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AHHOTanus. AkmyansHocms u yenu. TIpeioxkeH crnocod U crenuanbHble YIbTPa3ByKOBbIC YCTPOHCTBA, OBbI-
marorue 3(G(GEeKTUBHOCTh TEXHOJIOTHYECKOTO MpoIiecca Hape3aHus pe3sObl ¢ yueToM 0coOeHHOCTe! mporecca o0pa-
6oTku. Mamepuansl u memoosi. IIpeacTaBieHa MoJielb HAPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUS TOBEPXHOCTHOTO
CJIOS BNIAIMHBI PE3b0BI, MOJyYEeHHAs 110 Pe3yJIbTaTaM 3KCIEpPUMEHTa C BapbUPOBAaHHEM BUJIOB YJIBTPa3BYKOBBIX KOJIe-
0aHMii, YTO MO3BOJIMIIO OLIEHUTh UX BIHMsHNE Ha (POPMUPOBAHUE HANIPSHKEHHO-1E(OPMUPOBAHHOTO COCTOSHHUS ITOBEPX-
HOCTHOT'O CJI051, (POPMHPYIOIIETOCS BO BIIAJANHAX Pe3bObl. Pezyibmamot u 66160061. OCHOBHBIE PE3yJIbTAThI PA0OTHI HII-
JIOCTPUPYIOTCSI SIIOPAMHU PACIIPEICICHUS TOJIeH OCTATOYHBIX HAIMPSDKEHHH B YIPOYHEHHOM IOBEPXHOCTHOM CIIOE
BITJIMHEI PE3BOEI.

KiioueBble ciioBa: HaHpSDKGHHO-Z[e(bOpMI/IpOBaHHOG COCTOSIHUEC, OCTATOYHBIC HAIIPSXKCHUS, pesb6a, YIbTpPa3By-
KOBBIC KOHe6aHI/I$I, YIIPOYHEHUE MOBEPXHOCTHOT'O CJIOA

Jns nutuposanus: ['onoskun B. B., batumesa O. M., [lammmes B. A. HccnenoBanue GopMUpOBaHUS HAIIPSHKEHHO-IEPOPMHE-
POBaHHOTO COCTOSIHUSI HOBEPXHOCTHOTO CJIOS PE3b0OBBIX ICTANICH B YCTIOBHAX HApe3aHHs Pe3bObI € YIBTPa3ByKOBBIMH KOIEeOaHUAMH //
HanexHocTs 1 KadecTBO cnoxHbIX cucTeM. 2023. Ne 2. C. 5-11. doi:10.21685/2307-4205-2023-2-1

STUDY OF THE FORMATION OF THE STRESS-STRAIN STATE
OF THE SURFACE LAYER OF THREADED PARTS UNDER THE CONDITIONS
OF THREADING WITH ULTRASONIC VIBRATIONS

V.V. Golovkin', O.M. Batishcheva? V.A. Papshev?

1.2.3 Samara State Technical University, Samara, Russia
' ms-ap@samgtu.ru, 2 omb@list.ru, > pva_samara@mail.ru

Abstract. Background. A method and special ultrasonic devices are proposed that increase the efficiency of the
technological process of threading, taking into account the features of the processing process. Materials and methods.
A model of the stress-strain state of the surface layer of the thread cavity is presented, obtained from the results of an
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experiment with varying types of ultrasonic vibrations, which made it possible to evaluate their influence on the for-
mation of the stress-strain state of the surface layer formed in the thread cavity. Results and conclusions. The main
results of the work are illustrated by diagrams of the distribution of residual stress fields in the hardened surface layer
of the thread root.

Keywords: stress-strain state, residual stresses, thread, ultrasonic vibrations, hardening of the surface layer

For citation: Golovkin V.V., Batishcheva O.M., Papshev V.A. Study of the formation of the stress-strain state of the surface
layer of threaded parts under the conditions of threading with ultrasonic vibrations. Nadezhnost'i kachestvo slozhnykh sistem = Reliability
and quality of complex systems. 2023;(2):5-11. (In Russ.). doi:10.21685/2307-4205-2023-2-1

BBepeHne

B coBpeMeHHOM MaIIMHOCTPOCHUH, a TAKXKe JPYTUX OTPACISIX MPOMBIIUIEHHOCTH HAaUOOJbIIee pac-
MPOCTpaHEeHNEe TOMYUIIN TEXHOJIOTHH COOPKH Ha OCHOBE pe3b0OBBIX coequHeHHH. [IpenmMyIecTBoM pesb-
OOBBIX COCTUHEHUH 110 CPABHEHHIO C IPECCOBBIMU COCIMHEHUSAMH, a TAK)KE COCTUHEHUSIMH C TIOMOLIBIO 3a-
KIIETIOK SIBJISIETCS BO3MOXKHOCTH MHOTOPa30BOM HMX Pa300OpKH M TOCTenyromeld cOOpKH NPH PEMOHTE H
TEXHHYECKOM OOCITY’)KHBaHWH arperatoB u MamuH. [lpu 3ToM coenmHeHne neTaneii OCyecTBIsSeTCs ¢ He-
00XO0UMBIM ONTUMAIBHBIM YCHIIHEM (MOMEHTOM 3aTSDKKH), YTO YACTO SBISIETCS KpaiiHe BaXKHBIM yCIOBHEM
cOopku y3na. I1o pa3nuunbiM ganHBIM Oosiee 60 % cOOpoYHBIX eanHUI UMeeT pe3n0y. [Ipu 3TOM KauecTBO
KPENEeXHBIX Pe3hOOBBIX COSAMHEHUH 3aBUCUT OT BCEX CTAAMN KU3HEHHOTO IIUKIIA U3/IEHS — IPOSKTHPOBa-
HUSl, U3TOTOBJIEHUS, COOPKHU U dKcIuTyaTanui. OTMETHM, YTO BaXKHBIM 3TAIlOM ABJSETCS TEXHOJIOTHYECKHMA
npouecc (opMHPOBaHUS pe3bOOBON MOBEPXHOCTH AeTanu. [Ipu 3ToM monydars pe3n0y BOZMOXKHO pa3iny-
HBIMH CIIOCO0aMH, HAaIlpHMep, HAaKaThIBaHHWEM, NUTH(OBAaHHEM, Hape3aHHEM JIE3BHIHBIMA HUHCTPYMEHTAMH.
Kpowme Toro, mpy He0OX0ANMOCTH TOBHIIIEHHUS KAY€CTBAa TIOBEPXHOCTHOTO CIIOSI OTBETCTBEHHBIX PE3b0OBBIX
JeTanell X MoABEPraroT JOMOJIHUTEIHHBIM YITPOUHSIOIINM OTIEpallusIM, HapuMep, 00padoTKe MUKpOIIapH-
KaMH, [MIEeTKaMH, aIMa3HOMY BBITJIZXXHBAHHIO U JIp. B pe3ynbTare yaaercss yMeHBIIUTh MIEPOXOBATOCTH T0-
BEPXHOCTH, YBEITUYUTH CTETIEHb Ne(OPMAIIIOHHOTO YIPOYHEHHS (HaKJIena), a TAaKkKe MOTy9INTh 3HAYUTEIh-
HBIE 10 BEJINYMHE CKUMAIOIINE OCTaTOYHBIE HANPSKEHHs, YTO 0CO00 3HAYMMO B YCJIOBHUSAX MEPEMEHHBIX
Harpy3ok. [Ipu 3ToM C)KUMaroIIMe 0CTaTOYHBIC HATIPSHKEHHUS CYMMUPYIOTCS C PACTATUBAIOIUME pa0OYHMHU
HaIpsHDKEHUSIMU, TEM CaMbIM MOBBIIIAS HUKINYECKYHO IPOYHOCTS [1, 2].

Crnenyet OTMETUTH, YTO JUIS MTOBBILICHUS HAJEKHOCTHU AeTalel Bce Oosee HIMPOKOe MPUMEHEHHUE T10-
Jy4aroT MaTePUANbl C BBICOKHMH (PU3UKO-MEXAaHHMUYSCKUMH XapaKTECPUCTUKAMU, TO3BOJSIONIMMH 3HAYH-
TEJIBHO MOBBICUTH PA0OTOCIIOCOOHOCTH, B TOM YHCII€ OTBETCTBEHHBIX Pe3bOOBBIX nertaneil. OqHaKo B psae
CIy4yaeB MeXaHH4Yeckas oOpaboTKa JaHHBIX MaTEPHAIOB — 0COOCHHO Hape3aHWe pe3bObl — BBHI3BIBACT CEPb-
e3Hble 3arpyaHeHus. st noBbimeHus 3(h(HEeKTHBHOCTH 00pabOTKU MPUMEHSIIOT pa3inyHbIe PU3HKO-XUMH-
YEeCKHE METO/IbI, OCHOBAaHHBIC HA KOMOWHUPOBAHHOM BO3/CHCTBUY Pa3IUYHbIX BUIOB 3HEpTruu. Beneacrue
MPUMEHEHUS YIbTPa3BYKOBBIX TEXHOJIOTHH YAaI0Ch TOBBICUTH MMPOU3BOIUTEIHFHOCTD OIIEpaIiid, CTOHKOCTh
WHCTPYMEHTa, TOYHOCTh U Ka4€CTBO MIOBEPXHOCTHOTO CJI0s Pe3bObI [1-3].

AHanu3 paspylieHus pe3bOOBBIX JAeTajeil MoKas3all, 4yTo HauboJiee MPOOJIEMHBIM MECTOM SIBISCTCS
BIIAJITHA Pe3b0bI, KOTOPAs SBISAETCS KOHIEHTPATOPOM HAIPsHKEHUH U, COOTBETCTBEHHO, B HeW (hopMUpyeTcs
yCTaJIOCTHAS TPEeIMHA, TPUBOASINIAS K JalbHEHIeMy pa3pymeHuro. [loaToMy Hanbomnee BaKHBIM SBIISETCS
ompeJieNieHHe OCTaTOUHBIX HANPSHKEHUH, (POPMHUPYIOLIMXCSI UMEHHO BO BIaJHHE Pe3b0bl. B cooTBeTCTBUH €
BEIIIEU3IIOKEHHBIM LEJIhI0 TAHHOW pabOTHI SBISETCS TEOPETHUKO-IKCIIEPUMEHTAIBHOE OIpe/IeTIeHHe Tpo-
recca (POpMHUPOBAHUS OCTATOUYHBIX HAIIPSDKEHUH BO BIAIMHE PE3BOBI B yCIOBHSIX HAPE3aHUS C YIbTPa3ByKO-
BbIMH KosieOaHMSAMHU. [Ipu 3TOM CHayasa SKCIIEPUMEHTATbHO OMPEeNsIeTcsl 0JHa U3 KOMIIOHEHT OCEBBIX
OCTaTOYHBIX HAIPSKEHUH, a Jjajiee pacyeTHBIM ITyTEM OLIEHUBAIIUCH TPU COCTABIISIIOIINE: OCEBBIC, OKPY KHBIE
Y pagualibHbIe HATPSKCHHS.

MeToaNKa S9KCIIEPHMEHTAAbHBIX HCCACAOBAHHI

3KCHepI/IMeHTaJIBHI)Ie HCCICA0BaHM BBIMIOJIHAIUCH C UCITIOJIB30BAHNUEM YIIbTPAa3BYKOBBIX TEXHOJIOTHH
U CIEIHMATbHOTO MHCTPYMEHTa AJIs1 Hape3aHus pe3b0. TexHoiIornu u uHCTpyMeHT (puc. 1) pa3zpaboTaHbl B
CaMapCcKOM rocyZapCTBEHHOM TEXHHYECKOM YHHBEpCUTeTe. B 3KCIiepuMeHTe HCITONIb30BaHbl KAIMOPOBaH-
HBIC 3aTOTOBKH W3 THTAaHOBOTO crutaBa BT3-1 [1-3].

Mertoauka 3akitoyanack B Hape3aHuu pe3sobl MS (MMeeT MeHbIIne MPOYHOCTHHIE CBOMCTBA B CPaB-
HEHUH C OOJIBIINMU JHaMETPaMH 1 BMECTE C TeM SIBJIsIeTCS HanOoJiee paclipocTpaHeHHO! ). PexkxuMbl pe3anus
OBLTH CIIETYIONTUMU: CKOPOCTh pe3anus 0,6 M/MUH, TpoJoibHas mogada 1| MM/00, 9acToTa YIbTPa3ByKOBBIX
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KoJsieOaHuil, CBsI3aHHAs C PE30HAHCHOW YacTOTOH yIbTpa3ByKoBOro HHCTpyMeHTa, — 19 000 — 21 000 ', am-
IVIUTYyJa Kosebanuii — 5 MkM. CoryiacHO METOMKe Hape3aHue MPOU3BOANIOCH KaK 0€3 yIbTPa3ByKOBBIX KO-
Jie0aHuM, TaK U C yJIbTPa3BYKOBbIMH KoyieOanusMu. KoneOanust ObLIM IPUIOKEHBI COOTBETCTBEHHO B OCE-
BOM, TAHTCHIIUAILHOM (OKpPY>KHOM) U paJlalbHOM HallpaBJIeHUH.

Puc. 1. YcraHoBka ajist yIbTpa3ByKOBOTO Hape3aHUs pe3b0bl

Lenb sKcIepuMEHTAIBHBIX UCCIIEIOBaHUH 3aKII04aiach B OICHKE AUHAMHUKH COCTOSIHUS pe3b00BOTO
o0pasla ¢ UCIOIb30BaHNEM criennabHON MeToaukH [4]. Ha mepBoMm 3Tarie mojioBrHa MOBEPXHOCTH BIIAAUH
pe3b0BbI MOKphIBanachk JakoM. [lamee oOpasen moaBepraics TpasieHuto. [Ipu TpaBieHnu npoucxoauia Jie-
(dopmanusi 00pa3LoB U U3MEPSUINCH NEpEeMENICHUsT 0T ACUCTBYIOIIMX HampsokeHui. [anee mpomsBonumics
pacuer no ¢popmyie

e\ C |df(h)
GZ (hj)_ XP_(hj) dh ja

rae X,(h) — koo duupent, yuursiBaromuii MacutabHeii Gakrop; f () — nepemewenne o6pasua; C — KO-

3 GuIIeHT, OIpeIeIIEMBINA 10 COOTHOIICHUTO

C= £ )

() (1-2) (L) b s L

rae £ — Moayib MpoJIofibHOM yripyrocTy; U — kodddunuent [lyaccona; L — nmuHa oOpasia ¢ yIInHUTEIEeM;
| — nivHa oOpasua; P — mar pe3nobl.

Anaaus PE€3YyABTATOB OKCIEPHMEHTA

B pesynpraTe aHanm3a BBIABICHO, YTO B IIOBEPXHOCTHOM CJIO€ 3arOTOBOK W3 THTAaHOBOTO CIIaBa
BT3-1 npu Hape3anuu pe3b0bl (GOPMUPYIOTCS CIKUMAIOIINE OCEBBIC OCTATOYHBIC HAITPSKEHUS, pacrpeee-
HUE KOTOPBIX IPOUCXOIUT CIEAYIOMIMM 00pa3oMm:

1. B ciydae Hape3anus pe3p0ObI 6€3 BO3ACHCTBHS YILTPa3ByKa Ha MTOBEPXHOCTHBIN CIIONW OCTaTOYHBIC
HanpsoKeHUsT (YOPMUPYIOTCS CIACIYIOIIMM 00pa3oM: OKOJIO MOBEPXHOCTH Ha TiyOuHe 3aieranus 0,01 mwm
umeroT 3HaueHue okono 100 MIla, mpu 0,10 mm mocturaror 440 Mlla, a 3areM IJIaBHO YMEHBLIAIOTCA
(o mopymo) o Hyns Ha rryoune 0,16 MMm. 3aTeM mepexoaT B pacTsruBatomniie senuanHoi 1o 40 Mlla.

2. Ilpu BeneHHH yIbTPA3BYKOBBIX KOJIeOaHUN pacpeIeICHIEe OCTATOYHBIX HAMPSKECHUH MEHSICTCS B
3aBHCHMOCTH OT WX HampamieHus. Hanpumep, npu 006paboTKe C TAaHTCHIIMATBLHBIMU YIIBTPa3BYKOBBIMH KO-
neGaHuAMHU HanpspkeHust ymenbmarores 1o 40 MIla va rimy6une 0,01 mm, npu 0,09 MM focTUraroT 3Ha4eHUH
290 MlIla (o momyio), a mocie 0,15 MM CTaHOBSATCS pacTATHBAIONTUMH B UMEIOT 3HaueHue okoiro 50 MITa.
[Ipu BBeicHMHM B 30HY pE3aHUs YIBTPA3ByKOBBIX KOJICOAHHI B OCEBOM M PaJMaibHOM HAIIPaBJICHUSIX HAOJIrO-
JTAJICS 3HAYUTEIHHBIN POCT COKMMAIOIIUX OCTATOYHBIX HAIpsDKEeHUH (puc. 2).

7
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Puc. 2. ®opMupoBaHuE OCEBBIX OCTATOYHBIX HANPSHKEHUH B TIOBEPXHOCTHOM CJIOE BIIAJMHBI pe3b0bl MS
npu 006paboTke THTaHoBoro crutaBa BT3-1: / — Hape3aHnue pe3bObl Oe3 yIbTpa3ByKOBBIX KOJIEOaHUI;
2 — Hape3aHue pe3bObl C TAHT€HIMAIBHBIMH YJIbTPa3BYKOBBIMHU KOJleOaHUsIMHU; 3 — Hape3aHHe pe3bObl C 0CEBBIMU
YJIBTPa3BYKOBBIMH KOJIeOaHUAMM; 4 — Hape3aHUe Pe3bObl ¢ paJualIbHBIMK YIIbTPa3ByKOBBIMH KOJICOAHUSIMU

I, MM

[Ipu oceBBIX yIBTPa3BYKOBEIX KOJIEOAHUAX yOanoch moctwdb 3HaueHni 8§10 MIla (o momyito) Ha
rryoure 0,11 MM, a Ipu Hape3aHUH Pe3bOBl C PagHaTbHBIMU YIBTPAa3BYKOBBIMH KOJIEOAHUSMH TTONYIHIN
900 MIla yxe Ha rryoune 0,08 Mm.

Taxum o6pa30M, B pE3YJbTAaTC BBIIIOJHCHHBIX 3KCIICPHUMCEHTAJIbHBIX I/ICCJICI[OBaHI/Iﬁ YCTaHOBJICHO,
4TO BBCACHUC B 30HY PC3aHUA YIbTPAa3BYKOBBIX KoJeO0aHUH B OCEBOM HIIU paarajibHOM HalpaBJICHUU 1103~
BOJISIET CPOPMUPOBATH BO BIAJWHE PE3hObl 3HAUMUTEIBHBIC MO BEIMYWHE OJIATOTPUSATHBIC OCTATOYHBIC
HaIpsKEHUS.

PeSYAhTaTbI N METOAHNKA OIICHKHA Hal'IPﬂ)KeHHO-Ae(l)OPMHPOBaHHOI‘O

COCTOSIHHSI IIOBEPXHOCTHOTO CAOSI BIIAAMHDBI Pe?,bﬁbl

CrienianbHas METOMKA [5] OlEHKH HAMPSHKEHHO-Ae()OPMUPOBAHHOTO COCTOSIHUSI OCHOBAaHA Ha TOM,
YTO BOCCTAHOBJICHHE OCTATOYHBIX HATPSHKEHUH BO BIIAJAWHE PE3bOBI MPOU3BOUTCS KaK B OECKOHEYHO MaJIOM
UTHHIPHYECKOM 00pasiie JMaMeTPOM, PaBHBIM THAMETPY UCCIIEAYeMO BIaANHBI pe3b0bl. B kauecTBe Hc-
XOJIHBIX JIAHHBIX OepyTCs MOTy4YeHHBIE SKCIIEPUMEHTAILHBIM ITyTEM 3aBHCUMOCTH PACIIPEICTICHUS OCTATOY-
HBIX HATPSHKEHUH B OCEBOM HAIIPaBIICHUH.

Ha ocHOBe ypaBHEHHUSI paBHOBECHSL:

rez
r rez __ __rez
r . +06" =0,

o o 0
ITocne OIPEACICHUA TINTACTHYCCKUX z[e(bopMaum/I MOXXHO HAUTHU €, U ONPCACIIMTh 3HAYCHUA OCTATOY-

HBIX HANpsDKEHUH 67~ () :

z

0 _
€, =

a
%'([r{qz (r) —%[c;"z (r)+oy” (r)]}dr .

C y4eToM TOT0, YTO HMMEIHCh 3KCICPUMCHTAIbHBIC 3HAUCHHUS OCCBOW KOMIIOHEHTHI OCTATOYHBIX
HANPSHKSHU, TO MIPH pacyeTe MOCICOBATENBHO 3a/1aBall 3HAYCHUST OKPYKHBIX OCTATOYHBIX HATIPSIKCHUHA
JI0 MOMEHTA, TTOKa PacX0XKICHHUE SKCIIEPUMEHTAIBHBIX U TCOPETUUSCKUX PE3YIbTATOB OyIeT MUHUMAIBHBIM
(puc. 3-5).

U3 npencraBieHHBIX pe3yIbTATOB BUIHO, YTO 3HAUCHHS OCTATOYHBIX HAMPSHKCHUH B OKPYKHOM H OCe-
BOM HaIlpaBJICHUsIX Oyn3ku. [Ipu 3TOM B paguaibHOM HalpaBicHUH (OPMHUPYIOTCS PACTATHBAIOIIUE HAIIPSI-
»eHus U rociie 0,2 MM OCTarOTCs OCTOSTHHBIMHM. [1py paguanbHBIX yIBTPa3ByKOBBIX KOJICOAHHSX ITOJTY UMM
53 Mlla, npu oceBrx — 48 MIla, mpu TanreHIMaNBHBIX — 13 MIla, 6e3 xonebanuii — 20 MIla.
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Puc. 3. PacnipesieneHne OKpy>KHBIX OCTaTOYHBIX HANPsDKEHUH pu 00paboTke TuTaHoBoro cruiasa BT3-1:
1 — pe3aHue ¢ TaHreHIMAIBHBIMU KOJIe0aHUsIMH; 2 — OOBIYHOE PE3aHUE;
3 — pe3aHue C OCEBBIMH KOJICOAHHUAMY; 4 — pe3aHue C paJualbHbIMHI KOJICOAaHUSIMU
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Puc. 4. Pacnipesienenne 0ceBbIX OCTaTOYHBIX HANpPsDKEHUH pu 00paboTke TuTaHoBoro crutasa BT3-1:
I — pe3aHue ¢ TaHT€HIMATBHBIMH KOJIeOaHUAMH; 2 — 0OBIYHOE pe3aHue; 3 — pe3aHue ¢ OCEBBIMH KOJIEeOaHUIMUY;
4 — pe3aHue C paguanbHBIMK KOJIeOaHUAMHE (TOUKH — SKCIIEPUMEHT, CIUIOLIHAS JIMHUS — pacyer)
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Puc. 5. Pacnipenenenue paguaibHbIX OCTATOUHBIX HAIIPSHKEHHIA IPH 00paboTke TuTaHoBoro cruiaa BT3-1:
1 — pe3aHue C TaHT€HIMAIBHBIMH KOJIeOaHUAMME; 2 — 0OBIYHOE pE3aHuE;
3 — pe3aHue ¢ OCEBBIMH KOJIEOaHUAMHY; 4 — pe3aHHe ¢ paJUaIbHBIMU KOJIeOaHHAMH
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dopMupoBaHHUE OCTATOYHBIX HAPSIKEHHUH B OKPY>KHOM M OCEBOM HAIIPABJICHUSAX CYIIECTBEHHO OTIIN-
yaercs. CHavyana MpoucXOoAuT BO3PACTAHHE 110 MOJIYIIFO CKUMAIOIIMX OCTATOYHBIX HATIPSHKEHUH 10 TITyOUHBI
0,7-0,9 MM, 3aTeM YMEHBIIIEHHE TI0 MOIYJIO 10 Hys Ha riryoune 0,16—0,20 M.

OTKIIOHCHHE 3HAYCHHI BBITIOJTHEHHBIX PacYeTOB U PE3yJIbTATOB DKCIIEPUMEHTA B CPETHEM COCTABHUIIO
5-13 %. BaxxHbIM SIBJISIETCS TO, 4TO 00pabOTKa C MPUMEHEHUEM YIBTPa3ByKOBBIX KoJieOaHHI B OCEBOM HITH
paauagbHOM HAIPaBJICHUH Ja€T BO3MOXHOCTh JIOCTHIKCHUS 3HAUYCHUH CKUMAFOIIUX HAIPSHKEHUH (OKPYIK-
HBIX U 0CEBBIX), paBHBIX 800—900 MI]a.

