bI 4, 0 roxHocTy u3nenus. Ilockonsky L =L (x) 3aBUCHUT OT CIIy4YaiiHOI'O

BEKTOpa X, OTHOIIECHHE TPABIOIIOI00HNI MOKHO pacCMaTPUBATh KaK CIyYailHyI0 BETHYUHY, IUIOTHOCTH Be-
POSITHOCTH KOTOPOH B Clly4yae CIIPaBEAIHBOCTH TUIIOTE3bl 4, 0 FOAHOCTH (COOTBETCTBUIO IIOKA3aTENAM Ka-

YeCTBa) KOHTPOJIMPYEMOro U3e/Hs BhIpaxkaeTest depes GpyHkuumio B(s) ciaeayromum o6pasom:

p.(L)=p(L| 4,)exp{sL} [exp{B(s)}, (7)

r/1e npunsTo o6oznavenne p(L|A4,)=p (L(x) | AO) . BeposiTHOCTH OIIMOOK KOHTPOJIA IPU STOM PACCUUTHIBA-

*
IOTCA 110 q)OpMYJ'IaM npu § =S , paCCUUTBIBAEMOI'0 Ha OCHOBAHNHU UCIIOJIB3YEMOI'O KPUTECPUA 06Hapy)KCHI/ISII

o, = exp{B(s) - SlnL*}Texp{—s,/ ”(s)}px (L)dL;

o, = exp{B(s)+(l—s)1nL*} ]1 exp{(l—s) B”(s)} S(L)d L. (8)

—oo

B pabotax [15, 20] mokazaHo, 4TO (pYHKIIHIO B(s) MOKHO MPEACTaBUTH B BUAE

B(s):san+li[ Z;Ss —In(1- Xs)} 9)

JUist Hawero ciydasi mapameTpsl, Bxogsiue B hopmyiy (7), HMEIOT cleayromuii cMpicit: A, — co0-

CTBEHHBIE 3HAYCHHUS MAaTPHIIBI (F_1 )T(HO—BTHOB)F_1 (F — Bepxssis TpeyroipHas Marpulia,
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OpeaACTaBJIAOIIad coboit PAa3I0KCHUC XOJ'IJ'ICpI/ILIKOI‘ 0 MaTpulbl H0 ); Z, — KOOpAWHATBI BCKTOpa

1

z=m'BF'Q (8 cBo10 Ouepenp, MaTpuna Q cOCTaBIEHA TAKUM 00PA30M, UTO ee CTOJIOIAMH SBIISIOTCS Op-
-1\" -1
TOHOPMHPOBAHHBIC COOCTBEHHBIE BEKTOPHI MATPHUIIHI (F ) (H0 —BTHOB)F ). OyHKIHA B(s) YIOBJIETBO-

psier yeaosusim B(0)=PB(1) =0, KoTOpbIe MOXKHO HCIIONB30BATH )15l IPOBEPKH BBIIONHEHHBIX pacyetos. Co-

otHouieHus (7) ABISTIOTCS 00001meHreM (HOpPMYIT IS paCUETOB BEPOSITHOCTEH OIMOOK IKCIIEPTU3BI KauecTBa
W3IETUN U CIOXKHBIX TUHAMUYECKUX CHUCTEM BBIXOJHOI'O KOHTPOJIS KOHBEPCUOHHOU mpoaykumu [12, 20],
KOTOpBbIE CIIPABE/UIMBBI Ha CIly4aii IPOM3BOIBHOIO 3aKOHA PACIIPECIICHNs Cily4aiiHoi Benuunusl L(X). B
YaCTHOCTH, MOKHO yOeIuThCs, YTO B CIIydae HOPMAJIBHOTO paclpeiesIeH!si KOMIIOHEHT BeKTopa HH(opma-
TUBHBIX ITAPaMETPOB MIPU BEIXOJHOM KOHTPOJIE B YCIOBHUIX CEPUITHOTO pon3BoAcTBa mpeanpuaruii 3LHOKM
ADC BeposITHOCTH OIIMOOK IIEPBOTO M BTOPOTO POJia BEIUUCIISIOTCS 1O (bOpMleaM

oc_,:exp[f}j(s)] exp(v; /2)[1 F(y )] 1+kz; cky_’;

=

1 o k-1 1)(’””’) o )
TR () (7=1.2), (10)
k:3

0

3
Il

rne O;(s)=B(s)+ap'(s); qy==s; a,=1-5; v, =a,\B"(s); F(yj):l/x/EJ{exp(—xz/Z)dx — WHTe-

rpan omnbok; H, (0) — 3HaueHue moauHOMa DPMUTA m-IO MOPsAKA B TOUKe Hylb. Koodduuuents: ¢, —
CYTb [TOJIMHOMBI DPMHTA OT apryMeHTa M , B KOTOPBIX IIOKa3aTeJI CTEIICHH 3aMEHEHbI Ha HHAEKCHI, HallpU-

Mep: ¢; = MY —3p W, c, = MY —6M™ +3 ur.n., asemmuuns M%) BoucmsOTCs MO hopmyire

S e foolo )

T.€. T€ )K€ BRIPAKEHUS, UTO M MPUBOATCS B M3BECTHRIX padorax [12, 18, 20].

3Hauenue L' BHLIOMPAETCS B COOTBETCTBHH C UCIIOIb3YEMBIM KPUTEPUEM MPUHSATUS PELICHUHN O Kave-
CTBE U HaJexHocTU nocrapisieMblx npeanpuarueM 3LJOKM ADC uznenunii 1 KOHCTPYKLMOHHBIX MaTepua-
n0B. IlenecooOpa3HOCTh BEIOOpA TOTO MJIM MHOTO KPUTEPHs 3aBUCUT OT HAIWYMA allpUOPHON MH(POpMaIu
0 KOHTPOJIMPYEMOH MapTUU U3JIENINH, HAPUMEp, CBEACHHUH O BEPOSITHOCTH CYIIECTBOBAHHSA Ae()EKTHBIX H3-
JeTINiA, PUCKOB PELICHUs IS ToKa3aTenel 0e30MacHOCTH NOCIEAYIOMHKX MPOIeccoB U ap. st yueTa Takux
PHUCKOB B HallleM CIIydae HKCIEPTU3bl KauecTBa MPOAYKLUH 3aMKHYTOI'O LUK/ 0OpalleHusl ¢ KOHCTPYKLH-
OHHBIMH MaTE€pHajaMy aTOMHBIX CTAHLIMM OrpaHUYHUMCSI PACCMOTPEHUEM TOJIBKO Kpurepues baiieca, Hell-
MaHa-Ilupcona u muanmaxcuoro [12, 18, 20]. x ucnosiap30BaHNM TOApa3yMeBaeT 3HaHUE B PA3IMYHOM 00b-
eMe alpruOpHO THarHocTudeckoi mHGopMaluu 00 n3nenusx nocrasiasiembix npeanpustaeM 3LIOKM ADC.
Omnepauny Npy BEIYKCIEHUH [IOPOrOBOr0 3HAYEHUS U OIINOOK 3KCIEPTU3bl KaUuecTBa 3TUX U3JENUH Ha pa3-
HBIX MIEPHUO/IaX CEPUITHOTO MPOU3BOICTBA MOTYT OBITh IPUHATHI IO peKOMeHIausaM [21] u 11 pa3nuyHbIX
CTaTHCTUYECKUX KPUTEPHEB 3AKIIIOUAIOTCS B CICAYIOLIEM:

1) onpenencHue QyHKITIH B(s) o ¢opmyite (6) ¢ IpeIBapUTEIBHBIM PACUIETOM JIEMEHTOB COOTBET-
crBytomux Matpurl R, T wu ap.;

2) BHIYMCIICHHE TIAPAMETPA S M3 YPABHEHHS, B KOTOPOTO ONpPEEIAETCS HCIIOIb3yEeMBIM CTaTHCTH-
YeCKUM KpurepueM (tadm. 1);

3) onpejienenye HOPOroBOro 3HAUEHUS OTHOLIEHHUS IIPaBAONoa001s In L = B'(s*) ;

4) onpenenenue omMOOK sKcnepTr3bl kadectBa nponykiun 3LIOKM ADC Ha sTare nux U3roToBIeHHS
o, u 0, 1o popmyrnam (8) wiu (10) B 3aBUCHMOCTH OT 3aKOHA paclpeeacHust HHPOPMATUBHBIX TapaMeTPOB

.
[IPY 3HAYCHUH MapaMeTpa S =S U CPEAHEro pucka oOHapyXeHus Ae(eKTOB MPH IKCIEPTH3E KauecTBa CO-
[JIACHO TAaOJHIIBI O MTpaBUiIax pa3OpakoBKU B popMaTe TEXHOJIOTMIECKOTO KOHTPOJIs. B TakoMm BapuaHTe uC-
XOZHbIC JaHHBIE IOJIyYalOT HA OCHOBE aHAIM3a CTATUCTUYECKOM MH(POPMALUK O pe3yibTaTax BBIXOAHOTO
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KOHTpOJIs1 KauecTBa NpoMblieHHbIX u3aenuil 3LHIOKM ADC 1 nofydeHHbIX peKIaMaluid Ha 3TH U3IEIHUSL.
ITpn oTCyTCTBUM CTaTUCTUYECKU 3HAUMMON MH(pOpManmu 00 MepeUrCICHHBIX BBIIIE II0KA3aTeIAX KauyecTBa

m3nenuit 3LIOKM ADC moxHO npuMeHuTh Kputepuii Hefimana — [Tupcona. B aToMm citydae s onmpenemsior
3 YCIIOBHS OTPAHUYEHHUS BEPOSTHOCTH OIIMOKH TIEPBOTO POJIA 3a/[AHHON BENMYUHON O, .

Tabnuna 1

[opsimox onpeneseHus: MOPOTrOBOTO 3HAYECHUS B ITPaBUile OPAKOBKH U CPETHETO PHUCKA SKCIIEPTU3IBI
KauecTBa npoaykuuu Ha npeanpustusx 3LHOKM ASC npu ucnosib30BaHUM pa3IudHbIX KPUTEPUEB

Kpurepuii AnpuopHsie VYpaBHeHHE InL CpenHuii prcK SKCIEPTUIBI
JaHHBIC IJIs pacyera s KauecTBa MPOLYKIHMH
Baiieca . S, p S,p . .
S05S15 Pos Py B(S ):ln ﬁ In ﬁ (xl(s )S0p1+OL2(S )S1p0
MuHUMaKCHBIA “ e «
S,S,
s | salr)sele) | gl | Steelbl) )
S, +5S, exp[B (s )J

Heiimana — [Tupcona _ o, (S*) o Bf(s*) B

Po; P, — AIIPHOPHBIE BEPOATHOCTH NPHCYTCTBHA B aTTECTYEMOM CEPHUH TOMHBIX M HETOOHBIX M3ACHHM; S,;S, —

CTOMMOCTH IOTEPH OT OHMIMOOK TEXHOJIOTHIECKOTO KOHTPOIIs 1-r0 1 2-T0 pona (COBOKYIHAs LieHa OTOPaKOBKH T'OHOTO
(cTOMMOCTH IPOM3BOACTBEHHBIX IIOTEPh) M 1IeHa OTBETCTBEHHOCTH 32 BBIITYCK HETOJHOTO U3AENHUS B SKCILTyaTalHIo.

3akAroueHue

K 0CHOBHBIM OTIMUHTENFHBIM Y€pPTaM IPEATIaracMoro METoIa 9KCHEPMU3bl U OUACHOCMUYECKO20 KOH-
MPOoas Kavecmsd cneyuduueckol nPpoOyKYu OpUSUHAIbHBIX NPOU3BOOCNE NO YMUAUZAYUU OEMOHMUPOBAH-
HbIX KOHCIMPYKMUBHBIX 3]IeMEeHMO8 AmMOMHbIX CIAHYULL 8 NePUoO0 UX 8bl8600a U3 IKCHIYAMAYUU C NO3UYULL
nepcneKmuéHol THHOBAMH (PU3UKO-TEXHOIOTUIECKOTO MPOQHIIS MOKHO OTHECTH CIIEIYFOIIHUE.

JlokazaTrenbCTBO CHPaBEVIMBOCTH YTBEPKICHUS O TOM, UTO MHOTOIIAPAMETPHYECKUN BBIXOTHOW KOH-
TPOJIb HAZC)KHOCTH B 0€30MTaCHOCTH MPOIyKInK cepuiHbIX npeanpusatuii 3LIOKM ADC BaxeH Nnpu IpUHS-
THUH COOTBETCTBYIOIIETO NHXEHEPHO-TEXHUYECKOTO U (PHUHAHCOBO-YIPABICHYECKOTO PELICHHUS O BO3MOXKHO-
CTH MOJIHOMACHITA0OHOW pean3aiiy 3aMKHYTOTO [UKJIa 00pallleHus] KOHCTPYKIIMOHHBIX MarepualioB S0Y
B TEKYIIUH IMEPUO]] ¥ HA TIEPCIICKTUBY Pa3BUTHSI aTOMHOMN SHEPTETHKH.

3HAYUTENHHBIN TEXHUKO-OKOHOMHYECKHUH 3 (EKT OT peanm3aIiuy 3aMKHYTOTO IIIKJIa 00paIieHNs KOH-
CTPYKIIMOHHBIX MaTepuajioB 10V yMeHbIIaeT BEPOSTHOCTh (PMHAHCOBBIX U MHBIX BO3MOXKHBIX MaTepHaslb-
HBIX TIOTEPb, YK€ Ha dTare MacTabHOM pean3aluy pacCMaTpUBaeMOil HHHOBAIUY CHIKAET PUCK HEPAIIHO-
HAJBHOTO HMCIIOJIb30BAaHUS JIIOJICKAX U IPUPOTHBIX PECYPCOB CTPAHBIL.

[Ipennoxen MeToa peanu3anuy NPOLUEAYPBl 9KCHEpmu3bl U OUASHOCHMUYECKO20 KOHMPOIA Kaiecmea
cneyuguueckoll NPoOYKYuy OPUSUHATILHBIX HPOUIBOOCME NO VIMUIUZAYUU OeMOHIMUPOBAHHBIX KOHCTHPYK-
MUBHBIX INEMEHMO8 AMOMHBIX CINAHYUL N COOTBETCTBYIOIINE HHTETPO-TH(PepeHITHaTbHBIC TapaMeTPHI IS
OLICHMBAHUS Pa3IMYHBIX aCTICKTOB Ka4eCTBa MHHOBAILIMHI B 3TOH cepe NesTeNbHOCTH. 3HAYMMOCTb 3THX Ta-
pamMeTpoB, HEOOXOAMMAS JJISI KOJIMYECTBEHHBIX OLICHOK 3(PPEKTUBHOCTH M MPUEMIICMOCTH HHHOBAIIHOHHBIX
TEXHUYECKUX PEIEHUA, CYIIIECTBEHHAs! B aCIIEKTaX Pa3BUTHUS MHIYCTPHAILHBIX CIIOCOOOB BHIBOZA U3 DKC-
mryatanua ADC o moaemsim 3LJOKM ABC.

Taxum 00pazom, peI0KeHHOE BhIIIE HAYYHO-METOMYeCKoe 00ecTiedeHre MPOLeTyphl SKCIIEPTH3BI
Ka4ecTBa MPOAYKIUKM 3aMKHYTOTO IIUKJIA OOpAIEHUsI C KOHCTPYKIIMOHHBIMU MaTEpUAJIaMK aTOMHBIX CTaHITUH
MO3BOJISIET OCYIIECTBUTH BCE JTAllbl SKCHEPTHOTO aHAIN3a TEPCIIEKTUBBI M PHCKOB MPHUMEHEHHS MOJENei
3LOKM ADC. 3areM NOIy4uTh JOCTATOUHO 0OOCHOBAHHBIE PE3yNIbTAThI SKCIIEPTH3bI Ka4eCTBa HMHHOBAIIH-
OHHBIX TEXHUYECKHX PEIICHUH Jijisi OyayIIero MacCoBOro BbIBO/IA U3 3KcIuTyatanuu ADC U TUKBUIAIIMH UX
BPEIHOTO SAIACPHOTO HACTIEAHUS. DTH Pe3yJIbTaThl KpaliHe HeOOXOMMBI IS TPUHSTHS PAlMOHAIBHBIX (DUHAH-
COBO-YTIPABJIIEHYECKNX M OPraHU3AIMOHHO-TEXHUYECKUX PEIICHUA B Pa3MYHBIX OTPACISIX HAIIMOHAIBHOM
SKOHOMHUKHU CTPAHBI B LIESAX MPAKTUYESCKON peanu3aliiy HHTEUICKTyallbHO-KPEaTHBHBIX pe3epBOB. BmecTe
C OTUM JIJIs YCIIOBUH PealbHOTO MTPOU3BOCTBA MPEIOKEHHBI METO/] SKCIIEPTH3HI KAY€CTBA TIO3BOJISET BhI-
OpaTh ONTUMAIBHYIO 1O (PU3UKO-TEXHOIOTHIECKIM M IKOHOMHYECKUM KPUTEPHUSM TIPOIETYPY BBIXOTHOTO
KOHTpOJIA Tpoaykiuu cepuitHbix npeanpustuii 3[IOKM  ADC, xotopas oOecneunBaeT MUHUMYM
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BEPOATHOCTH MPOITyCKa Opaka Mpu MUHUMAJIbHOW CTOMMOCTH KOHTPOJISI Ka4eCcTBa CEPUIHBIX U3AEIHI U TIPO-
nykiad. Kpome Toro, MeTos TTo3BOJISET B MMPAKTHICCKOMN ACITEIFHOCTH OIICHUTH BEPOSTHOCTH OIIMOOK MET-
POJIOTUYECKOTO KOHTPOJI KauecTBa MPUOOPOB MOHUTOPUHTA TEXHHMUECKOTO COCTOSIHUS U aBTOMATHUKU KOM-
IJIEKCHOT'O TEXHOJIOTMYECKOTO MPOLIecca MO YTUIU3AUN IEMOHTUPOBAHHBIX KOHCTPYKTUBHBIX KOMIIOHCHTOB
ADC.
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NCCAEAOBAHMWE BAVSTHUA ®OPMBI TAABHOT O AEITIECTKA
AUATPAMMDBI HAIIPABAEHHOCTHU AHTEHHDbBI
HA HAAEXKHOCTDb PAAMOCHUCTEMbI

A. H. SIxumoB

Cankr-IletepOyprekuii rocyJapcTBEHHBIH YHUBEPCUTET
aspoxocMuaeckoro npudopocrpoenns, Cankt-Ilerepoypr, Poccns
y_alder@mail.ru

AHHoTauus. Axkmyaronocms u yenu. [1o Mepe pocTa HHTEHCUBHOCTH BO3IyITHOTO IBHKECHHUS JIETATEIHHBIX all-
MapaToB PaJHOCHCTEMBl YIpPaBICHUS BO3AYIIHbIM ABwkeHneM (YBJl) cramkuBaroTcs ¢ mpobGiiemod obecriedueHust
6e3omacHocTH nojeToB. KommuecTBeHHO 0€3011aCHOCTh TOJIETOB OLIEHUBAETCS JOIYCTUMBIM PUCKOM CTOJIKHOBEHHSI JIe-
TaTeIbHBIX alapaToB, KOTOPHIN B 3HAYUTEIHLHOM Mepe onpeesieTcs HalexHOCThIo paarocructemsl Y B/I. [Toa Hamex-
HOCTBIO TP 3TOM MOHUMAETCs He TOJIBKO 0€30TKa3HOCTh pabO0THI armaparypsl, HO M BEpOSTHOCTD ITOTEPh HHPOpMaNU
13-3a IIPOBAJIOB B 30HaX 0030pa, OTpeIeNieMbIX XapaKTepHUCTUKaM1 HalPaBJIeHHOCTH aHTE€HH, HCIIOJIb3yEMBIX B PaJINO-
cucreMax YBJI. [lepcriekTuBHON BO3MO>KHOCTBIO MOBBILIEHUS] HAJE)KHOCTH TAKUX CUCTEM SBIISIETCA MOJEIBHOE HCCIIe-
JTOBaHWE BIUSIHUS (HOPMBI TIIaBHOTO JIETIECTKA IarpaMMBbI HanpaBieHHocTH (JJH) anTeHHBI 3anipocynka Ha Hale)KHOCTh
pamnocuctemsl YBJ. Mamepuanst u memoosi. IIpennoxeH moaxo ] K PEeIIeHHI0 3TOH 3a1a4i, OCHOBAaHHBIN HA TOM, 9TO
BEPOSATHOCTH IMOTEPHh HH(OPMAINH H3-3a IPOBAJIOB B 30HAX 0030pa ompeneseTcs: OTKIOHEHHEM (OPMBI TIIaBHOTO Jie-
nectka /IH aHTeHHBI 3ampocyrKa OT UIEaTbHOTO CEKTOpHOTo BHAa. Ilomy4yeHbI pacueTHbIE BBIPAaKECHUS JJIS OLECHKH
MapaMeTpoB, XapaKkTepH3YIOIUX HaJAKHOCTH paauocuctembl Y BJl npu ucnons3oBannu JJH rayccoBoii ¢hopmbl u kBa-
sucektopHoi JIH, mpencrasienHoi MoanumposanHeM psioMm KotensHukosa. IlocTpoena ynporeHHas MmareMaTh-
yeckasi Mojenb J|H TpaneuennanbHOM (GOpMBI, MO3BOIISIONIAS UCCIIE0BATh BIUSHNAE KPYTH3HBI CKaTOB IJIaBHOTO Jie-
necTka kBasucekTopHoit JIH Ha HamexxHOCTh paanocuctembl YBJI. Pesynvmamul u 6v1600vl. JlaHa YnciieHHasl OlCHKA
Ha/IeKHOCTH PaJIMOCUCTEMBI Ha IPUMeEpe UCTI0Ib30BaHus aHTeHHHI ¢ /IH rayccoBoif, KBa3uCeKTOpHOH U Tpamerenaib-
HOHN (popMoii rnaBHOTO JienecTKa. [IpuBeneHB! pe3ynbTaThl MOAEIBHOTO HCCIIEIOBAaHHS BJIMSHUS KPYTH3HBI CKaTOB
rinaBHOro yenectka JIH aHTeHHBI HA HAJEKHOCTh paguocUcTeMBl. [loryueHHbIe pe3yabTaThl YKa3blBalOT HA MEPCIIEK-
TUBHOCTD HCITOJB30BaHUS aHTEHHBI 3ampocynka ¢ JIH kBa3ucekTopHOW GOpMBI AJIs TOBHIICHHUS HAIE)KHOCTH Paido-
cuctemsl YB/I.

KnioueBble ci10Ba: aHTeHHA, AUarpaMMa HallpaBiIeHHOCTH, ITIaBHBIH JIEIECTOK, (JopMa, paainocucTeMa, HaiexK-
HOCTb

Jist uurupoBanus: SlkumoB A. H. MccnenoBanue BausHNS GOPMBI ITIABHOT'O JIETIECTKA AMarpaMMbl HAIIPaBICHHOCTH aHTEHHbI
Ha HaJIOKHOCTH paarocucTeMsl // HagexHOCTD 1 KauecTBO claokHbIX cucteM. 2025. Ne 3. C. 82-90. doi: 10.21685/2307-4205-2025-3-8

INVESTIGATION OF THE INFLUENCE OF THE ANTENNA RADIATION
PATTERN MAIN LOBE SHAPE ON THE RELIABILITY OF RADIO SYSTEM

A.N. Yakimov

Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia
y_alder@mail.ru

Abstract. Background. As the intensity of aircraft air traffic increases, air traffic control (ATC) radio systems
face the challenge of ensuring flight safety. Flight safety is quantified by the acceptable aircraft collision disk, which is
largely determined by the reliability of the ATC radio system. Reliability is understood as only the reliability of the
equipment, but also to the likelihood of information loss due to dips in the viewing areas determined by the directional
characteristics of the antennas used in ATC radio systems. A perspective opportunity to increase the reliability of such
systems is a model study of the effect of the shape of the main lobe of the radiation pattern of the interrogator on the
reliability of the ATC radio system. Materials and methods. An approach to solving this problem is proposed based on

© SxumoB A. H., 2025. KonrenT nocrynen no munensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0
License.
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the fact that the probability of information loss due to dips in the viewing areas is determined by the deviation of the
shape of the main lobe of the radiation pattern of the interrogator antenna from the ideal sector. Calculated expressions
are obtained for estimating the parameters characterizing the reliability of the ATC radio system when using Gaussian-
shaped radiation pattern and quasi-sector radiation pattern, represented by a modified Kotelnikov series. A simplified
mathematical model of trapezoidal radiation pattern has been constructed, which makes it possible to study the effect of
the slope slope of the main lobe of a quasi-sector radiation pattern on the reliability of the ATC radio system. Results
and conclusions. A numerical assessment of the reliability of the radio system is given using the example of using an
antenna with a Gaussian, quasi-sector and trapezoidal shape of the radiation pattern main lobe. The results of a model
study of the effect the steepness of the radiation pattern main lobe of the antenna on the reliability of the radio system
are presented. The results obtained indicate the prospects of using the antenna of the interrogator with the radiation
pattern a quasi-sector shape to increase the reliability of the ATC radio system.

Keywords: antenna, radiation pattern, main lobe, shape, radio system, reliability

For citation: Yakimov A.N. Investigation of the influence of the antenna radiation pattern main lobe shape on the reliability
of radio system. Nadezhnost'i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2025;(3):82-90. (In Russ.). doi:
10.21685/2307-4205-2025-3-8

BBepenne

Pagnocucremsl yripaBieHus BO3AYIIHBIM ABIbkeHHeM (Y BJI) o Mepe pocTa HHTEHCHBHOCTH BO3LyII-
HOT'O JIBIDKCHHS JIeTaTeNbHBIX anmnapaToB (JIA) crankuBatotcs ¢ mpobieMoii odecriedeHns: 6e30MacHOCTH Mo-
netoB. KonnuecTBeHHO 6€3011aCHOCTH IOJIETOB OLICHUBAETCS Oy CTUMbIM PUCKOM CTOJNIKHOBeHHUs JIA, ko-
TOPBIN ONpeaeNnaeTca UHTEHCUBHOCTHU ABMKEHUS JIA, HaIexXHOCThIO paguocucteM Hapuranuu u YB/I. Tlpu
3TOM MOJ] HAJIe)KHOCTHIO paguocucteM Y B/l moHrMaeTcs He TOIBKO 6€30TKa3HOCTh pabOThI anmaparypsl, HO
U BEPOSITHOCTH NIOTEPh MHPOPMAITNH H3-3a IPOBAJIOB B 30HaX 0030pa, MOMEX B KaHAJIaX CBS3H, MOTPEIIHO-
cTelt onpeaenenus Mecronooxxenus JIA u npyrumu daktopamu [1, 2].

B cBoto ouepenp, BeposITHOCTE TOTEPh HH(POPMAITHH U3-32 IPOBAJIOB B 30HAX 0030pa B 3HAYUTEIBHOM Mepe
oIIpezieNsAeTcs XapaKTepUCTUKaMH1 HallpaBJIeHHOCTH aHTEHH, UCTIONB3YEMBIX B paguocucteMax ¥YB/I. JlansHOCTD
JEWCTBUS TaKUX CHCTEM IMPOMOPIMOHAIFHA HAMPSHKEHHOCTH AIEKTPHYECKON COCTABIISAIONIEH 3J€KTPOMAarHuT-
HOro 1o, popMupyemMoil aHTeHHO! B HampaBiieHuH JIA, 1 3aBUCUT OT ypOBHSI IMarpaMMbl HAallpaBI€HHOCTH
([1H). IIpu pabGoTe Takux cuCTeM B pexuMe 0030pa ¢ aKTUBHBIM OTBETOM JIA, MepcrieKTUBHBIM IS Niepeadn
3aIlIPOCHOTO CUTHAJIA OKA3bIBAETCS NCIIOJIb30BAaHNE MUKPOBOJIHOBOM aHTeHHBI ¢ JIH cexTopHOro Buaa.

Maremarnyeckuii cuaTe3 Takod JIH OTHOCSAT K HEKOPPEKTHBIM 3aJjauyaM MaTeMaTHYecKoW (U3UKH,
pelIeHUe KOTOPBIX MOXKET ObITh IOIy4EHO JIUIIb C HEKOTOPBIM NPUOJIMKEHUEM, TIOATOMY BO3HHUKAET 331ada
OIIeHKH OmM30cTH hopMupyemoii kBasucekTopHoit J|H k uneansHo# cexroproit JJH u BeposTHOCTH TIOTEPH
nHpOpPMaIUK U3-3a IPOBAIOB B 30HaX 0030pa, BeI3BaHHBIX oTKIOHeHHEM /IH ot cexTopHoro Buaa [3-5].

PaccMoTpuM BO3MOKHOCTH MOJICNBHOW OLIGHKH BIUSHUS (OpMBI TiIaBHOTO Jseniectka JIH aHTeHHBI
3ampocYrKa Ha HAJSKHOCTh paauocucTeMbl Y B/, o0yciioBiaeHHOr0 otepeit mabopManum 1u3-3a MpoBaJIOB
B 30HE 0030pa.

IlocranoBKa 3apaun

Ja KOppeKTHOTO HCCleAOBaHUs BIHMSHHUS (OpMBI TiIaBHOTO Jyenectka JIH aHTeHHBI 3ampocymka
Ha HaJIe)KHOCTh paanocucTeMbl Y B/l mpumem crenyromniue AoMymeH s : TpeHeOperaeM BINSHUEM Ha Ha/IexK-
HOCTbB PaIUOCUCTEMBI BCeX (haKTOPOB, KPOME TOTEPh WH(POPMAIIMH U3-3a IIPOBAJIOB B 30HaX 0030pa, U IMoJia-
racM HaxoxzacHue JIA B KaKI0l TOYKE CEKTOpa 30HBI 0030pa B 3a/IaHHbI MOMEHT BPEMEHHU PAaBHOBEPOST-
HbIM. [lomaraem Ttaxxke, uro JIH aHTeHHBI 3ampocyrKa B BEPTHUKAJIbHOW IJIOCKOCTH MMEET KOCEKaHCHYIO
(hopmy, obecrieunBaroNyr0 paBEHCTBO YPOBHSI 3allPOCHOTO CHUTHAJNIA Y aHTEHHBI OTBeTunKa JIA, nmersiero
Ha 33J]JaHHOH BBICOTE, ITPH JIFOOOM €TI0 YTIIOBOM TOJOXEHHH B BEPTUKATBHOHN TNIOCKOCTH OTHOCUTEIHHO aH-
TEHHBI 3aIPOCUMKA, U HCKIIOYEHO BiHsAHUE OokoBbIX jenecTtkoB JIH. Ilpu paborte pamnocucremsr YBJL
Ha MaKCHMaJbHBIX JaJBFHOCTSIX M3-3a MPOIMOPIIMOHATBHOCTH YPOBHSI CHTHANA 3ampocurka ypoBHio J[H ero
AHTEHHBI TIOJTI0 B HATIPABJICHUH MECTOTIONOXKeHH JIA ¥ TIpoBaJIOB B 30HaX 0030pa ypOBEHb CHTHAJIA 3aIpoca
OKa3bIBACTCS HEJIOCTATOYHBIM JUIS CpabaThIBaHUS OTBETUYHMKA U TIOJYUYCHHS OTBETHOTO curHaia JIA [2, 6].

Takum 00pa3om, pabouas 30Ha 0030pa paaurocucteMbl Y B/l B rOpH30HTAIBHOMN TNIOCKOCTH B TAHHBIH
MOMEHT BpPEMEHH OKa3bIBAETCS OTPAaHMUEHHONW MHTEPBAJIOM YTJIOB MEXy YPOBHSIMH TTOJOBUHHOW MOIITHO-
ctu (-3 nb) otHOCHTENEHO MakcuMyMma JIH aHTEHHBI U TaTBHOCTHIO JEHCTBUS PAAHOCUCTEMEI B 33IaHHOM
YIJIOBOM HallpaBJIeHUH, 3aBUcsIIEH oT Gopmbr JIH.
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Pemenne 3apaun

C y4eToM MPHUHATHIX JOMYIICHUH, BEPOSITHOCTh MOTEPh HH(OpMAIIMK H3-3a MPOBATIOB B 30HaX 0030pa
ompenenseTcs oTkiIoHeHueM JIH aHTEeHHBI 3anpocyuKa OT CEKTOPHOTO BUJIA B TOPU3OHTAIILHOM TIOCKOCTH
0030pa 1 MOXKeET OBITh paccuMTaHa 1o dopmyJe [7]

S
— — ML
PLI_I_PRI_I_ ’ (1)

SECT

rae Pr; — BEpOATHOCTD MOTEPh HH(OPMAINK; Pr; — BEPOSITHOCTH MOITy4deHUS HHPpOpMannu; Sy — TIIOMAAb
TJIAaBHOTO JIETIECTKA MPOU3BOIILHOM (hopmbl JIH aHTEeHHBI 3a1ipocurka B UHTEpBaJIE YTIIIOB, COOTBETCTBYOIIMX
MaKCUMYyMY H YPOBHIO TIOJIOBUHHOM MOIITHOCTH; Sspcr — IIONIA b TIIABHOTO JICTIECTKA MICaTbHON CEKTOPHOM
¢dopmel JIH aHTEHHBI 3aITpOCYHNKa.

B o6miem Bujie miormiaas S cekropa OAB, orpaHUYeHHOTO KPUBOW A B MPOW3BOIBHON (OPMBI, 3aaH-
HOW B MOJSIPHBIX KoopanHaTax GyHKIMer p = F(Q) B mHTEpBae yrioB Oy < @ < ¢ u panuycamu OA u OB
(puc. 1), onpenensercss UHTETpaIoM [§]

1 (] , 1 (] ,
S =5¢jp do== j [F(@)do, @)

rie OAB — cekTop, ONMCHIBAIOINH FeOMETPHUECKYI0 (POPMY TIIaBHOTO JIETIECTKA B TOPU30HTAILHOM CEUCHHH
JIH aHTEeHHBI 3anpoCyMKa paJuOCUCTEMBL; () — YTOJI B TOPU30HTAIBHON INIOCKOCTH.

Puc. 1. MnmocTparust K pacyeTy IUIOIaIi TIIaBHOTO JIeTIecTKa
JIH aHTeHHBI 3a1IpoCYMKa B TOPU3OHTAIBHOM IIIIOCKOCTH

I'maBneIil nenectok maeanbHoi cekTopHON H Fuyr (9) = Fsecr () MOXKHO NPENCTaBUTh KaK CEKTOP
KpyTa ¢ yIiioM, paBHbIM muprHe JIH Ha ypoBHE MOJOBMHHON MOIIHOCTH, U OITUCATh CIEAYIOMNM 00pa3oM [5]:

L —Qs<0<0,s;
FSEcr ((P) _ Dys SO= Qs (3)
0, ¢< _(Po,s, o> (Po,s’

rae F = E/Emnax — YpOBEHb HOPMUPOBaHHOH aMuiuTyAHo# JIH mo nmomto; £ — Hanps>KeHHOCTb 3JIEKTPUYECKON
COCTaBJISIOIIEH EKTPOMAarHUTHOTO TOJIS B IPOM3BOJIBHOM HAIIPAaBJIEHUU TOPU30HTAIBHOIO CEUEHMS TI1aB-
Horo Jenectka JH; Emax — HaOpsHKEHHOCTh 3JIEKTPUYECKON COCTAaBISIOMIEH 3JIEKTPOMArHUTHOIO TMOJIA
B HaNpaBJIEHWH MakcuMmyMa riaBHoOro Jenectka JJH (¢ = 0°); ¢ — yron oOTHOCHTENBHO OCH M3IydeHHS aH-
TEHHBI, BEIPAXXEHHBIH B rpagycax; 2Mos = @1 — Qo (puc. 1) — mupuHa rmaBHoro nenectka /IH Ha ypoBHe
MOJIOBUHHOM MOIIIHOCTH.

[Tocne moncranoBku BeipaskeHus (3) B popmyity (2), B pe3yiabTaTe aHATUTUIECKOTO PELICHHs! TOy-
YHM U3BECTHYIO (POPMYITY, OMUCHIBAIOIIYIO IO Ssecr CEKTOpa Kpyra [8]:

Svr =Ssper = - (2(P0,5)/3600= 4)

rne = E/Emax= 1 — ypoBeHb HopMupoBaHHO# /IH mo mosro.

B cootrsercTBum ¢ popmynotii (1), B paguocucreme YB/] ¢ JIH anTeHHbI 3anpocunka nieansHONU CeK-
TopHOU GopMBI (3) BeposSITHOCTE TorydeHust nHpopMartui Prr= Sy / Ssecr = 1, @ BEpOATHOCTE TTOTEPh WH-
dopmaruu Pr;= 0.
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PaccMoTpuM BO3MOXHOCTH MOJIETBHOM OLICHKHU mapaMeTpoB Priu Pry B paguocuctemax Y B/l ¢ peainb-
veiMu /IH anTeHHbl 3anpocuunka. [Ipu ogqHOKpaTHOM Nepeaue CUrHalia 3amnpoca IUpoKo UCIIONb3YI0T MaTe-

MaTHYECKYIO MOJIeIb TJIABHOTO JienecTka aMmuinTyaHou JJH rayccoBoii ¢opmel (puc. 2, kpuBas ), ONUCHI-
BaeMoU BhIpakeHUueM [9]

Fy(@)=re'®, (5)

rae Fu(¢) — dyHkus, onvceiBaromas riaBueli ienectok J{H; » = E/Emnw = 1 — ypOBeHb HOPMHPOBAaHHOM
JTH 1o nostto; B = @/(2(o,s) — yros, HOpMUPOBaHHbIH K mupune JIH aHTEeHHBI.

E,P®F SN
.,
! ""\\
0.8 S
N
BN
036 .'. [
0 N
- K \I\
- Y
04 “\.\
~
ol
0,2 /
3 0~

0 02 04 06 08 p

Puc. 2. HopmupoBanHbIe (YyHKIMH, OMTUCHIBAIOIIAE paO0UyIO 30HY TIIaBHOTO
JIenecTKa aMIuInTy iHo# JIH 3ammpocumnka B TOpU30HTaIbHON INIOCKOCTH:
1 —uneanbHas CEKTOpHAs; 2 — rayccoBa; 3 — KBa3UCEKTOPHAs

ITocne moxcTaHOBKY BhipakeHus (5) B hopMyity (2) B pe3ybTaTe aHATUTHYECKOTO PEIICHHUS IOy YHM
pacdyeTHOe BEIpaKeHHE TIomany Sy, pabodeit 30HbI TiIaBHOTO Jienectka JIH rayccoBoit popMel, onuckiBae-
MOTO BEIpaKeHHEM (5) B CIEAYIONIEM BUIE:

S, =081 7r2(29,,)/360°. (6)

B cootBerctBuu ¢ popmymnoii (1), B panuocucreme YB/] ¢ /IH anTeHHsI 3ampocyrika ¢ rayccoBoit Gop-
Mot (5) BeposATHOCTH mTosrydeHus uHpopMantund Prr= Sz / Ssecr= 0,81, a BEpOSITHOCTS IOTEPh HHPOPMAITAN
P LI— O, 1 9

[Ipu onucannu /IH anTeHH MaTeMaTHYeCKHUMHU BBIPRKEHHUSAMH, 7151 KOTOPBIX HONTyYeHHE aHAINTHYE-
CKOTO PEeIIeHHs TI0 BRIPAKEHHIO (2) 3aTpyAHATENBHO, TIEPCIEKTHBHBIM OKa3bIBAETCS PEIICHUE 3a7avu B Je-
KapTOBO# cucTeMe KoopauHar. B atom citydae, ecinu GyHkims Fiu(B) sBiseTcs 0ocecHMMETPUYHON HEOTPH-
[aTeabHON HenpepbiBHOM Ha uHTepBaie —0,5 < 3 < 0,5, To miomans Sy, paboueii 30HbI TIABHOTO JICTICCTKA
JIH Mo>xeT OBITh TTOJTyYeHA ITyTEM YHCICHHOTO HHTETPUPOBAHUS TT0 BRIPAKECHHIO [ 8]

S = OJ.S Fyy (B)dB = 2(].5 Fy (B) 4B, (7

-0.5 0

rae Bi=-0,5; Bo= 0,5 — HOpMUpPOBaHHBIE K 2(g s YTIIOBBIE TIOJIOKEHUS ), COOTBETCTBYIOIINE YPOBHIO MOJIO-
BuHHON MOTTHOCTH JIH (0,707 Emax), 330aI0IITHE CEKTOP YTIIOB paboUeii 30HBI TIIABHOTO JICTIECTKA.
B sToM ciryuae riaBHBIN JenecTok uaeanbHou cektopHoi [IH Fyy (puc. 2, kpuBast 2) onuckiBaeTcs

dopmynoit
I, -0,5<B<0,5;

Fu®=10, p<-05,8>0.5. (®)

IIpu pemennu 3amaun TPUOIIKEHUS MaTeMaTHIeckoil Mozenu peanbHo JIH aHTEHHBI 3alpocdnka

K Mojiei cekTopHoit JIH mepcrekTHBHBIM sBIsieTCsl onucaHue ¢ kBazucektopHoi J{H Fiu (@) aHTeHHBI MO-
mudunupoBaHHBIM psigoMm KorensHukosa [S]:
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sinz kz’(z7-1)+3z° —z' +4
z (7" =1(z" -4

F MLN (B) = > )

rie — Fuov (B) — dyHkims, omuceiBaroiias HeHOpMUpOBaHHYt0 JIH aHTEHHBI 10 MO0 B TOPH30HTAIBHOM
mwiockoctH; z = T(//A)sin[B(20o;s5)]; B(2¢os) = [@/(2¢05)]- (2¢05) = @ — yros B FOPU3OHTAIBHOM IIIOCKOCTH
MEXIy HampaBlieHHEM Ha TOUKY HaONIOJeHUS U HOPMaJblo K aHTEHHE; / — TMHEHHBII pa3Mep TJIaBHOTO ce-
YEHHUS arepTyphl AHTEHHBI B TOPU3OHTAIBHOM TUIOCKOCTH; A — JUTMHA SJICKTPOMArHUTHOW BOJIHBI B CBOOOI-
HOM TIPOCTPAHCTBE; k> — KO3 GULHMEHT, yipaBistomuil Gopmoii JJH, BennunHa KOTOPOro HaAXOAUTCS B TIPO-
MEXYyTKe oT 1 10 2; z| = z/T.

[Tpu 3TOM K03 PUIHEHT k> CBsI3aH ¢ TApaMETPOM Ol = 1/yp, KOTOPBIH XapaKTEPU3yeT J0JIIO MPOTUBO-
(ha3zHOTO yyacTKa B TIOJOBHHE aMIUIUTYAHOTO pacIpelesIeHHs TOJIs, T Vo — KOOPAMHATA TOYKH CMEHBI (pa3bl
B aMIUIUTYJHOM paclpeAeieHru: noist. B3auMocBs3e Mexay KodQQHUIHUEHTOM k> U TapaMeTpoM Oy Ha UH-
TepBaJie UI3MEHEHUS O OT 1,5 10 2,5 yCcTaHaBIUBAETCS BHIPAKECHHEM

_ 1+2COS(7E/(XO) (10)
> 1-2cos’(n/a,)’

®Oynkmms Fu(B), omucsiBaomas HOpMHPOBAHHYIO KBa3HCEKTOPHYO JIH aHTEHHBI, UCIIONB3YEMYTO
B pacuere miomaan Sy padboueit 30HbI rimaBHoro senectka JJH mo popmyne (7) , moiaydaercs kak

Eun B
SO

ML max

FML(B): (11)

Fur max — MakcumyM ¢ynkuuu (9), ommceiBaromiel riaBHbIA senectok JIH, He Bcerma coBmajaromuii
C HAIPaBJICHHEM OCH M3ITydeHHst aHTeHHBI [3 = 0.

Pacuer xBaszucexkropHoit JIH Fi(B) mo popmymnam (9) u (11) mpoBousicst B MatLAB jist ciieryormux
nmapametpoB: /A=27, k,= 0,7 (puc. 2, kpuas 3). IIpu sTOM mupuHa KBasucekropHoii TH 3ampocunka cocra-
BHJIA 2@ 5 = 6,6 .

Pacnipenenenue noss f{y) B TOpU30HTAILHOM CEUSHUH allepTyPbl aHTEHHBI (PHUC. 3), COOTBETCTBYIOIIIEE
paccmarpuBaemoii kBasucekTopaoit JIH antenust Fiy(B) v modydeHHOE ¢ HCTIOIb30BAHUEM MOIH(DUIIAPO-
BaHHOTO psia KoTenpHUKOBA, OMKMCHIBACTCS CIIEAYIOIIEH (GOPMYJION:

f(y)=1+2cosmy+ k,cos2my, (12)

rae y = 2x/[; x — paccTosHNE A0 TEKyIIed TOYKH IJIABHOTO CEYEHHUS alepTyphl aHTEHHBI OTHOCHTEIHHO €€
LEHTpPa B TOPU3OHTAIBEHON TIIOCKOCTH.

i ﬁ-__’)/_.f'((})

F08

0,6

0.4

0,2

................
.................

-0,2

3

-1,0 -0,5 0 0.5 Y

Puc. 3. HopmupoBaHHOe pacripeziesieHue Mo B TOPH30HTAIEHOM CEYEHHHU arepTyphl aHTeHHSbI 1pu k> = 0,7
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DT0 pacrpeeneHue moiisi UMeeT epeMeHHO-(a3HbIH BUI U XapaKTePU3yeTCs CIEAYIONIMMHI ITapameT-
pamMH: MaKCHUMaJbHBIH YpPOBEHb MPOTHBO(A3HBIX YYACTKOB OTHOCHTEIHHO MaKCHMyMa IE€HTPAIBHOTO
y4JacTka paBeH —19 nb; oo = 1,8.

Pacuer mnomanu Sy padoueit 30HbI r1aBHOTrO Jieniectka [IH kBasucexTopHO# (opmbl (11) aHTeHHBI 3a-
npocurika B MatLAB no meTony Tpaneruii mo3Boiui MOJTyYUTh CIEAYIOIIME TapaMeTphl HaJIS)KHOCTH paioCH-
crembl YBJI: B cootBetrcTBHM ¢ (hopmyuioii (1) BeposTHOCTE nomydeHust nHPopMam Prr= Suz / Ssecr = 0,94,
a BEPOATHOCTH NoTeph nHbopmarmu Pr;= 0,06 [10].

Takum 00pa3oM, pe3ynbTaThl MOZCILHOW OIICHKH BIHUSHUS (POpPMBI IiTaBHOTO JienecTka J[H 3anpocunka
PaaMOCUCTEMBI Ha HAaJIE)KHOCTh 3TOW PaTUOCHCTEMBI TIOKA3ald, YTO IMEPEX0 OT TayCCOBOM (POPMEI ITTAaBHOTO
JIEeCTKa K KBAa3UCEKTOPHOH (oOpMe NTPHUBOIWUT K 3HAYUTEIHHOMY CHIDKEHHIO BEPOSTHOCTH IIOTEPh
unpopmaruu (¢ Prr= 0,19 no Pr;= 0,006).

OpHako BIMSIHUE TaKUX MapaMeTpoB KBazucekTopHou JIH, kak KpyTH3Ha ee CKaTOB U BEJTHMYUHA MPO-
BaJIOB BOJIM3HM OCH CHIMMETPHH TJIaBHOTO JierriecTka JIH Ha Hae:HOCTh paiiOCHCTEMBI, OKa3bIBA€TCS MPOTH-
BOpEYMBBIM. B pamMkax paccMOTpPEHHON MaTeMaTHYECKOW MOJENH, TPEACTaBIEHHON MOIUMUIINPOBAHHBIM
psanoM KorenbHHKOBa, Hccieq0BaHNE HE3aBUCUMOTO BIUSHUS 3THX NapaMeTPOB HA HAJIEKHOCTh PaIUOCH-
CTE€MBbI OKa3bIBAE€TCSI HEBO3MOXKHBIM [5].

IIpunsB momymeHre 006 OTCYTCTBHH IIPOBAJIOB BOIM3M OCH CUMMETpHH KBasucekrtopuoi JIH (puc. 4,
KpuBas /), IOCTPOMM YIPOIIEHHYIO MaTeMaTHYECKYI0 MOJIeNb kBa3ucekTopHoi JIH B Buze Tpaneuuu (puc. 4,
KpuBast 2).

A B
K. (B 'IN\:‘N-DE
0.8 S
I — | \{ oo1]
0.6 0
t Ap! \
N
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Puc. 4. MonensHoe nipeficTaBlIeHue HOPMUPOBaHHOI kBa3ucekTopHoi J{H:
1 — momudumpoBansbM psinom Korenbuukosa mipu [/A=27, k= 0,7; 2 — Tpamenueit

B cooTBercTBUU € pUC. 4 30HA MOTEHIMAIBHOIO MPOIYCKa CUTHANA U3-3a OTJIWYMS TPANECLHUU OT UAe-
AIBHOTO CEKTOpa OTpeAeNsieTcs TUIOMaIbio Sypc TpeyronbHrka. Bemeacreue cuvmmerpun [IH BeposTHOCT
norepb HHpopMaImu Pr; ipu 3TOM OyIeT ONpeAesIThCs KaK

Py =81 Seeers (13)

rae Sir= 2S4pc — IIOIAAL 30HBI oTeph riaBHoro senectka JIH; Sizc = 0,5 - (0,293 - AB).
BepostHOCTh MOTyueHUs HHGOPMAH Pr; TIpH 3TOM MOXET OBIThH ONpeeiieHa Mo GpopMyire

P, =1-P,. (14)

Ha ocnoBe ananuza gopmsl Tpanenuu Ha ypoBHsIX oT —1 10 —20 nb 1 ¢ y4eToM CBOMCTB MOIOOHBIX
TPEYTOJIbHUKOB HOJIY4YuM [ 8]

7
M2,5)°

rae AP — BennurHa cTopoHsl AB Tpeyronbanka ABC; L — KpyTH3HA CKaTOB Tpamel i, 1b/rpa; 2o s — IMAPUHA
riaBHoro Jjenectka JIH Ha ypoBHE TTOJIOBUHHOM MOIIIHOCTH, Tpa/l.