3akArouenune

BrINOTHEHHBIE 3KCTIEPUMEHTAIBHBIC UCCIICIOBAHUS BIUSHUS BBIHYKJICHHBIX YIbTPa3BYKOBBIX KOJIE-
Oanmii Ha (OPMHUPOBAHKUE HAIMPSHKEHHO-IACPOPMUPOBAHHOTO COCTOSIHUS MTOBEPXHOCTHOTO CJIOS BIAJWHBI
pe3bOBI ITpH 00pabOTKE 3ar0TOBOK U3 THTAHOBOTO criaBa BT3-1 mo3BoNwiIN yCTaHOBUTH B3aMMOCBSI3b BITU-
SHUAS Pa3NAYHBIX 110 HAMPABICHUIO yIHTPa3BYKOBHIX KoeOaHW Ha (hOpPMUPOBAHHUE TONEH OCTATOYHBIX
HanpsokeHni. [TokazaHa 3¢ (peKTHBHOCTH MPIMEHEHHS OCEBBIX M PaAHaIbHBIX YIIBTPA3BYKOBBIX KOJIEOAHMIA:
3HaYEHH OCTATOYHBIX CKUMAIOUINX HANpsHKEHUH yBEIMYHBAIOTCA B 1,5-2 pasza mo cpaBHEHHUIO ¢ Hape3a-
HUEM pe3b0bl 0e3 yibpTpa3Byka. PazpaboTana u anmpoOupoBaHa MaTeMaTHYSCKask MOJIEb, JAOIIAs BO3MOXK-
HOCTB OIPEJIEIUTh PACYCTHBIM IIYTEM paclpee/ICHUE TIOJICH 0CTATOYHBIX HANIPSKSHHUIA BO BIIJWHE PE3bOBbI.

[IpencraBneHHbIE MOAETH W METOJUKHA MOTYT OBITh UCTIOJIH30BAHBI TP MPOTHO3UPOBAHHUH DKCILTya-
TAIMOHHOTO pecypca pe3b0OBhIX AeTalleil, padOTArOIIUX B YCIOBHUIX 3HAKONIEPEMEHHBIX HATPY30K.
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MOAEAUPOBAHUME D9 AEMEHTOB CUCTEMbI
«CTPEAKOBOE OPYJXME - CTBOA - ITYAA>»
CHUCIIOAB3OBAHMEM METOAA KOHEYHBIX DOAEMEHTOB
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AHHOTanust. AxmyanvHocmo u yeau. CTPEIKOBOE OpYIKHUE SBISIETCSI HEOTHEMIIEMOH 4acThI0 COBPEMEHHOTO 00s1.
B cBsi3u ¢ pa3BUTHEM CpPEJICTB OpOHE3aNUThI TPEOYETCs MOBBINIATH (DPEKTUBHOCTh HHAUBUIYATBHOTO CTPEIKOBOTO
opyxusi. Mamepuanvl u memoowvt. OTHAM U3 CPEICTB TOCTYXKCHUS [IETH IO TOBHIICHHIO 3(h(hEKTUBHOCTH 00pasIa sB-
nsiercst 3d moaenupoBanue. [Ipy UCTIONB30BaHUM HOBBIX TEXHHMYECKUX PEICHHH HEOOXO0ANMO IPOBEACHHE ONTHMHU3a-
M HAIPABJICHHBIX HA BBIOOP HAWITYUIIIUX KOHCTPYKTUBHBIX XapaKTePHUCTHK. B cTaThe paccMOTpEH MopsiIoK IpoBe/ie-
HUS MOJICITUPOBAHMS C IICJBIO0 ONTHUMH3AIMKA W BBEIOOpA ONTUMAILHBIX TEXHHUYCCKUX XAPAKTEPUCTHK C TOMOIIBIO
NPOTrPaMMHBIX KOMIUIEKCOB CHCTEMbI aBTOMaTH3HPOBAHHOT'O IIPOSKTHPOBAHUS SJIEMEHTOB CHCTEMBI «CTPEIIKOBOE OPY-
JKHE — CTBOJI — IyJIsh» C MUCIIOJIb30BAHMEM METO/Ia KOHEUHbBIX JIEMEHTOB. Pe3yibmanmul u 6b16006l. CMOICTUPOBAHHAS
CHCTEMa IT03BOJISICT Ha 3Talle MPOSKTUPOBAHUS CIIPOTHO3HPOBATh TEXHHUYCCKHIE XaPAKTEPUCTUKU CTPEIIKOBOTO OPYIKHUS
C LIeJNBIO TMOBbIIEHUs 3)(HEKTUBHOCTH €ro ACHCTBUSL.

KaroueBble c10Ba: MOENb, CTPENKOBOE OPYIKHE, IyJIs, HATPOH, CHCTEMa

s uutupoBanus: I'pomoB A. A., Yebypkos 1O. B., 'ogynos A. 1., IOpkos H. K. MonenupoBaH#e 31eMEHTOB CHCTEMBI
«CTPEIIKOBOE OPYKHE — CTBOJI — IMyJIsD» C UCIONB30BaHUEM METOJla KOHEUHBIX 3JIeMeHTOB // Hane)HOCTh 1 KauecTBO CIIOXKHBIX CH-
crem. 2023. Ne 2. C. 12-21. doi:10.21685/2307-4205-2023-2-2

MODELING OF ELEMENTS OF THE "SMALL ARMS - BARREL - BULLET"
SYSTEM USING THE FINITE ELEMENT METHOD

A.A. Gromov', Yu.V. Cheburkov?, A.I. Godunov?, N.K. Yurkov*
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3.4 Penza State University, Penza, Russia
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Abstract. Background. Small arms are an integral part of modern combat. In connection with the development
of armor protection means, it is required to increase the effectiveness of individual small arms. Materials and methods.
One of the means to achieve the goal of improving the efficiency of the sample is 3d modeling. When using new tech-
nical solutions, it is necessary to carry out optimization aimed at choosing the best design characteristics. The article
considers the procedure for conducting modeling in order to optimize and select the optimal technical characteristics
using computer-aided design software systems for the elements of the "small arms — barrel — bullet" system using the
finite element method. Results and conclusions. The simulated system allows at the design stage to predict the technical
characteristics of small arms in order to increase the effectiveness of its action.

Keywords: model, small arms, bullet, cartridge, system

For citation: Gromov A.A., Cheburkov Yu.V., Godunov A.I., Yurkov N.K. Modeling of elements of the "small arms — barrel —
bullet" system using the finite element method. Nadezhnost'i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
2023;(2):12-21. (In Russ.). doi:10.21685/2307-4205-2023-2-2
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a Creative Commons Attribution 4.0 License.
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BBepenne

I'maBHBIEC NOMUTHYECKUE YCTAHOBKHA BOEHHOM JOKTpUHBI Poccuiickoit @enepauu OpueHTUPOBAHbI HA
yCTpaHCHHE BOWHBI M3 XHU3HHU YEJIOBEUCCTBA, YIIPOUCHUE MEXKIYHAPOIHON CTAOUIBHOCTH M 0€30MaCHOCTH.
OO0OpOHUTENBHBIN XapaKTep BOCHHOU TOKTPUHBI HE CHIXKACT, a HA000POT, MPEABABIACT 00Jiee BEICOKHE TPe-
OoBaams K 3(G(HEKTUBHOCTH PaKETHO-apTHIUICPUICKOTO BOOPY)KCHHSI M, B YACTHOCTH, WHIMBUIYAIHEHOTO
CTPEJIKOBOTO OPYKHsl BOCHHOCIYKarero. [ToBsiienne 3 ()eKTUBHOCTH PaKETHO-apTHILICPUIICKOTO BOOPY-
JKEHHsI — TJIaBHOE TpeOoBaHUe MPH MPOSKTUPOBAHUHN HOBBIX M MOJICPHH3AINY CYIIECTBYIOUINX crcTeM. Uem
BBITIE 3P GEKTUBHOCTD HHINBHIYATBHOTO CTPEIIKOBOTO OPYIKHS, TEM BEIIIE Y(PPEKTHBHOCTL BOSHHOCITY KA~
mero. OTHUM U3 CIIOCOOOB MOBHIIIEHUS 3()(HEKTUBHOCTH SIBIIIETCS MOJICTUPOBAHUE CUCTEM BOOPYKCHHS C
LIENTBI0 BBIOOPA ONTHMATBHBIX TEXHHUECKHX XapaKTePUCTHK, MO3BOJISIONINX MOBBICUTH 3(p()EeKTUBHOCTH AeH-
CTBUSI CTPEIKOBOTO Opykusl. PaccMOTpuM crioco® MOAETHPOBaHUS CUCTEMBI «CTPEITKOBOE OPYXKHE — CTBOJ —
IyJIsh» C UCTIOJIb30BAHUEM METOAAa KOHEUHBIX 3JIEMEHTOB.

MopeAHpOBaHHE CHCTEMbI <CTPEAKOBOE OPY>KHe — CTBOA — ITyAsI>>
C HCIIOAB30BaHHEM METOAOB KOHEYHBIX IA€MEHTOB

Jiist MogenupoBaHus ABMKEHHUS ITyJTH 10 KaHAITy CTBOJIA UCTIONIB3YEM Psi/I IPOrPAaMMHBIX KOMILIEKCOB,
a UIMEHHO: JJIs1 CO3/laHMs MOJEJel MaTpoHa U CTBOJA B JEKapTOBOW CHCTEME KOOPAMHAT IpUMEHeH Solid-
Works, a nns HemocpeaCTBEHHOT'O MOJIEIMPOBAHHUS MTEPEMELICHHS MTOPAYKAIOIIETO SIEMEHTa BHYTPH CTBOJIA
oOpasma crpenkoBoro opyxus (CO) BeiOpan komruieke ANSYS, Tounee — ero npunoxenuss AYTODYN u
Explisit Dynamics — Mechanical. OH TTI03BOJIII TPOU3BECTH PACUCTHI JaBJICHUS ITOPOXOBHIX Ta30B C H3MEHE-
HHEM MacChl TIOPOXOBOW HABECKH.

Paccmotpum monpoOHEe MocTpoeHHe OOBEMHBIX MOJEJel C Ucmonb3oBaHueM komiuiekca CAIIP
SolidWorks. Tloctpoenne Moaenyu maTpoHa MpeICcTaBUM Ha mpumepe 7,62 MM marpoHa oOpasua 1943 r.
C myJel co cTranbHBIM cepAeyHHKOM [1]. PaccMoTpeHne HauHeM ¢ MOCTpOEHUs MyiH ¢ 00osoukoit. s
Hayasna Obl1a BEIOpaHa INIOCKOCTb, B KOTOPOI IOCTPOEH ICKHU3 C IPUMEHEHHEM HaObopa HHCTPYMEHTOB, IIPe-
CTaBJICHHBIX Ha paboueit manemu (puc. 1,a).

HUcnonszys naCTpyMeHT «IloBepHyTast 000bIIIKa», pa3BepHEM ICKU3 BOKPYT CO3AaHHOM ocu Ha 360 ©
(puc. 1,6). 13 mpencTaBIeHHOTO CITACKA BEIOEpEM MaTepHall ¢ HEOOXOIMMBIMHU XapaKTEPUCTHKAMU JIJIS TIPH-
JaHusl PU3NKO-XUMHYECKHX CBOMCTB 2JIEMEHTY MaTPOHA. 3aKOHUEHHAS TpEXMEpHasi MOJEIb MU C TEOMET-
PHUYECKUMH pa3MepaMu IpeAcTaBieHa Ha puc. 1,6.

LRI

[+ FPTTISEE

6)
Puc. 1. [TocTpoenne TpexMepHO MOAEITH ITyJIH:
a — MIOCTPOCHUE ICKU3A ITYJIH; O — Pa3BOPOT ICKU3A IYIH BOKPYT OCH X; 6 — TpEXMEpHAs MOJIEIb 7,62 MM IyJIH
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[TocTpoenue TpexMepHOH MOAEITH THIIB3BI TPOU3BOIUM I10 AaHAIOTHYHOMY aIToOpUTMY (pHC. 2).

5 s oo L=

= £ Ml _|

Te— e —— ; e =

a) 0)

Puc. 2. [Toctpoenne TpeXxMepHOH MOJIENH THIIb3bL:
a — NOCTPOEHHE ICKU3a I'UJIb3bl; 6 — Pa3BOPOT ICKM3a TUIIb3bI BOKPYT 0cH X

Jlanee mus mociemyonux pacuyeToB HEOOXOMIMMO co34aTh HMaTpoH B cOope. C Ienbio BBITIOJHCHUS
MOJITOTOBUTEBHBIX MEPOIPUATHI OblIa co3/1aHa cOOPKa, B KOTOPYIO JJOOABICHBI CIIPOCKTUPOBAHHBIC TPEX-
MEpHBIC MOJICIH MYJIH U THIIL3bI (puUc. 3,a).

i
i

FewhelmbA

6)

Puc. 3. MogenmupoBanue cOOpKH maTpoHa:
a — no6aBjieHre B COOPKY 3JIEMEHTOB; O — BBIOOD TIOBEPXHOCTEN
IUISL KOHTAKTHOTO CONPSDKEHHUS; 6 — BUJL COOPKH MOCIIE CONPSIKSHUS

CoenuHeHNE AIIEMEHTOB COOPKH MOAPA3yMEBACT BRIOOP MECT COMPSKCHUS BCEX €ro 3JICMEHTOB, T.C.
OBUIM MPOU3BENEHBI CICAYIOIINUE JACHCTBUS: BRIOPAHBI KOHTAKTHPYIOIINE TTOBEPXHOCTH, MTPOU3BEICHO BhI-
paBHUBAHKE 3JICMEHTOB OTHOCHTEIBHO OCEW KOOPJMHAT U 33JlaHbl KOHKPETHBIE pa3Mephbl CMEIICHUS OJTHOM
MOJICIH OTHOCHUTEIBLHO ApyToii (puc. 3,6). BeiOupaem «KoHIIEHTpUYHOE COMIPSKEHUEY, 337a€M YCIIOBUSI CO-
OCHOCTH JIBYX JeTajicit. B pe3ynbraTe moayduinn TpeXMepHY cOOKy — Mojeib 7,62 MM maTpoHa o0Opasiia
1943 r. (puc. 3,8).

Jliis pacyera cUCTEMBI TOCTPOUM CTBOJ. [IpHHIIUT €ro MOCTPOSHHSI KOPEHHBIM 00pa30M OTJINYAeTCS
OT NPUBEJICHHOTO BBIIIEC alroputMa. Bee MOAeIupoBaHue MPOU3BOAMIOCH CTPOTO MO YepTekKaM, KOTOPhIC
MPEJICTaBJICHBI B a1b00OMAaxX Ha JAaHHBIN 00pa3ell CTPEIKOBOTO OPYKHSL.
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MonenupoBaHue CTBOIA MPOU3BOANM C HCITOJIE30BaHUEM WHCTpyMeHTa «BrITsaHyTas 000bimkay. [1o-
CTpOCHHE HAaUMHAeM C Ka3eHHOW 4acTy cTBoJNA. Ha BEIOpaHHOH TIOCKOCTH B TOYKE Havajia KOOpIWHAT (U1
ynoOCTBa AanbHeHIIei paboThl ¢ MOZETHI0) OTOOpakaeM ICKH3 — OKPY>KHOCTH C PalyCOM, PaBHBIM Hapy K-
HOMY pa3Mepy CeYeHHs] Ka3eHHOH 4acTH CTBOJA, yKa3aHHOTO Ha dyepTexe (puc. 4,a). OKpy>KHOCTH BBITATH-
BaeM BIOJb OCH Z Ha PACCTOSHUE /10 YMEHBIIICHHUS THaMeTpa CTBOJIa, yKa3aHHOTO Ha depTexe (puc. 4,0).

CrenoM B TOPIIEBOM YaCTH MOCTPOCHHOTO IIMJIMHIPA MOJ00HBEIM 00pa3oM CO3/1aeTCs eIl OUH IIH-
JUHAPUYECKUH 2JIEMEHT, HO C pa3MepaMH, COOTBETCTBYIOLIMMHU JaHHOMY Y4acTKy Ha uepTexe (puc. 4,6) u
TaK Jlanee, 0 BBHIMOIHEHHS pa3Mepa JJTUHBI CTBOJIA, YCTAHOBIIEHHOTO YepTexoM (puc. 4,2). [lo okoHuaHUM
MTOCTPOEHUS IMMIMHAPHICCKUX JacTell Hadaiach 00pabdoTka Ghacok, KpOMOK M CKPYTJICHUH 10 TPpeOOBaHUAM
yepTexa (puc. 4,0). [loctpoeHue kaHana cTBoJIa HAYHEM C KOHIEHTPUYHOTO LMJIMHAPHYECKOTO BBHIpE3a B
CMO/ISITUPOBAHHOM JieTanu (puc. 4,e,9/c). AHaJOTHYHBIM CIIOCOOOM MOCTPOEHBI BCE KOHUYECKHE CYXKCHUS U
pacIImpeHus B CTBoJE (pHC. 4,u).

Juist co3manusi Hape30B B KaHaJle CTBOJIA OBbLI MCIIOJIB30BaH MHCTPYMEHT «Crmpaisy. [yis npaBuiib-
HOTO CO3AaHUS UM Hape30B HEOOXOAMMBIX T€OMETPUYECKUX pPa3MEpOB ObUT BEIOpaH TUAMETP OKPYKHOCTU
cnupanmu u ee mar (puc. 4,x). Jns HambOoyiee TOYHBIX PacyeTOB MPH MOACITUPOBAHUH (OPMBI HAPE30B
JOJDKHBI COOTBETCTBOBATH MPEACTABICHHBIM Ha yepTexe. CoOIroIas 3TH YCIOBHS, MO pa3MepaM peabHbBIX
Hape30B Ha JIOTOJHUTENBHON CIIPaBOYHON IIOCKOCTH OBLI HOCTPOEH pexyIiuii aneMeHnT. OH, B CBOIO oYe-
penb, QUKCHpOBANICS Ha BEpIIMHE CrUpaiu. [lpW MpOXOXKAEHWW 3CKH3a 10 JAaHHOW KPUBOUM 3JIEMEHTHI
CTBOJIa, HAXOJSAIINECS Ha ero IyTH, UCKII0YANCh U3 Mojiend. J{Jist aToro ucnonp3dyeM komanay «Breipes mo
HarpaBJeHUIO» (puc. 4,u).

Tak KaKk MO OKOHYAaHWH STOW OINepanuyd He ObLIO M3TOTOBIEHO TpedyeMoe KOJIMYeCTBO Hape3oB, TO,
YTOOBI COKPAaTHTh BpeMsS HAa MOJEIHPOBAHHE WX PEXKYIIUX HHCTPYMEHTOB, OBUI MPUMEHEH HHCTPYMEHT
«KpyroBoif Mmaccuy (puc. 4,#). OH IO3BOJIMI HA CIIPABOYHOM OKPY)KHOCTH Uepe3 ONpeAeSIeHHOE KOITMYECTBO
IpagycoB MOBTOPUTH MPOEKTUPYEMBIH 3JIEMEHT CTBOJIa HEOOXOIMMOE KOJINYECTBO Pa3.

KoHeuHsIi1 3Tarm MoAeTMpoOBaHNUs CTBOJIA BKIIIOYAET BHIOOP CIUTaBa M NpUIaHHE eMy TpeOyeMbIX (u-
3UKO-XMMHUYECKIUX CBOMCTB M XapaKTEPUCTHK, YTOOBI MX MPUMEHNTH B NaJbHEUIINX pacdeTax. OOmuii Bug
CTBOJIA TIPE/ICTABIICH Ha pHC. 4,7.

1t
1t

BRI
BRI

a) 0)

1t
1t

BRI
BRI

[ P L T

6) 2)
Puc. 4. Tloctpoenue cTBoa: ¢ — MOCTPOCHHE OKPYIKHOCTH C TUAMETPOM, PABHBIM pa3MepaM Hapy>KHOTO CeUeHHUs

Ka3eHHOM 4acTH; 6 — BHITATHBAHHE OKPYKHOCTH BJOJIb OCH. [locTpoeHne IMITMHPUYECKOM 3ar0TOBKH Ka3eHHOH 4acTh
CTBOJIa; 8 — IOCTPOEHHUE MOCNIEAYIOIHX IINHAPOB; 2 — OOLIMI BUJI 3arOTOBKU TPEXMEPHOM MOJIENH CTBOJIA (HA4aso)
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a4 — o
R 3 B — . =

a1 Ssnisnd
" ks

Puc. 4. TloctpoeHue cTBOJA: O — HIOCTPOCHUE
E TEXHOJIOTHUECKHUX CKPYIIICHHH; e — TIOITOTOBKA
2 K MOJIEJIUPOBAHHIO CKBO3HOTO OTBEPCTHS;
Jic — OTBEPCTHUE B CTBOJIE, 3aT'OTOBKA 10 KAHAJI CTBOJIA;
U — U3TOTOBJIEHUE KOHUYECKUX CY)KEHHUH B Ka3eHHON
4acTH; K — MOATOTOBKA K MOJIEINPOBAaHUIO HAPE30B
B CTBOJIE; J1 — MOZIEIUPOBaHUE (GOPMBI pexxyILeH
MOBEPXHOCTH; M — ONPENEIICHNE 11ara U JUIMHbI Hape30B;
H — MOJIETINPOBAHNE KOINYECTBA HAPE30B;

pe———— n — o0Imui BUA CMOJAETMPOBAHHOTO CTBOJIA
n) C CEYEHHEM B IUIOCKOCTH oceil X, Z (OKOHYaHMeE)
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CreyIommM 3TaroM Mpu MOJISITMPOBAHNH CTAJI0 CONPSDKEHNE CIIPOSKTUPOBAHHBIX MOJIENel TaTpoHa
W CTBOIIA B JICKAPTOBOW crcTeme KoopauHaT. [To aHamoruu co cOOpKOW MaTpoHa BHIOMpaeM MOBEPXHOCTH
IJI1 KOHHEHTPUYHOT'O COIIPAKCHUA. 3I[GCI) MU ABUJINCH MUWINHAPUYICCKUEC MTOBEPXHOCTHU ITYJIM U ITATPOHHUKA
KaHasa CTBOJIA.

VYcnoBueM JIsl COMPSDKEHUS SBIISETCS 3aX0]] THIB3bI JI0 KaCaHUSI CTEHOK MAaTPOHHHKA, a My — JI0
KacaHus Hape30B B CTBOJIE (pHC. 5).

a) 0)

Puc. 5. COopka marpoHa co CTBOJIOM:
a — BBIOOD MTOBEPXHOCTEH COMPSKECHUS; O — KOHCUHBIN BHJ COOPKU CTBOJI—TIATPOH

Mopgeinp «I1aTpoH — CTBO» TOTOBA ISl MCIOJIB30BAHUS B AANBHEHIINX pacyeTax B MPOrPAMMHOM KOM-
rtekce ANSYS. IporpammMuslit komiuteke ANSYS UCHONB30BaIN [T PAaCYETOB, CBSI3aHHBIX C MEXaHUKOM 1 Ta30-
IuHaMUKo#. PaccMoTpum noapoOHee mporiecc BBOAA HaYa bHBIX YCIOBHH U MX NaJbHEWIIEro permeHus [2].

[lepBbIM nEeOM NOCTaBUIIM 3a7ady, BRIOpan AaHHbBIE, TpeOyeMble Ui AaJbHEHIINX PacyeToB, a 3TO:
MIPUIIOKEHNE B KOMITIEKCE, KOTOpOe HEOOXOMUMO IS pelieHus pacueToB (BeIOpanm Explisit Dynamics —
Mechanical); maTepuan ajsi KaXKI0TO SJIEMEHTa TPEXMEPHOM Moieny (TIPU pacdeTax UCTIONB3YIOTCS PH3HKO-
XMMUYECKUE XapaKTEepUCTUKU 3aJaHHOTO MaTepHuaia). s majipHEHIINX pacuyeToB 3alycKaeM BbIOpaHHOE
BBIIIIE IPIIIOKEHKE. 3a/1ada CTaBIIIACh Ha BUPTyalbHON paboueil moBepxHocTH. OOMKN B MPEACTaBICH
Ha puc. 6.
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Puc. 6. O6mmuii Bug Workbench

JanpHeiias pabota npoBoauiack B npwioxkennn Explisit Dynamics — Mechanical, xyna Obina 3a-
Ipy’KeHa CIPOEKTUPOBaHHAasI MOJEINb (pHC. 7,a). 31eCh Y KaXKI0T0 3IeMeHTa ObIJI0 MPOBEPEHO COOTBETCTBHE
(U3UKO-XMMHUUECKUX CBOMCTB. BriOpaHb! TpeOyeMble TOBEPXHOCTH B3aUMOACHCTBUS (pHcC. 7,0).
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3a(MKCHPOBAHBI JIEMEHTHI, KOTOPhIe NMPH JETOHAIMH CHOCOOHBI MEPEeMEINaThCs, HO 10 YCIOBHAM
JOJDKHBIE OBITH HETIOABIDKHBI (THJIb3a, CTBOJ). 3a1aeM MECTO M BpeMsl AeToHaMu 3apsiaa (puc. 7,68). Beicras-
JsieM BpeMs npolecca (T.e. yCTaHOBHIM KOHKPETHOE BpeMsi OKOHUAHHS IIpoliecca, Kak MpaBuio, 3T0 He 60-
aee oHOI cexyH/Ibl). BeiOupaeM konuecTBO LIUKIOB HOBTOPEHHS pacyeToB (3alaHHOE BpeMs Ipoliecca Jie-
JIUTCS| HA PaBHBIE HHTEPBAJIBI, Yepe3 KOTOpbIE OYET MPOU3BOIUTHCS ITOJIHBIN anroput™ pacuetoB). Coznaem
CTPYKTYPHYIO CETKY Ka’KAOTro 3JIeMeHTa (puc. 7,2).

Puc. 7. Explisit Dynamics — Mechanical. IlocTaHOBKa 3aa4ull, TOATOTOBUTEIEHBIC MEPOTIPUSATHSA:
a — pabouee okHO npuiiokenus Explisit Dynamics — Mechanical ¢ 5kxcriopTHPOBaHHOM
TPEXMEPHON MOJIENBIO; 6 — BEIOOP IMOBEPXHOCTEH B3aMMOAEHCTBUS; 6 — OIpe/IeIICHHE
MecTa M BPEMEHH JETOHAINH; & — IOCTPOCHUE CETKU KayKAOTO AJIEMEHTa MOJEIN

Kaxxapiit oTAenpHBIN DIIEMEHT B CETKE MPEICTaBIsAeT CO00H (PUTYPY C BOCEMBIO BepInHAMU. Berumc-
JICHUsI TUIACTUYSCKUX Jaedopmanuii mpuBeneHbl Hke. [LTOCKOCTH, KOTOPBIE COCTaBJISIOT PABHBIC YIIIBI C
KaKJIbIM U3 TJIABHBIX HAIlPaBJICHUI pacyeToOB, Ha3bIBAEM OKTadApuuecKuMu miockocTsmu [3]. KacatenbHoe
HaNpPsHKEHUE Ha 3TOH MJIOCKOCTH onpeeiseTcs mo Gpopmyde [4]

2J,
T = —=, 1
3 ()

rJie BTOPOil MHBAPHUAHT HANPSKEHUM IEBUATOPOB ONpeensieTcs mo Gopmyie
1 2 2 2
J2=g[(611—622) +(0,,-0,,) +(0,,-0,) ]’ (2)

/i G;; — OOIINe TeH30PBI HANPSDHKEHHIA B ij HATIPABICHUSX.

Hanpasnenus 11, 22 u 33 saBastoTCSI OCHOBHBIME HANPSLKEHUSIMHE 110 HanpaBieHusM. [1o Bon Muszecy [4]
KPUTHUYECKOE 3HAUCHUE KPUTEPHsS TEKY4eCTH O0JacTU MPH YUCTOM CABHUIE OKTAdPUUYCCKOW ITJIOCKOCTH
omnpenensiemMm

e 3)
rac k — npe,uen TeKy‘ICCTI/I B YHUCTOM CIBUTC.
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COOTBGTCTBGHHO, KpI/ITepI/Iﬁ TEKYYCCTHU BbIPpAKACM KaK
f(J2)=J2—k2=0. 4)
IIpu BHIIOTHEHUH 3TOTO YCIOBHS OYAYT MPOUCXOIUTE YCIOBHUS OJHOOCHOTO PACTSIKEHHUS TENa, KOTna
6,=6,,0,=0,=0. %)

[loxcraBuM 3TH 3Ha4YeHUA B NIPUBEICHHBIC BhIIIE YPAaBHEHHS U MTOTyYHUM OJHOOCHOE HAINpsKEHUE Te-
Ky4ecTH:

G, =3k =137, (6)

HampsbkeHHOE COCTOsTHUE IIPOBEPSETCS KPUTEPHUEM TeKydecTd. Eciiu kpuTepuil TeKydecTr MPEBBIIICH,
TO MpHpalieHue 3pPEKTUBHON TUIACTHUECKOH ehopMaIiK BEIYUCIISCTCS CICIYIOIUM 00pa3oM:

Aer = N30, (7)
& 3G

Db dexTuBHAs m1acTHUecKast 1eopMaIus SBISIETCS KOMIUIEKCHBIM 3HAUEHHEM STHX TPUpAIIECHUH
paccYUTHIBACTCA

el =[Aeldt . (8)

O dhexTHBHAT HHTEHCUBHAS IJIacTHUECKas fedopMaLus onpeaensercs mno Gopmyse

Ael.
é]ff = Atff s (9)

rae Af — TekyIuee Bpems.
OddexTrBHas nedopmarliyst onpeaeaseTcs mno GopmyJie

A, =|Ae,dt (10)

TIe

N | =

2
Ae,, = At E(Si +e +el +el el + ef{)} ,

3lIeCh €;;— 00Ul TeH30p AedopMalru B HAIIPABICHUH ij, KOTOPOE BKJIIOYAET B ceOsl YIIPYTYIO H IUTACTHYE-
CKYIO COCTaBJISIOLIHE.

OcCHOBHOE ypaBHEHHE JBMKECHUS PEIIASTCS C IIOMOIIBI0 HESBHOTO ITEPEXOTHOTO JHHAMUYECKOTO aHa-
m3a;

mx+cx+kx=F(t), (11)

TJie M — Macca MaTPHIIbL, ¢ — MaTpuIla AeMIIpUPOBAHUS;, kK — MaTpHIIA KECTKOCTH; F(f) — BEKTOp HArpy3KH [5].

B mo00if MOMEHT BpeMeHH { 3TH YpaBHEHHS MOKHO pacCMaTpUBaTh KaK COBOKYITHOCTh «CTaTHYe-
CKUX» YPaBHCHUU PaBHOBECHS, KOTOPHIC TAKXKE YUUTHIBAKOT CHIIBI MHEPLIMU M CHIIBI JAeMiidupoBanus. Mc-
MIOJIE3YEM METO]I HHTETPAIiH, YTOOBI PEIINTh 3TH YPaBHEHHS B TUCKPETHBIE MOMEHTHI BpeMeHH. OTpe3ok
BPEMEHH MEX/Iy TOCIeIOBATETFHBIMI TOYKAMH HAa3bIBAETCSl BPEMEHHBIM IIaroM MHTerpupoBanus. [Ipu pe-
meHun JudQepeHIanbHbIX YpaBHEHUH JODKEH OBITh MPOM3BENICH aHAU3 JAWHAMUKU C ONpeleleHHuEeM
MacChl, UMITyJIbCa U PHEPTUU B JlarpaHkeBbIX KOOpAuHaTaxX [6]. DTO COBMECTHO ¢ MaTEpHAIOM MOJCIH U
Ha0Op HAYaIbHBIX U TPAaHUYHBIX YCIOBHU OMpeNeseT KOMIUIEKCHOE PEIIeHUE.

Jist marpamxeBoit OpMYyTIMPOBKY TaHHOW 33/1a4d B HACTOSILIEE BPEMS HCIONIB3YIOTCS YPaBHEHUS TUHA-
MHKH, B KOTOPBIX CETKa MepeMeliaeTcsi U AeOpMUPYETCs ¢ MaTepUaIoM MOJEIH, coxpaHnsis Maccy. [lnoTHocTb
B 1000 MOMEHT BpEeMEHH MO>KHO OTPE/IENUTH C TIOMOIIIBIO TEKYIIETo 00hbeMa 30HbI U €€ Ha4albHOI MacChl:

Py _m

T (12)
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HuddepeHnuanbable ypaBHEHMS B YaCTHBIX NMPOU3BOIHBIX BBIPAXKAaeM Yepe3 MMITYJIbC COXPAaHEHHUS
9HEPTrud OTHOCUTENIFHO YCKOPEHHH AJIsl TEeH30pa HalpsDKEHUH G

p}é—b + 90, + aG"y + do,. .
X ax , az >
. Jo. do. do
=b, +——+—>+—=;
PY=hT T, T
i anx aoZy aczz
pz=>b + + + .
0, 0 ’ 0.
NMnynsc coxpaHeHUs SHEPTUU BhIpaXkKaeM yepe3
.1 ) ) . 4106
e - E(Gxxgxx + nyg_)/y + 622822 + Gxxexx ) N (13)

DT ypaBHEHUS PEIIAIOTCS OTACIBHO JIIsl KaXKI0TO JIEMEHTA B MOJICIIM Ha OCHOBE BXO/IHBIX 3HAYCHU I
Ha KOHEI[ NPEABIIYIIEro BpEMEHHOTO Iiara. MaJibie HHTepBallbl BPEMEHH UCTIONB3YIOTCS [T 00CCTICUCHUS
YCTOWYMBOCTH M TOYHOCTH pelieHus. bepyTcs pe3ynbTaThl U3 MPEIbIAYIIEro MOMEHTA BPEMEHH JUIS TOTO,
YTOOBI MPEJICKA3aTh PE3YJIbTAThl B CICAYIOIINNA MOMEHT BpeMeHU. TpeOOBaHUH I UTEPALMU HE TPEIbSIB-
nsieM [7].

[Tpu mocTaHOBKE 3a/1a4 U MCTIOIB30BaHUH YPAaBHEHUH TMHAMUKHI OCTOSTHHBIMH OCTABIISIEM MAcCy, KO-
JIMYECTBO JBMKCHUS U BEJIMYUHY SHEPTUU. TONBKO Macca U UMITYJIbC COXPAHSHUS SHEPTHH OCTAIOTCS HEU3-
MEHHBIMU. DHEPrisl HAKAIUTUBAETCS ¢ TEYCHUEM BPEMEHU B Y3JI0BBIX TOUKax. Ee coxpaHeHue KOHTPOIUPY-
€TCs B TIPOLIECCE PEIICHUSI.

3akArouenune

Takum oOpa3oM, TIpH MPOBEAECHUH MOJAETUPOBAHHS C MCIIOIB30BAHHUEM IPOTPAMMHBIX KOMILIEKCOB
CHCTEMBI aBTOMAaTU3UPOBAHHOTO IPOESKTUPOBAHUS HA 3TAle MPOCKTUPOBAHUS PACCUUTHLIBAIOTCS ONTUMAIb-
HBbIE TEXHUYECKHE XapaKTEPUCTUKH CTPEIKOBOTO OPYXKHUS C IEbI0 TOBHIIIEHUS 3QPEKTUBHOCTH €To JeH-
CTBUSL.
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AHAAUTUYECKOE IIPUBAVDKEHUE PEIIEHUN YPABHEHUI METOAA
MATEMATHYECKOTI'O ITIPOTOTHUIIMPOBAHUA ODOHEPTETUYECKHX
ITPOITECCOB ITYTEM KAYECTBEHHOT' O AHAAU3A DTUX YPABHEHUN

. E. Crapocrun', A. A. Apy>xunun’

12 MoCKOBCKHI TOCYIapCTBEHHBIN TEXHMYECKMI YHUBEPCUTET IPAKIAHCKOM aBranun, Mocksa, Poccnst
!'starostinigo@yandex.ru, 2 alexs20017@mail.ru

AHHOTaIMA. AxmyanvHocme u yeau. PellleHne 3amadqn BRIOOpPa ONTHMANIBHBIX IMapaMeTPOB, a TAKXKE JAHATHO-
CTHKH W TPOTHO3MPOBAHUS TEXHHYECKOTO COCTOSHHUS KOMIIOHEHTOB aBHAIIMOHHOTO OOOPYIOBaHUS OOYCIIOBIHBACT
HEOOXOAMMOCTh MOCTPOCHUSI MOJIENICii TakuX KOMIOHEHTOB. Ha BXOx Mojenell MmoJaiTcsi u3MepseMble XapakTepH-
CTHKH, & Ha BBIXO/IC TIOJIyYalOTCsl KOHTPOJIMPYEMbIE XapaKTEPUCTHKU. ABTOPaMH ObUT IPEIIOKEH METO]] MaTeMaTHYe-
CKOTO MPOTOTHITUPOBAHUS YIHEPIETHUECKHUX MTPOLIECCOB, MO3BOJISIOIIUX CTPOUTH aJCKBATHBIC MATEMATHUECKUE MOJIEITH
(He mpoTHBOpeyalnre O0ImUM (BHU3UUYECCKUM 3aKOHAM) THHAMHUKHA (DU3MYCCKMX M XHMHUYCCKHX MPOIECCOB Pa3IMIHON
NPUPOJIBL. 3aTeM 3TH YPaBHEHHUS MPEOOPa30BBIBAIOTCS K MOJEISIM, HEITOCPEICTBEHHO HCIOJIb3YEMBIM JIJIsl PELICHUS
YIOMSIHYTBIX MIPAaKTHUECKHUX 3aa4. sl ynporieHus BeIMUCIeHHH HE00X0IMMO KOPPEKTHOE 3a/IaHHEe aHATUTUYECKOTO
npuOIKEeHUs perenuit nuddepeHnanbHbIX ypaBHEHHH METoJa MAaTEMaTHYeCKOT0 IIPOTOTHITMPOBAHUSI SHEPreTHYe-
CKHX IIPOLIECCOB. DTO ¥ 00YCIIOBJIMBAET aKTYaIbHOCTh YIOMSHYTOW 3a1aun. Mamepuansl u memoosi. B ciryuae ucnosb-
30BaHUS CIEUUAIBHBIX METOJIOB PELICHUS CUCTEMBI M PepeHIHANBHBIX YPaBHEHNI HE00OX0IMMO 331aTh PUOIIHKEH-
HOC aHAIMTHYCCKOE BHIPAKCHUE pEIIeHUs (0OMero WM 4YaCTHOT0) MCKOMOM CHCTEMBI, KOA((OUIMEHTH KOTOPOTO
OTPENICISIFOTCS U3 CHCTEMBl YpPaBHCHUH. AHAIMTHYECKOC NPUOIMKEHUE pelleHust cucteM auddepeHInarbHbIx
YpaBHEHHUI METOJa MaTEeMAaTHYECKOTO MPOTOTUIHPOBAHUS DHEPrETHUECKUX MPOIECCOB OazupyeTcs Ha KOHICHIUU
CTPEMJICHUSI CUCTEMbI K HEKOTOPOMY CTALIMOHAPHOMY COCTOSIHUIO, U3MEHSIOIIEMYCSI B PEe3yJIbTare 0OpaTHOM CBSI3H.
Pesynvmamer. TlpeuioxeHHast METOIMKA 3aJaHUs AHATUTUYIECKOTO NPUOIMKEHHS PEUICHHI YPaBHEHUH METO/a MaTe-
MaTHYECKOr0 MPOTOTHUIIMPOBAHUSI SHEPTETHIECKUX MPOLIECCOB JAET BO3MOKHOCTD 33/IaHHs KJIacCa KOPPEKTHBIX MaTe-
MaTHYeCKUX MOJieliei (He MpoTHBOpeyalix o0mnM GU3NUECKUM 3aKOHaM, a TAaK)Ke 0COOEHHOCTSIM MPOTEKaHus (pH3H-
YECKUX U XMMHUYECKHX IPOLIECCOB B KOHKPETHOH paccMaTpuBaeMoii CUCTEME) Pa3IMYHbIX KOMIIOHEHTOB aBUAIIMOHHOT'O
obopynoBanus. B Takom kiacce ctposrtest Mojienii (METoJaMi TEOPHU HISHTU(PHUKAIMY, MAIIMHHOTO O0YYEHUsI U T.1.)
C HAMMCHBIIMMH BBIYUCIHUTCIIBHBIMU 3aTpaTaMu. BblGOObl. Ka'{eCTBeHHblﬁ aHaJInu3 ypaBHeHl/Iﬁ METOoaa MareMaTruye-
CKOTO IPOTOTHITUPOBAHMS IHEPIrETUICCKHUX MPOIIECCOB JaeT BO3MOXHOCTD 3a/IaHUs] MAKCUMAJIbHO CYXKCHHOTO Kjlacca
MAaTEMAaTHYCCKUX MO}IeHeﬁ, B KOTOPOM CTPOUTCA aJICKBATHAsA MaTEMaTH4YCCKas MOJCJ/Ib Tpe6yeM01‘/'1 TOYHOCTHU IIPOU3-
BOJIBHOM CUCTEMBI C HAUMEHBIIIMMHU BBIYUCIIUTEIbHBIMU 3aTpaTaMu.

KurodeBbie cjioBa: METOA MaTEMAaTU4ECKOrO MPOTOTUMHMPOBAHUS SHEPIETUYECKUX MPOLECCOB, HHTEIPUPOBaA-
HHe A depeHINaIbHbIX YPaBHEHHH, MAIIMHHOE 00Yy4eHHe

Jst nurupoBanusi: Crapoctun U. E., [pyxunun A. A. AHaIuTHYECKOE IPHOIIDKEHIE PEIICHNH ypaBHEHUIT MeTo1a Ma-
TEMaTHYECKOT0 IPOTOTHUITUPOBAHUS SHEPTETUUCCKUX MPOLECCOB ITyTeM Ka4eCTBEHHOTO aHaJM3a 3TUX ypaBHeHuH // HagexxHOoCTh 1
KauecTBO CIOXKHBIX cucteM. 2023. Ne 2. C. 22-31. doi:10.21685/2307-4205-2023-2-3

ANALYTICAL APPROXIMATION OF SOLUTIONS OF EQUATIONS
OF THE METHOD OF MATHEMATICAL PROTOTYPING OF ENERGY
PROCESSES BY QUALITATIVE ANALYSIS OF THESE EQUATIONS

L.E. Starostin', A.A. Druzhinin 2

Moscow State Technical University of Civil Aviation, Moscow, Russia
!'starostinigo@yandex.ru, 2 alexs20017@mail.ru

Abstract. Background. Solving the problem of choosing the optimal parameters, as well as diagnosing and pre-
dicting the technical condition of aircraft equipment components, necessitates the construction of a model of this com-
ponents. At the input of the models, the measured characteristics are fed, and the controlled characteristics are obtained
at the output. The authors proposed a method of mathematical prototyping of energy processes, allowing to build ade-
quate mathematical models (which do not contradict the general physical laws) of the dynamics of physical and chemical

© Crapocrun 1. E., Apysxurns A. A, 2023. Korrent pocrymen o aunensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution
4.0 License.
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processes of various nature. Then these equations are converted to models that are directly used to solve the mentioned
practical problems. To simplify calculations, it is necessary to correctly set the analytical approximation of solutions to
differential equations of the method of mathematical prototyping of energy processes. This determines the urgency of
the mentioned problem. Matherials and methods. In the case of using special methods for solving a system of differential
equations, it is necessary to specify an approximate analytical expression for the solution (general or particular) of the
system being solved, the coefficients of which are determined from the system of equations being solved. The analytical
approximation of the solution of systems of differential equations of the method of mathematical prototyping of energy
processes is based on the concept of the system tending to some stationary state, which changes as a result of feedback.
Results. The proposed method for setting the analytical approximation of solutions to the equations of the method of
mathematical prototyping of energy processes makes it possible to set a class of correct mathematical models (which do
not contradict the general physical laws, as well as the features of the flow of physical and chemical processes in a
particular system under consideration) of various components of aviation equipment. In such a class, models are built
(methods of identification theory, machine learning, etc.) with the lowest computational costs. Conclusions. Qualitative
analysis of the equations of the method of mathematical prototyping of energy processes makes it possible to specify
the most narrowed class of mathematical models, in which an adequate mathematical model of the required accuracy of
an arbitrary system is built with the lowest computational costs.

Keywords: method of mathematical prototyping of energy processes, integration of differential equations, ma-
chine learning
For citation: Starostin I.E., Druzhinin A.A. Analytical approximation of solutions of equations of the method of mathematical

prototyping of energy processes by qualitative analysis of these equations. Nadezhnost' i kachestvo slozhnykh sistem = Reliability
and quality of complex systems. 2023;(2):22-31. (In Russ.). doi:10.21685/2307-4205-2023-2-3

BBepenne

[TocTpoeHne MaTeMaTHYECKHX MOJIEeH TEXHUYECKUX CHCTEM, B TOM YHCIIE M KOMIIOHEHTOB aBUAIlH-
OHHOT'O O0OPYAOBaHMUs, UMEET BAXKHOE 3HAUCHHE JIs PELLICHHUS 3a/1a4 IPOCKTUPOBAHMS U SKCIUTyaTalluy CH-
cteM [ 1-4]. Ha Bxox Takux Mojesniel CUCTEM NOJAI0TCA U3MEPSIEMBbIE XapaKTEPUCTUKHU, TAPAMETPBI PEKUMOB
paboThl, a Ha BBIXO/IE MTOTy4aeM KOHTPOJILHBIE XapaKTePUCTUKU HCCIIEAYeMOT0 00BhEeKTa, HEOOXO0IUMBIE IS
pelIeHus YIIOMSIHYTBIX paKTHUecKuX 3aaad [1-4].

st mocTpoeHust yIOMSIHYThIX MOZEJIel CHCTEM aBTOpaMy ObUT IIPEII0KEH METOl MaTEMaTHIECKOTO
[IPOTOTHIIMPOBAHNUS HEPreTUUECKUX IIPOLIECCOB, B OCHOBY KOTOPOT'O ITOJIOKEHBI METO/bI MEXaHUKH TEOPUU
JMEKTPUYECKUX W MAarHUTHBIX LIENeH, 3JeKTPOAMHAMUKH, COBPEMEHHONW HEPaBHOBECHOW TEPMOJMHAMUKH
[5-8]. IlpenmosxkeHHBII METOA MIPEACTABISET cOO0M cucTtemMy auddepeHIanbHBIX YpaBHEHUH, YHCICHHOE
peIIeHre KOTOPOH YHUBEPCATLHBIMH (IIarOBBIMHE ) METOIaMHU TPYIOEMKO [9]. DTOr0 HemocTaTKa JINIIICHEI CITe-
[MATBHBIE METOABI PEUICHS [9], OCHOBaHHBIC HA AaHATUTHYECKOM 3aJaHUU PEIIEHUH Takux cucteM [9]. Ana-
JUTHYECKOE 3aJaHue PEIeHHUs JOJDKHO BOMpaTh B ce0sl 0COOCHHOCTH AMHAMUKH, MOJICTUPYEMOH peraeMoit
cucremoit quddepeHmansHpIX ypasHeHui [9]. Hactosias paboTta mocBsIeHa crenuarbHbIM METOAaM pellie-
HUS YpaBHEHUH TWHAMUKH TPOLIECCOB, MOIyYEHHBIX METOJJOM MaTeMAaTHYEeCKOT0 MIPOTOTUITUPOBAHHUS.