C yuetom Beipaxkenwii (13), (15) u 3HaueHus miomanu Ssgcr = 1, HOpPMUPOBAHHOM UAE€aTBHON CEKTOP-
Hoii /IH, monmy4yumM BelpaskeHHe AT OTpeieNeH s BEPOATHOCTU NOTeph HHpopMauuu Pr;

AR~ (15)
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2,05
Ll ~ .
(20,5
Bripaxxenust (13)—(16) no3BosistoT IPOBECTH HEOOXOAUMbIE MOZICTIbHbIE NCCIIEIOBAHUS BIUSHUS KPY-

TH3HA ckatoB JIH aHTeHHBI 3ampocumKka Ha XapaKTePUCTUKHA HAEKHOCTH PAIHOCUCTEMBI U MPEICTABISIOT
cO0OH YIPOILEHHYIO MaTeMaTHUECKYIO0 MOJIeNTb HaZ@KHOCTH ITOH PaHOCHCTEMBI.

(16)

IToAydenHbIE pe3yABTATHI

Pacuets! xapakTepuCTUK HaIEXKHOCTU paguocucTemsl Y BJI, mposeneHHsle Uit kBasucekTopHoi /IH 3a-
MPOCYHKA IUPUHOH 2@ 5 = 6,6 Tpaj B UHTEpBaAJIC M3MEHEHUsI KPYTH3HBI CKaTOB L OT 2 10 12 ab/rpan, mokazanu
CleqyroIune pe3ynbTathl (puc. 5, kpusble [ u 2).

Prs P Ll
-——-'-'--‘-—_ e

0,94¢ z ] C—=—r—=="032

5l "
0,88 P 0,24

w14
Y 7] VA S — - 0,16
» 7 "‘h.\-

V4 S /4

0,76 —* e — 0,08
0,70 £ 0

2 4 6 8 10 p, ab/rpan

Puc. 5. XapakTepucTuku HaJe)KHOCTH PaAMOCUCTEMBL:
1- PR1 JJIA 2([)(),5 = 6,60; 2— Pu JJIA 2([)0,5 = 6,60;
3 — Prr s 205 = 3,3% 4 — Pryans 2¢o5= 3,3°

BnusiHne KpyTU3HBI CKaTOB Ha MapaMETphl, XapaKTepU3YIOIUEe HaJEKHOCTh PalOCUCTEMBI CyIle-
CTBEHHO, IPUYEM BEPOATHOCTH IpueMa uHpopMauuu Pr; OKa3bIBa€TCsS HEMHOI'O 3aBBILIEHHOHN, TaK KaK 3Ta
MOJZIeTb HE YYHUTBIBAET MPOBAKI (ITyJIbCAIK) BOJIM3H OCH CUMMETpHUH ritaBHoro senectka JIH. Tak, Hanpu-
Mep, BEpPOATHOCTH MOTyYeHHsT HHPOPMAIK B paguocucTeMe ¢ kBasucekTopHoi IH anTenus! (puc. 4, kpu-
Basi /) u KpyTH3HOH ckatoB | = 7 nb/rpan cocraBuser Prr= 0,94. [Ipencrapnenue rnaBHoro nernectka JJH
B BHJIe Tpamenuu (puc. 4, KpuBast 2) Ipu TOM ke KPYTHU3HE CKAaTOB yke cocTaBisier Pgrr= 0,955 (puc. 5,
KpuBas /), a BEpOATHOCTb MOTEPh HH(OpMauu npu 3ToM paBHa Pr;= 0,045 (puc. 5, xpusas 2). 3aBUCUMOCTH
BeposITHOCTEH Prr v Pr; OT KPYTH3HBI CKAaTOB |\ HEMMHEHHBbIE W NpW 3HadeHWsX | >8 nb/rpax poct Prs
Y YMEHbLICHUE P;; CTAHOBATCS HE3HAUYNTEIbHBIMH.

W3menenue mmpussl rmaBHoro jenectka JH 2¢os mpu 3amaHHON KpyTH3HE [ Tak)Ke 3HAYUTEIHHO
BIIMSIET HAa XapaKTePUCTUKH HaJIeKHOCTH paccMaTpuBaeMol paaunocucteMbl. Hampumep, npu 2¢os = 3,3°
u 1= 7 nb/rpax BEpOSTHOCTH NOJYUYCHHsI HHPOPMAIIMH B PAIMOCUCTEME C IIaBHBIM JieriecTkoM JIH aHTeHHBI
B B Tparenuu (puc. 5, kpuBas 3) coctaBisieT Prr= 0,91, a BeposITHOCTh MOTEPh HHHOOPMAIHH TIPH 3TOM
paBHa Pr; = 0,09 (puc. 5, xpuBas 4).

Takum oOpa3oM, Ipyu yMEHbIIEHUH [IHUPHUHBI II1aBHOTO Jenectka JIH 2o s BTusHUE KPYTHU3HBI L CKa-
TOB Ha mapameTpsl Prru P, XapakTepu3ylollne HaJeKHOCTb, OKa3bIBaeTCs 0oJiee CYIIECTBEHHBIM M 3TO
HEOOXOIMMO YUHUTHIBATh IIPHU NPOCKTUPOBAHUN aHTCHH.

[Tomy4eHHBIE pe3yabTaThl yKa3blBAIOT HA IIEPCIIEKTUBHOCTD UCIIOIb30BAaHUS KBa3UCEKTOPHOH (POpMBI
JH 3anpocunka paguocuctemsl Y B/l 17151 TOBBIIIEHNS €€ HaAEKHOCTH 3a CUET yMEHBIIEHHUS IOTeph HH(OP-
Malliy 13-3a IPOBAJIOB B 30HaX 0030pa M yMEHBILEHHS IPU 3TOM 30H NOTEHIUAIBHOTO IIPOITyCKa CUTHAIA.

3akAroueHune

IIpennoskeHHbIN OX0 K MOJIETLHOM OLIEHKE U UCCIIE0BAaHUIO HAJIEKHOCTU pajguocucteMbl Y B]l Be-
POSATHOCTSIMU MIpHUEMa M MOTePh MH(GOPMAIIUK W3-3a MPOBAIOB B 30HaX 0030pa, 00YCIOBICHHBIX OTIMYAEM
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(hopMBI TIaBHOTO JeTiecTKa peaibHoi JIH aHTeHHBI 3anpocuuKa OT uaeaabHON CEKTOPHOH (POpMBI, IO3BOJISIET
uccnenosars BiusiHue (opmbl JIH Ha Hane)xHOCTh pazuocucTeMsbl. IlomydeHHbIE pe3yibTaThl YKa3blBarOT
Ha BO3MOYKHOCTH TOBBIIIEHHS HAJEKHOCTH paauocucTteMbl YBJI 3a cueT HCIOIb30BaHUS KBa3HCEKTOPHOM
¢opmer [IH aHTEeHHBI 3aIIpocyrKa U ONTUMH3ALUH TakuX mapamerpoB JIH, kak kpyTh3Ha CKaTOB U BeJTMYMHA
MIPOBAJIOB BEPILUHEI €€ TTIaBHOTO JienecTka. [Ipu 3ToM HEOOX0AMMO UCTIONB30BaTh MEPCIIEKTHBHBIE CIIOCOOBI
(hopmupoBanus kBasucekTopHOH JIH 1 KoHTpOIIs ee mapameTpoB mpH mpoekTupoBanuw [11, 12].

10.

11.

12.

10.

11.

12.
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AHAAM3 BAUSHUA TEXHOAOTHYHOCTH HA HAAEXKHOCTD
N KAYECTBO U3AEAHUN CIIEIITUAABHOM TEXHUKU
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AHHOTAUMA. AxmyansrHocms u yenu. PaccMaTpUBalOTCS. METOABI M CTPATEruyl yIy4IlleHUs TEXHOJIOTHYHOCTH U3~
JeNuii creluanbHON TeXHUKU. Mamepuansl u Memoobl. AHAIM3UPYIOTCS KIFOYEBbIE aCIEKThI IPOEKTUPOBAHUS U IIPOU3-
BOJICTBA, BKJIIOYasl BEIOOP KOMITOHEHTOB, MEXaHMUYECKUI MOHTaX, aBTOMATH3alLIMIO ONlepalnii KOHTPOJIS U HACTPOHKH,
a TaKk)Ke MPUMEHEHHE MPOTPECCUBHBIX MeTOI0B (hopmoodOpazoBanust. Ocoboe BHUMaHHE yIeNseTCsl COBEpPIIEHCTBOBA-
HUIO XapaKTEPUCTHK U3/ENHs JUTS NOBBIIIEHH 3 (QEKTUBHOCTH, CHIDKCHUS 3aTPaT U YIy4IIeHHs Ka4eCTBa KOHEYHOTO
TIponyKTa. Pe3ynvmamsl u 661600bl. Pe3ynbTaThl NCCIEIOBAHMS TOJUEPKUBAIOT BAXXKHOCTh MHTETPALIMHA COBPEMEHHBIX
TEXHOJIOTHH 1 ITOJIX0JI0B JJIsl JOCTHKEHHSI KOHKYPEHTOCIIOCOOHOCTH Ha PBIHKE.

Ki1roueBble €10Ba: TEXHOJOTHIHOCTh M3JIETHH, CHICIaIbHAS TEXHUKA, METOABI MPOESKTUPOBAHUS, TTPOM3BO-
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Abstract. Background. The paper discusses methods and strategies for improving the manufacturability of spe-
cial equipment products. Materials and methods. Key aspects of design and production are analyzed, including compo-
nent selection, mechanical installation, automation of control and adjustment operations, as well as the use of advanced
shaping methods. Special attention is paid to improving product characteristics to increase efficiency, reduce costs and
improve the quality of the final product. Results and conclusions. The results of the study emphasize the importance of
integrating modern technologies and approaches to achieve market competitiveness.
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BBepenne

B ycnoBusix ObICTPOro TEXHOJOTMYECKOTO Mporpecca M riodaibHOM KOHKYPEHLUU HMPOU3BOAUTEIN
CTAJKUBAIOTCS C HEOOXOIUMOCTHIO MOCTOSTHHOTO YAYYIICHUS XapaKTEPUCTHK CBOCH npoayKimu. OHUM U3
KIIFOUYEBBIX (DaKTOPOB, OMPEIEIISIOIINX KOHKYPEHTOCIIOCOOHOCTh IPOU3BOICTBA, SBJISETCS TEXHOJIOTUYHOCTD
KOHCTPYKITUH U3ICITUSI.

TeXHOMIOrHYHOCTh KaK BaKHBIM IMOKa3aTeNb OTPaXkaeT COBOKYIMHOCTh CBOMCTB, KOTOPBIE OIPEACISAIOT
MPUTOAHOCTh KOHCTPYKIMHU 1151 9)(HEKTUBHOTO U3TOTOBIICHHS, COOPKHU, KOHTPOJIS, SKCIUTyaTalluy U YTHITH-
3allUy [P MUHUMAJIbHBIX 3aTpaTaxX. BBICOKHI YPOBEHb TEXHOJIOTMYHOCTH CIIOCOOCTBYET CHUKECHHIO cele-
CTOMMOCTH, MTOBBIIIICHHUIO TIPOU3BOAUTEILHOCTH, YMEHBIIICHUIO BEPOSITHOCTH Opaka U, Kak CIICJACTBHUE, YIy4-
IICHUIO KauecTBa M HAJCKHOCTH u3nenui [ 1-3].

© AnamoBa A. A., Yen A. 1., Anatenko A. B., Cenusanos K. B., 2025. KontenT noctynen no snunensun Creative Commons Attribution 4.0 License / This work is licensed
under a Creative Commons Attribution 4.0 License.
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[Ipobnema MOBHIIIEHHS TEXHOJIOTHYHOCTH OCOOCHHO aKTyalbHa B KOHTEKCTE pa3pabOTKH U MPOHU3BO-
CTBa CIEIMAITBHON TEXHUKH, (DyHKIIMOHUPYIOIIEH B YCIOBHSX BBICOKHX HArPY30K, IIOBBIIIICHHONW OTBETCTBEH-
HOCTH ¥ OTPAaHWYCHHBIX PECypcoB. DTa 3aada mpuoodpeTaeT 0codoe 3HaUCHHE B YCIOBUAX CIICITUAIBHON BO-
enHoli onepanuu (CBO), rie ycTOWYUBOCTE U HAJIS)KHOCTh TEXHUKH HAPSMYIO BIUSIOT Ha 3()(hDEKTUBHOCTH
BBITIOJTHEHUsT 00€BBIX 3a1a4 [4, 5].

Bormnpoc TeXHOIOTHYHOCTH CTAHOBUTCSI 0COOCHHO BaKHBIM B aCTICKTE JIOTUCTUKHU U IMTOJICBOTO PEMOHTA!
YeM BHIIE TEXHOJIOTHYHOCTH, TEM TPOIIE M OBICTpee MOKHO BOCCTAHOBHTH TEXHHKY, UTO CHIDKAET MOTEPH
1 yBENIMIHBAET 00eCITOCOOHOCTh. TakuM 00pa3oM, TEXHOJIOTHYHOCTh BEICTYIIACT KIIFOUEBBIM (PaKTOPOM, BITH-
SFOIIUM Ha YCTOMYHUBOCTH CHCTEM JKU3HEOOeCTIeueHNs, CBSI3M U HaBUTAllMU Ha 1oiie 605 [4, 6].

B xone Bropoit MUpOBOIi BOWHBI OJJHMM M3 CAMBIX YCIICITHBIX 00pPa3lOB CICIHATBHON TEXHUKHU CTall
TaHK T-34, KOTOpHBIN MPOIEMOHCTPHPOBAI BBIAAIOIINECS XapaKTePUCTUKH TEXHOJIOTHYHOCTH. Pa3zpaboTran-
HbI# B KoHIE 1930-x rT. T-34 cTam cCHMBOJIOM COBETCKOM OPOHETAaHKOBOW MOIIM M CHITPajl KIIOYEBYIO POIb
B Xoze Benmukoit OTedecTBeHHOW BOMHEI.

TexHomornyHOCTh TaHKa T-34 mposIBIISATACh B €r0 KOHCTPYKTHBHBIX OCOOCHHOCTSIX, KOTOPBIE 00ecTIe-
YHBAIIM BEICOKYIO HAJEKHOCTh U 00eBYI0 3¢ (heKTHBHOCTE. OHUM U3 3HAYUTENBHBIX (PAKTOPOB, CIOCOOCTBO-
BaBIIIUX €T0 YCIeXy, ObUIO YIIydIICHHE MPOSKTUPOBAHUS, YTO MO3BOJIMIIO CO3JaTh TAHK C MOIHBIM BOOPY-
JKEHHEM, XOpoIleil GpoHeBON 3alUTON M BBICOKOW MaHeBpeHHOCThI0. Kpome Toro, Tank T-34 oTnuuancs
BBICOKOW TIPOM3BOJICTBEHHON TEXHOJOTUYHOCTHIO, UTO IMO3BOJSUIO OBICTPO HAPAIIMBATH €O BBITYCK. JTO
CTaJI0 BO3MOXKHBIM OJlarofiapsi MCII0JIb30BaHUIO0 HOBBIX METOHOB (opMO0OOpa30BaHHUI U MEXaHHU3AIHUHU TIPO-
1IeCCOB COOPKH, YTO B CBOIO OYEPEIb CIIOCOOCTBOBAJIO CHUKEHHIO 3aTPaT Ha MPOU3BOACTBO U MOBBIIICHUIO
KauecTBa KOHEYHOro npoaykra [7, §].

HecMoTpst Ha cymiecTByroIIee KOJTMYECTBO UCCIIEI0OBAHUMN, B COBPEMEHHON HAYUHOM U MPaKTHIECKOU
cpelie coXpaHseTcs MOTPEOHOCTh B 00JIee TMOKUX M aJalTUBHBIX METOAAX OICHKH TEXHOJOTMYHOCTH, KOTO-
pble YUUTHIBAIOT MHOTO(AKTOPHYIO CIICHU(HUKY H3IEIUH U YCIOBUS UX IpUMEHeHus |5, 6, 9].

Lens maHHOM pabOTHI 3aKITIOYACTCS B BRISBICHUN U (hopMaIn3aini 3 HEeKTHBHBIX CTPATETHHA OTICHKH
Y TIOBBIIICHUS KOA(D(DUIIMEHTa TEXHOJIOTHYHOCTH, YTO 00ECIeUnT yIydIlleHne KaueCTBEHHBIX XapaKTepH-
CTUK U HaJIC)KHOCTH U3AETUM, BKIIIOYAs CICIUATBHYIO TEXHUKY, B YCIIOBUSX COBPEMEHHBIX BEI30BOB U OIrpa-
HuyeHui [1, 4].

AHaAN3 TEXHOAOTHYHOCTH H METOABDI OTP360TKI/I I/I3AeAI/II71

KoadhdummeHnT TexXHOTOTHIHOCTH TIpencTaBisieT co00i Mmoka3aTelb, KOTOPHIH OTpakaeT ypOBEHB
yI00CTBa M 9KOHOMHYHOCTH IPOU3BOACTBA U3ENHs, BKIoUas nmedatasie miatel ([1I1). Or meMoHCcTpHpyeET,
HACKOJIBKO JIETKO, OBICTPO ¥ HEJOPOr0 MOXKHO M3TOTOBHTH, MPOTECTUPOBATH W COOpATh MEYATHYIO IUIATY
0e3 ymiep6Oa juist kauectra [10].

Onpenenenue ko3QPuIMEeHTa TEXHOIOTMYHOCTH OCYIIECTBIISCTCS C YI€TOM MHOXKECTBa (haKTOpOB,
BKJIFOYAsi IPOU3BOICTBEHHBIE 3aTPaThl, KOJIMYECTBO OMEpaIfil U CII0KHOCTh cOopku. Bompocam aBTOMaTH-
3aIH YIIPABJICHHUS TEXHOJIOTHYHOCTHIO TIOCBSIICH eI psg padort [6, 7, 10—14].

Ha ocHOBaHHMY CHCTEMHOTO aHAIIN3a BBIACIISIFOT YeThIPE OCHOBHBIX KJlacca METOJIOB YIPABICHUS TCX-
HOJIOTHYHOCTBIO U3JICIHN:

— METO/bI pa3paboTKU O0IUX PEKOMEHIAINN U TPeOOBaHUIA,

— METO/Ibl KAaYeCTBEHHO! OIICHKH Ha OCHOBE aHAJIN3a KOHCTPYKTHBHBIX OCOOCHHOCTEI;

— METOJIbl KOJIMYECTBEHHOH OIICHKH, BKJIIOYAOIIHIE PaciyeT KO3 UIINEHTOB;

— KOMILJICKCHBIE METOJIbI, KOTOPBIC O0BEINHSIOT KAUeCTBEHHBIC U KOJTMYECTBEHHBIC TIOAX0IbI (pHC. 1).

Mertop 6a30Bbix k03hHULMEHTOB

MeTop napHbix k03 uLueHToB \‘y
=\ MynsTunnukatusHbie
abapuTHo-BeCOBLIE METOfbI \
] \
_Mertop mHorodakTopHoro aHanusa / \

MeTop yAenbHOro HOPMUPOBaHMS!

MeToa naMeHseMbIX Macc

Merton 6a30B0ii TpyaoemkocTn 1

MeToa OLEHKN TEXHONOMMYecKkon ce6ecToMMoCTH

N

~\_Meroabl oueHku T 14

N\ ,_KonuyectseHHble

J

PekomeHpatensHble

— .y 7~
L_MeTopbl oueHk1 TexHonormuHocT L KomnnekcHbii

\ _KavecteeHHble

MeToabl OueHKH \ En J

MeToas! OLEeHKU 3HEeProeMKOCTH ,{

MeTo/] OLEHKU TEeXHUKO-3IKOHOMUYECKON A(hEeKTUBHOCTH

KsanumeTpuyeckne metoab /
\ MeToas! OLeHKH To4HOCTH /

AHanuTuyeckne MeToasl

Puc. 1. Knaccudukarms MeTo10B yIIpaBIeHUS TEXHOIOTHIHOCTHIO
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Meton 3KCHepTHOW NaHeNW NpeArojiaraeT MouaroBoe (HOpMHUPOBAHUE TPYMIBI CIELUAIUCTOB,
OLIEHKY 3HA4YMMOCTH II0Ka3aTeseld U pacdyeT BecoB Ko duuneHToB. KiroueBsie 3Tanbl BKIIOYAIOT:

— 0TOOp IKCIIEPTOB TIO OIBITY, 00PA30BAHUIO U Ty OINKAIHSIM;

— MPOBEACHUE TECTUPOBAHMA Ha MPOPECCHOHANBHYIO TPUTOAHOCTE;

— COCTaBJICHHE TIaHEIN M aHKeTHpoBaHUe 1o mkase ot 0 mxo 10;

— opMupOBaHHE MATPHUIIBI TAPHBIX CPABHEHUH M PACUET BECOB;

— BBIYMCIICHHE MHTETPATbHOr0 K03()(HUIMEHTa TEXHOJIOTUYHOCTH KaK B3BEIIEHHOH CYMMBI YaCTHBIX
MoKa3aTenen.

B aHKeTax 3KCIEpPTHON NaHENN CIEUATNCThl OLIEHUBAIOT aKTYaJIbHOCTh yUeTa OIPEeICHHOro Iapa-
MeTpa Ha TEeKyI1ii MOMEHT. B kauecTBe mapamMeTpoB ObUIH BHIOpaHBI 0a30BbIC MOKA3aTENIN TEXHOIOTUIHO-
CTH TSI DIEKTPOHHBIX ycTpoHCcTB B cooTBeTcTBUM ¢ OCT 41'0.091.219-81 (Tabm. 1).

Tabmnmma 1
bazoBble nokazareny TEXHOJIOTHYHOCTH
bazoBrlit moka3zaTenb 0O6o3HaueHue u hopmysa Becosoit
TEXHOJIOTHYHOCTH MTOKa3aTessl TEXHOJIOTHYHOCTH koaddurmeHt @;

1. Koadumment ncnonp3oBaHus Kyne= Hue/ Haps, Tae Hye— o0miee konndaecTBo

MHUKpPOCXEM B MHUKPOCOOPOK B OJIOKE | MUKPOCXEM B MUKpocOopok; Hops — oOliiee konniecTBo 1,0
ANEKTPOHHBIX pasinodneMeHToB (OP3)

2. Koapdumment aBromaTr3anuu Kay= Hay/ Hy, Tie Hay — KOTHYECTBO MOHTAKHBIX

W MEXaHM3allu{ MOHTaXa M3/1eJns COCIMHEHUH, OCYIIECTBIISIEMbIX MEXaHHYECKUM 1.0
crnocobom; Hy, — o0111ee KomM4ecTBO MOHTAXKHBIX ’
COETUHEHUN

3. KoaddunmeHT aBTOMaTH3AIMA Ky 5p5= Hyn 5p5/ Hopo, Tie Hyn 5p5 — KomuuecTBo DP3,

U MEXaHW3alluu MOATOTOBKH DPD MTOJITOTOBKA KOTOPBIX K MOHTaXy OCYIIECTBIISACTCS 0,75

K MOHTQXY MEXaHH3UPOBAHHBIM CIIOCOOOM

4. KosppummeHT aBToMaTH3AIMA Ky = Hyuen / Hiw, T11€ Hyien — KOTTHUECTBO OTIEpanuii

U MEXaHHW3aIHUU ONepaIiii KOHTPOJISl U HACTPONKH, OCYIIECTBIISIEMbIX 0.5

KOHTPOJISI K HACTPOUKH aBTOMaTU3UPOBAaHHBIM criocoboM; Hy, — oOrmiee ?
KOJIMYECTBO ONepanuii KOHTPOJIS U HACTPOUKH

5. KoaddumpenT nosropsieMocTu Kuopn=1—Hzops/ Hops, rne Hynpy— obOmiee 031

oOP3 KOJIMYECTBO TUNopasmepos OPO B uznenuu ’

6. Koaddunment npumensiemoctu Kuporo =1 — Hrop 9p5/ Hr9po, T1€ Hiop 9p5 — KONHMYECTBO 0.187

P2 THTIOPa3MepOB, OpUTHHANBHBIX DPD B m3menmmu ’

7. Koapdumment nporpeccuBnoctet | Ko = np/ [ , THE 1 1p — KOTMYECTBO JIETATIEH,

dhopMoobOpa3oBaHus neTaneit HU3TOTOBJIEHHBIX NPOTPECCUBHBIMU METOIAMHU 0,11
(dhopmoobpazoBanus; [ — obIree KOIMIESCTBO IeTaNei

KoMrutekcHbIH 1MoKa3arenb TEXHOJIOTUYHOCTH KOHCTPYKIIUU H3JICIHsI HA OCHOBE 0a30BBIX BBIYHCIIS-
eTcs cnenytonmm obpasom [1, 2, 4, 15]:

7 7
K :Z(Kiq)i)/z(pi'
i=1 i=1

Jlyis olleHKHM M 00€CIIeYeHUsT TEXHOJIOTUYHOCTH KOHCTPYKIUHI M3ACIUH, BKIOYAsl NIeUYaTHBIC TUIATHI,
MIPUMEHSIOTCA Ciieayrorue rocyaapcTeernbie cranaapthl (OCThr):

—T'OCT 14.201-83. Ob6ecneueHre TEXHOJIOTUYHOCTH KOHCTPYKIIUY u3aeaui. O0iue TpeOoBaHusl.