Martepnasbl 1 METOABI

Cuctema ypaBHEHHH METOJa MaTEMaTUYECKOrO MPOTOTUIIMPOBAHUS SHEPreTUUYECKUX MPOLIECCOB
umeeT Buf [5]

did(f)=B(i(r),U(t),p)8A;(z)+(didgt)lw, (1)
M%t(t)zAA(i(t),U(t),p)AX(i(t),U(t),p), )
AX(X,U,p)=B" (X,U,p) X(X,U,p), X(X,U,p)=-V.F(X,U,p), 3)
r(t)=g.(%(1).U(t).p)> 2(r) =g, (X(+),U(2).p), @)

rae X — mapaMeTphl COCTOSIHHS CUCTEMBI; AX — KOOPIMHATHI ITPOILIECCOB B CUCTEME; SAx(t) / dt — cxopocTH

npoTekanus pu3uko-MaTeMaTrnaeckux mporecco (DXII) B cucteme; B(i,U,p) — TOTIOJIOTHUYECKAst MAaTPHIIA

CHCTEMBI, OTIpeAesieMas CTPYKTYPOH CHCTEMBI U IIPOLIECCAMU B HEH, 3aKOHAMH COXPAaHEHUS; (di (t) / dt)

ext
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— BHEIIIHUE TIOTOKHU B CHCTeMY (M HX ClTydaiiHasi cocTaBisitomas [5]); AX(i, U,p) — BHYTPEHHHE BO3MYILE-
HUsL, ABIDKyIUHE poreccsl B cucteme; X(X,U,p) — dacTHele mpousBoxHble cBoGoxHoi sueprun F (X, U,p)

10 apamMeTpaM COCTOAHUS X ; AA(i, U,p) — TIOJIO’KUTETHFHO OTpE/ICICHHAS TUCCUTIATUBHAS MaTpHIa (MK

HEOTPULIATENBHO ONpeeeHHAsi HEBBIPOXKACHHAS MaTPULIA B Clydyae HAIMYUS MHEPLHUOHHOCTEH B CUCTEME
[5, 6]); U — mapaMeTpbl CUCTEMBI, MEHSFOIIIUECS TOIBKO B pe3yJIbTaTe BHEIIHUX BO3ACUCTBUH Ha Hee; P —

MHIANBUAYAJIbHBIC TAPaMETPHI CUCTEMbI, MECHAIOIINUECA OT SK3CMILIAPA K 9K3EMIUIAPY CUCTEMbBI KOHKPETHOI'O
TUTA; 7, Z — U3MEPSAEMbIC H KOHTPOJIUPYEMbIC XapaKTEPUCTUKUA CHCTEMBI COOTBETCTBEHHO. [lapameTpsl co-
CTOSHHUSI X MOTYT OBITh KaK KOOPJMHATAMU COCTOSIHUS — MapaMeTPaMU COCTOSIHUS, MPHpaIleHHe KOTOPhIX
00YCJIOBIIEHO TOJIBKO MPOTEKAHUEM IIPOIIECCOB OJTHOTO KOHKPETHOTO Kiacca [6—8], Tak u mapaMeTpaMu Co-
CTOSIHUS, UMCIOIIUMU MPAKTUIECKUN CMBICH [S].

Jlnst monydenus cuctembl ypaBHeHui (1)—(3) MeTona MaTeMaTHYeCKOr0 MPOTOTHIUPOBAHUS B YHC-
JIEHHOM BHJI€ HEOOXOAMMO 3a1aTh (YYHKIIMOHAIBHBIC PA3JI0KEHUS IS CIACAYIONNX BEIHIUH [5—7]:

— Tomonorudeckoi Marpuust B(X,U,p):

B(x,U.p)=B(X(X,U.p).B(X,U.p)). (5)

Ng m g (<
B(5.U.p)=B" (b, (5,.Up)+ 38, [T 0P)

i=1 j=1

, m=dim(X), (6)

|
nB,i,j .

rie B (hB (i,U,p)) — 0a3oBas COCTABIISIONIAS HE3aBHCHMOW COCTABJISIOIICH B(i,U,p) MaTpuIlel Oa-
naHca, a GyHKIuu h, (i, U,p) OTIPEACISIOT JIOBECOYHBIE COCTABJIAIONINE MATPUIIBI OanaHca;

— JUCCUIIATUBHON MaTpULbI A(K,U,p) :

_ _ B o[ M (X,ULp
AA(X,U,p):AA(O)(hA(x,U,p))+ZAAl. H% ’ )
i=1 =1 Adj*

TJI€ TIOJIOKUTEIHHO OTIpeIeNICHHAs (MM HEBBIPOXKICHHAS HEOTPHUIIATEILHO OPEICIICHHAS B CITy9ae HATUYIHUS
B CUCTEME MHEPIIMOHHOCTH) MaTpHIIa AAY (h A (i, U,p)) — 0a30Basi COCTABJISIONIAS TUCCUITATUBHON Mat-
pHIIBL, @ HeOTpHULATENbHbIE QyHKINH h | (i, U,p) OTIPEAEIISIIOT IOBECOYHBIE COCTABIIAIOLINE TUCCUTTATUBHOM
MAaTpULIBL;,

— cBOOOTHO dHeprun F (i, U,p) WK €€ YaCTHBIX IIPOU3BOIHBIX X(i, U,p) 110 ITapaMeTpaM COCTO-

SAHUA X
- - &~ b (XU, p
F(x,U,p)=F"(h,(X,U.p))+>F, H% ’ (8)
i=l1 Jj=1 Fi,j*

b RUR) ) )

J=1 Mgy

rne F" (h (X, U,p )) — 0a3oBast cocTaBIAIOIIAs CBOOOTHOM SHEPTUH, YIOBJIETBOPSIOIIAs MOJTHOMY Audde-
perimany no X Qysxmuu X (h F (i,U,p)), k=1,m — Ga30Bble COCTABISIOIINE YACTHBIX MPOM3BOIHBIX
cBOGOHOM 9Hepruy, a PyHkuun h, (X,U,p) onpeaensior 10BeCOUHbIE COCTABIIIOLIME CBOOONHOI SHEPIHH.

B BeIpaxkenusax (6)—(9) nocTossHHbIE MaTPHUIIBI l~3i , 1=1,N;, neoTpunarensHo onpesieieHHbIE A;&i ,

i=1,N, u nocrosuusie kodxppuimentst F,, 1 =1, N, nocrosnsie 115 Bcex 06BEKTOB CHCTEM PAcCMATpPH-
BaeMOro OpeHja, ONpeNeNsioTCs U3 IKCIEPUMEHTAIbHBIX AaHHBIX. HeTpyaHO BuaeTh, YTO 3afaBacMble B
BHUze BbIpaxkeHust (9) QyHKIMOHAIbHbBIE PA3IOKEHNs YaCTHBIX Npon3BoHbX X (X, U,p) cBoGoaHOM 3Hep-

run F(X,U,p), BbITekatomue U3 BbIpakeHHst (8), rapaHTHPOBAHHO YIOBIETBOPSIOT YCIOBUIO IOJIHOTO
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mnbdepeHimana, 4T0 rapaHTUpPyeT CyIecTBOBaHNe (YHKLMHI CBOGOAHOM sHepruu F (X, U,p) . B ypaBHennsix
(1), (5), (6) 3ammTeI 3ak0HBI coxpaHeHus [6]. Taroke 3amaBaemoe (7) GYHKIMOHAIEHOE Pa3IOKEHUE TUCCUTIA-
TuBHOM Matpuubl AA (X,U,p) rapastupyer ee MOJOKUTEIbHYIO ONPEAEICHHOCTh (WIH HEOTPULATENbHYIO

OTIPEAECTICHHOCTh ¥ HEBBIPOKICHHOCTD B CIy4ac HAIMYHS B CHCTEME HHEPIIMOHHOCTH) [5, 6]. OTcroma u3 ypaB-
Henuit (1)—(3) BeIiTekaer yaosierBopseMocTs (1)—~(7), (9) BTopomy Hayamy TepMOJUHAMHKH |35, 6].

Taxoke B pyHKIMOHATIBbHBIE pa3inokeHus (6), (7), (9) MOTyT OBITh 3a105KeHBI 0COOEHHOCTH MPOTEKAHUS
MIPOIIECCOB B KOHKPETHO# cucteme [5, 7]. @yHkunoHampHble paznoxkeHus (6), (7), (9), mocTpoeHHbIE B
COOTBETCTBHH C TeopeMoit BeiepmTpacca o paBHOMEpHOM NpHOIIKeHNH (YYHKIIMK TTOJIMHOMaMH [5, 7, 10],
Jar0T BO3MOXHOCTH CTPOUTH B cO0TBeTCTBHH C (1)—(7), (9) ckonb yrogHo TouHble (yHKIUH COCTOSHHS IS
COOTBETCBYIOIIMX BenuuuH. Takum oOpazom, moxenu (1)—(7), (9) sSBngroTCS KOPPEKTHBIMA M MOTYT OBITH
MTOCTPOEHBI U3 SKCIEPUMEHTAIBLHBIX JaHHBIX C TPEOyeMOi TOUYHOCTRIO [5—7].

T
s KauecTBEHHOTO aHaIM3a JUHAMUKY TPEACTABUM KOOPAUHATHI COCTOSIHUS X = (xT,U, yT) B BHJIE

COBOKYITHOCTH HE 3aBUCUMBIX MTApaMETPOB COCTOSIHUS (HE CBA3aHHBIX 3aKOHAMHU COXPAHEHUS C TapaMeTpaMu
Oamanca P) X 1 3aBUCHMBIX TapaMETPOB COCTOSHUS Yy , CBSI3aHHBIX ¢ X u P 3akoHamu coxpaHeHus [5, 6]:

y=y(x,P,U,p). (10)

3areM, npeACTaBUB TOMONOrMYecKyo Matpuy B(X,U,p) u (dl_( (t)/ dt)ext B BHJIE

— T
B(X,U,p)=(B](x,y,U,p) B;(xy,Up)) . (11

() A=), (50 o

cucreMa ypasHeHui (1) npeacrasnsercs B BUae [6]

%=By(x(t),y(t),u(z),p)m;(‘) {dyd(;)L. (14)

YuuThiBas, 9TO B Cllydae OTCYTCTBHS BHEUTHUX MIOTOKOB B CUCTEMY €€ IapaMeTpsl O6amanca P Hewns-
MEHHBI, JIsl BHyTPEHHUX BO3MYIIEHUN X(x, P, U,p) , COTIPSDKEHHBIX HE3aBUCHMBIM MapaMeTpaM COCTOSHUS

X, ompesensieMbIX C yUeTOM ypaBHEHHsI 3aK0HOB coxpaneHws (10) B cuy [6]:
X(x,P,U,p)=—VXF(x,y(x,P,U,p),U,p), (15)
FIMEEM C y9eTOM ypaBHEHHiT COXpaHEHHS U B CHITy HE3aBHCHMOCTH Bapuamuii OAX [6]:
B! (x,y(x,P,U,p),U,p)X(x,P,U,p)=AX(x,y(x,P,U,p),U,p). (16)
VYuuThIBas, 4TO HapaMeTpbl OalaHca MOTYT MEHSIThCS TOJNBKO B PE3yJIbTaTe BHEIIHUX [IOTOKOB, nMeeM [11]
Jox (XY, U.p)B (X,y,U,p) +J, (x.y,U.p)B, (x.y,U.p) =0,
rae J,, (x,y, U,p) s Iy (x,y,U,p) — MatpuIlsl Skobu GpyHKImy napamerpoB Oamanca P =P (x,y, U,p) ,
nony4yaemoii u3 (10); orcioga umeem B cuity (10), (13), (14) okoHuaTensHO A7 mapameTpoB Oananca [11]
dP (1) dx (1)

! :J”(X(t),y(X(t),P(t),U(t)’p)’U(t)’p)[—lxt+

dt
dy (1)

+ JP’y(X(Z),y(x(t),P(t),U(t),p),U(t),p)[7) ) (17)
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Beenst auccunartuHyio Matpuity A(X,P,p), cOnpskeHHYI0 HE3aBUCHMBIM [APAMETPaM COCTOSHHSL

X, B BuzC [6]
A(x,P,U,p)=B,(x,y(x,P,U,p),U,p)AA(x,y(x,P,U,p),U,p)BL (x,y(x,P,U,p),U,p), (18)
nMeeM B cuny (2), (10), (13), (16) [6,11,12]:

d’iT(:):A(x(t),P(t),U(t),p)(X(X(t),P(t),U('f)aP)+Xext(X(t)ap(t)’U(t)’s(t)’p))’ (19)

rae X,, (x,P,U,s,p) — BHELIHHE CHIIBL, ONPE/CIseMbIE B COOTBETCTBHE ¢ paboramu [11, 12]:

X,, (x,P,U,s,p) =A‘1(X,P,U,p)(dXT(tt)J ; (20)

$ — IapaMeTpbl BHEITHUX [TOTOKOB, MEHSIOIINXCS BO BpeMeHH. [IpuBeneHHbIe TpeoOpa3oBaHust MOTYT OBITh
BBITIOJTHEHBI KakK I UCXOAHOM cuctembl ypaBHeHui (1)—(7), (9), Tak U A7 YIPOIIEHHOM, OJTydaeMoi ITy-
TeM 3aMeHEI B ypaBHEHHSIX (6), (7), (9) 6a3ucos [10] ¢ 00HyIIeHHEM 9aCcTH TIOCTOSHHBIX TTApaMeTPOB B HOBOM
basuce [5].

Kowmrmosumwmst GyHKITHH TSI TUCCHTTATUBHON MaTPHITHI A(X,P,U,p) U BHEIIHHX cul X, (X,P,U,p)

3a1a€TCA B BUIAC

A(x,P,U,p)=A(x,P,U,w(x,P,U,p).p), 2D

X..(x,P,U,p)=X

ext

(x,P,U,v(x,P,U,p),s.p), (22)

ext

TaKoOM, YTO TPH JIFOOBIX (PUKCHPOBAHHBIX W IHMCCHUIATHBHAS MaTpHUIla A(X, P,Uw ,p) TaK)Ke TIOJI0XKH-
TETBHO OIpeJieNieHa (MM HEBBIPOXKJEHHA W HEOTPULATENHHO OMpefesieHa B ClIydae WHEPUHOHHOCTH), a

TaKKe MPU JOOBIX (PUKCUPOBAHHBIX V W § BHEIIHHUE CHIIBI Xm(x, P,Uyv ,s ,p) MOTEHIHAIBHEI IT0 X,

T.e. cymectByet Takas ckansphas dpynxwst G (x,P,Uv",s",p), uro
X, (%P, UV s"p)=-V,G(x,P,UV"s",p). (23)
BBt 0Gobmennyto ceoGoziyo sneprio F(x,P,Uv",s",p) [11, 12] & crny:
F(x,P,Uv"s",p)=F(xy(x,P,U,p),U,p)+G(x,P,Uv"s".p), (24)

* * * *
3a7aB 00JaCTH JIOKAJIbHO TIOCTOSIHHBIX IIApaMeTpOB W , V , § , a Takxke rnapameTpoB Oananca P u mapa-

METpPOB ycioBHii mpoTekanus mporeccoB U”, umeem cornacHo Beipasernsam (15), (19) — (24) s kaxoit
u3 Takux obmacteit [11, 12]:
dx(t)

= =—A(x(0).PU W p)V,F (x P U 5" p)

(25)

x=x(1)

W3 npeobpazosanuii (10)—(25) BUAHO, YTO MPH CTSATUBAHUM 00JIACTEl MOCTOSHCTBA ApaMETPOB W,

*

v',s, P, U Broukn, T.e.ipu w - w(x,P,U,p), v > v(x,P,Up),s —s, PP >P, U > U cu-

creMa ypaBaenui (17), (25) skBuBanenTHa cucreMe ypaBaenwmid (1) — (3) [11].
U3 ypaBuenus (25) BUAHO, UTO IMHAMHUKA CUCTEMbI 00YCIOBIMBAETCS CTPEMIIEHHEM CHCTEMBI B CTa-

*

* *
OUOHAPHOC COCTOSAHUE, KOTOPOC U3-3a MIEPEX0oaa B APYI'YIO 00J1aCTh OCTOSIHCTBA nmapamMeTpoB W , v , § |

P , U wusmensercs [11, 12]. OTcroga aHaIMTUYECKOE BBIPAXKCHHUE PEIIeHUS (IPUOJIMKEHHOTO) 33]1aeTCS B
Buge [13]
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Nx
X(O) (t) = Ziz(())(pz (67 (&(GO’t)’W*’q*ﬂy) _Aei (W*ﬂq*aY):Y) + X* (q*a’\{) H (26)

0)

I/ie TIOCTOSIHHBIE MapaMeTpsl ¥ , if , I=L N, onpenenstorcs u3 BbIpaxkenus (25); KyCOYHO MOCTOSHHBIE

* * ~ * * * % *
mapaMeTpsl q =(q (a,v ,$,P,U ) XapaKTepHu3yIoT JOKaJIbHYI0 00JIaCTh IMOCTOSHCTBA ITapaMeTpoB W,

* * * * * *
vV.,Ss, | . U 5 X (q ,'Y) XapaKTEpHU3yCT CTAHMOHAPHOC COCTOSAHUE, COOTBCTCTBYIOIIICC 00JIaCTH MMOCTOSH-

* * * * * ~
crBa mapamerpos W, v , s, P°, U'; dpynkums @(e,,?) onpenemnsercs cornacto [13]:

d(“o’t)za(a_i +6i(t)’t)’ 1€ (ti’ti+l)’ ., za(ai"'ei (ti+1)’ti+1)’ =100, (27)

dynxumst a(a,,¢), s kotopoii dim(a) =dim(x), o6nanaer cBoiictBom rpymmsi [13, 14] n umeer npenen [13]:
o(0,,0)=0,, a(a(,1).)=0(ayt+1), Ilima(a,r)=a’(a,), (28)

v ~ * * .
KOTOPBII MOXKET ObITh KAK KOHCYHBIM, TAK U OECKOHEYHBIM; Kaaas GyHkuus 6, (a,w ,q ,y) ,i=LN_u

¢, (8,7), i=L N, umeer npegen [13]:

Alim 6, (a,w".q",7) =, (a ", w'.q",y), i=LN,, (29)

a—a

Elleing(P,-(e,‘Y)=(bi(é,‘Y)¢°°, izl,]vx- (30)

I * * * .
Ipenens 6, (a VAN | ,'y) , l=l,NX MOTYT OBITh KaK KOHEUHBIMH, TaK U OeckoHeuHbIMU [13]. Bosee

TOr0, Ha BhIpaXKeHUE (26) HAKIIAJBIBAIOTCS JIOTIOJIHUTEIILHBIC OTPaHUYCHHUS B BUJIC B3aUMHOW OJHO3HAYHO-
CTH MEXITY x” 1 @. Ortcrona BEIpakeHHe (26) OTHOCUTENHHO ¢ TAKXKe SIBIIETCS TPYTIIOH, a 3HAYHT, SBISIETCS
OOIIMM peIIeHHEeM aBTOHOMHON CHUCTEMbI OOBIKHOBCHHBIX JU(PQPEPEHIMANTGHBIX ypaBHeHUH [14].
U3 Bepaskenwii (27)—(30) BbITeKaeT MpH GUKCHPOBAHHBIX W, q* ACUMITOTUYECKAS YCTOMYUBOCTh x” (¢)
B cuty (26) iput ¢ — +eo [13]. OTcrona BeITEKaeT cymecTBoBaHue (pyukmu JIsmmyHoBa BToporo pona [6, 15],

KOTOPOI sIBJIsIeTCs 00001eHHas CBOOOIHAst SHEpTHUst I (X, P*, U ,V* ,S* ,p) [6, 13]. A 3HauuT, CylIECTBYET MO-

JIOKUTEIBHO OMpeeNicHHAs AUCCUIIAaTUBHAS MaTpUlia A(x, P*,U*,W*, p) , yaosnerBopstorias (25) [6]. Ot-

CI0/Ia BBITEKAET CYLIECTBOBAHUE TAKOT0 TU(PepeHINATFHOTO ypaBHEeHus (25), 00umM pereHrneM KOTOPOro
sBIIIeTCS BeIpakeHme (26) [13].

Pa30uB He3aBHCHMBIE MapaMeTphl COCTOSIHUSA X Ha OJNOKH, IepenuiieM ypaBHeHHE (25) B O1nouHOM
BHJIC W, UCTIOIBL3YS KOYPPHUITUEHTHI SKBUBAJICHTHOCTH BHYTPEHHUX BO3MYIIICHUH [6], BBEAS MTEPEKPECTHHIC
BO3MYIIEHUS [6], MOMy4YHM JUIsl KaXKA0To OJ0Ka ypaBHEHUs, aHAIOTHUHbIe ypaBHeHuIo (19) [6]. 3aTem, uc-

MoJIb3ys Mpeodpa3oBanus, aHanoruuuele (19)—(25), noayunM Ui Kakaoro i-ro 6Joka x") HesaBHCHMBIX
KOOPIMHAT COCTOSIHUSL X YpaBHEHHMs, aHAIOTHUHBIE ypaBHEeHHUIO (25). Takum oOpa3om, A Kaxaoro i-ro
(i)

O5oka X' aHaJUTUYECKOe MPUONIKEHNE PEeIeHHs aHAaJIOTMYHO ypaBHEHHIO (26):
Nx R ~ . wf w w(;
(1) =Y %, (8, (@(e0.t). W y) v )+ x (G (1)), (31)
i=1
~ e r . w (07 . e
ei,j ((I,W 9q (‘/)97):ei,j (a(.l),w ’q (.I),’Y)_Aei,j ({(I( )}k:1,1c¢j’w ’q (/)’y) ’ (32)
q()=3" ({a“‘) (a.0)} .,q*“)), j=Li, i=LN,, (33)
k=1,k#j

rae o ,, (@', 1). 80, ({a]], wia). g (00). =LA (a0

q*(f)) , j=1,m umerot npeaesst
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: S0 W o) o) =0 ) w o) P i —
Hﬁ(j);rg(j)ei,j(u ,W ,q ,y)-@i,j(a ,W ,q ,y), j=1m,i=LN_, (34)
H(}i_{}}eei,j {{a(k)}kﬂ,5W*:q*(j):’\{J=éi,j {{a*(k)}/ﬁl,aw*aq*(j)ana ] :1,7}71 > l.zl’]vx’ (35)
k#j k#j
L =*()) ~ (k) m *(j))zi*(j)( *(k)‘lﬁ’ *(j)) 15
EI(}I—?.}q ({a }k=1,k¢j’q 1 {(1 jk:l,k;ej’q > J=bm, (36)
Elgirrél(pi.j(e’y):(pf./‘(éﬂ)i“’ j=Lm, i=LN,, (37)

0.7

MIOCTOSIHHBIE IapaMeTpsl Y , f(f ) , j=1,m, i=LN_ onpenensiorcs uz ypasnenus (25); KyCOUHO-TIOCTOSH-

HBIC MapaMeTPhI q*('/ ) :q*(‘i ) (&, V*,s*,P*,U*) , j=1,m xapakTepu3yloT JOKalbHYIO 00JacTh MOCTOSHCTBA
napamerpoB W, v , s, P°, U". Orciona B cuny (34)~(37) aHanmuTHYecKoe pelieHue x(*) (¢t), j=Lm,

nasaemoe (31)—(33), npy QUKCHPOBAHHBIX W, q*(j ) , J=1,m acUMOTOTHYECKH yCTOWYNBO. 3HAYHT, B CHITY
MIPHUBEJICHHBIX BBIIIE PACCYKIACHUN CYIIECTBYET Takas cuctema (25), oOIIMM pelieHueM KOTOPOH SBISCTCS
anaymtudeckoe BeipakeHue (31)—(33). bonee Toro, anamutrueckoe BoipakeHue (31)—(33), kak HETPYIHO
BUJICTh, BOMpAET B ce0s1 0COOEHHOCTH TMHAMUKY, O0YCIIOBJICHHBIC MTEPEKPECTHRIMU 3 dekTamu.

CrsiruBasi 0GIacTH MOCTOsHCTBA mapametpoB W, v, s*, P, U" u coorsercrBenso q q*(j ),
j=1,m Brtoukn, ucxoms us (10), (17), ucxomsa u3 (31) — (33) (mnu u3 (26), (27), sxBuBaneHtHsIx (31) — (33))
umeem [13]:

%" (t)=h(x"(r),a) + Ah(q".a), x(")(z):{x("”‘)(t)};, (38)
/i€ IOCTOSIHHBIE MTapaMeTpsl a U Y, igo’j ) , j=1,m, i=1,N_ onpenensiorcs u3 (1)~(3) myTem npupaBHUBa-
HUS K HYIIO B TUCKpETHBIE MOMeHTHI BpemerH #, , [ =1, N, umerommx cMbich (ykTyammii HeBs30K 0" (1),

onpenensgemsx u3 (1) u (2) [13]:

. dx(1) dax" (1) [ ax(t .
o' )(t)=XT()—B(x( )(z),U(t),p) th( )+( ’;(t )Lt’ 0" (1)=0, I=1,N,, (39)
8A (0) t 0 —(0
—th ( )zAA(i( '(1),U(0).p)AX(x" (1), U(1).p), (40)

~(0,j . ~ .
rae NV, — 4ucno AMcKpeTHBIX MOMEHTOB BpeMeHH. I10cTosHHbIE HapaMeTps! a , Y, xl(. 7, j=1m,i=1LN_,
()
a TaKKe MOCTOSIHHBIC BenuduHsI B (6), (7), (9) ompenemsoTces U3 SKCIEPUMEHTANBHBIX JaHHBIX I (), UC-

mois3yst cootHomeHus (3), (5)—(7), (9), (31)—-(33), (38)—~(41), a Taxke cooTHOIEHWSI, BBITeKatomtue u3 (4) [13]:

Ar(0) =5 (0)-g, (x(1),U(1).p), Ar()=0, I=LN,, @)

rae Ar(t) — norpemHocts Moenu. ONpeennB YIOMsHYThIE BBILIE IaPaMETPbl, OIPEIeTHM KOHTPOIUpYe-

MBIE XapaKTEePUCTUKN CUCTEMBI, UCTIONB3ys (4) [13]:
2(1)=g,(x"(1),U(¢).p)- 42)

Coornomenus (3), (5)—(7), (9), (31)—(33), (38)—(42) naroT BO3MOKHOCTb, OIICHUB YyBCTBUTEIHHOCTh
HeBsI30K K moctosuuev Bemmunnam B,, i=1L Ny, AA,, i=LN,, F, i=1,N,, ynpomars Mozens Bbiire-

OTHMCaHHBIM CIIOCOOOM ITyTeM 3aMeHbI 0a3nca QyHKINOHANBHBIX pasioxenui (6), (7), (9).
Bornee Toro, mmes w3 SKCIIEpUMEHTATBHBIX JAHHBIX JIUIITH HEKOTOPBIE 00IAacTH M3MEHEHHs HaOmo1ae-
MBIX ITapaMeTpoB, MBI U3 ypaBHeHuit (3), (5)—(7), (9), (31)—(33), (38)—(41) ouennBaem nuamna3oHsl H3MEHEHHS
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MTOCTOSIHHBIX TapaMeTpoB (B TOM YHCIE W AUCCUITATUBHON MAaTpPHIIBI), BXOIAMIUX B ypaBHeHUs (6), (7), (9),
a 3HAYUT, MOYKEM OIICHHUTH 00JIACTh B (ha30BOM IPOCTPAHCTBE, B KOTOPOM HaXOIUTCS TUHAMHKA perreHus [12].

PesyapTaThI

AHanuTHYecKOoe 3aJjaHre MPUOIKEHNS PEIICHNs ypaBHEHU METO0/1a MAaTEMaTHIeCKOTO IPOTOTHUITH-
poBaHus, BOMparoriee B ceOst 0COOCHHOCTH MPOTEKAHMS GU3HIECKUX U XMMHYECKUX MPOIIECCOB B KOHKPET-
HOH cucTeMe, JaeT BO3MOXKHOCTH 3aJaTh KJIacC aJeKBAaTHRIX Mojelel Tpedyemoit TounocTu. Takoii kiace
3amaetcst B Bune cootHourenudt (3), (5)—(7), (9), (31)—(33), (38)—(42). B npemioxkeHHOM Kllacce MOAeNei
CUCTEM Pa3INYHON (PU3NIECKO 1 XUMHUIECKON PUPOIBI MOAEIH CTPOUTCS C HANMEHBITUMHE BEIYHCITHTEb-
HBIMH 3aTpaTaMHu.

O6cyxpenne

[IpennoxeHHbIN B HACTOSAIICH PabOTEe KITacC MOJICNIEH CUCTEM Pa3IMuyHON (PU3NIECKON M XUMHUYECKOM
MIPUPOJIBI MOKET OBITH TIOJIOKEH B OCHOBY apXUTEKTYP HEUPOHHBIX CeTel A AUAarHOCTUKU U TIPOTHO3UPO-
BaHMSI TEXHUYIECKOTO COCTOSHUS, IS TIPOSKTUPOBAHMS KOMIIOHEHTOB aBUAIIMOHHOTO 00opymoBaHus. Takne
MOJIETT! MOT'YT OBITh KaK HETIPEPHIBHBIMHU, TAK U JUCKPETHBIMH, KaK I€TEPMUHUPOBAHHBIMU, TaK U CTOXACTH-
YECKUMHU.

3akarouenue

3anaHHe AHAJIUTUYCCKOI'O HpI/I6J'H/I)KeHI/I$I PeHICHUA JA€T BO3MOXHOCTb CTPOUTH MOACIU CUCTEM pa3Inyd-
HOM (1)I/I3I/I‘lCCKOI71 U XUMHYECKOI IpUupoabl, KOTOPBIC MOTYT OBITE MOJIOKEHEI B OCHOBY MAaT€MaTHYCCKOI'O spa
CHUCTEM ABTOMATU3HNPOBAHHOIO IIPOCKTUPOBAHUA KOMIIOHCHTOB daBUALITMOHHOI'O 060pyz[0BaHym, a TaKoK€ CUCTEM
AUArHOCTHUKU U MPOTrHO3UPOBAHUSA TEXHUYICCKOIO COCTOAHNS KOMIIOHCHTOB aBUALITMOHHOT'O 060py,I[0BaHI/I$I.
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AATOPHUTMBI AAAIITUBHOI'O OBHAPYKEHUS CUTHAAA,
OTPAKEHHOT'O OT MAAOPA3MEPHBIX HASEMHBIX ITEAEN

E. A. IIaguxos', A. U.T'opynos?, H. K. FOpkos?, O. B. Hukoaaes*
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AHHoOTanus. Axmyanvnocms u yenu. Pemenne 3agad oOHapy>KeHN, CEJICKIIUH U PACIIO3HABaHUs Majlopa3Mep-
HbIX HazeMHBbIX Leneit (MHILL) (aBromoOuiel pa3nuyHbIX KIIACCOB, JIESTKOOPOHUPOBAHHBIX Lieliei — OpOHUPOBaHHBIX
MaIlH I1eX0THl 1 OPOHETPaHCIIOPTEPOB, CHIIBHOOPOHNPOBAHHBIX LIEJICH — TAHKOB) BE/IETCS KaK ONTHYECKUMH, OTIITHKO-
3JICTPOHHBIMH, TETIJIOBU3MOHHBIMH, TaK U PaJHOJIOKALMOHHBIMU CpelcTBaMU pa3Belku. Hanbosiee nepcrieKTHBHBIMU
CpeACTBaMH Pa3BeiKH, 00JIaIaloIMMK CBOHCTBaMH BCEIIOTOTHOCTH M BCECYTOYHOCTH, SIBIISIFOTCS PAANOIOKAIIMOHHBIE
CpeAcTBa U KOMIUIEKCHPOBAaHHBIE CHCTEMBI. VIcIonp30BaHNe pa3nuyuuii B TOHKOW CTPYKTYpE OTPaKEHHbBIX CHTHAJIOB
M03BOJISIET (POPMHUPOBATH MOISIPU3ALUOHHBIE, IOTUIEPOBCKHE, JaJIbHOMEPHBIE, YIIIOYaCTOTHBIE, TPOCTPAHCTBEHHO-BPE-
MEHHBIE U Ipyrue KOMOMHHPOBAHHBIE PAJHOIOKAMOHHBIE TOPTPETHI LENeH, KOTOPBIE SIBIISIOTCS OCHOBOM JUIA perie-
HUS poOiieMsl oOHapyxeHus/pactiosHaBanuss MHI npu Hann4um cpeAcTB CHIKEHMS 3aMETHOCTH U CPEICTB PaIHo-
3JIEKTPOHHOHN 3allUThl, a TAKXKE HAIUYUs MOIIHBIX MOMEXOBBIX OTPaKCHMH OT MECTHBIX IpenMeToB. PemeHne
po0JIeMBbI CETIEKINH HENOABMKHBIX M MaJIONoABIKHBIX MHI] BO3MOKHO JINIIE TIPH MCHONB30BAaHUH MOJISPU3AIIHOH-
HBIX U MOJISIPU3ALMOHHO-TAILHOMEPHBIX OPTPETOB U CO3/IaHHBIX Ha MX OCHOBE AJITOPUTMOB 3IaliITUBHOTO 0OHapyxKe-
HHe curHana. Mamepuanvt u Memoosi. Ilpeanaraercs NpoBeCcTH aHAIN3 UHTErPaIbHBIX (GYHKIUH pacnpeneneHus A
MPOJIOJBHO-YTJIOBBIX U IONIEPEYHO-YIIOBBIX Konebanuii MHLI, npencraBiieHHBIX B BUIE COBOKYITHOCTH OJECTSIIIMX
TOYEK OTHOCUTEIIBHO LIEHTPa MACC U ABMXKYIIUXCS [I0 HEPOBHOM MOBEPXHOCTU. BBISBUTDH, KaKue OTINYUS B CHEKTPab-
HBIX XapaKTEePUCTUKAX ITUX KoJieOaHMH U1 aBTOMOOMIIEH 1 OpOHETaHKOBOW TEXHHKU Hanboliee kputuaeckue. Ompe-
JIETTUTh aTOPUTMBI aJIAaIITUBHOTO OOHAPY>KEHHUS CUTHAJIA, OTPAXKEHHOTO OT PACCMOTPEHHBIX PAJHOJIOKAMOHHBIX [eTIeH
110 BBIOOPOYHBIM 3HAUCHUSM CIEKTPA 3JIEMEHTOB MAaTPHIBI PACCESHUS M OLEHHUTH UX 3P (PEeKTUBHOCTD. Pe3yibmamul
u 6b1600b1. TakuM 00pa3oM, ONpeIEIIEHBI ATOPUTMBI AIAIITHBHOTO OOHAPYKEHNS CUTHAJIA, OTPAKEHHOTO OT Majlopas-
MEPHBIX [I€NIeH M0 BBIOOPOYHBIM 3HAYECHUSIM CIIEKTPa JIEMEHTOB MaTPHILBI PACCESHHS, KOTOPBIE CHIKAIOT KOPPEISIIINU
OTCYETOB IIOMEXH Ha BBIXOJE MPOIECCOPa U JAIOT BO3MOXKHOCTh HaXOXKIEHMS PEIIAIOIINX MPaBHJI B SIBHOM BUAE U
MOJTy4€HHUEe YPaBHEHUH 111 OLIEHKH MAaKCHMaJIbHOTO NIPABJONOA00MS HEU3BECTHBIX IIAPaMETPOB CUTHAJILHOTO U TIOME-
XOBOT'O BEKTOPOB.

KiroueBble cJIoBa: ClieKTpalibHAsI XapaKTEPUCTHKA, 00BEKThI OPOHETAHKOBON TEXHHKH, 11€JTh, A ITOPUTM

Jis nurupoBanus: [Tapuxos E. A., Tonynos A. 1., IOpkos H. K., Hukonaes O. B. Anroput™sl azantiBHOT0 00HAPYKEHUS
CHTHAJIa, OTPAKCHHOTO OT Majopa3MepHbIX Ha3zeMHbIX weieil / HamexHocTh 1 KauecTBO ClOXKHBIX cucteM. 2023. Ne 2. C. 32-43.
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ADAPTIVE DETECTION ALGORITHMS FOR SIGNAL REFLECTED
FROM SMALL-SIZED GROUND TARGETS

E.A. Pafikov’, A.I. Godunov?, N.K. Yurkov?, O.V. Nikolaev*

! Branch of the Military Academy of Logistics named after Army General A.V. Khrulev in Penza, Penza, Russia
2.3 Penza State University, Penza, Russia
4 Main Rocket and Artillery Directorate, Moscow, Russia
. 4evgeniy pafikov@mail.ru, 2> godunov@pnzgu.ru, * yurkov. NK@mail.ru

Abstract. Background. Solving the problems of detection, selection and recognition of small ground targets
(MNTs) (vehicles of various classes, lightly armored targets — armored infantry vehicles and armored personnel carriers,
heavily armored targets — tanks) is carried out both by optical, optoelectronic, thermal imaging, and radar reconnaissance
means. The most promising means of reconnaissance, which have the properties of all-weather and all-day operation,

© ITa¢uxos E. A, Toaysos A. 11, FOpxos H. K., Huxoaaes O. B., 2023. Konrent pocrynen no aunensuu Creative Commons Attribution 4.0 License / This work is licensed under a
Creative Commons Attribution 4.0 License.
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are radar facilities and integrated systems. The use of differences in the fine structure of the reflected signals makes it
possible to form polarization, Doppler, rangefinder, angle-frequency, space-time and other combined radar portraits of
targets, which are the basis for solving the problem of detection and recognition of MNCs in the presence of means of
reducing visibility and means of electronic protection, as well as the presence powerful interference reflections from
local objects. The solution to the problem of selection of stationary and slow-moving MNCs is possible only with the
use of polarization and polarization-rangefinder portraits and adaptive signal detection algorithms created on their basis.
Materials and methods. The article proposes to analyze the integral distribution functions for the longitudinal-angular
and transverse-angular oscillations of the MNC, presented as a set of shiny points relative to the center of mass and
moving along an uneven surface. To reveal what differences in the spectral characteristics of these oscillations for cars
and armored vehicles are the most critical. Determine the algorithms for adaptive detection of a signal reflected from
the considered radar targets using sample values of the spectrum of the elements of the scattering matrix and evaluate
their effectiveness. Results and conclusions. Thus, algorithms for adaptive detection of a signal reflected from small
targets based on sample values of the spectrum of the elements of the scattering matrix are defined, which reduce the
correlation of interference samples at the output of the processor and make it possible to find decision rules in explicit
form and obtain equations for estimating the maximum likelihood of unknown signal and noise parameters. vectors.

Keywords: spectral characteristic, objects of armored vehicles, target, algorithm

For citation: Pafikov E.A., Godunov A.IL, Yurkov N.K., Nikolaev O.V. Adaptive detection algorithms for signal reflected from
small-sized ground targets. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2023;(2):32-43.
(In Russ.). doi:10.21685/2307-4205-2023-2-4

BBepenne

B Hacrosiee BpeMsi CTpEMHTENILHOE Pa3BUTHE TAHKOB M OPOHUPOBAHHBIX MAIIH OKa3bIBAaeT CYIIe-
CTBEHHOE BO3JIeiicTBUE Ha (POPMBI 1 METOABI BeACHUS OOEBBIX AeicTBUIL. 11X aKTHBHOE MPUMEHEHHE TIPUBO-
JUT K Pa3BUTHUIO CCTEM IPOTHBOJIEHCTBHA U pa3pabOTKe CpeACTB OOPHOBI C HUMHU.

OpauM 13 BaKHEHIIINX 00BEKTOB IOPAKEHHS, COTIIACHO MHEHHIO CIIEI[HANCTOB, SBISIETCS OpOHETaH-
KOBas TEXHHKa, KOTOpas U B OyIyleM COXPaHUT CBOE 3HAYEHHE OCHOBHOW yIApHOW CHIIBI CYXOIYTHBIX
Boiick. [Ipu ucionp30BaHNU OOBIYHBIX CUCTEM OPYKHUS €l OTBOAUTCS PELIaloIIast pojib IPHU MPOBEICHUH KaK
HACTyHaTeNIbHBIX, TaK U 000pOHUTENLHBIX onepanuid [1]. IloaTromy Goprba ¢ 0OBeKkTaMu OPOHETAaHKOBOM
texHuku (OBT) Ha coBpeMEeHHOM 3Tare W MepCleKTUBE ABISETCS MEepBOOUYEPEAHON 3a7aueli, K PelIeHHIO
KOTOPO# OyIyT MpHBJIeUEHBI MPAKTUYECKN BCE BUABI BOOpYKEHHBIX CHII U POJIOB BOMCK.

AAI‘OPI/ITMI)I AAQANTHBHOI'O oﬁnapy)lce}me CHI'HaAQa

JBmxkenne 00bexkToB OBT 110 HEPOBHOCTSIM Tpacchl O€3 OTPBIBA OT €€ TIOBEPXHOCTH MTPUBOJUT K TT0-
SBIIEHUIO BUOpAIuii, KOTOPBIE 3aBUCAT OT (POPMBI ITPOCTPAHCTBEHHOTO CIIEKTPa HEPOBHOCTEW TOPOTH, COO-
CTBEHHBIX KOJICOATEIhHBIX XapPAKTEPUCTHK O0BEKTA KaK MEXAaHHUYECKON CHUCTEMBI, CKOPOCTH JBUKCHUS H
tuna rpyHTa. CocTaBIstonias CrieKTpa, CBI3aHHas C IEHCTBHEM 3TOTro (haKTopa, IMEeT CILIONTHOW BUJ C JIO-
KaJTbHBIMH MaKCHMyMaMH, 00yCIIOBIIEHHBIMU aMILTUTYJHO-9aCTOTHBIMH XapaKTePUCTHKAMH MOIBECKH XO-
JIOBOM 4acTH O0BEKTa U XapaKTepUCTUKAaMK TpyHTa. HeKOTOphIM M3 BO30YXKJaeMbIX IIPH 3TOM KoJeOaHHUH
yIaeTcst IOCTaBUTh B COOTBETCTBHE COOCTBEHHBIE KOJIe0aHusl MMOAPECCOPHON MacChl Ha OABECKE U Kojeba-
HUS KoJleca Ha IIWHe WIN KaTka Ha 0aHgaxke. Pe3oHaHCHBIE 9acTOTHI MOJIBECKU Y TSKENBIX U JIETKHUX Tyce-
HUYHBIX 00BbEKTOB cocTaBysaoT 1,1 u 1,4 'l cooTBeTCTBEHHO. /IS T'yCEHHYHOM TEXHUKU XapaKTePHBI TAKKE
BHOpAanuu, BO30YK/TaeMbIe TIPU JIBHIKSHUH KaTKOB 110 HEPOBHOCTSIM TPACCHI, COCPEAOTOUYCHHBIC B JIMANIA30HE
gactoT 20...60 I'ty [1-4]. Ilpu nBmKeHNH KOJIECHOH TEXHHUKH 110 HEPOBHOCTSM TPACChl BUOpalnu B30y X1a-
ot [2]:

— 3a CUeT KoJicOaHuH Ky30Ba B Juana3one yactor 1...2 '

—3a cueT KojebaHuil MOCTOB B auana3oHe yactorT 5...13 T'i;

— 3a cUeT KoJjeOaHui TBUTATEINS Ha MMOJABECKE B Auama3one 4actot 5...30 I't. OcHOBHAS SHEPTHS CHT-
Haja TpH ABWKCHUHM KOJECHOW TEXHUKH 1O HEPOBHOCTSM JOPOTH MPUXOIUTCS HA TUAMA30H YacTOT
1...20 I'n, a MakcUMyM CIIEKTpaIbHOM IJIOTHOCTH — HA AMana3oH yactot 6...12 I'ry [2];

— yIaphbl IIpA OTPBIBE XOA0BOM YacTh 00BEKTa OT MOBEPXHOCTH TPACCHI IBMKEHUS BO30YKIAIOT KOJIe-
0aHus C YaCTOTaMH, PaBHBIMH €IMHULIAM TEPIT;

— BUOpaIuu, CBsI3aHHbIC C HAIMYHEM I'YCEHUYHOTO JBIDKUTEIIS, BOSHUKAIOT 33 CUET JIBUKCHHSI OTIOP-
HBIX KaTKOB I10 MPOQIITNPOBAHHON TYCEHHIIE ¥ BO30YKIAOT M3ITydeHHE HA TaK HAa3bIBAEMOW «TPaKOBOI
4acToTe u ee rapMoHuKax. CIIeKTp 3TOTO U3IYYSHHS 3aBHCHT OT CKOPOCTH ABIKEHUS 00BEKTa, a 3HaUEHHE
«TPaKOBOI» YaCTOTHI MOKHO OIPEACIIUTH U3 COOTHOIICHHS
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f=2V/L,

rae L — qIHa TYCEHHUIIBI, M; V — CKOpOCTh 00BEKTa, M/C.

[pu ckopocTsax apuxkeHust 3...15 M/C 3HaUEHHE YaCTOThI «TPAKOBOID COCTABIIAIOIIEH B CIICKTPE HAXOAUTCS
B muanaszone 15...60 'ty [1]. JlocTtaTouHO MHTEHCHBHOE M3TyUeHUE BO30Y ) aaeTcs B nuarnasone 16...20 'y 3a cuet
MHOTOTIOJIIPHOCTH TIOJIBECKH T'YCEHHII. 3HAUYEHUS 4acTOT KojeOaHuil, BO30yKJaeMbIX BCIIEACTBHE HEIEH-
TPUPOBAHHOCTH KOJIEC U KATKOB, MOXKHO OTIPENETUTH U3 COOTHOIICHUS

f=2v/d,

rze V — cKopocTh IBWKEHUS, M/C; d — TUaMeTp KaTKa, M.

Kak BuIHO W3 COOTHOIIEHHS, CHEKTP KOJIeOaHHiA 3aBUCUT OT CKOPOCTH ABIKeHUs. [Ipu nBmkennu co
ckopocTsimu 3...15 mM/c oH cocpenoroueH B auanazoHe yacToT ot 0,5 mo 1 'y [2—4]. Y aapsl TpakoB TyceHHUI
0 JIOPOTY C TBEPBIM OKPHITHEM IPUBOIAT K BO30YKICHUIO KOJICOaHHU!, 3HAYEHUE YACTOTHI KOTOPHIX 3aBH-
CHUT OT CKOPOCTH JIBWKEHUS U JISKUT B Auana3one ot 10 go 60 I'm;

HepaBHOMEpHOCTh IBUKECHHS O0BEKTa, CBI3aHHAS C M3MCHEHHUEM CKOPOCTH JIBHKCHHUS OOBEKTa IO
BEJIMYMHE WM HAIPABJICHUIO, TPUBOJUT K CUJIOBBIM BO3ICHCTBUSAM HA TPYHT M, COOTBETCTBEHHO, K BO30YXK-
JIEHUIO COOTBETCTBYIOIIMX BHOpAaWi. DTH BO3JEHCTBHS HOCAT KPATKOBPEMEHHBIN XapakTep (110 BpeMeHU
paBHBI ATUTENFHOCTH MaHEBPa) U BBIPAXKAIOTCS B BUJIE BCIJIECKOB HEPTUHU BHOpaIUi.

W3 npoBeneHHOT0 aHamM3a CIeyeT, YTO MEXaHU3MbI BO30YKACHUS BUOpaInii 0ObEKTOB TEXHUKH Pa3-
JUYHBIX KJIACCOB OMPEIEISIOT CTPYKTYPY YaCTOTHBIX CIHEKTPOB UX CHTHAIIOB M HECYT MH(OPMAIIHIO O KOH-
CTPYKTUBHBIX OCOOEHHOCTSIX H, CIIE0BATENBHO, Kiaccax 00bekToB. IIpn 3TOM mapaMeTpsl MEXaHH3MOB BO3-
6y)KI[eHI/I$I, CBA3aHHBIX CO CKOPOCTBIO ABHIKCHHA, PEIKUMOM pa60TbI )Z[BI/IFaTeHeﬁ O6’beKTOB N CTCIICHBIO
HEPOBHOCTH IMMOBEPXHOCTH IBUKCHUS, H3MEHSIOT CBOM 3HAYEHHUS B IOBOJIBHO IIMPOKUX TIpeieNiaX, 4TO HaXo-
ITUT CBOE OTPa)KEHHE B BapHAIUAX CTPYKTYP CIIEKTPOB JOTUIEPOBCKUX CHUTHAIIOB.

AHanu3 BBITTOJIHEHHBIX paHee paboT [1-9] mokasai, 4To JuUIsi TYCEHUYHBIX MAIllMH Hauboliee CyIile-
CTBEHHBIMU SIBJISIFOTCSI KOJICOAHUsSI KOPITyca OTHOCUTEIILHO MPOJIOJIBHON W TmorepeuHoi oceid. [Ipu 3Tom B
CIIEKTPE OTPaXEHHOTO CUTHAJa MOTYT HaOIIOJIaThCsl IBA XapPaKTEPHBIX MHKa, 00yCIOBIEHHBIX MPOIOIBHO-
YTIIOBBIMH H TTOTIEPEYHO-YTIOBBIMHI PE30HAHCAMH TTOAPECCOPEHHON MaCChI.