OTOT CTaHAAPT YCTAHABIMBAECT OCHOBHBIC MOJIOKEHUS, CUCTEMY MMOKa3aTelIel U MOCIeI0BATEIHFHOCTh
paboT 10 00ECTICUCHUIO TEXHOJIOTUYHOCTH KOHCTPYKITUH M3JISIHIA;

—T'OCT P 71362-2024. Cucrema TEXHOJIOTHYECKOH MOATOTOBKH MPou3BoAcTBa. Opranuzamus padot
TI0 OIEHKE TEXHOJIOTHYHOCTH KOHCTPYKIIUU U3ZEIHSI.

CranaapTt onpesenseT oomme TpeOOBaHUs K OpraHu3aiuy padoT Mo OICHKE U METOJIaM pacdera TeX-
HOJIOTUYHOCTH U3JIEJIHS HA BCEX CTAJUSAX €ro Pa3pa0dO0TKU U MPOU3BO/ICTBA;

—TOCT P 53432-2009. ITnats! meyatHble. O0IIME TEXHUUECKHE TPEOOBAHUS K TIPOU3BOJICTRY.

OTOT CTaHAApPT yCTaHABIMBAET TPEOOBAHMS K TEXHUYSCKOMY YPOBHIO TPOM3BOJICTBA MEYATHBIX ILIAT
¥ BBOAWT NOHsTHE KO3 dunnenTa rexandeckoro ypoBHs (KTY) mpeanpustus, onpenessomero KaTeropuio
MIPOM3BOJICTBA.
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Pacuer k03¢ punmeaTa TEXHOAOTHIHOCTH KOMIIAEKCHBIM METOAOM

i meMOHCTpauuy NpPaKTHYECKOro MPUMEHEHUS! KOHLENIMH KO3((GHUINEHTa TEXHOJIOTHYHOCTH
B TaHHOH paboTe OymeT mpoaHaIM3UPOBAHO YCTPOHCTBO « BKITtoueHNe OCBEIIeHNS TP MPUOINKEHUN K 00b-
exTy» (puc. 2). B pamkax nccrnemoBanus Obuia co3nana 3D-Mojenb, KOTopas II03BOJISIET HATISATHO TPeCcTa-
BUTb KOHCTPYKLHIO U (YHKIMOHAJIBHBIE 3JIEMEHTHI YCTporcTBa. Taxke Oblila MpoBeZieHa TPACCUPOBKA, UYTO
JTaJTo0 BO3MOKHOCTH BBISSBHTH OCHOBHBIC (aKTOpHI, BIUsAOMNAE HA 3(P(EKTHBHOCTh pabOTHI YCTPOUCTBA.
Pe3ynbrarhl TpacCUpOBKU IPOJEMOHCTPUPOBANIN, KaK Pa3IMYHbIE KOMIIOHEHThI B3aUMOJECUCTBYIOT MEXKIY
CO0OH M KaK HX pacIloyioKeHNE MOXKET cKa3aTbesl Ha 001IeM Ko UIMEeHTe TEXHOIOTHIHOCTH. 3D-Monens
U pe3yJIbTaThl TPACCUPOBKHU ObLIHN pa3paboTansl ¢ ucnois3oBanrueM CAIIP Altium Designer (puc. 3).
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Puc. 3. TpaccupoBka re4aTHOH IIaThl ycTpoicTBa « BKiTtoueHne OCBENICHUs ITPY MPHOJIMIKEHUN K 00BEKTY»

94



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2025;(3)

B nmanHOil paboTe NpUMEHSIICS WCKIIOYUTEIHHO MOHTaXX KOMMOHEHTOB 1o TexHomoruu THT
(Through-hole Technology) ¢ ogHOCTOpOHHEH TpaccupoBkoi. [Ipeamomnaraercs, 4ro maika BBITOTHICTCS
BpPYYHYIO, KaK U yCTaHOBKA KOMIIOHEHTOB. B mporiecce KOHTPOJIS U HACTPOUKH BBIIETSIOTCS CICAYIOIINE
oIepalyu; ONTUYCCKUI KOHTPOIIb, IEKTPUIECKOE TECTUPOBAHHE, TPOBEPKA HA KOPOTKOE 3aMbIKaHUE U 00-
PBIB, KaTHOPOBKA, a TaK)Ke HACTPOIHKa MporpaMMHOTO obectieueHus. KopIryc ycTpoiicTBa COCTOUT U3 TaKHUX
3JIEMEHTOB, KaK OCHOBA, KPBIIITKA, KPEIEKHBIC ECTAIH, ONTHICCKUE KOMIIOHCHTHI, TaTYUK U U30JSIINOHHBIC
3JICMCHTEI.

OcHoBa KopITyca W3rOTaBIMBAETCS TPAAWIIMOHHBIMH METOJIAaMH, TAKUMHU KaKk MeXaHH4YecKas o0pa-
0oTKa WM cOOpKa M3 OTAENBHBIX YacTel. KprIlika co3maeTcs U3 OTACTLHBIX JINCTOB MaTepraia, KOTOPhIe
CKJICHBAIOTCSI MITH COCIUHSIOTCS IPYTUM crioco0oM. KpenekHbIe 371eMeHTHI TPECTABIIAIOT COO0M CTaHAapT-
HbI€ KOMIIOHEHTHI, KOTOpBIE MPHUOOPETAIOTCS OTHIENBbHO, KaK W JaTduk. OnTHYecKre KOMIIOHEHTHI MOTYT
OBITH M3TOTOBJICHBI C UCITOJIE30BAHMEM PA3IMYHBIX TEXHOJOTHH, BKIIFOYAs ONTHICCKYIO0 00padoTKy. M30ms-
IIMOHHBIC AJIEMEHTHI BBIMOJHEHBI U3 PE3UHBI WM JIPYTHX MAaTCPHAJIOB, HE TPEOYIOIIUX CIOXKHBIX METOJIOB
(hopmooOpazoBanus [25]. Ha ocHOBE 3TUX JaHHBIX OBLT pacCUyUTaH KOA(PPUIIMCHT TEXHOJIOTUIHOCTH

Kiune=Hue/ Hopa=2/51 = 0,04;
Kav=Hav/ Hy=4/99 = 0,04;
Ky op5=Hyn 33/ Haps = 0/51 = 0;
Ko = Huwur / Hew= 0/5 = 0;
Kinpn=1—H:sps/ Hops=1-10/51=0,8;
Kipopr=1—Hioprra/ Hropr=1-2/10=0,8;
Ky= Mo/ = 0/6 = 0;
K=" (Ki - 0) /Y =19:=(0,04-1+004-1+0-075+0-0,5+08-0,31+
£0,80,187+0 - 0,11)/(1 +1+0,75+0,5+0,31 + 0,187 +0,11)=0,12.

Ilepecuer k03P PunHeHTa TEXHOAOTHYHOCTH, IPOU3BEAS HEKOTOPbIe H3MEHEeHH

Jlanee ObLTH BHECEHBI U3MCHEHHUS B U3/ICNINE U TIEPECMOTPEHBI YCIIOBHUS €ro MPOU3BOACTBA (puc. 4-6).

Puc. 4. 3D-Bun ycTpoticTBa « BKiIroueHHE OCBEIICHHS Puc. 5. 3D-Bun ycrpoiicTBa « BKIIroueHHE OCBEIICHHS
IIpH IPUOIMKEHUH K 0OBEKTY» CBEPXY € YIETOM MPHU MPUOIIKEHUU K 00BEKTY» CHH3Y C yYETOM
H3MEHCHHI H3MEHEHHI

Hexortoprie kommoHeHTs! 0K 3aMeHeHbl Ha SMD (Surface-Mount Device), a TpaccupoBka 1 MOH-
Ta)X OCYIIECTBIEHBI C 00€UX CTOPOH Ie4yaTHOH miathl. IIponeccs! maiiky, ycTaHOBKH HECKOJIBKUX KOMIIO-
HEHTOB, a TaKXKe OIepalnuy KOHTPOJISI U HACTPOHKH ObLTH aBTOMaTU3upoBansl [7, 12—14]. OcHoBa kopryca
U KpBILIKa U3TOTOBJICHBI ¢ MpruMeHeHneM 3D-neuatn. KpenexHble 1 ONTHYECKHIE 3JIEMEHTHI BHITIOJIHEHBI Me-
TotOM IuThs [8, 16—-25]. Ha ocHOBaHWM 3THX NaHHBIX OBLT pacCYMTaH OOHOBICHHBINH KOA(D(UIIUEHT TEXHO-
JIOTUYHOCTH:

Knmc: HMC/ HSPSZ 2/51 = 0,04,
Kav= Hav/ Hy=30/99 =0,3;
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Ko op3= Hunopn/ Hops = 29/51 = 0,57;
K = Hy/ Ha = 5/5 = 1;
Kusps=1—Hrops/ Hops=1-10/51 =0,8;
Kupors=1—Hropars/ Hropa=1-2/10=10,8;
Ky= Mo/ J1=4/6 = 0,67;

K=Y (K- 0) /S 9:= (0,04 - 1403 - 140,57 -0,75+1-0,5+0,8 0,31 +
+0,8 0,187 +0,67 - 0,11)/(1 +1+0,75+0,5+0,31 +0,187 +0,11) = 0,45.
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Puc. 6. TpaccupoBka neuaTHOMH MIaThl yCTporCTBa « BKiIIOUeHHe OCBEIIECHHUS
MIPH IPUOIMKEHUH K O0BEKTY» ¢ YU4STOM H3MCHEHHIMA

Hcnonp3oBaHbl 1Ba M0AX0AA:

— 710 yiydIieHui (py4yHas coopka, Hu3kas apromaruzanus): K = 0,12.

— nocne yrnyumennii (SMD, 3D-niedats): K = 0,45.

C y4eToM He3HAUUTENbHBIX YIy4IIeHNH yAaI0Ch JOCTUYb 00JIee KOMIIAKTHBIX Pa3MEPOB YCTPONCTBA,
a TaKk)Ke TIOBBICUTH KO3 (QUIIMEHT TEXHOIOTMYHOCTH, TIOKa3aTeIH KOTOPOTo TeIepb COOTBETCTBYIOT YPOBHIO
OmbITHOrO 00pa3ua. DTo moATBepkAaeT d3PPEeKTUBHOCTh MPEIIOKEHHON METOIUKHU AJSl OLEHKH BIMSHUS
WHXXEHEPHBIX PELICHUIN Ha TEXHOJOTUYHOCTh u3aenus [26, 27].

3akAroueHune

Pacuer xoadpuireHTa TEXHOIOTMUHOCTH MPEACTABISACT COO0H BasKHBIN ATAIl B OLIEHKE AP PEKTUBHO-
CTH Pa3pabOTKU W MPOU3BOJICTBA U3JENHS. DTOT MOKA3aTellb MMO3BOJIIET HE TOJILKO ONPECIIUTh CTCIICHD
CJIOKHOCTH U3JENHUSI, HO U YCOBEPIICHCTBOBATH €TI0 XapaKTEPUCTUKH JJI JOCTIXKCHHUS Ty UIIHUX PE3YIbTATOB.
YuuteIBas BHECEHHBIE U3MEHEHHSI B KOHCTPYKIIHIO M TEXHOJIOTHH TPOW3BOJICTBA, OIYYeHHBIH K03 dumn-
€HT TEXHOJIOTMYHOCTH JIEMOHCTPHUPYET MOJOKHUTEIbHYIO TUHAMHKY, YTO YKa3bIBacT Ha MOBbIeHUE S dek-
TUBHOCTU ¥ KOHKYPEHTOCIIOCOOHOCTU. B COOTBETCTBUM ¢ MPOBEACHHOW paboTol ObLTH CHOPMYITHPOBAHBI
CIIeIyOIINe PEeKOMEHIANH 110 YIYUIIEHUI0 KO3 PHUIIMEeHTa TEXHOIOTHIHOCTH:

— HUCIOJIb30BaTh MPEUMYILIECTBEHHO MEXaHUYECKUU MOHTaX COEJWHEHMM, BKJIIOYas BUHTHI, FaliKH,
IIai0bl M IPYTHe MEXaHWYECKUE KPETEeKHBIC 3JICMEHTHI IS COCIUHCHUS KOMIIOHCHTOB U WX KPCIUICHHS
K KOPITYCY; IPUMEHATH Pa3beMbl, 00eCIeUnBaONNe MEXaHHUECKUH 1 SJICKTPUIECKHIA KOHTAKT, a TAKXKe 3a-
KUMBI ¥ KITUTICHI 7151 (PUKCAITUN KOMITOHEHTOB;

— mpu OOJIBIIIOM KOJUYECTBE KOMIIOHCHTOB ONTHUMAILHBIM PEUICHHEM JJis 3aMEHBI OYyAyT MUKPO-
CXEMBbI WM MUKPOCOOPKH, TaK KaK OHHU MPEACTABIAIOT c000il OoJiee CII0XKHBIE yCTPOWCTBA, YIPOINAIOIIHE
MPOEKTUPOBAHUE W KOMIIOHOBKY IIJIATHI, a TAK)KE YBEINIHBAIOIINE (PyHKIIMOHAEHBIE BO3MOKHOCTH;

— cneayeT BeIOMpaTh SMD-KOMITOHEHTHI, YUTIBI M MOIYJIH WJIM TIAKETHI ¢ BRIBOJaMH, Takue Kak QFP
1 BGA, NOCKONBKY OHM MOTYT YCTaHABIMUBATHCS C MOMOIIBIO aBTOMAaTU3UPOBAHHBIX MAIIUH, YTO CHIKAET
BEPOSATHOCTH OITMOOK, CBA3aHHBIX C HEMPABUIHHON YCTAaHOBKOH KOMITOHEHTOB;

— aBTOMAaTU3UPOBATh ONEpPALMK KOHTPOJIA U HACTPOMKH JIEKTPUUECKUX MAPAMETPOB IJIsI BBISBICHUS
Ne(eKTOB Ha PAHHUX CTAIUAX M COKPAIICHHS BPEMEHH, HEOOXOAMMOTO JIJIsl IPOBEPKU U HACTPOUKU;
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— MUHHMHU3UPOBATh Pa3HOOOpa3ne KOMIIOHEHTOB, TaK KaK 3TO MOXET YCIOXKHHUTh MPOIIECC MPOCKTHU-
pOBaHUsI TEYATHOM IJIaTHI;

— YMCHBUIUTH KOJIMYCCTBO OPUTHMHAJIBHBIX OPD B U3ACIINN, TMOCKOJIBKY TAaKHME KOMIIOHCHTBLI TaKXKC
YCIIOXKHSIOT IPOSKTUPOBAHKE M3-32 UX YHUKAIBHBIX pa3MepOB U (HopM;

— MIPUMEHSATH MTPOTPECCUBHBIC METOABI (POpMOOOpa3oBaHUS AcTallel, Tak Kak OHU 00ecIieunBaT 00-
Jiee BBICOKOE Ka4eCTBO M TOYHOCTh, COKPAIIAIOT BPEMs U 3aTPaThl HAa IIPOU3BOJCTBO M 00JaAaI0T JOCTATOY-
HO¥ THOKOCTBIO.

Takum 00pazoM, MPUMEHEHHE BCEX MEPEUUCICHHBIX PEKOMEHIAINN MO3BOJIHUT CYIIECTBEHHO MOBBI-
CUTH K0P GUIIUEHT TEXHOJIOTHIHOCTH, a TakKe 00ITyI0 2P (HEeKTHBHOCTH pa3paboTKH U IPONU3BOJICTBA HU3JIC-
TSI, YTO TMPUBEACT K CO3JIaHUI0 0oJiee KAYECTBEHHOTO M HAJIEKHOTO MPOJYKTa, COOTBETCTBYIOIIETO COBpE-
MEHHBIM CTaHapTaM.
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INPOEKTHUPOBAHME NCKPOBE3OIIACHBIX BOAOKOHHO-OIITUYECKHNX
AATINKOB AASI CUCTEM MOHUTOPHUHTA TEXHUYECKOTO
COCTOSHUA KPYITHBIX COOPY>KEHUM

E. A. Bapeesa', B. A. Bapees?, T. 1. Mypamxuna®

123 Tlensenckuii rocy1apcTBEHHbIN yHUBEpCHTET, [lensa, Poccust
"badeeva_elena@mail.ru, % vladbadeev4464@gmail.com, 3 timurashkina@mail.ru

AHHOTAUMA. AKmyanvHocms u yeau. MOHUTOPHUHT TEXHUYECKOTO COCTOSIHUS OTBETCTBEHHBIX U MOTEHIIUAIBHO
OTIACHBIX KPYIHBIX IPAKIAAHCKHUX U CIIEIUAIBHBIX COOPYKEHHUH, TAKUX KaK aTOMHBIE 3JIEKTPOCTAHIINH, TPYOOIIPOBOIHI,
MOCTBI ¥ MHOTHE APYTHE, C LEJBI0 ONpeIesIeHHs] MX paboTOCIOCOOHOCTH U Oe30MacHON SKCIUTyaTallly, IIpeIypexie-
HUS Ype3BBIYANHBIX CUTyalluil ABISETCA BAXKHOW HayUYHO-TEXHUUECKOH 3anadeld. CucTeMa MOHUTOPHUHIa TEXHUYECKOTO
COCTOSIHHSI KDYITHBIX OOBEKTOB IPEICTABISIET COO0 COBOKYITHOCTD TEXHOJIOTHI M HHCTPYMEHTOB, NPEJHAa3HAYCHHBIX
JUISL BU3YaJIbHOTO M MHCTPYMEHTAIBHOTO HAOIONCHMS 38 TEXHUIECKUM COCTOSHHEM KOHCTPYKIHH IJIsi CBOEBPEMEH-
HOTO TPERyNPeXICHNS HETaTUBHBIX ITOCIEACTBUII IyTe€M BBIIBICHHS M3MEHEHWH M MPOTHO3UPOBAHMS MPOYHOCTH
1 HaJIe)KHOCTH 311eMeHTOB. Llenms paboThl — JOKa3aTh HCKPOOE30MacHOCTh BOJIOKOHHO-ONTHIECKOW CHCTEMBI MOHHUTO-
pHHra ITapaMeTpOB HaIPsHKEHHO-e(OPMUPOBAHHOTO COCTOSHHUS U TTOJI0KEHNUS KITIOUEBBIX JIEMEHTOB KOHCTPYKIIUH BO
BpeMs KcILTyatanuu. IlocTapieHa 3a1aua ymydIeHus SKCIUTyaTallMOHHbIX XapaKTePUCTHK JaHHBIX CUCTEM B YCIOBHUSIX
BO3JEHCTBYS BHELITHUX arpEeCCUBHBIX BIHAIOIIMX (aKTOPOB, a HMEHHO B3PBIBOOIIACHOH cpenbl. Mamepuansl u memooul.
OCHOBHBIM MOAXOJOM JAJISI JOCTIKEHHS ITOCTABICHHON 1€ SBJISIETCS 3HEPreTHYeCKUH pacdeT, JOKa3bIBAIOIIMUN HC-
KpOo0OEe30MacHOCTh BOJIOKOHHO-ONITHYECKOH CUCTEMBI C yYETOM KPUTEPHUEB UCKPOOE30IaCHOCTH, PUBEICHHBIX B PsJe
HayYHO-TEXHUYECKUX HMCTOYHUKOB. [ pelleHus MOCTaBICHHOW 3alauM NpeaaraeTcs BOJIOKOHHO-ONTHYECKas CH-
CTeMa MOHUTOPHHTA TEXHUUYECKOTO COCTOSHHSI KPYIHBIX COOPY>KEHUH, BKIIOYAONIasl JATYMKY TEMIIEPATYypHl, JaBie-
HUsI, yTJla HaKkJIOHa U T.IL., oOecIieunBaromias ONepaTuBHYIO OIIEHKY HapaMeTpoB. Pe3yibmamul. VccnenoBaHsl napa-
METPBI HCKPOOE30TIaCHOCTH BOJIOKOHHO-ONITHYECKUX AATIMKOB PA3IMYHBIX (PU3NYECKUX BEIMYHMH, BXOAAIINX B COCTAB
CHCTEMbl MOHHTOPHHTA HaNpsDKEHHO-e(OPMUPOBAHHOTO COCTOSHHS KPYITHBIX COOPY)KEHHH, 3KCIUTyaTHPYEMBIX B
YCIIOBHUSIX BO3MOXKHOH HMCKPOB3PBIBONIOXKAPOOMIACHOCTH. Jl0Ka3aHO, 4To Ayisi oOecriedeHns: Oe301acHON IKCIUTyaTaun
KPYITHBIX TPAXKTAHCKIX COOPYKEHHIH MaKCHMAIIbHBIN TOITyCTUMBIN YPOBEHb ONTHYECKOTO CUTHANA cocTaBisieT 10 MBT.
Jli1s1 3TOrO NMPEAIoKEeHO YHU(PUIIMPOBAHHOE CXEMHO-KOHCTPYKTHBHOE HCTIOTHEHUE BOJIOKOHHO-ONTHUECKUX JIATUHKOB,
y KOTOPBIX YPOBEHb ONTHYECKUX CUTHAJIOB HI)KE JJAHHOTO 3HAUCHHUS. Bblgo0bl. DHEPreTUIECKUH pacueT ONTHYeCKOn
CHCTEMBI BOJIOKOHHO-ONTHYECKUX JATYUKOB C OTKPBITHIM ONTUYECKUM KaHAJIOM, UCIIOIb3YyEMBIX JUIl CUCTEM MOHHTO-
PHHI'a TEXHUYECKOTO COCTOSTHUS KPYITHBIX COOPYKEHHH, TOKa3aJl HX a0CONOTHYIO HCKPOOE30acHOCTh, YUUTHIBAsI KPH-
TEPHU UCKPOOE30MACHOCTU CPEbl U3MEPEHHS.

KaroueBsble cjioBa: CUCTEMa MOHUTOPHUHTA, TEXHUUYECKOE COCTOSIHUE, KPYITHOE COOPYKEHHUE, TPOCKTH-
poBaHUE, BOJIOKOHHO-OTITHYECKHUH JaTYHK, HCKPOOE30IIaCHOCTh, YPOBEHB ONTHYECKOTO CUTHAJIA, YHEPTETH-
YECKUU PACUET, OTKPBITBINA ONTUYECKUIN KaHAI

duHaHCHPOBaHUE: FICCICIOBAHNE BBRITIOTHEHO 3a cUeT rpanTa Poccuiickoro HayuHoro gouma Ne 24-29-00595,
https://rscf.ru/project/24-29-00595/

Jnsa uurtupoBanus: baneesa E. A., banees B. A., Mypamkuna T. U. TIpoextupoBanne nckpoOe30MacHbIX BOIOKOHHO-OII-
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DESIGNING INTRINSICALLY SAFE FIBER-OPTIC SENSORS
FORMONITORING THE TECHNICAL CONDITION OF LARGE STRUCTURES

E.A.Badeeva', V.A. Badeev?, T.I. Murashkina®

1.2.3 Penza State University, Penza, Russia
'badeeva_elena@mail.ru, 2 vladbadeev4464@gmail.com, * timurashkina@mail.ru

Abstract. Background. Monitoring the technical condition of responsible and potentially dangerous large civil
and special structures, such as nuclear power plants, pipelines, bridges, and many others, in order to determine their
operability and safe operation, and to prevent emergencies is an important scientific and technical task. The monitoring

© baneesa E. A., Banee B. A., Mypamkuna T. 1., 2025. Konrent goctymnen mno aunensun Creative Commons Attribution 4.0 License / This work is licensed under
a Creative Commons Attribution 4.0 License.
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system for the technical condition of large facilities is a set of technologies and tools designed for visual and instrumental
monitoring of the technical condition of structures in order to prevent negative consequences in a timely manner by
identifying changes and predicting strength and the reliability of the elements. The purpose of the work is to prove the
intrinsic safety of a fiber-optic monitoring system for the parameters of the stress-strain state and the position of key
structural elements during operation. The task is to improve the operational characteristics of these systems under the
influence of external aggressive influencing factors, namely an explosive environment. Materials and methods. The
main approach to achieve this goal is an energy calculation that proves the intrinsic safety of a fiber-optic system, taking
into account the intrinsic safety criteria given in a number of scientific and technical sources. To solve this problem, a
fiber-optic monitoring system for the technical condition of large structures is proposed, including sensors for tempera-
ture, pressure, tilt angle, etc., providing an operational assessment of the parameters. Results. The intrinsic safety pa-
rameters of fiber-optic sensors of various physical quantities included in the monitoring system for the stress-strain state
of large structures operating under conditions of possible spark and explosion hazard have been studied. It is proved that
to ensure the safe operation of large civil structures, the maximum allowable optical signal level is 10 MW. For this
purpose, a unified circuit design of fiber-optic sensors is proposed, in which the optical signal level is lower than this
value. Conclusions. The energy calculation of the optical system of fiber-optic sensors with an open optical channel
used for monitoring the technical condition of large structures has proved their absolute intrinsic safety, taking into
account the intrinsic safety criteria of the measuring medium.