YuuThIBas, 4TO Ha3eMHAS 1IeJIb MOXKET OBITh OMKMCaHA COBOKYITHOCTBHIO Ny 3JIEMEHTAPHBIX OTpaXKaTe-
neii ¢ agexTrBHON MOBepXHOCTHIO paccenBanus (DI1P) 6, = Gy U 0THOTO TOMUHHUPYIOUIETO OTPaKATEIS
¢ 61 = aNyCo, Tie a — otHomeHue DIIP moMUHHpYIOIIEro oTpaXkaTeNs K CyMMe OTpaskaTelleil ¢ Gy, IMUPUHY

criektpa G(£2) OTpaXCHHOTO CHI'HAJla B COOTBETCTBHHU C BBIpaXCHHEM AQ, = /M 2{G(Q)} [2, 3] MoxHO

npeaACTaBUTb B BUAC

Nl) N()
4K’ aN, D D+>12

o o (ke e 0

rae L — mpoTsKeHHOCTH 1enu; K — BOTHOBOE 4ncio; M> — 2-ii MOMEHT pacipeeieHus] MOy CKOPOCTH
W3MeHeHHs Kod(PUIMeHTa NIUPUHBI 00beKTa HAOMIOAEHNS; & — KOIPOHUIHMEHT «IIUPHHBI» LETH; V — YHCIIO
Tap oTpaxkarereit; |§| — Moayiib CKOPOCTH yrita HaOIIOACHHUS LEIH; [,]; — IPOCKIIHS PACCTOSHUS MEXKTY IBYMST
OTpaKaTeJsIMU Ha OCH, MIEPIIEHIUKYIISIPHYIO U MapauIeNIbHYI0 K HAPaBICHHUIO 00TyUeHHS.

C yuetom cootHomenus AQ , =2TAF, pripaxenue (1) MoxeT 6bITh MPeoOpa3oBaHo K BHAY [2]

AF, = %H JQZ62 cos® o+ Q267 sin’ ¢, )

/i€ GgO¢ — CPSAHECKBAIPATHUCCKIE OTKIOHEHUS aMILUTHTY/] TIPOJAOILHO-YTITIOBBIX U MOTIEPEUHO-YTIIOBBIX KO-
nebanuii; elde — YaCTOTHI MPOAOIBHO-YTIIOBBIX M TOMEPEYHO-YTIOBBIX KOJEOaHWIA; ( — paKypc e,
Ly — BBICOTA LIEJIN.

[Mpumem st o0bexTa Ly = 2,5M, Torma mist PJIC, paboTaroried B 2-MHIIITIMETPOBOM JHAINa30HE Pa-
JINOBOJTH, BhIpaXkeHHUe (2) IpUMeT BHT

AF, = (240, c0s0)’ +(Q,0, sin¢)’ =11,70L, =1, 3)
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OmnpenenuM npezensl U3MEHEHUS 1) TPU U3MEHEHUH Gp, Cg, .
[TnoTHOCTE BEpOSATHOCTH CKOpOoCcTH nBMkeHHS W(}) MOxkeT ObITh IpelicTaBiIeHa B BUE [2]

2
(r=r)
-0,5

1 139°

W(V)=———c ,
) J2m1,39

rie V' — ckopocTb 00beKkTa, M/C; Vo — MareMaTnieckoe OXKHIaHue ero CKOpoCTH. [LIOTHOCTH pacnpeaecHus
G, O¢ MOXKET OBITh MOJTyYeHa U3 COOTHOIICHUS

(6,-0,51)

1 - 2
W o — e 2-0,026 ’ 4
(o) 210,026 )
1 _(56—2)2
W(c,)=————e 24 5
(o) V210,14 ®)

115t BBISIBIIEHUS TPAKTUYECKHA BO3MOXKHBIX 3HAUeHUH 3((PEKTUBHONW MIMPHHBI CIIEKTpa (IIyKTyaluu
CHUTHajIa, OTPaXXEHHOI'0 OT 00BEKTa, ObUI TAKXKE PACCMOTPEH PABHOBEPOSATHBIH 3aKOH PACIIPEIEIEHUs CKOPO-
creil. [{ns atoro ciayyas:

0, ectu ©, <0,4°,
W (0,)=11, ecnu 0,4°<0, <0,8", ©6)

0.
0, ecmn 6, >0,8";

0, ns1 G <1°,
W(0e)=11, mm 1°<c, <2°, (7)

0, w1 Gy > 2°,

[Ipenmnonoxxum, 4To yribl BUSUPOBAaHHS 00BEKTOB JiexKaT B peaenax +180 ° . Jlns ynpoienus Beauc-
JICHUH 3aKOH paclpenesieHHs YIJIOB BU3UPOBAHHUS MOYKHO IPUHATH PABHOBEPOSITHBIM

0, ecmm 0 < 0,
W((]))z 2L, ecmu 0 < G <2m, ®)
o
0, ecu ¢ > 2.

B sToM cirydae QyHKIHMS pacpeneieHusi HECKOJIBKUX CIIYIaHBIX BenrdrH P(T)) MOXKET OBITh Mpe-
cTaBjeHa B Buie [2]

d b b
,n)]wd%d%dn- ©)

10° P n 1 (0, —0,035)
(I)(n): ZJ‘ J. J 2 2 2 ) €Xp __9—2 X
4,321 5 < ¢ (0’ — o cos’ p)sin’ o 20,0024
2
1 (\mz—cé cosz¢—0,086sin¢)
—— dodo,dn; 10
X EXP T 0,0045 sin” 0 ddoedn (10)
104 n 0,035 2n -1
®M)= o | ] [n[( n*-oicos?o )sing] dodo,dn (1)

00,0175 0
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Onpenenenne ©(n) ¢ nomomisio BeipakeHuil (10) u (11) BbI3bIBaeT cepre3Hble TPYIHOCTH, TOITOMY
BBIUMCIIEHUS IPOBOIMIINCH HA OCHOBE MeToa Monre-Kapio.

Amnanu3 Beipaxenus (3) u pacrpeneneHus W(Gp) HOKa3bIBaeT, YTO AF> 3aBUCST OT yIJla BUSUPOBAHUS
Y CKOPOCTH JABHMKEHUS.

Jts nBUOKyIIEXCST aBTOMOOUIEH B uteparype [2—4] UMeroTcs TaHHbIe He TI0 YTIIOBBIM, a TI0 JIMHEH-
HBIM IIepEeMENICHHUSIM KOpITyca, 00yCIOBICHHBIMHU BO3JICHCTBHEM TPACCHI.

[IpuMeHnTENBEHO K 3TOMY CiTydato Belpaxenue (1) MoxeT ObITh 3aITCaHo B BUE [2]

AQ, = kAIF,; /2 (12)

BHO

NI

AQ, =AIF, . /M2, (13)

BUO

rie Frus — yactoTa BUOpauii Kopiyca aBToMo0mis; Al — aMIunTyaa 3Tux BUOpauui.
W3 matepuanos, mpuBeneHHBIX B paboTtax [2—4], cienyeT, 4To 4acToTa U aMIUIUTYAa BUOpAIUH JJis
ABTOMOOMJICH MOTYT OBITH CBSI3aHbI COOTHOILIEHHEM

A(MM) = 0,51/ F.,. (14)

O6wenunss ypasraenns (12), (13) u (14), monyanm AF, =0,36/AF, o wmi npuMeHHTENBHO K pajiuo-
JIOKAIIMOHHOW CTAaHIIMU MUJUTUMETPOBOrO Juamna3zoHa [2]:

AF, ~42/F, . (15)

C HUCONb30BaHUEM TEX KE MATEPUATIOB ObUTH BHIYHCIICHBI BEPOSITHOCTH TOSABICHUS AF,, IPEBBIIIA0-
wKe HeKoTopyto Bemunty AF, = P(AF, <AF,)).

B pabote [2] aMIuIMTyABI IPOAOJIEHO-YTIIOBBIX M MONIEPEYHO-YTIOBBIX KOJICOAHUH JBIKYLIUXCS 00B-
€KTOB pacIpe/ieNieHbI 10 HOPMaJIbHBIM 3aKOHaM. B pesynbTare muddepeHInpoBaHus, SBISIOIIETOCS JINHEH-
HOU oneparuei, CBOMCTBO HOPMaJIbHOCTH COXPAHSAETCA.

KoMOuHaIus 3THX 3aKOHOB (CyMMa TPOEKIMHA Ha JIMHHWIO BU3HpOBaHUsA) OyaeT. [loaToMy CKOpoCTh
¢aykryanuii yria Ha0moneHus & OyIeT Takke HOpMaIbHOM. J[jisi HOPMAIBHOTO 3aKOHA B COOTBETCTBHHU C
BbIpaykeHHeM (1) MOryT OBITh 3amucaHbl CIeAYIONINe COOTHOUICHHUS U CIIEKTPAIbHBIX MOMEHTOB!

M {[d]

— e = M (16)
Mz {[&l}
rIe
N, v,
(aN0212 +Zl;j<aN02 +7,)
u — p=1 - g=1 . . (17)
[aNOZZ;‘ +213J
p=l1 g=1
wm Y =3U.

[Mapamerp Y xapakTepusyet ¢popMy CIEKTpa CUTHANA. PacueTsl mokas3pIBatoT, 4To it N =S u g = 1
umeeM UL = 1,7; y=15,1.

JL1st anIIIpOKCUMAITHH CTIEKTPa OTPaKEHHOTO CUTHAIA OT OPOHUPOBAHHOM IIEJTH BOCITIOJIb3YEMCsI BRIpa-
JKeHueM [2]

Q —-n
G(Q)—[1—0,21AQZJ (18)

2

WM, 3amMeHss ( = 27F, TomydnM

Q -n
G(F)—[I—O,ZIAW] : (19)
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CriexTpasbHasi INIOTHOCTH (IIYKTYaIMid CUTHAA, OTPa>KEHHOT'O OT ABHKYLIETOCS aBTOMOOHIIS,, MOXKET
OBITH aNMPOKCUMHUPOBaHA BBIpAKEHUEM [2, 4]
7Y
G(F)=[1+0,14— | . (20)
AF,

2
2

Pacuersl, mpoBenennbie st N = 6 u o = 9 (00bekTa THMma aBTOMOOWIIB), Aar0T W = 1,4. J{ns sToro
ciydqag y=4,2,m=5.

BrruncneHHple Ha OCHOBE MPEATIOKEHHBIX MOJIEIeH WHTerpalbHble (YHKIMH PacIIpe/leleHns oKa-
3BIBAIOT, YTO TIPEJENbl N3MEHEHUH CpeTHEKBAIPATHYECKONW IMPUHBI CTIEKTPOB CUTHAJIOB, OTPAXKEHHBIX OT
pa3IUYHBIX KJIACCOB UMEIOT CyIIeCTBEHHBbIe oTinuus. Tak, B npeaenax oT 0 mo 20 I'm nexut 87 % Bcex
3HAYEeHUI CpeTHeKBAIPATUIECKON IUPHHBI CIIEKTPa OT 00BEKTOB 2-T0 Kilacca U TONBKO 13 % oT 00beKTOB
1-ro kmacca. CymiecTBeHHO (C BeposSTHOCTBIO ~0,9) oTnmuaroTcst Takke u KodhGUIHEHTH (OPMBI CIIEK-
TPaJBHBIX IIOTHOCTEH Y (DIYKTyalluid CUTHAJIA, OTPAXKEHHOTO OT 3TUX 0OBEKTOB.

LenecooOpa3Ho paccMOTPETh BO3MOXKHOCTh CHHTE3a aIalITUBHBIX MIPOLIEAYP HA OCHOBE KPUTEPHS OT-
HomreHus npasaononoous (OI), oGmagarommx CBOHCTBOM aCHMITTOTHYECKOTO TOJA00MS, T.€. HE3aBUCHMO-
CTH BEPOSTHOCTH JIOKHBIX TPEBOT OT HEU3BECTHBIX MAPaMETPOB MMOMEXH, a TAK)KE BO3MOKHOCTh HAXOXKICHHUS
B SIBHOM BHJI¢ CTPYKTypHI pemaromux npasui (PI1) u nomydenus ypaBHEHUH NI OIEHKA MaKCHMAaJILHOTO
MIPaBIONIOO0MS HEM3BECTHBIX MTApaMeTPOB KakK IMMOMeXH, Tak u curaana. K aromy crienyer 106aBUTh Takxe,
gyto PII OII Bcerna sBastoTCS PyHKIMUSAMU JOCTATOYHBIX CTATUCTHK, €CIIH MTOCIIEAHIE CYIECTBYIOT [3, 4].

HWrak, Oynem moJarath, 4TO OCYIIECTBIISCTCS CIIEKTPAIBHBIN aHATU3 BPEMEHHOTO Psjia B TIOJIOCE Ya-
cror AF B [-M xaname pnameHOocTH. Torma Ha BbeIxoge mporeccopa bIID wabmomaercs BbIOOpKa

Vo ={Vis Varsees YV } » KOTOPAs MOXKET COCTOSITH U3 CHEKTPAIbHBIX KOMIIOHEHT LIyMa MO0 U3 KOMIIOHEHT

CYMMBbIL CUTHAJIbHOM KOMIIOHEHTHI GSm C 3aI[aHHOI7I HHTEHCUBHOCTHIO G U myma. By;[eM CUNUTaTh, YTO I1apa-
MCETPEBI CICKTPa MOMEXHU HEU3BECTHEIL.
O‘ICBI/I,I[HO, 4qTO BBI60pO‘IHI>Ie 3HA4YCHUs CIICKTPa MOXXHO IPEACTAaBUTh B BUIC

v, =AGS,(f)+86,(f), 1)

rre A= 1 ¢ BeposaTHOCTBIO P;, A =0 ¢ BeposATHOCTBIO Po(P1+ P> = 1); Su(f) — crieKTpalibHbIe KOMIIOHEHTBI CUTHAIIA,
G — CITyJaiiHBIN TapaMeTp, TI0 CMBICITY TIPEACTABIITIONTHN COO0H aMIUTUTYNy CIIEKTPATLHON ITIOTHOCTH CUTHAJIA,
pacripeieieHHy 0 paBHOMEPHO B auanazone AG = G,— G1. BeiOopouHble 3HaUeHHs CIIeKTpa MOMEXH OyIeM Io-

o~ ) 2
Jlarath pactpeie/leHHbIMH HOPMAIILHO C KOPPEJISIMOHHOM Matpuueit K, =0 HQJH 371ech G — HeM3BECTHAS
2
MHTEHCHBHOCTb CIIEKTPA LIyMa, KOTOPasi TAK)KE PACIpPE/IETCHa PABHOMEPHO B MHTEPBANE AG ', .
OnTrMaIBHBIA aITOPUTM O0OHAPYKEHHUS COCTOUT B CpaBHEHHH ¢ TToporoM OIl:

A(y,)= Wy, H,)

W(yn/HO), -

rae W(y,/Hip) — TUIOTHOCTH pacIpeaesieHrs BEIOOPKH KOHKYPHUPYIOIINX THIIOTE3 O HAIMYHU W OTCYTCTBUU
CHTHaJla COOTBETCTBEHHO, ONIPEIEeNAEMbIC KaK

W (3, ! Hy)=———exp(-n/2),
(2nc,~) 23)
1) = 505, (v -6s.)

OueHKH MaKCHMaJIbHOTO MPABJIOTI0I06HS TAPAMETPOB G,G°,G HAXOMATCS U3 CHCTEMBI ypaBHe-
Huii [1, 4]
oW (y,/H,) 0. olnw(y,/H,) o olnw(y,/H,)

oc2) d(c?) ’ 3(G)
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ITocne HpeO6pa30BaHI/I$I " pCUHICHHA OLUCHKHN HEU3BECTHLIX IMAPaMETPOB 6y,Z[yT HUMCETb BU

T
G =Y. 52 :lz<yi—GS.)2; G=4l . (24)

n n i=1 Z S2
i

[Nocne noncranoBku (23), (24) B cooTHOIIEHKE (22) OTHOIIEHHE NPABIONON00MS HETPYJHO 3aIUCaTh Kak
o /2
n n 1 n
S DR D I DIT S
i=1 i=1 So i=1

rae S, = iSf.

i=1

Berpaxxenue, onpeznensemoe (23), He0OX0IUMO CpaBHUBATE C Ioporom C,, = QM [2,5, 6].
R a, (yn )
Benmnuwnna a,(y,) nMeeT OTHOIIEHNE K CUTYyaIliH, KOT1a MpUHAMAeTCsS M 00pabaTpiBaeTCs YUCTO ITy-
MOBasi BBIOOPKA, TIOATOMY B COOTBETCTBHH € [2] OompeaenuTcs Kak

az(yn):W(EYi)z—nl

det"? D

oW (y,/Hy) n 1
o) 211,

OKOHUATEJILHO BEJIUYMHA d2(),) MOKET OBITh HalIeHa 110 COOTHOIICHHIO

a,(y,)= \/21t/n Y'Y,

3mecy D, =—

Benuunna ai(y,) HaliieTcs aHAIOTHYHBIM 00pazoM:

a(y,)=W(G.6 )d ”ZD'

A2
ITonaras, 4To YMCIEHHBIE 3HAYEHHUS OLIEHOK [apaMeTPOB G u G° He3aBHCUMBI U pacrnpeienieHbl paB-
HOMEPHO B Ipenenax UHTepBaioB AG, Ac? T ©X COBMECTHOTO pacrpenencHus, HeTpyAHO 3aIucaTh

w(6.6%) =1

Martpuna D1, KaKk U paHee, MOXKeT ObITh OlpeesieHa KaKk

*InW(y,/H) WnW(y,/H,)
G ~9Go(o?)
P mw(, H)  emw(y,im)| G=G =
Yu 111, Yu 141,
- a<62)aG - a<G2)2 G2 =62

Ocy1iecTBisisA pacueThl coryiacHo (25) ¢ yuerom (23), mociie JoCTaTOYHO IPOMO3JIKHMX MPeodpa3oBa-
HUU NOJIy4YHMM JUIS 3JIEMEHTOB MaTpULbl D

oW (y,/H,) B Syn S

0G* G=G (Yn—GS)(Y GS,) QI(G);
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oW (y,/H,) . olmwW(y,/H)

; = —; =0.
oc’) |0=G  207(G)  9Ga(G*) |G
c’

G

2

Q)

Tornma

detD, = % e3S 0 (26)

21267 (G)

()= SGacsy i
C yuerom ypaBHeHwUi (26), (27) mopor Ci2 HETPYIHO 3aIKUCaTh B BUJIC
~2
7 O
_& AGW/S /26> L. (28)
G’

Buaro, 9To mopor siBisieTcst GyHKIAEH OIEHOK IMapaMeTPOB AUCIIEPCHI BHIOOPOYHBIX 3HAUCHHU CITEK-
Tpa, T.e. ABJIsAETCS MepeMeHHbIM. B3sB norapudm ot cootHomenwuii (22) u (23) ¢ y4eToM UX paBEeHCTBa, MO-
JYYHM pelIatoliee IpaBuiio 00HApYKEHHUS:

> H,
(ﬁ—ljln(sj +(§—ﬁjln62 'InR (29)
2 2 2) < H,

WK, 9TO aHAJIOTUYHO, Yepe3 JIEMEHTHI BLIOOPOYHBIX 3HAYEHUH CIIEKTPa XapaKTePUCTUKU TPAKTUIECKU COB-
nazgaioT, a npu Pr>0,1 otiauune coctasnsier 10—-15 %, uTo 00BACHIETCS YCIOXKHEHHEM aJITOPUTMA U OIINO-
KaMH IIPH ONIPENEIICHUH OLICHOK HEM3BECTHBIX TapaMeTPOB.

Takum 00pa3oM, OmpelesieHbl alTOPUTMBI aJJAITUBHOTO OOHAPYKEHUSI CHT'HAla, OTPaXXCHHOTO OT
PJII] mo BEIOOPOYHBIM 3HAUYEHHSIM CIIEKTPA 3JEMEHTOB MaTpPULbl paccesHus, oleHeHa UX 3()()EeKTUBHOCTS.
[IpuBeneHHBIE aNrOpUTMbI OBIIIM UCIIONB30BaHbI IPH MPOEKTUPOBAHUH PEATIbHBIX YCTPOMCTB OOHAPYKEHUS
PJIII o criekTpanbHBIM MpeoOpa3oBaHUsIM OTPaKCHHOTO CHTHAIA:

(——lJan)’ [———jlanZy ——[Zy, ] ]Z Z;lnR. (30)

P, AG
3nece R=—2—./S, /2.
P

BapuanT QyHKIMOHAIEHON cCXeMBl OOHApPYKHUTENS, CHHTE3UPOBAHHOTO B COOTBETCTBUHU C BBIpayKe-
uueM (30), n3o0paxeH Ha puc. 1.

"—Llil_’ En W_’ (n/2-1)In I—’Hl

> A (3/2-;:)1"

n

s,

Puc. 1. CprKTypHaH CXeMa CIICKTPAJIbHOI'0 a1IallTUBHOT'O 06Hapy>KnTen${ Ha OCHOBC OTHOIICHMUSA npamxonono@m
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3neck cuMBOJIOM S, 0003HAYEH IeHEpaToOp OKMIAEMBIX 3HAUEHHH CHEKTPAJIbHON IIOTHOCTH HA Ya-

crotax f,,i=1,n Tpu BBIOTHEHUH THNIOTE3bI . OTMETHM, YTO CyMMHpOBaHKe B BepakeHne (10) moxer

OBITH BBITIOJHEHO Ha 1-OTBOJHBIX JIMHUAX 3aAepkkH |1, 2]. Halizem xapakTepucTuku oOHapyKEeHUs, COOT-
BETCTBYIOIIUE MOJTYYEHHOMY anroputMy. Eciii mpeHeOpeys 3aBUCMOCTBIO TIOPOTa OT 3JIEMEHTOB BBIOOPKH,
TO Ui OLICHKH 3(P(PEKTUBHOCTH OOHAPYKEHUS LIEIecO000pa3HO BEpHYThCs K cooTHolneHuto (3). Torma pe-
IICHUE O HAJIMYUY CUTHAJIA OyIEeT MPUHSATO B CIIydae, €CIIu

Zyi Zyiz—Z: >C. (31
i=1 i=1
Cootnomenue (11) MoxxeT ObITH TPeoOpa3oBaHO K BULY

Zn:yf Zn:yf—zf =1+zj/"f:zf, (32)
i=1 i=1

i=1

r7e Z; — He3aBHUCUMbIE HOPMAaJIbHO pacipe/ielieHHble BenuunHbl ¢ mapamerpamiu (0, 6) npu i #n # (Tu, O)
npu i = n. B cBoOrO ouepenb:

0, mpuA=0,
m, =
G\/S,, mpui=l.
13 hopmysl (32) BUAHO, YTO aIrOPUTM OOHAPYIKEHHSI CBOAUTCS K CPABHEHHUIO C IIOPOrOM BEIIUUHHBI
r-

>z
i=1

JIns pacdeTa XapaKTepHCTHK OOHAPYKEHHUS OTpeaenuM BeposaTHocTs P(T°> C) = C — 1). OueBuHO,

P(T*2G)=1-F(JG)+F(~JC).

rzie F(.) — MHTerpanbHbIil 3aK0H pacrpeaenenus as 17

4qTo

Z
BBons HOBYIO mepeMeHHYIO f=+/n—1T = n , BEPOSITHOCTh NPEBBLIIIEHUS MOpOra

n—l1
(1/n=-1)>.2}
i=1

MOXHO IIPEACTAaBUTH B BUJC

P(T22C1):1—E( (n—1)q)+5(—ﬁ/(n—1)q). (33)

B BrIpaxxennu (33) 3aKoH pacrnpeeNieHnsl BEJIMYMHEI ¢ OyJeT ONKUChIBaThC pacnpeneiacHueM CThio-
nenta [1, 7], npuuem npu BHIIOIHEHHH TUIIOTE3B! | 0HO OyJeT HeleHTpalbHbIM, a IpU Ho — HEHTPaJIbHBIM.
[TockonbKy 3TO pacmpe/esieHue XOpoIIo U3yueHo U TaOyIHPOBaHO, XapaKTEPUCTUKN OOHAPYKEHUS MOTYT
OBITH HAHACHBI JJIT MAJBIX BEPOSTHOCTEH JIOKHOU TpeBoTH Pr. [yt 6onsmux Pr 1 pa3Mepa BRIOOpKHU 7 > 10
MOYKHO BOCHOJIb30BaThCsI TPUOIKEHHEM

n—1

Z:Zl.2 z(n—l)cz.

i=1
Torma anroputM oOHapy>KEHHsI CBOAUTCS K TOMY, YTO TWUNOTe3a H| MPUHUMAETCS B cliydae, eciu
2 2
Z?2(n-1)0°C, =K, 4T0 ¢ TOYHOCTBIO JI0 IOCTOSHHOTO KO3 (GHLUMEHTa COBIIAAAET C AIrOPUTMOM 00Ha-

PY>KE€HHA CUTHAJIa C HEU3BECTHOM aMHJII/ITyI[Oﬁ B IIIyM€ HU3BECTHOM MHTCHCUBHOCTH.