Keywords: monitoring system, technical condition, large structure, design, fiber-optic sensor, intrinsic safety,
optical signal level, energy calculation, open optical channel

Financing: the research was carried out at the expense of the grant of the Russian Science Foundation
No. 24-29-00595, https://rscf.ru/project/24-29-00595/

For citation: Badeeva E.A., Badeev V.A., Murashkina T.I. Designing intrinsically safe fiber-optic sensors for monitoring the
technical condition of large structures. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
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BBeaeHune

MOHUTOPUHT TEXHUYECKOTO COCTOSHHS OTBETCTBEHHBIX W IMOTCHIUAIBHO OMACHBIX TPaKIAHCKUX
Y CTIEIMATBHBIX COOPYKEHHH, TAKNX KaK aTOMHBIE JIEKTPOCTAHIINH, TPYOOIIPOBOIBI, MOCTHI M JIPYTHE, C Iie-
JIBIO ONpeneeHus UX paboTOCTIOCOOHOCTH M 0€30MacHOM IKCILTyaTallt, 00eCneYyBaeTCs TOCTOSHHBIM aB-
TOMaTHYECKAM COOPOM W perucTparueid JaHHBIX 00 00BEKTe C MOMOMIBIO CIEHATN3UPOBAHHOTO U3MEpPH-
TeNbHOTO JUCTAHIIMOHHOTO 00opynoBanus [1-7]'.

Coznanne 0e30macHBIX YCIOBHN JKCIUTyaTaIlly U MpeylpekIeHie aBapUiHbIX CUTyallnid Ha KPyTI-
HBIX OOBEKTaX TPaXKIAHCKOTO U CICIUAIBHOTO CTPOUTEIHLHOTO HA3HAYCHWS JIOCTHraeTCsS MOCPEICTBOM
TOYHOW TEXHUYECKON JUArHOCTUKH MX TEKYIIEro COCTOSHUS. B X0/1e MOHUTOpHHTa KOHTPOJIUPYIOTCS pas-
JIMYHBIC (PU3UYECKHUE BEIUYHHBI (TEMIIEpaTypa, yroj HaKjiIoHa, AedopMarus, JaBICHUE U T.I1.) U MPOIECCHI
KaK HEMOCPEICTBEHHO B KOHCTPYKITUAX OOBEKTOB, TaK W B rpyHTE [1-6]. JlaTunku (QU3NIECKUX BEIHINH
CHUCTEM MOHHMTOpPUHIA HampsbKeHHO-aedopmupoBanHoro coctosiHus (HJIC) u monoxkeHus KIOYEBBIX dJe-
MEHTOB KOHCTPYKIIMH SBJISIOTCS ITEPBONCTOYHIUKAMH, COOOIIAIONINMH O BO3HUKIINX HETATHBHBIX W3MEHE-
HUSX KOHCTPYKITUI COOPYKCHHI.

MonnTopuar H/IC 1 monokeHns KITF04eBbIX 3JIEMEHTOB KOHCTPYKIIMY TIOTEHIIHAIBHO OMACHBIX KPYTI-
HBIX TPaX/IaHCKUX U CIIEIHAIEHBIX 00BEKTOB MOXKHO ITPOBOUTH C TOMOIIBI0 COBPEMEHHBIX IMTEPCIICKTHBHBIX
BOJIOKOHHO-onTHdeckux AardukoB (BOJI). B mocnemnne romel Bce Oofblliee BHUMAHHE VACISICTCS BOJIO-
KOHHO-ONTHYECKUM CUCTEMaM Tepeavyr JaHHBIX U 3aMEHE YCTAPEBIINX UCKPOTIOKAPOOIACHBIX AIEKTpHYe-
CKUX TICTICH M DJIEMEHTOB. B cocTaB BOJIOKOHHO-ONITHYIECKOHW cucTeMBbI MOHHTOpHHTA (BOCM) TEXHUYECKOTO
COCTOSIHHSI KPYITHBIX COOPY>KEHHUI MOTYT BXOAWTH U3MEPUTEIILHBIC TIPUOOPHI — JaTYMKH JAaBlIeHUs, aedop-
MaIiii, TeMIIeparypsl, THHEWHBIX MTEPEMEIeHHH, YIIa HaKJIOHA, a TAK)Ke CHCTEMa TePMOMETPHH, aHAIH3a-
TOPBI CUTHAJIOB, BOJJIOKOHHO-ONTHYECKUN MYJIBTUILIEKCOP U T.I0. [7-9].

B uncno ocHOBHBIX TpeGoBaHwMiA, peabsaBiasieMbix K BOCM TeXHUYECKOTO COCTOSIHUS KPYITHBIX CO-
OpYKEHHH TPaKAAHCKOTO W CTPATETHUECKOTO HAa3HAYCHUS, BXOIAT MOKa3aTean 0e30TKa3HOH paboThl, MpH-
ONMKEHHOW K eMHHUIIE, TPOYHOCTH KOHCTPYKIIMH TPH OJATOBEYHOCTH cocTaBisttomieit 25...60 ner [9, 10].
KoHcTpykTHBHBIE OCOOEHHOCTH DPa3MELIEHHSI ONTUYECKOro OOOPYIOBaHUS IOMYCKAIOT €ro HaxXOKIeHHE
B 30HE MMOTEHIIMAJIHHO B3PHIBOOIIACHOW WJIM B HEMOCPEACTBEHHOW ONM3M OT Hee, MPH STOM T'€HepHUpyeMoe
000pyI0BaHUEM H3JIyUCHHUE MOXET PaclpOCTPAHATHCS B Mpeeiax B3pbIBoonacHou cpesl [9, 10]. A ompe-
JleTIeHHBIE THIIBI U3/TyYeHHs MOTYT BOCIIAMEHUTE B3PHIBOOMACHYIO cpexy [9, 10]°.

'TOCT 31937-2024. 3nanus u coopysxenus. Ilpasuna o6cIeI0BaHN i MOHUTOPHHTA TEXHMIECKOTO COCTOSHHSL.
2T'OCT 31610.28-2012/IEC 60079-28:2006. B3prioonacusie cpennl. YacTs 28. 3amura 060pyI0BaHHS | TIE-
pemaroINX CUCTeM, UCTIoNb3ylomux ontudeckoe mryderue (IEC 60079-28:2006, IDT).
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ITpu sKCITyaTanny KPyIHBIX COOPY)KEHUH MPUCYTCTBYET PUCK BOCIUIAMEHEHHUS TOPIOYHX CMECEH BO-
ZOpOJIa C OKHMCIUTENEM, 00YCIOBIEHHBIX HATHYHEM ITUPOKOTO CIIEKTPa MOTEHIIHAIBHBIX HCTOYHUKOB HHH-
[IUUPOBAHUS TOPEHHUS, K KOTOPBIM OTHOCSITCS TIJIaMs, SJIEKTPUUECKHE Pa3psAibl, TEPMUIECKOE BO3ICHCTBHE,
pacIuIaBiICHHbBIC, YIAPHbIC BOJHBI U T.I1. BhIIeyKa3aHHBIE TPOIECCHI MPUBOIST K MOBBIIICHHUIO TEMITEPATYPBI
YaCTH TOPIOYEH CMECH, MHUIMHAPYSI PEAKIIUN TOPEHHS B COCENHUX CIIOSX, IPUBOMS K PacIIpOCTPaHEHHMIO TIIa-
MEHHU 110 BceMy 00bemy cmecu [10].

Ienb paboTe! — moKazarsk uckpobezomacHocth BOCM napamerpo HJIC v mosoKeHHsI KITFOUEBBIX dJie-
MEHTOB KOHCTPYKIIHH BO BPEMsI SKCILTyaTaI[Hu.

MarepnaAbl H METOABI

OCHOBHBIM TIOAXOIOM [UISI TOCTIDKEHHSI TTOCTABICHHOW IIETH SIBIISIETCS IHEPreTUYEeCKHH pacuer,
JoKaspiBatonMid uckpobesonacHocte BOCM ¢ yyeToM KpuTepHeB HCKpOOE30MacCHOCTH, NPUBEICHHBIX
B pslie HAyYHO-TEXHUYECKUX MCTOYHHKOB, OTIENHHBIC TOJIOKEHHsI KOTOPBIX MpUBEAEHHBI Hibke. CormacHo
m. 3.14 TOCT 31937-2024, «MOHUTOPWUHT TEXHUUYECKOTO COCTOSHUS YHUKAJBHBIX 37MaHUH (COOPYXKEHHM) —
9TO CHCTeMa HAONIONEHUST W KOHTPOJIS, MPOBOJMMAS 10 OMNpEACIeHHON mporpamme sl oOecreueHHs
Oe3omacHOro (PyHKUIMOHHMPOBAHMS YHHUKAJIbHBIX 3HaHUM WM COOPY)KEHHH 3a CYET CBOEBPEMEHHOTO
oOHapyXeHUsI Ha paHHEW CTaauM TEHICHIIMW HETaTHBHOTO M3MEHEHUS HaIlpsKEHHO-Ae(QOpPMHPOBAHHOTO
COCTOSTHHSI KOHCTPYKLHUI U I'PYHTOB OCHOBaHW WJIM KpeHa, KOTOPBIE MOTYT IOBJIeYb 3a cO0O0H Tepexon
00BEKTOB B OIPaHUYEHHO-Pa00TOCIIOCOOHOE HITH B aBApUITHOE COCTOSIHUE, a TaKXKe JJIs ITOTyYeHHsT HeoOXo-
JTUMBIX JTaHHBIX I pa3pabOTKH MEPOTIPUSTHHA 0 YCTPAHEHHIO BISIBICHHBIX HETAaTHBHBIX SBICHUH U TIPO-
11eCCOB» .

Ha ocnoanuu 1. 3.22 T'OCT 31937-2024 «cuctemMa MOHUTOPHUHTA MHKEHEPHO-TEXHUIECKOTO 00eC-
MIEYEHUsS] — 3TO COBOKYITHOCTh TEXHHYECKHX M MPOTPaMMHBIX CPEIICTB, IMO3BOIISIONIAS OCYIIECTBIATH COOP
u 00paboTKy HH(POPMAITIH O Pa3THIHBIX apaMeTpax paboThl CHCTEMbI HHKEHEPHO-TEXHIIECKOTO obecte-
YeHUs 3MaHus (COOPYKEHHsI) B IENsAX KOHTPOJS BOZHHKHOBEHHs B HEH JeCTaOMIU3UPYIOMMX (aKTOPOB
U miepenadd COOOIIEHUH O BOSHUKHOBEHUH HMJIM MPOTHO3E aBAPHUHBIX CUTYAIMi COOCTBEHHUKY WJIM HHOMY
JTHILY, OTIPE/IENIEHHOMY COOCTBEHHHKOM .

B cootBercTBuu ¢ 1. 4.9 TOCT P 22.1.12-2005 «cucTeMbl MOHUTOPUHTA U YIIPABIICHUS WHXKEHEP-
HBIMH CHCTEMaMH 3J]aHUH W COOPYKEHHIA TOJICKAT 0053aTeIbHOW YCTAHOBKE Ha MOTEHIIMAIBLHO OMACHBIX,
0Cc000 OMACHBIX, TEXHUYECKHU CIIOKHBIX U YHUKAIBHBIX 00BEKTaX, TAKMX KaK SIEPHO- W/WIH PaJHalliOHHO-
OITacHbIe OOBEKTHI (aTOMHBIE AIIEKTPOCTAHITUH, MICCIEN0BATEIbCKIE PEAKTOPHI, MPEANPHUITHAS TOTUTUBHOTO
[MKJIA, XPAHUJIUIA BPEMEHHOTO H JIOJTOBPEMEHHOTO XPaHEHHUS SIEPHOTO TOTUTMBA U PaJMOAKTUBHBIX OTXO-
JIOB); OOBEKTHI KOCMUYECKON MHPPACTPYKTYPBI; a3pONOPTHI U 00BEKTHI UX HH(PPACTPYKTYPBI; 0OBEKTHI WH-
(hpacTpyKTypsl KeJIe3HOJOPOKHOTO TpPAaHCIOpPTa OOIIETO IONB30BAaHUS; MarucCTpPabHBIE Ta30-, HedTe-
¥ IPOLYKTOMPOBOIBI M MHOTHE JIPYTHE»’.

ITo 'OCT 31610.11 uckpobe30macHOCTb — 3TO «BUA B3PHIBO3AIINUTEI, OCHOBAHHBIA HA OrpaHUYCHUH
AIIEKTPUYECKOM SHEPTHH B O0OPYIOBAHUU W COCIMHHUTEIBHON MPOBOAKE, KOTOPHIE MOJBEPTAIOTCS BO3/EH-
CTBHIO ITOTEHIIMAIBHO B3PHIBOOIIACHOH CPEbl, 10 3HAYSHHS HIDKE YPOBHS, BBI3BIBAIOIIETO BOCIUIAMEHEHHE
OT UCKPEHHUs MM HArpeBay”.

CrcreMa MOHUTOPUHTA TEXHUYECKOTO COCTOSHUS KPYITHBIX OOBEKTOB — 3TO COBOKYITHOCTh TEXHOJOTHIA
Y MHCTPYMEHTOB, TIpeIHA3HAYEHHBIX ISl BU3YaJbHOTO M WHCTPYMEHTAIBHOTO HAOIONEHHS 32 TEXHIYECKUM
COCTOSIHUEM KOHCTPYKIIMH C IIENBI0 CBOCBPEMEHHOTO BBISIBJICHUSI N3MEHEHUH, OLICHKH M MIPOTHO32 ITPOYHOCTH
1 Ha/ISKHOCTH 3JIEMEHTOB, MPEAYNPEKACHHS H YCTPAaHEHHS TIOCJIEICTBUI HETaTUBHBIX MTPOLIECCOB.

PesyapTaThI

Cormmacao I'OCT 31610.28-2012/IEC 60079-28:2006, uckpobe30macHoe ONTHIESCKOEe U3ITyUCHHE —
9TO «BUAMMOE WM UHPPaAKpaCHOE UITyUeHHEe, KOTOpPOEe HECIOCOOHO B HOPMAJIBHBIX YCIIOBHSX U YKa3aH-
HBIX YCIIOBUSIX HEHCIPAaBHOCTH MPHBOIUTH K OOPa30BaHUIO SHEPTHH, TOCTAaTOUYHOW Ui BOCIJIAMEHEHMS

'TOCT 31937-2024. 3nanus u coopyxenus. [IpaBuia oGce10BaHNsS 1 MOHUTOPMHTA TEXHHYECKOTO COCTOSHHYSL.

2 Tam xe.

3TOCT P 22.1.12-2005. be30macHOCTh B Ype3BBMAMHBIX cUTyamusax. CTPyKTYpHPOBAHHAsS CHCTEMa MOHHTO-
PHHTa U yIPaBIeHUS] HH)KEHEPHBIMU CHCTEMaMH 31aHUH U coopykeHui. O01e TpeOoBaHMs.

4 TOCT 31610.11-2014. (IEC 60079-11:2011). B3prisoonacusie cpenpl. Yacts 11. OGopynoBanue ¢ BHAOM
B3pBIBO3AIINTHI «UCKpoOe3omacHas snekrpudeckas uenb «i» (IEC 60079-11:2011, MOD).
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yKa3aHHo# onacHoit»'. TIo3ToMy Moaxos K 6e30MacHOCTH OCHOBBIBAETCS HA OFPAHMYEHMH MHTEHCHBHOCTH
Iy4Ka ONTUYECKOro u3nydeHus. st 3Toro pa3paboTaHbl CXeMHO-KOHCTpYKTUBHBIE ucnionHerus BO/] ¢ o1-
KpbIThIM onTrdeckuM kaHanoM (OOK) [7, 8, 11, 12], yaudunupoBaHHas CTPYKTYpHasi CXeMa KOTOPBIX MPH-
Be/IeHa Ha puC. | U B KOTOPBIX B KaY€CTBE HCTOYHUKOB M3JTyYEHHUS UCTIONB3YIOTCS HH(PpaKpacHble CBETOIH-
0J1bI MAJIOW MOILTHOCTH U COIJIACOBAHHbIE C HUMU 10 CIIEKTPY (POTOANONBI, 4TO 00ECIIEUNBAET BOZMOXKHOCTh
pacIoIoKeHHsI UX BO B3phIBOOIIACHOM 30HE.

cy " | BOK BOII
VIOI (OP1)

0
i 11 G — m——> moB W—_—>5

X
bIIN .

I 1

VIO2 (OP2) =

e 1 Q— oy 00B 1

I(x) o) " (X) @)

VIO3 (OP3)
g T2 %!:nn < 00B2 <—Wm
®"y(X) (%) Pa(X)

B(X)
I |

Judpdepenmmansubiii BOJ

Puc. 1. Yaudunuposannas ctpykrypHas cxema BO/I, B KOTOpBIX B Ka4eCTBE UCTOYHUKOB U3JTy4EHHS UCIIOIB3YIOTCS
MH(paKpacHbIe CBETOMO/IbI MaJIO MOIITHOCTH U COTJIACOBAHHBIE C HUMHU T10 CHEKTPY (poTOIMOIbI:
BIIN — 6ok npeobpazoBanus nadopmanum; BOJl — BOJOKOHHO-ONTHYECKHH TATUHK;
CYVY — cornacyrwomee ycrpoictBo: MU — nctounuk n3nyuenus, [T — mpueMHUK U3ITydeHuUs;
V1O — y3en roctipoBkr (OP — ontuaeckuii pazbem); BOIT — BOTOKOHHO-ONTHYECKUH N3MEPUTENBHBIN
npeobpaszoBarens; BOK — BomokonHO-onTHaecKuit kabens (IIOB — moaBoasmiee onTnaeckoe BOJIOKHO,
OOB - otBomsIIEE OTITHYECKOE BOOKHO); UIT — m3mMepuTensHBII npeodpa3zoBaTeib

HCOGXOZ[I/IMBIM YCJIOBUEM OLICHKU I/ICKpO6630HaCHOCTI/I ONITUYCCKOTO U3ITYUCHUSA ABJIACTCA IMPOBECACHUC
SHEPreTHYECKOTO pacueTa TPaKTa BOJIOKOHHO-ONTUYECKHX IIEMEHTOB U CPEICTB H3MEPEHUH, KOTOPEIE BXOIAT
B COCTaB M3MEPHUTEIIFHOI CHCTEMBI M PACIIONaratoTCs B 30HE, T MOKET IPON30UTH BOCIIITAMEHEHHE 2JIEMEHTOB.
I'OCT 31610.28-2012/IEC 60079-28:2006 periaameHTHpYyeT YeThIpe MEXaHW3Ma BOCIUIaMeHeHHs1 (puc. 2).
B koucTpynpyembrx BO/] ucnons3yercs nHppakpacHOe U3IyYCHHE, U HCTOYHUKOM H3JIY4YCHUS BHICTYIIAIOT
CBETOJIMOJIBI MaJiol MOIIHOCTH, TodToMy ¢ ydetoM mpemmucanuid ['OCT 31610.28-2012/IEC 60079-
28:2006 nBa mociaeaHUX MEXaHM3Ma BOCIUIAMCHEHHS He OyAyT paccMaTpUBaThCS W HanOoJiee BEPOSTHBIM
MEXaHU3MOM BOCIIAMEHEHUSI MOXET BBICTYyNaTh nepBbii. OOOCHOBAaHUE COOTBETCTBHUS CHCTEMBbI MOHHTO-
punra Ha ocHoBe BOJl HOpMaTHBHBIM TpeOOBaHMSIM B3PHIBOOE30MACHOCTH SABJISIFOTCS KPUTEPHHU TI0 YPOBHIO
MOIITHOCTH ONTHYECKOTO H3Ty4eHHs, KOTOPBIE IMMPOKO OCBSIIEHBI B HCCIeoBaHMsAX [9—13]%.

'TOCT 31610.28-2012/IEC 60079-28:2006. B3prisoonacHble cpeabl. YacTs 28. 3ammTa 060pyI0BaHUS | Tie-
PEeMalOIINX CHCTEM, UCTIONB3YIomuX ontudeckoe mrydenue (IEC 60079-28:2006, IDT).

2TOCT 31610.28-2012/IEC 60079-28:2006. B3prisoomnachbie cpeabl. YacTs 28. 3ammra 060py10BaHNs U Tie-
pemaroIx CHCTeM, HCTIONB3ytonx onTrdeckoe uanyuenue (IEC 60079-28:2006, IDT) ; TOCT P 22.1.12-2005. bes-
OIAaCHOCTBH B YPE3BBIYAHHBIX CHTyauusx. CTpYKTYpHpOBaHHAs CHCTEMa MOHHTOPHHIA U YIPaBICHUS WHKCHEPHBIMH
cucTeMaMu 31aHui u coopysxeHmit. Oo6mme Tpedosanus ; TOCT 31610.11-2014. (IEC 60079-11:2011). B3preiBoomac-
Hble cpeapl. Yacte 11. OGopynoBaHue ¢ BHIOM B3pBIBO3AIINUTHI «HCKpoOe3onacHas dnektpuueckas uenb «i» (IEC
60079-11:2011, MOD).
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1) onTrYECKOe U3NYHEHUE NOTNOWALTCA NOBEPXHOCTAMM MAM HACTHULAMM, BbI3LIBAA UX HArPes, U 8
ONPEAENEHHBIX YCNOBUAX OHWU HArPEBAIOTCA A0 TEMNEPATYPLI, NPU KOTOPOI BO3ZMOXKHO BOCNNAMEHEHHE
OKPYM¥aowein B3pbIBOONACHOM Cpeab! )

2) Tennosoe socnaameHeHue o6bema raza, ecnm ONTUYECKan ANMHA BONHBI COBNAARALT C NONOCON
NOTNOWEHMA rasa

3) poroxummnyeckoe BocnNameHeHue scneacTsne GoToanccoumaumn MONEKyN KMCNOPOAA U3NYYEHUEM B
yNbTPadMOoNeToBOM AMANAZOHE ANUH BONH

( 4) nHAYUMPOBAHHBIN Nazepom NPo6oit B raze B8 GOKYCe MHTEHCUBHOrO NYYKa ¢ 06pa3osaHMem NNasmbl U
YAIPHOM BONHDBI, KOTOPLIE ACHCTBYIOT KaK MCTOMHUKM BOCNNAMEHEHUA

Puc. 2. MexaHn3Mbl BOCIIIAMEHEHUS

[ psiga ra30B ¥ MapoB MUHMMAaJIbHAA TEMIIEpAaTypa CaMOBOCIUIaMEHEHH JIOKAIU3YeTCs B THana3oHe
ot 100 mo 550 °C, mpu 3TOM B3pBIBOOE30MIACHBIM YPOBHEM MOIIIHOCTH SBIISIETCS YPOBEHB B Ipenenax ot 70
1o 400 MBT (Tab6m. 1) [14]. Takum oOpa3om, ecimm onTHYECKasi MOITHOCTh COcTaBiisieT oT 70 MBT u BhIIIIE,
IIPH PacIpOCTPAHEHUH ONTHYECKOTO M3IY4YEHHS B MOTEHIMAIBFHO B3PHIBOOIACHOMN cpesie, TO COXpaHsAeTcs
PHCK BOCIJTAMEHEHHUSI MITH B3pbIBa'.

Taobmuua 1

Hanmenpmme TEMICPATYPBI CAMOBOCIINIAMCHCHUSA HEKOTOPBIX I'a30B B CMECH
C BO3AYXOM IIpH aTMOC(bepHOM JaBJICHUHU U MUHHUMaJIbHasA BOCINIaMCHAIOIIass MOIITHOCTh

Ta3 Temneparypa camoBociuiamenenus, °C MuHnManbHas BOCIIAMEHSIONIAst MOIITHOCTh, MBT
[Iponan 500 390
Bonopoa 530 200
Jmstmmndup 160 120
Cepoyriiepon 100 70

B nensix moBslieHust 6€30TKa3HOM HAACKHON paObOThl CHCTEMbI M TOUHOCTH MTPOU3BOAMMBIX H3MEpE-
HUH, 715 TPpeJOTBpalIeHHs BTOPOro MeXaHn3Ma BocimaMeHeHus1, onrcadHoro B [OCT 31610.28-2012/IEC
60079-28:2006, pekOMEHIyETCSI MPUMEHSATH CBETOU3IYYAIOIINE JUOIbI, AJIMHA BOTHBI ONTHYECKOTO U3ITyue-
HUS KOTOPBIX HE COOTBETCTBYET JJTUHE BOJHBI MOTJIOIICHHUS ra3a, MPUCYTCTBYIOIIETO B 30HE U3MEPEHHH.

O6cyxpenne

Ha yyacTke cucTeMbl MOHUTOPHHTA TEXHHYECKOTO COCTOSTHUS 00BEKTOB (pHC. 3) Ha OCHOBE MPOCKTH-
pyembix BOJl ¢ OOK, BriIrOUaromumx BOJIOKOHHO-ONTUYECKUE U APYTHE IIEMEHTBI AJISl UCKIIOUEHHS TIPOSIB-
JICHHSI MEXaHMU3MOB BOCIIJIAMEHEHHSI C TOMOIIBIO SHEPIreTHYECKOr0 pacueTa, OLleHeHa €€ HICKpOOe30IIacHOCTh
[7,8, 11, 12, 15, 16]. OGecnieueHre SHEPTETHUECKOTO OajlaHCa ONTHIECKOW MOIIHOCTH B TPAKTE TepeIadn
WHPOPMAITUH MEXKITY UCTOUHUKOM HU3TYUICHHUS U IPUEMHHUKOM SIBISIETCSI HEOOXOAMMBIM YCIIOBHEM ISt (DYHK-
LUOHUPOBAHUS HCKPOOE30MACHOM CHCTEMbl MOHUTOPHHTA.

Onrtryeckuil CUrHAJ, JBUTasCh 10 3JIEMEHTaM TPaKTa CUCTEMBI 10 ITyTH OT UCTOYHHMKA WU3JIydEeHUs
110 IPHEMHHUKa U3TYUYECHHS, TPOXOMS 10 BOJOKOHHO-ONTHYECKOMY Kabero, MUHYET HECKOJIBKO Y3JI0B FOC-
TUPOBKH, TIPH 3TOM KaXKABI 3JIEMEHT y4acTKa CHCTEMBI BHOCUT ONPEACICHHBIN MPOLICHT MOTEPh MOTOKA
cBeTa N,. B HemocpencTBeHHOM 30HE U3MEPEHHS BOJOKOHHO-ONTHYECKOTO NMPeodpa3oBaTells TakKe MpH-
CYTCTBYIOT HEKOTOpbIE IOTEPH CBETOBOTO MOTOKa. [Ipon3BeneHa omeHKa BO3MOKHOIO 3HAUYCHUS 3aTyXa-
HUS TIOTOKA, BHOCHUMBIX 3JIEMEHTAMHU TPaKTa UCTOYHUKOB IIOTEPb CUCTEMbl MOHUTOPHUHIA TEXHUYECKOTO
cocrostaud (Tabum. 2). [To oneHke cyMMapHbIe CBETOBBIE IOTEPH CHCTEMbl MOHUTOPUHTA OYAYT COCTABIISTh
Ne=(M + M2+ M3+ Na + N0 + NeQ + N7Q)N. 3aryxaaue Bo BceM BOK cocrasmsier 0,05-0,2 nb/xm

'TOCT 31610.28-2012/IEC 60079-28:2006. B3priBoonacusie cpeasl. Yacts 28. 3amura 060pyI0BaHHUS U Tie-
penaroImX CUCTeM, HcToNb3ytomux ontniyeckoe m3nyuerne (IEC 60079-28:2006, IDT).
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W BBHJY TOTO, YTO JJIHHA ONTHYECKUX BOJIOKOH B 30HE U3MEPEHUs He Oojee 1 M, MO3TOMY MOXKHO JOMY-
CTUTD, 4TO N2 = N6 = 0.

cy m BOK
N2

|

il [0 > VIOl (OPl) JD:{> >

I10B
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L8170 — | Y%Du R —1]
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Puc. 3. PacuetHas cxema ydacTka cucTeMbl MOHUTOpHHTa ¢ BOJ]

Taobmnuua 2

CyMMapHBI€ CBETOBBIE MIOTEPH CHCTEMBI MOHHUTOPHUHTA

CymmapHoe 3atyxanue, 1b
OIeMEeHT TpakTa .
npu N — KOJIMYECTBO NTOBTOPEHUH

BBoj m3nmydeHns 0T CBETOAMOIA B KaOeb, Y3eI FOCTUPOBKU n = (10...11)N
BosokoHHO-onTHUeCKUi Kabenb, npu JuuHe O 0JMHOYHOro BosIokHa 10 100 M | (M2 + Ne@)N = ((0,15 — 0,06)20)N
BBox usnyuenus o kabens B IpeoOpa3oBaTellb, y3el FOCTHPOBKU N3 =(3...6)N

30Ha U3MEpeHUsl, BOJIOKOHHO-ONTHYECKHIA IIpeodpa3oBareb MnaN=(...7)N

Bropg m3nmyuenns ot npeoOpas3oBaTels B Kabeib, y3el FOCTHPOBKH ns = (10...1DHN

Broj m3nmyuenns ot kabens B POTOAMO, Y3eT FOCTUPOBKU n7 = (10...11)N

VYron packpeiTus nyda ceeroaunona (60...140°) 3HaYUTENHPHO MPEBOCXOUT aANEPTYPHBIA yTol ONTH-
4ecKuX BOJOKOH (12°), BciencTBrue naHHOTO (haKTa 3HAYUTEIbHBIC TIOTEPU CBETOBOTO MOTOKA MPOUCXOIAT
B dJIEMEHTE TpakTa Ipu BBoje uinydenus B BOK u nepBom y3ne roctupoBku, T.€. M = 10...11 nb [12].
B y3nax 1ocTHpOBKM IPHCYTCTBYIOT TOTEPH CBETOBOTO MOTOKA, KOTOpble cocTasistor ot 0,5...0,7 1o 2 ab [12].
KomudaecTBo Touek pa3BersieHus (00bequHeHus) paBHo N — 1, Toraa cyMMapHbIe IOTEPU B HUX COCTABSIT 13
=2(N-1) nb,m9e=(0,5-0,7)(N—1) nb. B cooTBeTCTBHYU C JAHHBIMH, IPUBEACHHBIMH B Ta0J1. 2: MUHUMAJTLHBIE
CyMMapHBI€ TIOTEPH OTIPEAEIATCS KaK Nsmin = 10(N + 1) 1b, a MakcUManbHbIE CyMMapHBIE TTOTEPH OTIPEIETISITCS
KaK Mzmax = 13(N + 1) b, Torna cymmapHsle mOTepH B ONTHYECKHX TpakTax: nmpu N = 1 ny = 20...26 ab;
ampu N =31y =40...52 nb.

Jlmama3oH 9yBCTBHUTENHHOCTH TMPHUEMHHKA HM3IIyYE€HHUS COCTaBiIsLeT oT MuHYC 38 mo mmHyC 56 nb.
B omnTuueckoe BOJIOKHO HEOOXOIMMO BBOIWTH MOIIHOCTL CBETOBOro mortoka He menee 0,05..0,1 mBrT.
s HafexkHOM pabOThl CHCTEMBI ITPH YYBCTBUTEIILHOCTH MTPUEMHUKA U3TYYCHUS 0KOJI0 45 b Heo0X0oauMo
o0ecreunTs BBOAMMYIO B BOJIOKHO ONTHYECKYIO MOIIHOCTH MHHYC 5 ab. UTOOBI KOMIIEHCHPOBAThH MOTEPH
MOIIIHOCTHY B TPAaKT€ UCTOYHHUK U3Ty4eHUs NOJKEH BelnaBath 0,63 MBT. Ha ocHOBe paHHUX uccnenoBaHud
[10, 12] BEIOHparoTCS MaTOMOITHBIE HH(DPAKPACHBIE CBETOAMOBI U (DOTOIUOABI, COTJIACOBAHHEIE ¢ HUMH 10
ONITUYECKOMY CIIEKTPY M3Iy4eHus (Tadm. 3).
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Taobnuua 3

PexoMeHT0BaHHBIE MAJIOMOIITHEIE CBETO- M (POTOTHOIBI

CBeToanosn dortoanon
3J1107b dDJI256
3J1107b KdJIM
3J1107b DJ1-20-32K

3J1119 DJI19KK

JonoiaHnTensHO HE0OXO0UMO OTMETHTE, YTO IPUBEJCHHBIE B TA0JI. 2 SJIEMEHTHI UMEIOT ITOBBILIEHHYIO
HaJeKHOCTb, OATBEPKACHHYIO UX UCIOJIb30BAHUEM Ha U3MIETUSAX PAKETHO-KOCMUYECKON TEXHUKH.

BOCM TexHHYECKOTO COCTOSHHS KPYITHBIX COOPY)KEHHH COOTBETCTBYET TpeOOBaHUSM HCKPOOE3-
onacHocTu. [lockonbKy, BO-NIEPBBIX, MAKCUMAaJIbHAsI MOLIIHOCTh B 30HE PACIOI0KEHUS AIEKTPOHHBIX KOMITO-
HeHTOB (10 MBT) 3HaunTENpHO HIDKE KpuTHYecKOro 3HaueHus (70 MBT). Bo-BTOPBIX, MOIITHOCTH B 30HE W3-
MEpEeHUs CYIMEeCTBEHHO HIKe momyctumoro 3nadenust (0,05...0,1 mBt << 70 MBT) [17, 18].

3akArouenue

B cooTBeTCTBUU C yCTAaHOBJIEHHBIMH KPUTEPUSIMH HCKPOOE30IACHOCTH CpeJI, B KOTOPBIX MPOU3BO-
IUTCSl U3MEPEHKE TTapaMeTPOB 3JIEMEHTOB KPYIHBIX COOPYKEHUH Ipa)kIaHCKOTO M CIIEIMAIbHOTO Ha3Have-
HHS, B XOZI€ HCCIIEIOBAHMS 10 PE3yJIbTaTaM BBIITOJTHEHHOTO YHEPIeTHYECKOTO PacyeTa ONTHIECKOH CHCTEMBI
BO/I noarBepxkaeHo, 4To obectieueHa uckpobe3onacHoctb BOCM TeXHUYECKOTO COCTOSIHUSL COOPYKEHHH
npu ucnonb3oBanuyd BOJI ¢ OTKPBITHIM ONTHYECKUM KaHAIOM, IIPH MCIIOJIb30BaHNH B CBOEM COCTaBE B Ka-
4eCTBE HCTOYHUKOB M3ydeHus MK-cBeTonmoapr Manoi MOIHOCTH.
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PACYETHO-3KCIIEPUMEHTAABHBINI METOA UICCAEAOBAHUS
HAIIPSDKEHHO-AE@OPMHUPOBAHHOT O COCTOSIHUSI AOIATKH
BEHTHASITOPA ITPY UMUTALIVIN YAAPA C IITUIIEN
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1>2 MocKOBCKHIA aBHALIMOHHBIM MHCTHTYT, MockBa, Poccust
!lepeshkin.ar@gmail.com, 2 aungkhinemyint22@gmail.com

AHHOTAUMA. Axmyansnocms u yenu. [ToBpeXIeHHs] 3JIEMEHTOB aBUALMOHHON TE€XHHUKH MPU CTOJKHOBEHMSX
C NTHILIAMHU CYIIECTBEHHO CHIKAIOT YPOBEHb 0€30IMacHOCTH TOJIETOB B TpaKAaHCKOM aBuarmu. Hambomee omacHBIM
SIBJISIETCA TIOTAJaHKEe MTULIBI B IBUTATENb CAMOJIETa, IO3TOMY UCCIIEJOBAHUE COYAaPEHUS ITUIIBI C I€TAISIMU ABUTATENS
SIBIISIETCS aKTyaJlbHOU mpobaemon. Mamepuanvt u memoost. IIpennaraercs pacdeTHO-3KCIIEPUMEHTAIBHBIN METOT C-
CJIeJIOBaHUS HAIPSDKEHHO-IE(OPMHUPOBAHHOT'O COCTOSIHUS JIOTIATKU BEHTIIIATOPA IIPH UMUTALIMH yAapa ¢ ITulei. Pas-
paboTaHHBIN METO]] O3BOJISIET UCCIIEAOBATh yAapHBIE MTPOIECCHI M SBJICHHUS B JIOTIATKAX BEHTUIIATOpA ABUTATENs MPU
MMUTAUU COYJIapeHMs ¢ NTHULIEH C MOMOILIBIO YCTPOICTBA CO ClELUAIbHBIM YJIAPHUKOM M CHUCTEMBI PErHcTpaluu
Ha CIIEIMaJIbHOM ycTaHOBKe. Pesyibmamul u 66160061. C TIOMOIIBIO pa3pabOTaHHOTO METOJIa 3apETUCTPUPOBAHA Bpe-
MEHHasl TIOCJIeIOBATEIEHOCTh COOBITHI (KapTHH UHTEp(EeporpaMm, MepeMeIleHH U HAMIPSDKCHUI) B JTF000H MOMEHT
BpPEMEHH ITOCJIe Hadajia yapa ¢ IOMOIIHI0 IMATATOPA IITUIIH (CIIEHAIEHOTO YAaPHHUKA) U, COOTBETCTBEHHO, ITOTyYSHEI
Ppe3yNbTaThl HalPsHKEHHO-Ie(hOPMHUPOBAHHOTO COCTOSHHUS JIOTIATKH M TapaMeTpOB YIapHOTO Mpoliecca. AHaIN3 pe3yiib-
TaTOB MCCIICIOBAHMUI C UCTIOIF30BaHIEM pa3pabOTaHHOTO METO/IA ITO3BOJISIET MOTYINTh U3MECHEHNE HANIPSDKECHIN 1 TIepe-
MEIICHUH B MPOIIECCE COYIAAPECHUSI C UMUTATOPOM IITHIIBI M OIIPEICITUTh YYACTKH JIOMATKH, B KOTOPBIX HAOJIFOJAF0TCS MaK-
CIMAITFHBIC HATPSDKCHUS M TiepeMemieHus. Pa3paOoTaHHBIA pacdeTHO-3KCIEePUMEHTAIBHBI METOX W TIONy4YCHHBIC
PEKOMEHTAIUK MOXKHO MCIIOIB30BaTh JI MCCICIOBAHMI HECTAMOHAPHOTO HAIPSHKEHHO-E(hOPMUPOBAHHOTO COCTOSIHUS
JIOIIATOK BEHTISITOPOB U IPYTHX JICTANICH IBUTATENS U YJIEMEHTOB JIETaTeIbHBIX allllapaToB TP UMUTAIMH yIapa C ITUIICH.

KuroueBble c10Ba: pacueTHO-3KCIIEPUMEHTAIBHBIN METO/I, pacdeTHOE MOJIEITMPOBAaHUE, UMUTATOP MTHIIBL, JIO-
MaTKa BEHTIISITOPA, HANIPSDKEHUS, IEpEMEIeHHNS, yAap
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Abstract. Background. Damage to aircraft components due to bird strikes significantly reduces the level of flight
safety in civil aviation. The most dangerous is when a bird hits an aircraft engine, so the study of bird strikes on engine
parts is a pressing issue. Materials and methods. A computational and experimental method for studying the stress-strain
state of a fan blade during a simulated impact with a bird is proposed. The developed method allows one to study impact
processes and phenomena in engine fan blades during a simulated impact with a bird using a device with a special striker
and registration systems on a special installation. Results and conclusions. The developed method allowed us to record
the time sequence of events (interferogram patterns, displacements and stresses) at any time after the start of the impact
using a bird simulator (special striker) and, accordingly, to obtain the results of the stress-strain state of the blade and
the parameters of the impact process. Analysis of the research results using the developed method allows us to obtain a
change in stresses and displacements during the impact with the bird simulator and to determine the blade sections in
which maximum stresses and displacements are observed. The developed calculation and experimental method and the
obtained recommendations can be used to study the non-stationary stress-strain state of fan blades and other engine parts
and aircraft elements during the imitation of an impact with a bird.

Keywords: computational-experimental method, computational modeling, bird simulator, fan blade, stresses,
displacements, impact
For citation: Lepeshkin A.R., Aung K.M. Calculation and experimental method of studying the stress-strain state of a fan

blade when simulating an impact with a bird. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
2025;(3):110-118. (In Russ.). doi: 10.21685/2307-4205-2025-3-11

BBepenne

AHanmm3 MOBPEXKACHUI aBHAIMOHHON TEXHUKH M aBHAIMOHHBIX ra30TypOWHHBIX JBUraTeleH B YCIIO-
BUSIX DKCIUTyaTallud PaccMaTpUBaeTcsi BO MHOTHX paboTax [1-7]. Cnemyer Takke yYUTHIBATH U TTOBPEXKIC-
HUS 3JIEMEHTOB aBHALIMOHHOM TEXHHUKH MPU CTOJIKHOBEHUSIX C MTUIAMH, KOTOPHIE CYIIECTBEHHO CHUXKAIOT
YpOBEHB OE30ITaCHOCTH MOJIETOB B TPAXKIAHCKOM aBuariu. TpeboBaHus K MPOYHOCTHON HAIE)KHOCTH JBHUTA-
TeJel JeTaTeNbHbBIX allapaToB MMPH CTOJIKHOBEHUH C MITUI[AMH HITH OOpPBIBE JIOMATKH BEHTUIISATOPA JOJDKHBI
OBITH ITOITBEPKICHBI TIPH CTICIIHATBHBIX HCIIBITAHMSIX eTajeh apurarend [1, 7-10]. Hambomnee pactpocTpaneH-
HBIM CIIOCOOOM TIOATBEPKIICHUS MTHIIECTOWKOCTH JIBUTATENS SBIISICTCS MPOBEACHNE HCIBITAHUIA C 3a0pocom
B pa0oTaroImuii IBUTATEIh MITULl, COOTBETCTBYIOIIUX I10 YMCITy 1 Macce. OHaKO MpH Bcel HArJsITHOCTH UC-
MIBITAHUH C 3a0pPOCOM TITHI] HEBO3MOXKHO JIaTh UCUEPIIHIBAIOIIYIO OIEHKY JNeHCTBUTEIFHOW CTOMKOCTH JBU-
ratess CTOJIKHOBEHHIO ¢ THIiaMu. Kpome Toro, Takue NCIIBITaHHS XapaKTePH3YIOTCS BRICOKOW CTOMMOCTBIO
9KCIIEPUMEHTOB B HATYPHOM HCIOJIHEHUHU. PacueTHbIN aHaIN3 MO3BOJISET PACIIMPUTh 3HaHUS U IIPECTaBIIe-
HUS 00 yZapHOM Ipolecce B3auMOACHCTBHS NTHLBI C JIOMATKOW BEHTUIATOPA ABUTAaTeNsl U MO3BOJISIET CO-
KpaTUTh KOJIMYECTBO HKCIIEPUMEHTOB U, COOTBETCTBEHHO, CHU3UTh CTOMMOCTb UcTIbITaHUN. MeeTcsa qocra-
TOYHOE KOJMYECTBO aHATUTHUYCCKHX WU YUCIACHHBIX Mojeleh [10—16], onmruchIBarONMX MOBEACHUE JOMATKH
BEHTHJIATOpA IIPU TONaJaHUH B Hee IIOCTOPOHHUX NMpeaMeToB — NTUll. OTHAKO pacyeTHBIH aHaIN3 HCIIONb-
3yeTcsl Ui HEKOTOPOTO KOCBEHHOTO CPAaBHEHUS C 3KCIEPUMEHTOM M He MCHOJb3yeTcs A 00paboTKu pe-
3yJbTAaTOB SKCIIEPUMEHTOB.

B cBs13u ¢ 3THM B gaHHON paboTe MpeaIaracTcs K pacCCMOTPEHUIO PACUETHO-3KCIIEPUMEHTATBLHEIN Me-
TOJ WCCIIEOBAaHUS HaIPSDKEHHO-IE(QOPMHPOBAHHOTO COCTOSHUS JIOMIATKH BEHTHIIATOpPA TPH HWMHUTAIHH
yaapa ¢ ITUIEH Ha CIeruanbHON ycTaHoBKe. IIpenmaraemerii pa3paOOTaHHBIN pacueTHO-IKCIIEPHUMEHTAITb-
HBI METOJ IMEET HAYYHYIO0 HOBHU3HY, TEOPETHUECKYIO M MTPAKTHIECKYIO 3HAUNMOCTD M TTO3BOJIAET HCCIIEN0-
BaTh yJapHbIE MPOIIECCHI U ABICHUS U HANIPSHKEHHO-Ie(OPMUPOBAHHOE COCTOSHUE B JIONIATKAX BEHTUIIATOPA
CY npu uMHTAIH COYAapeHHs C NTHIIEH C UCTIOIH30BAHUEM CIIEIIHAIHbHOTO 000PYI0BAHUS, CHCTEMBI PETH-
ctparun ¢ [13C-kamepoii u pacueTHO-iporpaMMHoro obecriederns. [13C-kamephl yCIEnHO UCTIONB3YOTCS
U B IpyTUX Hay4HBIX obnactsx [17].

MeToANKa U pe3yAbTAThI HCCACAOBAHHI

W3BecTHO, 4TO IPH UCCICIOBAHUH YIAPHBIX SIBICHUH HEOOXOAMMO OCYIIIECTBUTD 3aITyCK PETHCTPHUPY-
IOIIeH anmapaTypsl 10 TOTO, KaK YAApHUK (MMHUTATOP NTHUIIbI) BOHAET B COMPUKOCHOBEHUE C UCCIIETyeMOit
JIOTIATKOM MM €€ MOJIEIbI0. DTO HEOOXOAMMO JIJISl TOTO, YTOOBI PETUCTPALUs MPOIecca Hayalach B MOMEHT
KOHTaKTa WK B J1I000€ 3aJaHHOE BpeMsl TToclie Hadana coObITHA. TakuM oOpa3oM, IpU UCTIOB30BaHUH TO-
norpaduueckoit naTepdhepomerpuu [18, 19] nosiBisercs mMMUpoKas BO3MOKHOCTh MOJYYUTh BPEMEHHYIO T10-
CJIeIOBATEIbHOCTh COOBITHI (KapTHH UHTEpdeporpaMM U rmepeMelieHii) B 1000 MOMEHT BPEMEHH TOCIIe
Havajia yJaapa ¢ MOMOIMIBI0 yJapHHKA, MOTYYaIONIer0 MMITYJIbC SHEPTHH OT AJIEKTPOMArHUTHOW KATYIIKH.
Peructpamnmst pa3BepTKH MCCIEAYEMOT0 TPOIecca MPOU3BOAMIACH C MCIIONB30BaHNEM TU(GPOBOIT KaMepbl
¢ [I3C-marpureit Ha cnenmanbHON rojorpadudeckor ycraHoBke. Takum oOpa3oM ObLIA MOTyYIEeHA TTOCIIEI0-
BaTEIBHOCTH HHTEP(EpOrpaMM JIOTIATKH, COOTBETCTBYIOINX KKIOMY MOMEHTY BpeMerH (puc. 1), T.e. ¢ yde-
TOM BPEMEHH 3aJIepKKH TIOCIe Havaja yaapa.
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a) 0) 6) 2) 0) e)

Puc. 1. HOCJ’ICI[OBaTGJ'ILHOCTL HHTep(beporpaMM JIONATKU BEHTUWJIATOPA IPU UMUTAIUU COYAapEeHUs C HTI/IHCf/iZ
a-1t=05mc;6—-t=15Mc;6—T=2,5MC;2—T=5MC;0—T=10MC; e—T=25McC

Jlanee HayMHAaeTCS pacueTHas YacTh pPa3pabOTaHHOTO PaCUYETHO-IKCIIEPUMEHTAILHOTO METOoJa.
Ha nepBoM 3Tane pacueTa kaxaast ”HTepdeporpaMma (COOTBETCTBYIOIIAS CBOEMY MOMEHTY BpeMeHH) oOpa-
0aThIBacTCs MO CICMUATLHOMY aJTOPUTMY JUIS MOJNYYCHUS KAPTHUHBI MEPEMENICHUH MO MOBEPXHOCTH JIO-
naTKu BeHTWIsTopa. Ha BropoM sTarme pacyera HCXOIHBIC JAHHBIC B BHJIE KAPTUHBI IEPEMEILICHHN U TeOMET-
pHH, a TAaK)Ke MEXaHWYECKHE CBOMCTBA TUTAHOBOM JIOTIATKH BEHTHIISITOPA BBOJSTCS B KOHEYHO-JIEMEHTHYIO
nporpammy Lar Shell. Cneunanusuposannas nporpamma Lar Shell mpennasnauena s pacuera Hampsi-
)eHHo-nehopmupoBanHoro cocTossaus HJIC metaneit u ormatok B hopme 000I09YEK ¢ UCTIOIB30BAaHUEM TPe-
YTOJIBHBIX 3JIEMEHTOB. [10ATr0TOBKA MCXOHBIX JaHHBIX U OoJiee mpocToe POPMUPOBAHHE KOHEYHO-3JICMEHT-
HOH CEeTKH MOJIEIH JIONATKX BEHTUIIATOPa B (hopMe 000I0UKHM 3HAYMTEIIBHO YIPOoIaeT paboTy ¢ mporpammoii Lar
Shell u cHmkaeT BpeMsi TIONIydeHHsT PE3yJbTATOB pacyeTa Mo CPABHEHHIO, HATIPHUMEDP, C MAKETOM MpOrpaMm
ANSYS. C ucnonezoBanreM Lar Shell (Ha ocHOBe 3KCTIepIMEHTATBHBIX TaHHBIX 110 IIePeMEIICHISIM ) OBLITH pac-
CUHUTAHBI U TIOJYY€Hbl KapTHHBI HANPSDKEHHOTO M 1e()OPMUPOBAHHOTO COCTOSIHHS JIOTIATKY BEHTUIISITOPA B pas-
HbIC MOMEHTBI BPEMEHHU yJapHOTO Tporiecca. st MpoBeAeHUs pacueTHBIX MCCIICAOBAHUI Ha PUC. 2 MPEICTAB-
JIeHa TEOMETPHS JIONATKH BEHTIIIATOPA C YKa3aHUEeM HyMepaIi y3II0B 0 IIEPUMETPY JIOTIATKH.

46 45 44 43 A7 i

(S

w

$

0 ~o W

Puc. 2. 'eomeTpust monaTky BEHTHIATOPA
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Jlns mpumepa OJHOTO W3 MPOBEICHHBIX PACYeTOB HA PHUC. 3 MPENCTAaBICHBI HHTepdeporpamma
(puc. 3,a — Bpems 3amepxku 10 MC) 1 COOTBETCTBYIOITHE €l KapTHHA ITepeMeNIeHni (prc. 3,0) U pe3yIbTaThl
pacuera HanpsbkeHuH G1 (puc. 3,8) u G (puc. 3,2).