S
XapaKkTepUCTHKH O0HAPYKEHUsI, pacCUUTaHHbIE IO cooTHOweHo (33) mpun=15u g= =10,

MIpUBEICHBI HA PHC. 2 O IudpamMu / 1 2 COOTBETCTBEHHO.
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3neck ke cuMBosiaMu (*) 0003HaUYEHA KpUBas I U3BECTHBIX 3HAYCHUH MapaMeTpoOB CIEKTpa MIyMa.
Buano, yTo mpu Masblx 3HAYEHUAX PrXapakTepUCTUKU MPAKTUYECKH COBMAAaloT, a npu Pr > 0,1 oTinune
cocraBisier 10-15 %, 4To 0OBSICHIETCSA YCIOKHEHHEM aJrOpUTMa M OIIHNOKaMH MPH OIpPEIEICHNH OIICHOK
HEU3BECTHBIX MMapaMeTPOB.

J
1(!

T

0,8

2

0,6

0,4
0,01 0,05 0,1 05 iF,

Puc. 2. XapakTeprCTHKH alalTUBHOTO CIIEKTPaJIbHOTO OOHAPYKEHHUS

3akArouenue

Takxum 00pazom, onpeziesieHbl AITOPUTMEI aJAIITUBHOTO OOHAPYKEHHS CUTHAJIA, OTPAXKEHHOTO OT Ma-
JIOpa3MEepHBIX IIeJeil M0 BEBIOOPOYHBIM 3HAYEHHUSIM CIIEKTPa DJIIEMEHTOB MAaTPHIIBI PACCESHHUS, OIleHeHa UX d(-
(hexTuBHOCTD. [IpHBEIEHHBIC ANTOPUTMBI OBUTH HCIIOIH30BAHBI TIPH MPOCKTUPOBAHUH PEATHHBIX YCTPOHCTB
obHapyxenuss MPL] o criekTpanbHBIM peoOpa3oBaHUsM OTPAKEHHOTO CUTHAA.

J1s1 COBMECTHOI'O HCIOIB30BaHUS YCTPOMUCTB OOMIIEPOBCKOM CENIEKINMHU MPEIIOKUM MPaKTUYECKU
Ba)XKHbIE PEKOMEHJAIINU:

1. [epexon u3 BpeMEHHO!N 00JIACTH B CHICKTPAJIbHYIO MPUBOJIUT K CHIIKEHUIO KOPPEISIUU OTCUCTOB
nomMexu Ha BbIxoze mpoueccopa BII®. Pacmupenue cnexrpa momexu ot 15 go 70 I'uy mpuBoauT k cyie-
CTBEHHOMY CHM)KCHHIO BEPOSITHOCTH OOHapyxeHHs. CIoco0 C «IUIaBaroIINM» TTOPOTOM JaeT BBIUTPHINI B
IIOPOTOBOM OTHOIICHWH cHTHaj/momexa mo 3nb. YBenwmueHnne riryOMHBI (UIYKTYallud MOJE3HOTO CHUTHAIA
MIPUBOJUT K HE3HAYUTEIbHBIM (He Oojiee 2 n1B) moTepsiM B MOPOTOBOM OTHOIICHHU CUTHAJ/TIOMEXa, BCIICI-
CTBHE YETO CIOCO0 C MIIaBAIOIINM TOPOTOM SIBJISIETCA O0Jiee YCTONINBEBIM.

2. ChekTpaibHbIC aJaliTUBHEIC CIIOCOOBI, CHHTE3MPOBAHHEIC HA OCHOBE KPUTEPHUS OTHOIICHUS TIPaB-
JI0TI0100Ms, 00JIaaf0T CBOMCTBOM aCHMIITOTHYECKOTO MOJ00us. JIOCTOMHCTBOM yKa3aHHBIX CIIOCOOOB sIB-
JIIETCS TAKXKE BO3MOXKHOCTh HAXOXACHUS PEIIAIOIIUX MPABUI B IBHOM BUJC U MONTYYCHUE YPAaBHEHUH st
OIIEHKH MaKCHMAJIBHOTO MPaBAOIO0I001sT HEM3BECTHBIX MTAPAMETPOB CUTHAIBHOTO M IOMEXOBOT'O BEKTOPOB.
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MOAEAU N METOABI UBMEPEHUS DAEKTPUYECKUX ITAPAMETPOB
B CAOKHBIX CUCTEMAX DAEKTPOHHUKH

U. M. Pp16akoB

Ien3enckuii rocyjapcTBeHHbIN yHUBepcuTeT, [lensa, Poccus
rybakov_im@mail.ru

AunHoTaums. AxkmyanvHocmy u yenu. ViccnenoBaHue TMHAMHYECKHX IPOLIECCOB CIOKHBIX CTPYKTYD SBIISIETCS
OCHOBOI NP M3YYSHUH HOBEACHHS 0A30BBIX JIEMEHTOB JICKTPOHHOH ammapaTyphl. [IpoeKTHpOBaHUE CIIOKHBIX CH-
CTEM BJIEKTPOHUKH OOBIYHO TPeOyeT JEeTaJbHOTO MPEICTABICHUS OCHOBHBIX Y3/I0B U AeTaneil. UToObI BBIIOIHHUTH IPO-
EKTHPOBaHME CIIOKHOU CHCTEMBI JIEKTPOHHOH ammaparypsl, TpeOyeTcs BCeCTOPOHHEe NTOHMMaHUe (YHKIHOHHPOBa-
HUS BHYTPHCHUCTEMHBIX IpolieccoB. Mamepuansl u memoosi. B HacTosIee BpeMs CyILECTBYET MHOKECTBO PEIICHUH
Ha OCHOBE YHCJICHHOI'O, aHAJIUTUYCCKOTO U OMITUPUUCCKUX MMOAXOA0B. AHanuTH4ecKue METObI, B CBOIO O4Y€PEAb, /1€~
JISITCS HA CTPOTHE TCOPETUYECKUE ¥ OCHOBAHHBIC HAa METOIe KOH(DOPMHBIX MpeoOpa3oBanuii. UncieHHbIE METOBI pea-
JIM3YIOTCS C IPUMEHEHHEM ITPOTPaMMHBIX CPEACTB, B OCHOBE KOTOPBIX JIEXKAT JIBa 0a30BBIX METOJA: METO/I ITPAHMYHBIX
3JIEMEHTOB M METO]] KOHEYHBIX 3JIEMEHTOB. Pesyromamer. Ha pakTHKe e IpeIouTHTENbHEH UCII0Ib30BaTh OTHOCH-
TEJILHO MPOCTHIE MOJICIIH, TAK KaK TaKHe BBIPAXKEHHs JIETKO BcTpanBaTh B coBpeMeHHble CATIP, npennaznaueHHbIe u1s
NPOSKTUPOBAHMS JIEKTPOHHBIX YCTPOUCTB. B uTeparype MOKHO HallTH CpaBHEHHUE Pe3yJIbTaToB, IOJYYEHHBIX C IO-
MOIIBIO BBIYHCICHUM, ¢ SKCIEPUMEHTAIFHO H3MEPCHHBIMHU 3HAaUCHUAMH. I IPaKTHYECKOro NPUMEHEHHS TOH WIH
WHOU MOZETH HeoOXOIMMO 3HATh TOYHOCTB €€ Pe3yIbTaToB. Buigodsl. CoBpemenHbIe poneccopsl u [IJINC paboratoT
Ha BBICOKOH "acToTe, HaunHast oT 100 MI'm u Beime. Ha Takoi yacroTe Bpemst HapacTaHusi CUTHaJIAa Oy/I€T COCTAaBIATh
HaHOCEKYH/IbI, a 00JIbIIAs eMKOCTh JIMHUHM MOKET BOCIIPEIIATCTBOBATh U CYIIECTBEHHO €r0 YBEJINYHTh, YTO IIPUBEIET K
notepe Oura. EMKOCTh TMHNM CHIIBHO BIMSET Ha ee uMIieqaHc. He BbliepikaHHBIA UMIIEJaHC Nepeatolel JIMHUA MO-
KET IPUBECTH K OTPKEHHIO CHTHAJIa Ha €€ KOHIIE ¥ BO3BPATY K MEPEAATINKy. ITO MOKET NPUBECTH K BBIXOY €TI0 U3
CTpOA, a TaKKE K JIO)KHBIM Cpa6aTI)IBaHI/ISIM MpUuEMHHKa.

KiroueBble ¢JI0BA: YKCIIEHHBII METOA, aHAJTUTHYSCKUI METOA, METOJ KOHCUYHBIX 3JICMCHTOB, MeYaTHbI MOH-
TaX, CJIOKHBIC CUCTEMBI, JJICKTPUYCCKUEC TapaMETPhI

Jns uutupoBanust: Pei6akos Y. M. Mopeiu ¥ METO/IbI H3MEPEHUSI SIIEKTPHIECKUX [TAPAMETPOB B CIIOXKHBIX CHCTEMaX AJICK-
TpoHukH // HanexxHocTh 1 kauecTBO ClIOKHBIX cucTeM. 2023. Ne 2. C. 44-50. doi:10.21685/2307-4205-2023-2-5

MODELS AND METHODS FORMEASURING ELECTRICAL PARAMETERS
IN COMPLEX ELECTRONICS SYSTEMS

I.M. Rybakov

Penza State University, Penza, Russia
rybakov_im@mail.ru

Abstract. Background. The study of dynamic processes of complex structures is the basis for studying the be-
havior of the basic elements of electronic equipment. Designing complex electronics systems usually requires a detailed
representation of the main components and parts. To complete the design of a complex electronics system, a compre-
hensive understanding of the functioning of internal system processes is required. Materials and methods. Currently,
there are many solutions based on numerical, analytical and empirical approaches. Analytical methods, in turn, are
divided into strict theoretical and based on the method of conformal transformations. Numerical methods are imple-
mented using software tools based on two basic methods: the boundary element method and the finite element method.
Results. In practice, it is preferable to use relatively simple models, since such expressions are easy to embed in modern
CAD designed for the design of electronic devices. In the literature one can find a comparison of the results obtained with
the help of calculations with experimentally measured values. For the practical application of a particular model, it is nec-
essary to know the accuracy of its results. Conclusions. Modern processors and FPGAs operate at a high frequency —
starting from 100 MHz and higher. At such a frequency, the rise time of the signal will be nanoseconds, and the large
capacitance of the line can prevent and significantly increase it, which will lead to a loss of a bit. Line capacitance

© Pribakos M. M., 2023. Konrent poctyneH no annensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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greatly affects its impedance. An unbalanced transmission line impedance can cause the signal to be reflected at the end
of the line and returned to the transmitter. This can lead to its failure, as well as to false positives of the receiver.

Keywords: numerical method, analytical method, finite element method, printed wiring, complex systems, elec-
trical parameters
For citation: Rybakov .M. Models and methods for measuring electrical parameters in complex electronics systems. Nadezh-

nost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2023;(2):44-50. (In Russ.). doi:10.21685/2307-4205-
2023-2-5

BBepenne

UToOBI pemmTh MPOOIIEMy pacueTa IIOTOHHOH €MKOCTH TaKoTo 00heKTa, HE0OXOIUMO PACCMOTPETH €€
0oJsee geTanbHO. MHUKPOTIOIOCKOBAS JIMHUS — HECUMMETPHYHAS MTOJIOCKOBAs JIMHUS NS TIePEeIadun SICKTPO-
MarHUTHBIX BOJH B BO3JYIITHOM WM, KaK MPABUIIO, B AUAIEKTPUUIECCKOM cpe/ie, BAOJb IBYX HITH HECKOIbKUX
MPOBOJTHUKOB, UMEIOIIUX GOPMY TOHKUX TOJOCOK ¥ TacTuH [ 1]. JIMHUY Nony4nin Ha3BaHWE MUKPOTIOIOC-
KOBBI€, TaK KaK B pe3yJIbTaTe BHICOKOH AMAJICKTPUUYCCKON MPOHUIIAEMOCTH TOJIOKKH €€ TOJIIUHA U TIoTe-
PEYHBIE pa3Mephl MOJIOCHl MHOTO MEHbIIIE JTTUHBI BOJHBI B CBOOOIHOM MPOCTPAHCTRE.

‘v‘)

/

A
Y

h g

Puc. 1. [Tonepeynoe ceueHne MUKPOILIIOCKOBOM JIMHUN

Kax BugHO 13 puc. 1, KOHCTPYKIHS MUKPOIIOJIOCKOBOM TMHUHU YPE3BBIYANHO MIPOCTA: METATIMYECKUNA
MIPOBOIHUK (TI0OJIOCKA) ITMPUHONW W M TOJIIWHOMN ¢/ JISKUT Ha 00eCTIeYNBAIONIEH POYHOCTh B )KECTKOCTh KOH-
CTPYKIIMH TIOJIJIOKKE TOJIIMHOHN /1, BEIIOJTHEHHOW U3 OJHOPOJIHOTO TUAJIEKTPHUKA C OTHOCUTEIHLHOW TIPOHU-
LIaEMOCTBIO € U MOKPBITON C BHEIIHEH CTOPOHBI cioeM MeTamwia. CTpyKTypa Hojs B JIMHUA HOCUT JOCTa-
TOYHO CJIOXHBIA XapakTep, KaK NOKa3aHO Ha puc. 2.

Y

Puc. 2. CtpykTypa 3JIEKTPHUUECKOT0 TOJIsi B MUKPOIIOJIOCKOBOM THHUH

TeopeTnueckuil aHaNKU3 MO B MUKPOIIOJIOCKOBOM JMHUM YCIOXKHSACTCS TEM, YTO JIMIIb YacTh MOJIS
KOHIIEHTPUPYETCS B 3alI0JHEHHOM AMIIEKTPUKOM IPOMEXYTKE MEXIy IOJIOCKOH U 3a3€MJICHHBIM IIPOBO/I-
HUKOM, a OCTaJIbHas — HaJ ¥ PAJOM C MOJIOCKOH B Bo3xyxe. [loaToMy pacmpocTpaHsiomascs B IHHUN MOJa
He uuctas TEM, a keasu-TEM. C noMo1ibto TepMUHa «xea3u-TEM) noguepKuBaeTcs, 4To pa3indue B CTPYK-
Type IoJjei, 00yCI0BIEHHOE IPUCYTCTBUEM B JINHUM CIIOUCTOM CPeJlbl BO3LYX-AUAJIEKTPHUK IBYX MOJ, HEBE-
nuKko. Ha HUM3KHMX yacToTax aHaiu3, BHIMOJHEHHBIN B MPEAIONIOKEHUH, YTO PACIIPOCTPAHIETCS MOJIA KB8A3U-
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TEM, naet BHOJHE MPUEMIIEMYIO TOYHOCTh, OJTHAKO 10 MEPE MOBBIIICHUS YaCTOTHI CTAHOBATCS BCe Oolee
3aMETHBIMHU TIPOJIONIFHBIE COCTABIIAIONINE TMOJIEH, YTO CKa3bIBA€TCs Ha pe3yNbTaTax aHann3a. B acTHOCTH,
3aMETHO MPOSBIISAETCS JAUCIIEPCHUS, T.€. BOJTHOBOE CONPOTHBIICHUE JIMHUU U 3(PPEKTUBHAS TUIICKTPUICCKAS
MPOHUIIAEMOCTh HAUMHAIOT 3aBUCETh OT YaCTOTHI [2].

IIpeumyiiecTBa MUKpPOTIOJIOCKOBOM JIMHUH, KaK U CUMMETPUYHOM MOJIOCKOBOM, MPOSIBISIOTCS B MOJI-
HOU Mepe B TeX CiIydasx, Korjaa HeoOX0AuMO CO3/1aTh THOPHIHBIE [IENH, COCTOSIINE U3 SJIEMEHTOB C COCpe-
JIOTOYEHHBIMU U paclpeAesIieHHBIMU TapaMeTpaMu. Bcemu 1ocTOMHCTBAME, TPUCYIIIUMHU CUMMETPUYHOM TT0-
JIOCKOBOHM JIMHWW 10 CpPaBHEHUWIO C JPYTHMMH JIMHUSMH Tiepefadd, oOJanaeT B paBHOW CTENEHH U
MHUKPOIIOJIOCKOBAsI JINHUS, KPOME OJHOTO. B MHKpOIIOIOCKOBOW JTMHUH CYIIECTBEHHO CHJIbHEE B3aHMHOE
BIUSHUE MEX/y COCEIHUMHU IMPOBOJHUKAMH, YTO 00YCIIOBIICHO 00JI€€ OTKPBITON CTPYKTYPOU JIMHUH U OT-
CyTCTBHEM CHMMETPHH OTHOCHTEIHHO TOPU30HTAIBHOM ocH (puc. 3, 4).

Puc. 3. DnexTpudeckue moss MUKPOIOIOCKOBOM JIMHUM NP Iepeiade 0JMHAKOBBIX CUTHAJIOB

&—7

Puc. 4. DnexTpuyeckue oISt MUKPOIIOJIOCKOBOH JIMHUY IIPU Iepeaaye pa3HbIX CUTHAIOB

[Tpu 611M3KOM pacToNIOKEHUH COCETHUX JIMHUHM MepeJadd OHU ONaJaloT B JIEKTPUUECKOE TI0JIE AaH-
HOW JIMHWH, YTO OTpeeNseT NepeKpecTHbIe IOMEXH U3 OJHOM JTMHUH B APYyTYIo [3].

I/IMHeAaHC MHKpPOIIOAO CKOBOM AMHHMH

Nmnenanc HanpsMyro 3aBUCHUT OT AJIEKTPUIECKON eMKoCcTH. [lanee ObUTO TaHO BhIpAXKEHUE JIJIS OTpe-
JIEJICHUS] UMIIEIaHCa JINHUY, OJHAKO HE SIBJIIETCS MOJHBIM U MPUTOIHBIM JUJISl POBEACHUS PACUETOB, TAK KAK
HE YUUTHIBAET ITOTEPH B TUHUH, a TaKkKe ee d()(PEeKTUBHYIO AMIIEKTPUIECKYIO TPOHUIIAEMOCTbD.

YpaBHEHHUE JIJIs1 EMKOCTH MUKPOIIOJIOCKOBOH JIMHUK B OOIIIEM BH/IE

€ .
c=X1L (1)
uOZO

MoaeAn onpepeAeHHsI eMKOCTH MHKPOIIOAOCKOBOH AHHUH

ITonw3oBaThest BepakeHueM (1) HECKOIBKO HE YOOOHO, TaK KaKk B HEM HUKaK He (pUIypHpYIOT 3Haye-
HUS TOJIIIUHBI JU3JIEKTPUKA, IMUPUHBI U AJIMHBI MUKPOIIOJIOCKOBOH JIMHUHU. [103TOMY 17151 TOTO, 4TOOBI afeK-
BaTHO PAacCUUTATh 3HAYCHUE EMKOCTH, HEOOXOAMMO MPUMEHSTh HEMHOTO YCJIOKHEHHBIE MOJIENH, KOTOpPhIC
OyAyT onmMcaHbl HUXKE.
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Taroke Ui peajbHBIX CITydaeB, KOT/Ia TOJIIMHA MeTaljla IMeeT KOHKPETHYI0 BennuuHy ¢ (1), Heooxo-
MO BBOAWTH 3Ha4UeHNE () (HEeKTHBHOM MIMPHHBI MUKPOTIOIIOCKOBOM JTMHUH Wef, KOTOPAS SIBIISIETCS TIOMIPAaBOY-
HBIM K03()(HUIIMEHTOM KOHEUHOH TONIIMHBI METaJIa JJIsl MPOBOIHKKA, YTOOBI YIECTh YBEINUEHHE EMKOCTH.

Mooensv Kaynna

Kaymmm B cBoeii pabote [4] MPpUBOANT SKCIIEPUMEHTATHFHO N3MEPECHHBIE 3HAUCHHS TUAJICKTPHUICCKOM
MIPOHUIAEMOCTHU JJI1 HECKOJIbBKUX BUIOB JUIJICKTPUKOB, MapaMETPhl KOTOPLIX MPEACTABICHLL B Tabmn. 1.

Tabmuma 1

3HauYeHUs SKCIIEPUMEHTAIBHO U3MEPEHHON AUDIEKTPUUECKON MPOHUIIAEMOCTH
Tun qupaeKTpuka TonmuHa JUAICKTPUKA, MM & (F=25MTI'n)
G-10 Fiber— Glass-Epoxy 1,5 4,70
G-10 Fiber— Glass-Epoxy 1,12 4,80
G-10 Fiber— Glass-Epoxy 0,2 5,23
Nylon Phenolic 0,5 4,19
Nylon Phenolic 1,4 4,39
Rexolite 1,5 2,89
Boznyx — 1

Onwpasick Ha 3TH JaHHBIE, MPUBOIUTCA (hopMyda uist pacuera 3QHEKTHBHON TUAIEKTPUIECKON MPo-
HULAEMOCTHU:

e,; =0,475¢, +0,67, 2)

rae &, — CcOOCTBEHHAs AUBJICKTPpHUYCCKAsd NPOHUIIACMOCTb MaTCpHraia, U3MEPACMasd, Kak IIpaBruiio, Ha 4aCTOTC
25 MI'm.

3HaueHHUs MOIpaBOYHOT O K03(1)(1)I/II_[I/ICHT3. JJI IMUPUHBI TPOBOJHUKA BBIBOASATCA U3 (bOpMyJ'H:I orpeae-
JICHUA UMII€daHCa:

W =0,8w+1,

C=143,— 3)

In 5,98L

Wepr

Mooens Ilnaiioepa

B ,I[aHHOﬁ MOACIN 3(1)(1)6KTI/IBHO€ 3HA4YCHHUC HHSHCKTpH‘ICCKOﬁ MNPOHUIIAEMOCTH BCCrAaa 3aBUCUT

HUMCHHO OT OTHOIICHUS IHUPUHBI TIPOBOJAHHKA K €I'0 BBICOTE % 1 OCHOBBIBAC€TCA HA CTPOTUX KOH(l)OpMHLIX

peoOpazoBaHMIX, TIOCKOJIBKY TaKO€ 0TOOpaKeHUE OTPaXkaeT yroJl MPEIOMIICHUS CHUIIOBBIX JIMHUH AJIEKTPH-
YEeCKOTO TIOJISl HA TPAHUIE MEXIY JUAIEKTPUKOM H Bo3xayxoMm. KoHpopmHBIE 0TOOpaXkeHHs HE OyayT pac-
CMaTpHUBAaThCS B JAHHOW paboTe B CHITy CBOEH CIIO)KHOCTH M TPOMO3JIKOCTH, a OYAyT UCIIOJIb30BAThCS yiKe
BBIBEICHHBIE BBIPA)XKEHUS, YTO CYIECTBEHHO YIPOINAET MX NMOHMMAaHHE U MpHUMEHEHue. BripaxeHue st
onpeneneHus 3G (HEKTUBHON TUAIEKTPHUECKON MPOHUIIAEMOCTH TPUHAMAET BT

e +1 g -1, 10n\"
EL?[/-,: > + > (14‘7] . (4)

BBIpa)KeHI/Ie AJIsL OTIPEACITICHUS EMKOCTH UMCET CXOXKHUH BU C MOACIIBIO Kaynr[a, OAHAKO CTPOTO 3aBU-

CHUT OT OTHOILICHHS % . Tak, mpu % <1 BBIpaxeHue OyJaeT UMETh BUI

€ .
C=1,43——2—. 5
: (Sh Wj ®)
In| == +-°
w  4h
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A nipu % 21 BbIpakeHHE CHIIBHO OTJINYAETCS U UMEET BUJ

6

C=0,225¢ E+2,42—0,44ﬁ+(1—ﬁ] . (6)

eff h
w w

Mooens Yannepa — llnaiioepa

B naHHOM ciydae MCHONB3yeTCsl HECKOIBKO YIPOIIEHHAs MOZENb B CBSA3U C T€M, YTO OPUTMHAJIbHASL
mozens I'. Yannepa npeacrapisieT u3 ce0s BRIPaXKSHUs! AJIs ONIPEAEIEeHHs BOJIHOBOTO CONPOTHUBIIEHHS C yde-
TOM TIOTEPH B JIUHHU.

B nmaHHO# MOzmeny He IPUBOJUTCS COOTHOIICHUH I onpenenaeHus dQQGEKTHBHON IMAIEKTPUYECKON
HPOHMIIAEMOCTH, OZTHAKO, OCHOBBIBASCH HA MPENOI0KeH!H [ 'yHCTeHa, rpaduK 171 CBOeH MO HCIIOIb3YET
BhIpakeHue 3P PEeKTHBHON TUIIEKTPUIECKOHN MpoHuIiaeMocTy u3 mozaenu [lIHaiinepa, T.e. BeIpaxkeHue (4).