: g ]
L 4 | ii -

2.88

-0.25 - 0.5 =

E=E — i
‘ 0.18 = 00 e
-0.11 — 0.38 B
-0.04 N = 034 -1.56
. 0.02 = 131 B85
0.16 — 177 e
0.23 = —_ 170 0.20
- 0-30 ' & = 3.16 ' == .64

a) 0) 6) 2)

Puc. 3. Untepdeporpamma (a), KapTHHBI TIepeMellieHnH (0) 1 HaNpsHKEHUH G1 U G2 (8, 2)

B pesynbrate mpoBeneHHOH pa0OThI C HCIOJB30BAHUEM PaCYETHO-IKCIIEPUMEHTAILHOTO METOj1a
JUTS JIOTIATKH TMEepBO¥ cTyneHn BeHTHisATOpa CY ObUIM MONydYeHBI rojorpadguyeckre UHTEpHEpOrpaMMbI
C Pa3IMYHBIMU BPEMEHAMH 33JIeP’KKH OTHOCHTENBHO Havalla yiapa IMHTATOPOM NTHIBI (puc. 1), 3aBHCHMO-
CTH MaKCHMAaJIbHBIX TepeMernieHuil (prc. 4) u HanmpspKeHUi G (puc. 5) OT BpeMeHH B 30HE ynapa (y3en 4)
Y 3aBUCHUMOCTH HaNPsDKEHUH G1 BO BCEX y3i1ax nepudepuu (puc. 2) IONaTKu BEHTUIIATOPA OT BPEMEHHU yAap-
HOTO JTMHAMHUYECKOT0 Mpollecca, MOKa3aHHOro Ha puc. 6—9. HecMoTps Ha CHIXKECHHE HAINPSDKEHHU TOCe
3 Mc B 30HE yaapa (puc. 5), gajiee MOKHO YBHAETh, YTO MOBBIIICHHBIC HAMPSDKEHUS HA Pa3HBIX YUaCTKax
JIONIATKH BEHTUIIATOpA OYAyT HAOMIOAATHCS B MOCIEAYIOINE MOMEHTBI BpeMeHH (puc. 6—9), 4To xapakTepu-
3yeTcsl CIIOKHBIM YAapPHBIM JUHAMHYECKUM U KOJIe0aTeIbHBIM TPOIIECCOM.
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Puc. 4. 3aBucHUMOCTh NIepeMEIIeHHI B 3aBUCIMOCTH OT BPEMEHH yAapHOTO JTUHAMHYECKOT0 Mpolecca
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©

Hanpsokenne, M1la
-

Bpems, mc

Puc. 5. 3aBucHMOCTD HanpsDKEHUH B 3aBHCUMOCTH OT BPEMEHH YAAPHOTO TMHAMHYECKOTO Mporecca

HOJ’Iy‘-IeHHI:Ie PE3YJIbTATHI MTO3BOJIAIOT HAIVIAAHO NPEACTABUTL MCXaHU3M PA3BUTHUA YAapHOI'O0 JUHA-
MHUYECKOT0 Tpolecca. AHAJIU3 UCCIeI0BaHUH HANPSIKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS JIONATKH BEH-
TUJSATOPA MPU UMHUTAIMH COYAAPEHUS C MTUIEH ¢ UCTOIb30BaHUEM Pa3pabOTaHHOTO pacueTHO-IKCIIePH-
MEHTaJILHOTO METO/Ia TIOKa3all, 4TO 110 BXOAHOH KPOMKE, IO KOTOPOW MPOU3BOAUTCS yIap, OTHOCHTEIHHO
OoJbIIINE HAMIPSKCHUS BOSHUKAIOT B y3iie 4 Ha oTpe3ke Bpemenu 0,5...2,5 Mc (cM. puc. 5), a Takxke B y3iax
4, 7 B MOMEHT BPeMEHH 2,5 MC U B y3J7i¢ § B MOMEHT BPEMEHH 5 MC HE TOJIBKO B 3TOH KpoMKe (cM. puc. 6),
HO ¥ Ha BBIXOJHOU KpoMmKe (y3ibl 28, 30, 27 Ha puc. 8) BOIM3M KOPHEBOH YacTH JIOMATKA B MOMEHT Bpe-
MEHH 2,5 MC U B KOPHEBOM 4acTU B MOMEHTHI BpeMeHu: 2,5 Mmc (y3en 26, 25 Ha puc. 7), 5 mc (y31sl 235,
24, 26 wa puc. 7), 25 mc (y3netr 22, 21, 23 Ha puc. 7) U B HIDKHEW MOJOBUHE (Ha CepelrHE) JIOMATKU
Ha puc. 3,8.
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Puc. 6. 3aBrcumocTy HanpsbkeHUH B y3nax /—/8 nepudepuu JonaTtku
BEHTWJIATOPA OT BPEMEHHU YAAPHOr0 ANHAMHYECKOI0 IpoLuecca
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Puc. 7. 3aBucuMocTy HanpspkeHUH B y3nax /9—26 nepudepuu JonaTku
BEHTHJIATOPA OT BPEMEHH YAApHOI0 TMHAMHUYECKOI'0 Ipolecca
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Puc. 8. 3aBucumocTy HanpspkeHUH B y3nax 27—39 nepudepuu JonaTku
BEHTUJIITOPA OT BPEMEHH yJapHOTO AMHAMHUYECKOT0 Ipoliecca
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—8—40

41
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43

——44
—8—45

30 —8—46

Hanpskenne, MIla

-1

Bpewms, mc

Puc. 9. 3aBucumoctyn HanpspkeHHH B y3nax 40—46 nepudepun
JIONIATKK BEHTWIISITOPA OT BPEMEHHU YAApHOTO IWHAMUYECKOTO Ipoliecca

3akAroueHHe

Pa3paboTan pacdeTHO-IKCIIEPUMEHTANBHBIN METO]] UCCIIEOBaHUS HAIPSKEHHO-e(OPMUPOBAHHOTO
COCTOSIHHSI JIOTIATKY BEHTHIIATOPA IPY MMHUTAIIMH yAapa C MTUIEH Ha OCHOBE SKCIIEPUMEHTAIBHBIX JaHHBIX.
[IpennoxeHHbI METOI MO3BOJISIET MCCIEA0BaTh YAapHbIe MPOLECCH U SBJICHUA B JIOTIATKAaX BEHTUIISATOPA
CHJIOBOM YCTAHOBKH ITPU UMUTALIMU coyAapeHus ¢ ntuieil. C moMolpio JaHHOTO METO/1a 3aperucTpupoBaHa
BPEMEHHasl TIOCIIEe0BATEIHHOCTh COOBITUH (KapTHH HHTEpQeporpamMM, MepeMelleHruil W HarpsoKeHUH )
B Ka)XJIbIif MOMEHT BPEMEHH TI0CIIe Hadalla yaapa ¢ IIOMOIIBI0 HIMATATOPa NTHIIEI (CTIEHAIbHOTO YAAPHUKA).
AmHanu3 pe3yJbTaTOB HCCIIEAOBAaHUHN C UCIIOJIB30BaHNEM Pa3pabOTaHHOTO METO/a MOKa3ajl, YTO MOXKHO I0-
JMYyYUTh U3MEHEHUE HANIPSHKEHUH U IIepeMEeNIeHHIA B TIPOIecce COYAAPEHHsI C UMUTATOPOM IITHIIBI U OIpeie-
JIUTHh YYaCTKH JIONATKH, B KOTOPHIX HaOIIOAAr0TCS MaKCHUMabHBIE HAIPSDKEHHS U niepeMenienns. Pa3pabo-
TaHHBIA PacUeTHO-3KCIEPUMEHTAIBHBIH METOJl W TIOJIydeHHBIE PEKOMEHJAIMH MOXHO HCIIOJIB30BaTh
IUTSL KCCIIEJOBaHMM HECTAIIMOHAPHOTO HANPSHKEHHO-1e(hOPMHUPOBAHHOTO COCTOSIHUS JIONIATOK BEHTUIIATOPOB
W IPYTUX JeTajel U JIEMEHTOB JIETaTeNIbHBIX alllapaToB IPU UMHUTALINHN yaapa ¢ MTUIEH.
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AHHOTAUMsA. AkmyansHocms u yeau. PaccMaTpUBaOTCS aKTyaIbHBIE BOIIPOCH! aHATN3a M MOAETHPOBAHNUS KH3-
HEHHOT'O [IUKJIa )KU3HECTIOCOOHOCTH KPUTHIECKUX MH(PPACTPYKTYP C LENbI0 pa3padOTKH aBTOMaTH3UPOBAHHBIX CPEICTB
nH(pOPMAIMOHHON MOJAEPKKH yIPABICHHUS yCTOWINBEIM (DYHKIMOHUPOBAHMEM 3THX CIIOXKHBIX MHOTOKOMIIOHEHTHBIX
CHCTEM B YCJIOBHUSX BO3HMKHOBEHMS HHUIMUPYIOUIMX COOBITMH pa3MuHON NpHUpOAbl M Maciitaba. Mamepuanvl
u memoOvl. COBMECTHOE NIPUMEHEHNE TIPOLIECCHOTO 1T01X0/1a, (opMaIbHOTO ammapaTta TepHapHBIX OTHOIIECHUH M TeX-
HOJIOTUH KOHLENTYalbHOTO MOJEIHUPOBAaHUS 00€CIIeYrBaeT METOJOIOTHUECKYI0 OCHOBY CHCTEMHOTO PEIICHHUS 3aJau
aHaJIM3a )KU3HEHHOTO IMKJIA )KU3HECIIOCOOHOCTH KPUTHUECKUX HH(PACTPYKTYp U cuHTe3a 3((HEeKTHBHBIX OpraHnu3aln-
OHHO-TEXHHYECKHX CHCTEM CHUTYAallMOHHOTO YIPaBIECHHs HMX YCTOHYUBBIM (YHKIMOHHPOBAHUEM. Pe3yibmamul
u 6b16000b1. IpeioskeHa TpraaHas uepapxudeckast Moieslb THIoBoro U-00pa3Horo XM3HEHHOTO IHKJIA KH3HECTI0C00-
HOCTH KPUTHYECKHX MHPPACTPYKTYpP, OCHOBaHHAs Ha KOHIIENTYyaIbHOM ONHCAaHUH OOBEKTOB M TEPHAPHBIX OTHOIICHUH
MEXIy HUMH B BHJIE COBOKYITHOCTH TPHAJ U MOJIEIHMPYIOIIAs Iporiecc o0ecnedeHuns )KU3HeCTTI0OCOOHOCTH CHCTEMBI Ha
Pa3IMYHBIX 3Talax CHUTYAllMOHHOTO ympasieHHs. Pa3paboTaHHas Mozens o0ecednBacT BO3MOKHOCT HATTISJHOTO CH-
CTEMHOT'O TIPEACTABICHNS 3HAaHNH 00 3Tamnax rnpouecca yrnpaBJIeHUs )KU3HECTOCOOHOCTBIO KPUTHIECKUX HH(PACTPYyKTyp
3a CYET MOCTPOCHHUS IIENOYEK B3aUMOCBSI3aHHbBIX TPUA/, aHAIIN3 KOTOPBIX MO3BOJIAET BBISIBUTH HOBBIE CBOMCTBA U 3aKOHO-
MEPHOCTH (DYHKIMOHHPOBAHHS CHCTEMBI B YCIIOBUSIX KPUTHUECKUX CUTYALlMi, a TAK)Ke OIPEETIUTh a/IeKBaTHbIE MEPhI 1
cpencTBa oOeciede s JKU3HECTIOCOOHOCTH ISt TOBBIIEHHS 3 (EKTUBHOCTH CUTYAIIMOHHOTO YIIpaBieHus. [lomydeHnsle
pe3yabTaThl MOTYT HaWTH NpHMEHEHHe B cepe aBTOMATH3AlMM CHHTE3a OHTOJOTHMYECKMX W MMHUTAMOHHBIX MOJIENeH
’KU3HECTIOCOOHOCTH KPUTHUYECKHX MH(PACTPYKTYp, MpeAHa3HaYCHHBIX IS MOCIEIYIOIIEro HCIIOIB30BaHMs IPH pa3pa-
00TKe MHTEIUIEKTyATbHBIX HHPOPMAIIMOHHBIX TEXHOJIOTHH YIpaBJIeHHUS KPUTHUECKN BXKHBIMUA O0BEKTAMH M CHCTEMaMH.

KiroueBble cjioBa: CHCTEMHBIM aHalN3, KOHIENTyaJbHOE MOJAEIMPOBAaHUE, yNpaBieHHE, TPHaTHas MOJENb,
KM3HEHHBIN IIMKJI, )KU3HECTIOCOOHOCTh, KpUTHUECKas HHPpaCcTpyKTypa

@duHaHcHpoBaHHe: paboTa BEHINIONHEHA B paMKax rocymapctBeHHoro 3amanms WMMM KHI[ PAH (HUP
Ne FMEZ-2025-0054).

Jns murupoBanus: Maciio6oes A. B. Tpraanas KoHIeNTyaIbHast MOJIEIb JKM3HSHHOTO IIHKJIA YIIPaBIICHYIS )KI3HECTIOCOOHOCTEIO
KPUTHYECKUX HHPpacTpyKTyp // HamexHoCT 1 KauecTBO coXkHBIX cucTeM. 2025. Ne 3. C. 119-134. doi: 10.21685/2307-4205-2025-3-12

Introduction

Critical infrastructure is the interconnected networks of energy grids, transportation systems, water
treatment facilities, and communication networks forms the foundational backbone of modern society, na-
tional security, and economic prosperity. These systems are increasingly exposed to a complex and escalating
spectrum of threats, ranging from acute shocks like natural disasters, cyber-attacks, and geopolitical incidents
to chronic stresses such as climate change, aging assets, and operational obsolescence. The inherent interde-
pendency of these infrastructures means that the failure of a single node can trigger cascading effects, ampli-
fying disruptions far beyond their point of origin and threatening societal stability.

Crisis management and safety paradigms, which are often predicated on probabilistic risk assessment
and static protective measures, are proving insufficient to address this new reality. These approaches tend to
be reactive, focused primarily on hardening assets against a limited set of anticipated threats, and often lack
the adaptive capacity to evolve in the face of novel, unforeseen, or exponentially growing challenges. The
core problem, therefore, transcends mere protection; it is the problem of ensuring systemic resilience is the
ability to anticipate, prepare for, adapt to, withstand, and rapidly recover from disruptions in a dynamic and
uncertain threat environment.

This gap between conventional practices and contemporary needs requires a fundamental shift in man-
agement philosophy. The central problem this research work addresses is the absence of a unified, dynamic,
and cyclic framework for resilience management support that explicitly integrates the three main indispensa-
ble temporal dimensions of system resilience: (1) proactive anticipation of disruptive events; (2) operational
absorption of impacts during these events, and (3) transformative adaptation following events to foster learn-
ing and improvement of the system situational control.

Consequently, the development of a triadic conceptual model of the critical infrastructure resilience
cycle is presented as an urgent endeavor. This type of models is designed to formalize and orchestrate the
continuous recurrent interplay between anticipation, absorption, and adaptation, transforming resilience and
its situational management per se from a static goal into a dynamic, self-improving process.

Traditional risk management for critical infrastructures is often focused on response and recovery after
a disruptive event and managed within a single sector like energy or transport. Meanwhile, the triadic con-
ceptual models force a shift to a proactive, holistic mindset. By formally integrating anticipation, it mandates
preparedness and planning before a disruption occurs. Its cyclical nature ensures that lessons from the ab-
sorption and adaptation phases continuously feed back to improve future anticipation, breaking down organ-
izational silos. It is worth noting that disruptions are not single events, but processes with distinct phases:
before, during, and after. Traditional models often focus on one phase (e.g., response) at the expense of others.
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The triadic models allow fully overlapping the whole resilience cycle (anticipation-absorption-adaptation)
and provide a structured conceptual framework to allocate resources, develop capabilities, and assign respon-
sibilities for each phase explicitly. This ensures that preparedness is not neglected in favor of response, and
that post-event learning is not lost, but is formally captured to drive further system evolution.

A system that only withstands shocks, but does not learn from them is doomed to repeat its failures.
Static resilience is insufficient against evolving threats. The adaptation phase is the model's key innovation.
It institutionalizes learning and systemic evolution. By formally analyzing system performance after a dis-
ruption, organizations can move from simply "bouncing back" to "bouncing forward", notably, becoming
smarter, more robust, and more adaptable than before. This creates a learning loop that is essential for long-
term survival. Modern critical infrastructures are systems of systems. A failure in the power grid can crash
telecom networks, which can disable financial systems and hinder emergency response. A holistic triadic
conceptual model requires cross-sector analysis. When designing for anticipation phase, analysts must map
dependencies. During absorption phase, coordinated action across sectors is essential. Adaptation phase in-
volves updating protocols and infrastructure across interconnected systems. This systemic view is the only
way to prevent and manage cascading failures.

Limited budgets require strategic investment. Without a systemic model of the resilience management
cycle, spending can be misallocated, e.g., over-investing in hardening assets (anticipation phase) while under-
investing in response capabilities (absorption phase) or R&D for future threats (adaptation phase). The triadic
conceptual model provides a rational framework for decision-making. It allows policymakers and CI opera-
tors to identify gaps in each phase, conduct cost-benefit analyses for resilience investments across the entire
cycle, and justify spending on "soft" capabilities (e.g., training, exercises, data sharing) alongside "hard"
infrastructure (e.g., sea walls, backup generators).

Resilience is often discussed qualitatively. Therefore, triadic conceptual models help to manage what
is difficult to measure. A formal model, especially one with mathematical formalizations, allows for the de-
velopment of metrics and KPIs for each phase, i.e.: time to detect a threat, redundancy levels, preparedness
scores (for the anticipation phase); minimum operating capacity, time to stabilize, performance loss (for the
absorption phase); time to full recovery, percentage improvement in performance post-upgrade (for the ad-
aptation phase). This enables objective assessment of resilience and holds organizations accountable for their
performance throughout the cycle.

Resilience involves multiple stakeholders: government agencies, private critical infrastructure owners,
first responders, and the public. Confusion in roles leads to chaos during a crisis. The triadic conceptual model
serves as a coordination tool. It creates a common language and a shared mental model for all stakeholders.
It clearly defines who is responsible for what actions in each phase, streamlining communication and collab-
oration before, during, and after a disruptive event.

Engineering and analyzing triadic conceptual models for management support of the critical infrastruc-
tures resilience cycle is not merely an academic exercise. It is a strategic imperative for national security,
economic stability, and public safety. The importance stems from the severe limitations of traditional ap-
proaches and the unique advantages triadic models provide in addressing the complex nature of modern
threats. In essence, triadic conceptual models transform resilience management from an informal, reactive
practice into a formal, continuous, and proactive discipline. It is the difference between fragility (breaking
under stress), robustness (resisting stress, but potentially breaking under unexpected stress), resilience (bend-
ing, but not breaking, and then recovering), and antifragility (the goal of the triadic cycle is becoming stronger
and better adapted because of the stressors and disruptions encountered). For the critical infrastructures that
underpin our way of life, achieving this antifragile state is not optional. It is essential. The triadic conceptual
models provide the blueprint to shift from original fragility paradigm well-approved in safety sciences to the
novel antifragility philosophy in resilience studies.

This ongoing research work articulates the problem space of modern critical infrastructure vulnerabil-
ity, delineates the limitations of extant management models, and formally introduces the triadic conceptual
model as a necessary, holistic framework for governing resilience throughout the entire life-cycle of a dis-
ruption: before, during, and after an adverse event to ensure the resilient functionality and performance of the
vital services upon which society depends. Sequentially, this study is an expansion and adaptation of the
earlier research results [ 1-3] drawn in the field of regional security and critical infrastructure resilience man-
agement information and analytical support.

Material and methods

The background of this work is based on the related research materials of domestic and foreign studies
which contributed to the advancement of the modern theory and practice of ensuring reliability, stability,
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security of complex systems and risk management in general [4—10], as well as to solving problems in the
field of developing models, methods and technologies for situational management information support of
critical entities and infrastructures [11-26].

The methodology used in this research is based on the systems analysis of various events, factors,
processes, cause-and-effect relations in the field of studying the domain, subject and context of this work,
evaluation of the collected information, comparative and contrastive analysis, as well as conceptual modeling
of the research object (resilience management cycle and resilience in tote).

The carried out content-analysis of domestic and foreign scientific literature in the examined research
domain showed that most of the studies focus on considering general methodological issues of developing
the resilience concept and solving specific problems of situational management at individual phases of the
system resilience cycle in various sectors of critical infrastructures. These studies propose approaches to the
analysis, modeling and indicator-based assessment of the performance indices of individual elements and
phases of the critical infrastructures resilience cycle based on the preventive security analytics tools, risk
management, scenario and expert methods of decision support for managing the resilient functioning of given
class of systems. At the same time, issues related to the automation of poorly formalized phases of the resil-
ience cycle, including the initiation and progression of critical situations, risk anticipation and threat absorp-
tion, adaptation to the consequences of initiating events, as well as the organization of end-to-end resilience
situational management and the lack of any generally accepted normative document (e.g., an official agency-
level standard) regulating the development and relevant choice of tools for situational management of critical
infrastructures resilience in accordance with a particular life-cycle model (scenario) of the propagation of
initiating events caused by external or internal impacts on the elements and critical functions of these systems,
remain insufficiently developed from a scientific point of view. Known approaches to the structural analysis
and formalization of the resilience management cycle of critical infrastructures [12—26] are generally charac-
terized by high abstractness due to the lack of formal conceptual models that take into account the specific
features of ensuring the resilient functioning of critical infrastructures at various phases of situational control,
as well as insufficient complementarity due to the lack of a clearly defined conjugation with the adopted classi-
fications of potential accident facilities, critical entities and infrastructures (technical-organizational aspect).

Due to the imperfection of the regulatory and methodological base in the field of situational manage-
ment of the critical infrastructures resilience, each agent of management (security agency, owner of a critical
facility, operator of a situational center, etc.), responsible for ensuring the stable functioning of critical infra-
structures, are forced to solve these problems at different phases of the system resilience cycle by their own
efforts and means, guided by local acts, directives and their own regulations, which is not always well-
founded, reasonable and effective in the conditions of the onset of complex dependent failures that generate
chains of adverse, including unexpected events that initiate abnormal and emergency situations in the system.
A unified representation of the resilience cycle of critical infrastructures using formal conceptual models is
designed to improve the consistency and overall efficiency of the situational management of these complex
systems via automated processing and analysis of expert knowledge about the static and dynamic character-
istics of the safety and resilience of critical infrastructures elements and their interrelations comprised in these
models in order to identify the potential for such initiating events.

The conceptual and categorical apparatus of the study comprises the following concepts and definitions
[27, 28].

Vulnerability is considered as a characteristic of an element of the critical infrastructure design, imple-
mentation, or operation that renders it susceptible to disruption or destruction by a threat and includes de-
pendencies on other types of infrastructure. In other words, it is an indicator of direct risks and an intrinsic
property of something resulting in susceptibility to a risk source that can lead to the occurrence of hazardous
events with negative consequences for the critical infrastructure elements making it act adversely. Threat is
a potential cause of an unwanted incident in critical infrastructures, which can result in harm to a system in
the large, individuals or critical entities, the environment or the society.

A disruptive event (syn.: disturbance, adverse/undesired event, etc.) is a singular instance of a phe-
nomenon negatively affecting a system (critical infrastructure/entity) or its critical functionality which refers
to the ability of a system to provide predetermined essential functions. Disruptions lead to negative conse-
quences and decrease of performance. This implies that there is an actual (i.e., non-zero) exposure to the
event and that the system is not able to fully resist or absorb its impact. Disruptive events comprise all poten-
tial causes and risk sources of a loss of functionality of the critical infrastructure system, i.e.: natural hazards,
technical failures, human errors, extreme loads, and organizational issues, intentional malicious attacks, etc.
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A cascading failure or effect occurs when a disruption in one infrastructure causes the failure of a
component in another infrastructure or asset, which subsequently causes a disruption in another infrastructure.
Cascading effects are the impacts of an initiating event. An initiating (triggering) event is the first in a se-
quence of natural, accidental or intentional events that may affect one or several infrastructure systems.

An incident is a chain of disruptive events affecting multiple systems or its elements either in series or
spreading in parallel. Incident management is the management of appropriate measures to deal with a poten-
tial emergency situation characterized by high complexity, uncertainty and time pressure that could lead to
possible large scale damages and requires a specific organization and coordination to ensure the restoration
of the critical situation.

Generally, emergency means any critical situation which has or may have an adverse impact on people,
the environment or property and which may result in a call for assistance and protection. Crisis is a high level
emergency situation in critical infrastructure with high uncertainty that disrupts the core activities and/or
credibility of critical entities and requires urgent preventive and reactive actions. Crisis management involves
all processes (analysis, prevention, and preparation response plans for known and expected critical situa-
tions/scenarios) which aim at repelling the emergency and reducing the impact of crises and disasters. Crisis
and resilience management are very similar to each other in recurrent nature of the system situational control
and monitoring procedure.

Disaster is a serious disruption of the functioning of a community or a society involving widespread
human, material, economic or environmental losses and impacts, which exceeds the ability of the affected
community or society to cope using its own resources. Disasters are often described as a result of the combi-
nation of: the exposure to a hazard; the conditions of vulnerability that are present; and insufficient capacity
or measures to reduce or cope with the potential negative consequences. Disaster impacts may include loss
of life, injury, disease and other negative effects on human physical, mental and social well being, together
with damage to property, destruction of assets, loss of services, social and economic disruption and environ-
mental degradation.

For simplicity, upon further discussion the concepts critical/emergency situation, disruptive event, in-
itiating event being used will be identified.

The types and criteria of initiating events and emergency situations occurring in critical infrastructures
are considered in detail in the research works [11, 29-32].

All types of initiating events (critical situations) have one important detail in common: the initiation
process of each of them is hidden (non-obvious) in its matter and, as a rule, begins under normal conditions
as a result of accumulation of contradictions, sources of threats, defects and gradual degradation of the sys-
tem.

Based on the progression and propagation dynamics initiating events in critical infrastructures can be
conditionally classified as follows [2, 28]:

— the slowly progressing initiating events are critical situations when there is a sufficiently large float
time for adoption and implementation of preventive and reactive measures to mitigate the consequences of
destructive impact of such events on the system;

— the rapidly progressing initiating events are critical situations, the rate of intensification and spread
of which is limited, that provides a float time for making and implementing the managerial decisions aimed
at stabilizing the system or reducing the damage caused;

— the instantaneous initiating events when there is no float time for making operational decisions on
situational management.

The sudden-onset disruptive event is a disruption whose intensity builds up instantaneously (e.g., an
earthquake or a tidal flood). The slow-onset disruptive event is a disruption whose intensity increases over a
longer period of time (e.g., deterioration of components or increasingly harsher conditions due to climatic
changes). Meanwhile, a slow-onset disruptive event can still lead to a sudden collapse of performance (e.g.,
when approaching a bifurcation or tipping point). Whether the onset of a disruptive event is considered slow
or fast should depend on the time-scale of the considered critical infrastructure system, i.e., if the intrinsic
dynamics of the system are faster than the emergence of the event, the event should be referred to as slow-
onset [28].

Each of the listed classes of initiating events may be followed by cascading effects due to the interde-
pendence of critical infrastructure systems and their elements. Rapidly progressing and instantaneous critical
situations are the most typical for most modern critical facilities, entities and infrastructures. For effective
situational management of such events at all levels of decision-making (strategic, tactical and operational),
appropriate methods and tools of information and analytical support are required.
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Reviewing the known definitions of resilience concepts and its usage for critical infrastructure systems,
it should be noted that three backbone resilience capacities (absorptive, restorative, and adaptive) are at the
center of the systems-of-systems approach to analyzing and managing critical infrastructures subject to their
interdependencies, and are linked with the various stages of typical critical infrastructure response cycle to
disruption (before, during and after the disruptive event). In terms of the systems approach a resilience cycle
corresponds a conceptual sequence of phases in the unfolding of a disruption, in which some capacities and
actions are more important than others (see resilience phases in Fig. 1).
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Fig. 1. Critical infrastructure resilience cycle and its main phases across domestic
and foreign studies using the performance curve (adopted and extended from [28])

Typically, it includes a anticipation/preparation/prevention phase, an absorption/response phase, a re-
covery phase. After the recovery phase, an adaption phase might take place, during which the system learns
from the disruption and integrates the lessons learned, making it more resilient towards the next disruption.
For simplicity, the resilience cycle assumes that disruptions do not overlap, and that the main effects of a
disruption on the functioning of the system accumulate in a single, concise time span. It is clear, however,
that the resilience capacities can only in part be mapped to the phases. For example, learning and anticipation
are needed throughout the entire cycle, not only in their respective phases [28].

There is considerable variation in terminology concerning the different phases a system goes through
during the unfolding of a disruption. A popular way to illustrate this resilience cycle is via an idealized per-
formance curve, which typically starts shortly before a single disruptive event and ends after the system has
recovered from the associated impacts. The curve is conceptually divided into successive phases, which are
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named differently depending on the domestic and foreign studies (Fig. 1). Most authors name the phases in
accordance with the resilience process that typically takes place during that time. Some refer to the resilience
capacity that is thought to be most important during the corresponding time period. Others distinguish the
phases based on the current state of the system or the progression of the disruption [28]. Despite all these
differences in the naming, among researchers using the performance curve for illustrative purposes, there is
a consensus on the general order and duration of the phases (Fig. 1), i.e., the start and end time points of the
phases are largely consistent across studies. As noted in [28], the other ways to conceptualize the succession
of resilience-constituting phases or processes exist, especially among frameworks which emphasize a sys-
tem’s ability to adapt. Notable examples in this regard are the Holling adaptive cycle [8] and the approach
proposed in [33, 34] which comprises the recursive phases of sensing, anticipating, adapting, and learning.

Results and discussion

At present, various information and analytical support tools aimed at preparing guidelines for decision-
makers are being developed for effective situational management of critical facilities, entities and infrastruc-
tures. Recommendations are usually elaborated through scenario analysis and forecasting possible variants
of disruptive event propagation in these systems and aggregation of heterogeneous operational and historical
data retrieved from various sources. These actions are performed on the basis of certain formal models that
allow to study the structure and capacities of the controlled objects, as well as to describe the functions and
relationships between the elements of the situational management system and the processes progressing in it.
Such formal models serve as an intermediate between the mental representations of experts in problem do-
main and the developed management information technologies and allow to fully or partially automate the
engineering process of the proper software tools for decision-making support.

From the process approach [35] point of view, the situational management cycle of the critical infra-
structure resilience under adverse events, emergency and abnormal situations can be described as an assigned
sequence of performing certain control problems/functions, each of which corresponds to a specific phase of
the resilience cycle. The cycle duration consists of the total time of the initiating event impact on the system
and its adaptation to new operating conditions. The cycle is an iterative process (transition/recurrence of
initiating events and operating scenarios over time), during which certain types of resources are consumed to
restore the normal operability of the system after a failure or destructive impact of external factors, and a
related set of functions and operations grouped by a certain attribute/criterion and aimed at increasing the
adaptive capabilities of the system are implemented. In this case, for each cycle phase a subprocess, source
materials and information, executive agents, regulations and process execution procedures, as well as its out-
puts are assigned. The time schedule for implementing the situational management functions of system resil-
ience describes the time frame and sequence of the operations and program activities defined at the appropri-
ate resilience cycle phases of the system, and is represented in the form of a network structure as a rule. Then,
in general, a system resilience cycle model is understood as a structured graphical description of a network
of interconnected processes and/or functions/operations that reflect the logical structure and technical-organ-
izational aspects of system functioning, as well as the mechanisms of interaction between agents and objects
of resilience situational management.

In this interpretation, the formal model of the system resilience cycle can be represented as a graph of
control functions aimed at maintaining and supporting the resilient functioning of the system when an initi-
ating event occurs:

RLC=G(CF',cf,,cf., E, S, ES, ECF, R, ER),

where CF' ={cfy} ,i=ln, J =1,m is a set of nodes (resilience management cycle phases), each of which
corresponds to the one or more resilience control functions cf, ={ cf; (”ija’l-,-) } , depending on the resources 7;

and the time ty necessary for its implementation; , is the number of cycle phases which in the most simple

and general case is equal the number of control functions , implemented at the 7 -th phase of system resil-

n,m
ience cycle. Then, RLC= U{Cfl}l is a process which comprises a set (composition) of control functions; cf,
ij=1
and cf, are the input (e.g., “Monitoring” or “Understand risks” phase) and output (e.g., “Learning” or
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“Evaluation” phase) nodes, respectively; £ is a set of control edges, such that
Vi, ke CFU{C]%aCfe} . ( J ,k) € E | if a situation is possible when the control function j will be performed after

the control function k is performed; S is a set of nodes corresponding to the agents/entities of resilience
situational management, performing certain functions within the resilience cycle phases (S NCF =€, where

€2 is an empty set); ES is a set of subordination edges, such that Vj,ke S I( j,k>€ ES | if the agent of man-
agement k is subordinate to the agent of management j; ECF is a set of function performing edges, such
that Vj€ S,ke CF: ( J ,k) € ECF | if the control function k can be performed by the agent of management j
; R= {rq (Vol ,Typ,C )} ,q= l,_l is a set of resources different types necessary for the support and implemen-

tation of resilience management cycle phases; Vol is the volume of the g-th resource available for the im-
plementation of preventive measures when managing the critical situations that have arisen; Typ is the type

of the g-th resource; C is the cost of a unit of the g-th resource; ER is a set of weighted edges of resource

use such that V/,k€ Rke CF 3( j,k)e ER, if the control function k& when performing uses the resource j

during allotted period of time (the weights are assigned by experts).
An independent phase of the process (resilience cycle) which is represented as a composition of control
functions, is illustrated in Fig. 2 and can be formally written as follows:

of, = f(IN"(CF),0UT*(CF),t),
where IN®(CF) is a set of input resources of the process implementing the 7-th composition of control

functions; 0UT* (CF) is a set of output resources of the process implementing the i -th composition of control
function; 7 is the time required to perform the 7 -th composition of control functions.

Learning
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i
i o] OUT"(CF), - - -
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Tuning, support, maintenance

Risk Assessment and Treatment

Fig. 2. A schematic illustration of the phased system resilience control cycle in the context of process approach

The system model of the critical infrastructures resilience cycle is intended for the conceptual descrip-
tion and subsequent analysis of the system resilient functioning phases (risk anticipation, impact absorption
of the actuating threats, recovery, and adaptation) in the conditions of origination and propagation of critical
situations occurring in these infrastructures, as well as for identifying the causes of initiating events. The use
of the system model allows identifying and typifying the current phase of the critical situation progression,
assessing the resource costs for the implementation of preventive and reactive measures at this phase depend-
ing on the selected management scenario, and provides also the possibility to predict its dynamics at a quali-
tative level in the specified operating conditions. The formalized representation of the resilience situational
management cycle when an adverse event occurs in critical infrastructure facilities is based on the adoption
and applied adaptation of the regional security conceptual model developed in the course of previous studies
[1, 2] to the formal description and analysis of the process and modes of operation of this class of systems in
the context of its resilience.

126



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2025;(3)

According to studies [6, 36], from the point of view of systems analysis, the conceptualization and
definition of the concept of a system is based on ternary relations or triads as three-element sets. A triad
reflects in some way the systemic law of the world structure: any triad comprises an infinite number of triads;
on the other hand, it can expand infinitely, since each triad is located inside an even larger triad. Systemic
triads are formed by three elements of the same level, each of which can serve as a measure of the combination
of the other two. Based on the triadic approach, the methodology for managing the critical infrastructures
resilience, by analogy with the methodology for ensuring the safety of complex organizational objects pro-
posed in [6], can be considered in three ways [6]:

— as a study of the sledding process towards a goal, i.e. the generation and connection of triads that
form the situational management cycle of the critical infrastructures resilience;

— as a study of the systemic logical organization of actors, entities, technologies and means necessary
to achieve the objective: ensuring the resilient functioning of critical infrastructure elements, i.e. maintaining
their resilience in the event of critical and emergency situations through effective situational management;

— as a study of the new knowledge producing and acquisition process based on existing approaches
in the field of safety and security of complex systems, i.e. designing an integrated conceptual framework that
combines methods and tools of information and analytical support used at different phases of the resilience
cycle.

Therefore, to design a conceptual model of the resilience cycle of critical infrastructures, it is proposed
to use a triadic approach to conceptual modeling of complex processes and systems [5, 36]. The apparatus of
triadic network models provides a visual representation and formalization of knowledge about the target,
structural, and dynamic operating characteristics of complex entities, possible scenarios and outcomes of the
appropriate systems and processes behavior. The triadic approach is well-used to model the life-cycle of
complex control objects of various natures, since it takes into account the cyclicality characteristics of the
system/process functioning and development.

Next, a ternary conceptual framework of the resilience situational management cycle of the critical
infrastructures shown in Fig. 3 will be designed and discussed. Each of the phases of this cycle considered
above will correspond to its own triad. The triadic conceptual model of the critical infrastructures resilience
cycle consists of a set of interconnected submodels, each of which is represented as a triad — a graph with
three nodes. The nodes correspond to the sets of objects of the model, and the edges — the relationships of
different types (e.g., functional, structural, etc.) between them. If necessary, the ends of the triads can be
connected to each other, forming new triads. Such a model representation is suitable and visual for the system
analysis of situational management processes and scenarios of the critical infrastructures resilience under
initiating of disruptive events.

Optimization of the entire process of situational management consists in the sequential design of an
effective system for ensuring the resilient functioning of critical infrastructures for all phases of the resilience
cycle based on the analysis, improvement and development of each triad.

As follows from Fig. 3, the situational control cycle of the critical infrastructures resilience is ultimately
represented in the form of a gradual expansion of triads nested within each other and forming an integrated
holistic triad in the form of a hierarchical system. The given number of levels is not exhaustive. Triads can
be expanded by supplementing with various resilience characteristics depending on the type of critical infra-
structures under examination, the event-driven scenario and/or the problem situation context, the selected
criteria, measures and dimensions of resilience, as well as the methods and tools of information and analytical
support used at the appropriate levels of situational management.

When forming triads, the following requirements must be met and fulfilled [5]:

—the components of triads must be interconnected by some relation (e.g., by activity category or by
functional dependence);

—the components of triads must be adequate and relevant to each other, i.e., fit to each other by some
principle and be mapped onto each other.

The first triad (7/) expresses the needs for elimination and mitigation of the disruptive event that has
initiated or the threatening source of its occurrence in the functioning process of critical infrastructure. In this
case, there is a set of needs N associated with the elimination and mitigation of a set of initiating events DE.
For it, a set of strategies S for implementing preventive and reactive measures to mitigate the negative impact
on the system elements and functions of a set of initiating events DE, i.e. to satisfy the needs &, is determined.
In this case, one set can be mapped onto another:
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Fig. 3. Resilience cycle ternary conceptual framework for managing disruptive events in critical infrastructure systems

Operational-strategic Level

The second triad (722) forms on the basis of the set DE a set of goals G associated with the elimination
and mitigation of initiating events, and the set of problems P that must be solved in order to achieve the set
of goals G. Basically, the process of generating the first two triads is poorly formalizable and is implemented
on the basis of empirical data and expert knowledge, which are often enclosed in expert systems. The com-
plexity of synthesizing the set of goals G, reflecting the set DE, lies in the fact that the global goal of the
control system is hierarchical, dynamic, and the priorities of individual subgoals can change in an unforeseen
way when managing the progression and propagation of initiating events, which also largely depends on the
nature of the during and post event consequences at each phase of the system resilience cycle:

o,:DE > G ‘g—= .9

> a, a,
o :DE—- P,
o, :P>G. B

The third triad (73) move up the set of goals G into a set of functions F that must be performed in order
to achieve the assigned management goals for eliminating and mitigating the consequences of disruptive events.
The specification of the set of goals G is carried out through the generation of a set of tasks 7 that reflect subgoals
in qualitative and/or quantitative terms, as well as in spatio-temporal terms. The set of functions F' that must be
performed to eliminate and mitigate initiating events comprises the functions of problem monitoring,
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operational planning, prediction, warning, handling, decision-making, treatment, adjustment, state diagnostics
and analysis of critical infrastructure facilities, as well as scenario analysis of the progression and propagation
of disruptive events, effectiveness assessment of the implemented preventive and reactive measures (control
over the execution of adopted managerial decisions), estimation of costs, resource needs, etc.:

G B, F

By:G—>F,
B,:G->T,
B,:T—>F.

T

The fourth triad (74) represents the need to determine an adequate set of functional systems FS (forces
and means of ensuring the system resilience) for the implementation and launching of a set of functions £
when a disruptive event occurs. In this case, each functional system must have a certain structure that reflects
the control algorithm it implements (a set of actions, competencies, etc.). Thereby, the problem of synthesiz-
ing a set of control algorithms/programs A4 and choosing such an algorithm that will best allow the resilience
situational management system to perform the appropriate function in terms of the selected efficiency criteria
for each phase of the resilient system functioning cycle arises. In this case, the functions F' can be performed
both in automatic and automated modes:

Yo:F > FS ot 4o
’ 12 ¥z
Y, F = 4,

Y,:4—> FS A

The fifth triad (75) maps the set of functional systems F.S onto the set of organizational structures for
resilience situational management OS (compositions of elements of the set £S) through the set of models M
of these compositions. Each model (specification) of the functional system configuration represents specific
elements of its composition: agents/entities of resilience management (individual actors or even entire organ-
izations), resources, means, technologies, costs, needs, restrictions, etc. The problem of choosing a configu-
ration model for given conditions is formalized on the basis of configuration optimization according to the
selected efficiency criteria:

FS ,, OS

A, :FS > 0S,

A:FS—>M, A (X

A,:M — OS.

M
The sixth triad (76) maps the set of organizational structures OS configurations of functional systems

(a set of interconnected management agents/authorities united by a common goal/task) onto a set of preven-
tive and reactive measures ME that must be implemented using a set of available facilities and assets FA.
When solving the problem of selecting forces and means, it is necessary that it be consistent and compatible
not only with the capabilities of the functional system FS and the competencies of the organizational struc-
tures OS (agents of management) using it, but also with the nature of the initiating event itself, as well as the
features of the measures being implemented to counteract its further progression and destructive impact on
the system:

¢, : 0S8 - ME,
0,:05 - F4,
¢,:FA— ME.

The seventh triad (77) forms a set of new states of the disruptive event propagation process (reinstated
capabilities of the system) RC based on a set of implemented preventive and reactive measures ME. In this
case, a shift to the next event and new operating scenario (regeneration and adaptation of the system) occurs.
These new states turn out as a result of targeted control actions on the initiating event progression process by
using a set of available resources R to manage the critical situation. In this case, the set of resources R is
selected both based on the situational management requirements by “just in time” principle taking into ac-
count spatio-temporal and other constraints in order to move the system from a critical state to a stable one,
and based on the requirements for reducing the risk of a new critical event initiation. This process is a direct
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control of disruptive event, which consists in the targeted transition of a critical situation or a threatening
source of its initiation from one (critical) state to another (stable):

N,:ME - RC 'g—n &

s m n:

n,:ME >R,
n,:R— RC . R

The eighth triad (78) maps the set of new situations RC onto the set of previous disruptive events DE
through the set of new state estimates SE, characterizing these situations for each phase of the resilience cycle.
The set of state estimates SE allows judging the effectiveness of the preventive organizational and adminis-
trative measures taken to eliminate the threats of progressing new disruptive events in the system. The effec-
tiveness estimation is carried out according to a scalar or vector criterion, characterizing the proximity of a
disruptive event to a situation with the required (desired) level of system resilience:

p,:RC = DE,

p,:RC = SE,
p,:SE — DE .

The integration of the generated triads into a unified system conceptual model is shown in the top of
Fig. 3. Elements of the lower-level sets can be also connected to each other. In this case, new triads are
formed, which are the objects for further systemic research and analysis.

Thus, the management processes formalization of the critical infrastructures resilience under sudden
failures and adverse initiating events in the form of a triadic conceptual model provides the possibility of
integrating into a holistic system the main preventive activities of management agents and entities imple-
mented at different phases of the resilience cycle and associated with these processes. At the same time, the
proposed model provides a basis for analyzing and assessing the effectiveness of the selected program of
anti-crisis measures to achieve the global goal of situational management of the system resilience: minimizing
the risks of critical situations and mitigating their consequences to maintain the resilient functioning of the
system.

In fine, let’s discuss several challenges and limitations of triadic conceptual models intended for system
resilience cycle analysis and management support. First of all, when building such type of models, we meet
complexity in modeling and accounting interdependencies. Critical entities and infrastructures are deeply
interconnected (e.g., power grid failure disrupts water treatment and communications). Accurately modeling
these complex dynamic feedback loops within and between the all resilience cycle phases is extraordinarily
difficult. A change in one part (triad) of the model can have unforeseen consequences elsewhere when making
decisions under situational control. In addition, efficient use of such models is heavily dependent on historical
and on-line data, as well as its quality. For instance, adequate modeling of the anticipation phase requires
threat intelligence and predictive data, while absorption phase requires real-time operational data, and adap-
tation phase requires historical performance and failure analysis data. Integrating, representing and account-
ing these disparate data from various sources, often in different formats, within a triadic conceptual model
and ensuring their quality and timeliness is a massive technical and logistical undertaking.

The absorption phase requires rapid analysis of incoming data during a high-stress, time-critical event.
Developing simulation models and automated decision-support systems on the basis of triadic conceptual
frameworks that can quickly synthesize information and provide actionable recommendations to operators is
extremely challenging. Meanwhile, testing the resilience cycle through simulations (e.g., digital twins) re-
quires simulating not just the physical infrastructure, but also human operators, organizational procedures,
and external threats. Creating these high-fidelity multi-domain simulations is resource-intensive, but the re-
sources are finite both computational, and financial. At once, a core challenge is optimizing the investment
in resilience maintaining facilities across the all resilience cycle phases. Quantifying the return on investment
for proactive resilience measures is notoriously difficult, because their value is only realized if a disruptive
event occurs. The anticipation phase relies on predicting low-probability, high-impact events ("black swans"
or "gray rhinos"). The inherent uncertainty in these predictions can lead to either under-preparation or costly
over-preparation for scenarios that never materialize. Thus, investments in anticipation and adaptation (e.g.,
upgrading critical entities/infrastructure for a future earthquake) have high upfront costs with long-term,
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uncertain benefits. This creates a misalignment with quarterly earnings reports or political terms, making it
hard to secure sustained funding and commitment.

Safety systems oriented to critical infrastructure protection are rarely designed from scratch. Imple-
menting a triadic conceptual model often means retrofitting it onto legacy safety systems that were designed
for managing reliability, not resilience. These legacy safety systems may lack the sensors for monitoring
(hindering absorption phase) or the modularity for easy upgrades (hindering adaptation phase). Unlike reliability
or risk, which has more established and well-defined metrics, resilience is a multi-dimensional property.
Thereat, another problem consists in quantitatively measuring the ability of a system to adapt or its capacity to
anticipate, if it is really possible. Developing meaningful, universally accepted key performance indicators for
each phase of the resilience cycle and fully accounting it within a triadic conceptual model is a major hurdle.

Unlike more mature fields (e.g., environmental safety, cybersecurity, etc.), there are no universally
accepted standards for formally establishing and implementing a critical infrastructure resilience management
cycle. This lack of standardization perfection makes it difficult to compare practices, share lessons learned,
and develop best practices across industries. Besides, defining clear accountability and responsibility for each
phase of resilience management cycle within a complex, interconnected system like critical infrastructure is
legally and organizationally difficult. The need to take into account the influence of a human factor within
the all phases and levels of resilience management cycle adds specificity to the considered problem agenda.
Human factor in decision-making is subject to biases that directly undermine the used triadic, conceptual,
simulation and other classes of resilience management cycle models. Therefore, all these factors mentioned
above should be implemented within the state-of-the-art conceptual models and frameworks which form the
methodological basis for resilience cycle management support of complex dynamic systems such as critical
infrastructures and critical entities.

Conclusion

The application of the triadic approach to studying the issues of the situational management of critical
infrastructures resilience allows a systematic approach to the problems of modeling, analysis and automation of
this cyclic iterative process, namely, to generate the sequence of triads related to each other and aimed at achiev-
ing the ultimate goal — designing an efficient decision support system to maintain the resilient functioning of
critical infrastructures under the impact of multiple threats and the emergence of unforeseen events. The triadic
conceptual model of the resilience situational management cycle of critical infrastructures built using the appa-
ratus of ternary relations quite fully describes the hierarchical system of objects and methods for ensuring resil-
ience at various phases of the cycle. Thus, the application of the triadic approach made it possible not only to
systematically represent knowledge about the subject of inquiry: the resilience of critical infrastructures, but
also expanding and supplementing the constructed triads to identify new properties and patterns inherent in this
subject under examination. The following main results were drawn in the course of the study:

1. The issues of analysis, modeling and automation of the resilience cycle of the critical infrastructure
systems based on the combined use of conceptual modeling technology, a process approach and a formal
apparatus of ternary relations have been studied.

2. A diversification (expansion) of the application scope of the process and triadic approaches to the
problems of formalization, analysis and modeling of the resilience situational management cycle of critical
infrastructures has been proposed.

3. For the problem-solving of a comprehensive analysis of the critical infrastructure resilience cycle
and the synthesis of effective models of technical-organizational systems for situational management of its
resilient functioning, a triadic hierarchical model of the typical U-shaped resilience cycle of critical infra-
structures based on a conceptual description of objects and ternary relations between them in the form of a
set of triads and modeling the process of ensuring the system resilience at different phases of situational
management has been developed. The proposed model has a multi-level structure and is distinguished by the
completeness of the formal description of all phases of the system resilience cycle and the related processes
of situational management, which provides the possibility of automation and variability of the choice of ap-
propriate (relevant) measures and means for the effective maintenance of the stable functioning of the system
under the influence of adverse or undesired factors.

The drawn results can find perspective application in the field of engineering automation of the onto-
logical and simulation models of critical infrastructures resilience intended for subsequent use in the devel-
opment and path planning process of intelligent information technologies for the situational management
support of critical facilities and systems.
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