Beipaxenue 2 hexTHBHOM TOIIIMHBI TPOBOJHUKA TPUHIUMAET BH]

t 4de
Wy = W+Eln = |5 (7)
()
— + B
h n(w + 1,1)
t
a BBIpaXKEHHUE IS EMKOCTH:
C= 2,85¢, : . )
1 L[ 80 )( 88
2\ Wy )\ We
Mooens Iloxa

B HaHHOﬁ MOACIN B OTJIMYUC OT BBIIICIICPECUNCIICHHBIX UMIICJAHC BBIYUCIIACTCA UCXOAd U3 pacyeTa
E€MKOCTH MUKPOIIOJIOCKOBOM JIMHUU. 37€Ch UCIOJIb3YIOTCS YUCIICHHBIC METOIbl, OCHOBAHHBIC Ha CIICKTPallh-
HOM aHaJIN3¢ ¢ y4eTOM KpaeBbiX 3¢ ekToB. Llenb 3Toi Moenn — moydnuTs YA00HYI0 GopMyITy Ul pacuera,
UCIIOJIB3YS OOBIYHBIA KapMaHHBIN KaJBKYJISTOP, TOITOMY B JAHHOM pasjieie He OyIyT MPUBOIUTHCS CII0XK-
HBIC W TPOMO3JIKHE BBIPAXKCHUS, a OyJeT MPUBEACH JIUIIIb KOHKPETHBIN pe3yabTar. TakKe CTOUT OTMETHUTD,
YTO 3/1€Ch OTCYTCTBYIOT COOTHOIICHHUS JJIs1 OTIPEICICHUS MONPABOYHOTO KOIDMHHUIIMESHTA Wep, TOCKOIBKY aB-
TOPBI PENIHIIH MOUTH ITyTeM HOPMaTU3aIlUK [TEPEMEHHBIX OTHOCHTEIBHO MOJIOBUHBI IMPHHBI MUKPOTIOIOC-

KOBOU JIMHWH, YTO TIO3BOJIWIIO OOOUTHUCH JIMIIH TBYMSI YPABHECHHUSIMH, 3aBUCAIIIMMHU OT COOTHOIICHUH % .
Tax mns % <0,6:

0,707(1+¢,)

2 2
1n(8h)+l[w) L&l 0,041(””) 0,454
w) 16(1+¢€ )\ h € h

”

C= , )

w, .
a ISt A>O,6.

C= 0,225\%+0.143[1n(%)+1,547+1,416£r +(1,1 12+0,0288r)£} : (10)
w
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Mooenwv Cakypau u Tamapy

JlarHas MoJienh OCHOBaHA HA YHCIICHHBIX METO/IaX, YAUTHIBAIONINX IBYMEpHBIE 3P dekThl. OIHAKO IO
3asIBJICHUIO aBTOpOB TaKOﬁ METO ABJJSICTCSA BECbMaA CIIOKHBIM U Tpe6yeT MHOT'O BpeMeHI/I JJIA peaﬂmaunn B
CAD-cucremax.

EMKOCTh B JTaHHOH MOJICITN ONPENesieTCs BEChMa MPOCTHIM CITIOCOOOM:

W p 0,222
C=0,255€, 1,15;+2,8(ZJ . (11)

B nanHo# dopMyIte epBBIN YiIeH MOKHO pacCMaTPHUBAaTh KaK BKJIAM OT HIDKHEH W BEpXHEH IMOBEPX-
HOCTEH MHKPOIIOJIOCKOBOH JIMHUHU, a BTOPOH MPEACTaBIseT cO00¥ BEeIMUMHY BKJIaga OOKOBBIX CTEHOK TOM
’K€ MUKPOTIOJIOCOKOBOM JIMHUH.

Mooenv Kymapa

JlaHHas MOZIeNb peAHa3HaYeHa JUTS pacdyeTa XapaKTepUCTUIECKOTr0 MMIIeJaHCa Ha OCHOBE CBSI3aHHBIX
eMKocTei. Mopens, B3sTas A7 pacdera IMIIeJaHca, OCHOBaHA Ha KOHMOP(HBIX IIpeoOpa3oBaHmsIX Oe3 yuera
3¢ GEKTHBHOW MIMPHHBI TPOBOAHUKA  UMEET BH]L

C=0,225¢,, %+2—“ . (12)

4h
In| —
t
Bripakenue 11t 93 PeKTUBHON AUIIEKTPHUUIECKOMN MPOHUIIAEMOCTH C(HOPMYIHPOBAHO SIMITMPUIESCKHM
MyTeM U UMEET BUJI

e +1 e —1 w )
€p="—+"1—|1+—| . 13
) 2 [ 10J (13)

B mampHeHIMX HCcenoBaHMIX OyIeT MPOBENCH CPaBHUTEIHHBIA aHAIN3 MOJENISH pacdeTa dJIeKTPH-
YECKON €MKOCTH MUKPOIIOJIOCKOBOM JIMHUH.

3akArouenue

UT0o0BI CpaBHUTH MEKIY COOOM MOJEIH, MTPEICTABICHHBIC B pab0Te, HEOOXOIUMO MPOBECTH PACUCTHI
JUTST KOKJI0M U3 HUX, a TAaKXKE 3HATh PCANbHYIO BETUYHHY €MKOCTH MUKPOIOJIOCOKOBOU TUHUU. Taxxke AJis
KOPPEKTHOTO CPaBHEHUSI HEOOXOIUMO OIIPEIETUTh MPOIIEHT OMIMOKU KaXKIOW MOJIENI OTHOCUTEIIEHO JKCIIe-
PUMEHTATBHBIX JaHHBIX, TaK KaK Mepefaromas JNHUS HIeKTPUIECKUX CXEeM SIBIISETCS BAKHON COCTaBIISIO-
el B JIGKTPOHHOM arnaparype. Bo BpeMsi poeKTUPOBaHUS JIEKTPUUECKON CXEMBI, a TAK¥Ke MMOCIe TOIO-
JIOTHU JTI000TO BBICOKOCKOPOCTHOTO YCTPOWCTBA HEOOXOAWMO MOHWMATh, YTO HA IENOCTHOCTH CUTHAJIA
CYILIECTBEHHOE BIIMSHUE OKAa3bIBACT MOTOHHAS eMKOCTh. HeyueT aToro mapamerpa npuBeaeT K HaApYIICHUIO
paboThI YCTPOKICTBA B CBS3H C 3a/iepkkamu curHana. CKOpPOCTh HapacTaHUs WIM Clafla CUTHaia OyIeT He
COOTBETCTBOBATh OKUIAEMOMY BPEMEHH, UTO NIPUBEJET K OMIMOKaM IPpH padoTe ¢ KaKUM-ITHOO0 MpHeMoTie-
pelaTYuKOM, MPOLIECCOPOM MIIM IPOrpaMMUPYEMOM JTOTUUECKON HHTETPaIbHONU CXEMBI.
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TEXHOAOI'ISI OBPABOTKM MEAN 1 MEAHDBIX CITAABOB
IAEKTPOMATHUTHbBIMHU UMITYAbCAMMU

A.B. Aepsi6un’, H. B. Topsiues?, H. K. IOpkos?

! Hayuno-mcce10BaTebCKuii HHCTHTYT DJIEKTPOHHO-MEXaHMIECKUX Ipubopos, [ensa, Poccus
2.3 [enseHCKuii TOCYy TapCTBEHHBIN YHUBEPCHUTET, [len3a, Poccust
! niiemp@niiemp.ru, 2 radfoc@yandex.ru, 3 yurkov_NK@mail.ru

AnHoTanus. Akmyanvnocms u yeau. TEXHOIOTHUS IEKTPOMATHUTHBIX UMITYJIBCOB TIPEJCTaBISIET co00i Oec-
KOHTAKTHBIH UMITYJILCHBIN ITPOLIECC ¢ OONBIINM HOTEHIHAIOM JUIsl COSANHEHUS pa3HOPOIHBIX MAaTEPHAIIOB. DTOT METOJ
HCTIOJB3yeT UMITYJIECHBIE AIIEKTPOMArHUTHEIC TIOJIS U (POPMHUPOBAHUS U COSAMHEHHS METAJUIOB C BEICOKOW TIPOBOH-
MOCTBIO0, TAKHX KaK aIFOMUHHIHA W MEb. DTOT MPOIECC TO3BOJISET BBHITIOIHATE COSIUHEHUS C TEOMETPHUYECKIM 3aMBI-
KaHHEeM U C HATATOM 32 CYET CXKATUsl WM PACHIMPEHHs MPOQHUIbHBIX CTPYKTYP CILIABOB C 3aKPBITHIM IMOMEPEYHBIM
CeUeHHEM, a TAK)Ke METAUIypPTHIeCKUX CBapHBIX MBOB. HecMOTps Ha TEXHOJIOTHYECKHE TPEUMYIIIECTBA U TTOTSHIINAII,
05110 00HAPY’KEHO JINIIH CKPOMHOE BHEAPEHHE B TPOMBIIIIICHHOE TpUMeHeHne. HacTosmas HaydHas cTaTbsg Ipu3BaHa
PacKpBITh IPOMBILIICHHBIH HHTEPEC U IPUMEHUMOCTH TEXHOJIOTHHU JIEKTPOMArHUTHBIX UMITYJILCOB B Pa3IMYHBIX MO~
CEKTOpax MHUKPOINEKTPOHHON NMPOMBIIUIEHHOCTH, MPOJBUras JIETKHE M BBICOKOTOUHBIC MH)KEHEPHbIE KOMIIOHEHTHI.
Mamepuanvt u memodsi. Ha OCHOBaHWM YMCIICHHBIX M 3KCIIEPHMEHTAIBHBIX HCCIIEIOBAHUI IEKTPUUYECKUE COCIIHE-
HUSI MEIb—MEeb ¥ MEAb—aJIOMUHHUN MPOM3BOIATCS METOAOM 3JIEKTPOMAarHUTHO-UMITYJIbCHOW orpeccoBku. Ompene-
JIEHbI OCHOBHBIE ITapaMeTphl ¥ NPOAHAIM3MPOBAHO MX BIMSHHE HA IPOLECC COCIUMHEHNS U JOCTHKUMYIO ITPOYHOCTD
COeIMHEHUs. Y IeNsieTcs BAMMaHue pa3paboTKe 3JIEKTPOMArHUTHBIX MTPUBOJOB. [IpUMEHSIOTCSI OCHOBBI TEOPUH Mar-
HUTHOHM M MMITYJIECHOU CBapoK. Pe3yrbmamei. JIaHbI BEIBOABI M YKa3aHUS IO MIPOSKTUPOBAHUIO H3TOTOBIICHUS COSIH-
HEHHH TI0 TEXHOJIOTHH DJICKTPOMATHUTHOTO MMITYJIbCA. J[JIsl YHMCIIEHHBIX MCCIEeIOBAHUN MPEICTABICH YIIPOIICHHBIN
MTOIX0 K MOJICIUPOBAHHUIO. DTOT HECBSA3aHHBIN TOAXO/I IIO3BOJISIET YCIICITHO pa3padaThiBaTh MPOLECC H KOHCTPYKIIUIO
COCIMHEHUS JJIS ONIPECCOBKH JIEKTPOMArHUTHBIM UMITYJIbCOM. Y Ka3aHBI pa3iUdIHbIe TapaMeTphl CBApKU, O0YCIOBIH-
BalOIIME Pa3HyI0 MOP(OJIOTHIO TIOBEPXHOCTH, Pasjiea ¢ pa3Hoil MeXaHHYeCcKoil MPoYHOCThI0. OLEHNBACTCS BIUSHUAE
MTOBEPXHOCTH OTIPABKH Ha KAYECTBO COCTMHEHNUS. Bb1600bl. DKCIIEPUMEHTAIBHO OIIPEIeIICHBI KPUTEPHH CBAPHBAEMOCTH
JUIA COeTMHEeHNH Menu u amoMuHus. OLieHNBaeTCs BIMSHUE HECKOJIBKUX MapaMeTpoB Mpolecca 3KCIepUMEHTATbHON
CBapKH, a UMEHHO: 3HEPTUH pa3psA/a, 3a30pOB U JBIPOK C MOMOIIBIO Pa3pyIIAOIINX UCIBITAHUH.

KaioueBble ci1oBa: cBapouHOE COCAMHEHUE, YAapHas CBapKa, JJIEKTPOMarHUTHO-UMITYJIbCHAsE O0KMMKa, Mar-
HUTHO-MMITYJIbCHAsl CBapKa, YUCIIEHHOE MOJCINPOBAHUE, IPOSKTUPOBAHHE COETMHEHHH, HOPMHUPOBAHNE COCMHEHHUS

Jnsa murupoBanus: epsoun /. B., Topsiues H. B., FOpkos H. K. Texnosorust 06paboTKH ME/IM ¥ MEJHBIX CILIABOB BJICKTPO-
MarHUTHBIMH UMITyJIbcamu // Hae)KHOCTB 1 KauecTBO CI0KHBIX cucteM. 2023. Ne 2. C. 51-61. doi:10.21685/2307-4205-2023-2-6
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PROCESSING OF COPPERAND METAL MELTS
BY ELECTROMAGNETIC PULSES

D.V. Deryabin', N.V. Goryachev?, N.K. Yurkov?

I Research Institute of Electronic and Mechanical Devices, Penza, Russia
2.3 Penza State University, Penza, Russia
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Abstract. Background. Electromagnetic Pulse Technology (TEM) is a non-contact pulse process with great po-
tential for connecting dissimilar materials. This method uses pulsed electromagnetic fields to form and connect metals
with high conductivity, such as aluminum or copper. This process makes it possible to perform connections with geo-
metric closure and tension due to compression or expansion of profile structures of alloys with a closed cross section,
as well as metallurgical welds. Despite the technological advantages and potential, only a modest introduction into
industrial applications has been found. This scientific article aims to reveal the industrial interest and applicability of
electromagnetic pulse technology in various subsectors of the microelectronic industry, promoting lightweight and high-
precision engineering components. Materials and methods. Based on numerical and experimental studies, copper-copper
and copper-aluminum electrical connections are produced by electromagnetic pulse crimping. The main parameters are
determined and their influence on the connection process and the achievable strength of the connection is analyzed.
Attention is paid to the development of electromagnetic drives. The fundamentals of the theory of magnetic and pulsed
welding are applied. Results. Conclusions and instructions on the design of the manufacture of compounds using elec-
tromagnetic pulse technology are given. A simplified approach to modeling is presented for numerical studies. This
unrelated approach makes it possible to successfully develop the process and design of the connection for electromag-
netic pulse crimping. Various welding parameters are indicated, which determine the different morphology of the sur-
face, the section with different mechanical strength. The influence of the mandrel surface on the quality of the joint is
evaluated. Conclusions. The weldability criteria for copper and aluminum compounds have been experimentally deter-
mined. The influence of several parameters of the experimental welding process, namely the discharge energy, gaps and
holes, is evaluated using destructive tests.

Keywords: welding joint, impact welding, electromagnetic pulse crimping, magnetic pulse welding, numerical
modeling, joint design, joint formation

For citation: Deryabin D.V., Goryachev N.V., Yurkov N.K. Processing of copper and metal melts by electromagnetic pulses.
Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2023;(2):51-61. (In Russ.). doi:10.21685/2307-
4205-2023-2-6

BBepeHne

B cBs3u ¢ MOBBINIEHHO!N TeHIEHIMEH HA BRICOKOTOUYHYIO MHKPOIJIEKTPOHHKY HEOOXOAMMOCTE B 00-
JIETYEHHBIX B 00pabOTaHHBIX KOHCTPYKIHMSX TOIYIPOBOJIHUKOBON TEXHUKH 0C000 aKkTyanbHa. Pazpabarhl-
BAIOTCS HOBBIE CHCTEMBI MaTEPHAJIOB C YIYYIIEHHBIMA CBOMCTBAMH, YMEHBIIEHHONW TOJIIMHOW U HOBBIMH
KOMOMHALUSIMH MaTE€pUaioB, YTO IPUBOJANUT K 3HAUUTENFHBIM N3MEHEHHUSIM B COOPOYHBIX omepauusix. D¢d-
(eKTHBHBIE METOABI COEIUHEHWS HEOOXOAMMBI Ul MPEOJOJICHUS METaLUTyPrU4ecKod W TepMHUYECKOH
HECOBMECTUMOCTH Pa3HOPOAHBIX MAaTEPHAJIOB, TAKMX KaK Mellb, AIIOMUHUN WM alFOMUHUN-TUIACTHK, apMHU-
POBaHHOE BOJIOKHO U T.A. UTOOBI MPOAEMOHCTPUPOBATH BO3MOKHOCTH yCOBEPIIEHCTBOBAHHOTO MpOLIECcCa
coeauHeHHs/popMOBaHus U MPEONOJICHUS TPYIHOCTEH, MPUCYIUX KOMOMHUPOBAHUIO MAaTEpPHAJIOB Pa3-
HOT'O TUIIA ¥ TOJILIMHBL, ObLIM U3Y4€HBI pa3InYHble TEMAaTUIECKHE HCCIIeI0BaHUs. B TaHHOM Hay4HOM cTaThe
IpEeCTaBIE€Ha BCECTOPOHHASA TEOPUS O COEANHEHUX C HATATOM, T€OMETPUIECKOM [TOCAAKON U CBAPHBIX CO-
€MHEHUX, N3TOTOBJIIEHHBIX C TOMOIIbIO TEXHOJIOTHH JIEKTPOMArHUTHBIX HMITYJIbCOB.

TexHonorus 3nekTpoMarHuTHBIX uMITysibcoB (TEMI) — 3To mporiecc ¢ BBICOKOI CKOPOCThIO aedop-
MaIli1, KOTOPBIA MOXeET ObITh THOKMM ¥ SKOHOMHYHBIM JIOTIOJTHEHUEM WITH aJbTEPHATHBON OOBIYHOMY TIPO-
1eccy JIMCTOBOW (DOPMOBKH MJIM COETUHEHHUS] METAIOB/CIUIABOB. DTOT OECKOHTAKTHBIA METO UCIIONIb3yeT
MMITYJIbCHBIE MAarHUTHBIE TTOJIA U1 IPUJIOKEHHS CUII K METAJIIIMYECKOM 3aroToBKe, MPEANOYTUTENBHO U3r0-
TOBJICHHOW M3 MaTepraia ¢ BEICOKOH AIIeKTporipoBoAHOCTHIO [ 1]. IlpuHiun ocHoBaH Ha pu3mueckux 3Qdex-
TaX, OMUCAaHHBIX MaKcBeJIOM, T.€. HA BpEMEHHOM M3MEHEHHU MarHuTHoOro nois. Ilone naaynupyer 3miex-
TpPUYECKHE TOKH B OJM3IEKAIINX TPOBOAHMUKAX U JOMOJHUTEIBHO BO3IEHCTBYET Ha 3TH IPOBOJHUKH CHIION
JlopeHnia (cwta B3auMoIeHCTBHSI SJIEKTPOMATHUTHOTO TIOJIS Ha 3apsDKeHHYH0 dacTuiry) (puc. 1) [2].
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Puc. 1. Pacnpoctpanenue cunsl JIopeHna B IpocTpaHCTBE

DHeprus, HeoOXoauMast IS Tpollecca, HaKaITiBaeTCs B KOHACHCATOPHOU OaTapee (¢ IMOTHOW eMKO-
ctbio C), 3apsHKCHHON MPH HAYaIbHOM HamNpshKeHUH Bo. 3aTeM 3Ta SHeprus pa3psbKaeTcs B BUue Toka I(f),
YTO TEYeT 4epe3 KaTyIIKy (TUIOCKYI CIHpallb, BUHTOBYIO U T.XI.) C HCIOJIB30BAHUEM BBICOKOCKOPOCTHBIX
MIEPEKITIOYAIONINX UTHUTPOHOB. B pe3ymnprate 3TOr0 paspsina TOoKa, KOTOPHIH MpencTaBiIsieT cO00H CHIIBHO
3aTyXarollyl0 CHHYCOUIAILHYIO BOJIHY, HECTAIIMOHAPHOE MarHUTHOE 10Jie By MPON3BOAUTCS B KaTyIIKeE, KO-
TOpasi MPOHHUKAET B 3arOTOBKY, PACIOIOXKEHHYIO BOIM3M KaTyHIKH. DTO MEPEXOAHOE MarHUTHOeE moie Bo
MHAYIUPYET BUXPEBBIE TOKH B 3aTOTOBKE, KOTOPHIE OTPAaHIMYUBAIOT TPOHUKHOBEHNE MAarHUTHOTO 1O By B
3aroTOBKY M JUIsl CO3JJaHUsl COOCTBEHHOTO HaBEJIEHHOTO MarHUTHOTO TIOJIS B HANPABJICHHUHU, IPOTHBOMOIO0XK-
HOM T€HEPHPYEMOMY B KaTymike Bo. OTTalKUBaIONIMEe MAaTHUTHBIC IO By v B B3aMMOACUCTBYIOT MEXTY
co00if, B pe3yJbTaTe Yero Ha 3arOTOBKY JEHCTBYIOT 0OBEMHBIE CHIIBI, Ha3biBaeMble cuiamu Jlopenna. Otu
CHWJIBI CO3/Ial0T MarHUTHOE JIaBJICHHE Ha 3ar0TOBKY. ECIM 3TO MarHUTHOE AaBlIeHHE BHIIE, Y€M MPENen Te-
KYy4eCTH 3aroTOBKH, NMPOUCXOIUT JAWHAMUYecKas nedopmaius 3arotoBku [3]. Jledopmamuio 3aroToBKH
MO’KHO OIIEHHTH C TIOMOIIBIO TIpo1iecca (hOpMUPOBaHUS DIEKTPOMATHUTHBIX UMITYIIECOB.

dopMHUpOBaHHUE IIEKTPOMATrHUTHBIX UMITYJICOB (DPDOU) — 3TO TIpoIiece, Mpu KOTOPOM Ipeodpa3oBa-
HUE 3arOTOBKH SBIISIETCS pe3ybTaToM AeHcTBHs cuil JlopeHIa Ha JeTanb, CIEJACTBUEM OTTAIKHBAIOLIETO
B3aMMOJICHCTBHUS MEK/Y HECTAIMOHAPHBIM MATHUTHBIM I10JIEM, CO3/IaBAEMbIM B KaTYIIIKE MIEPEXOJHBIMHU TO-
KaMH, 1 MAaTHUTHBIM TIOJIEM, CO3/IaBa€MBIM B M3/IENIMU. B 3aBUCUMOCTH OT CHIIBI 3JIEKTPOMArHUTHOTO TIOJS
MOXET ucnonb3oBarbcss TEMU.

Janee paccMOTpUM OCHOBHBIE TEXHOJIOTHYECKHE ollepaniu Ha ocHoBe OOU.

OcHoBHbIE TEXHOAOTHYECKHE Onepanun ¢ npuMeneaneM ®IU

OJexTpoMarHuTHas uMIynbcHas peska (QWP) — aTo nporecce, KOTOpbI OTIMYaeTCs OT OOBIYHBIX MIPO-
LIECCOB PE3KHU; IIPU IEKTPOMArHUTHO-UMITYJIbCHOM PE3KE 3ar0TOBKA HE 00pe3aeTcst MeXIy IByMs MEXaHH-
YEeCKUMH MHCTPYMEHTaMH. TeKyInid WHAYKTOpP 3aMEHSAET MOJIOBHHY OOBIYHOTO PEXYIIEro MHCTPYMEHTA.
B npouecce yacT 3aroTOBKH pa3roHSIOTCA, BCIEACTBUE Yero MPOUCXOIUT AedopManus 1 MPOUCXOIHUT pac-
cioeHne Matepuana [4]. B 3aBucumMocTr OT HACTPOUKH (POPMBI ¥ TEOMETPHH 3aTOTOBKH JIETATTh MOXKET OBITh
ckaTa, pacuimpeHa i aedopmupoBaHa. C MOMOIIBIO CIENUAIBFHOTO IITaMITa TAKKE MOXHO BBITIOJIHATH
ornepanuu nepopanuu.

OnexTpoMarHuTHO-UMITybcHass cBapka (DUC) mpencraBnsier coOoOl Tpollecc XOJOTHOW CBapKH
B TBEPIOM COCTOSIHUH, OCYLIECTBJIIEMBI MAarHUTHBIM BBICOKOCKOPOCTHBIM YIIapOM IO MAJbIM YIJIOM
MEXIY ABYMS METAIMYECKHMHU TOBEPXHOCTAMH [5]. DTOT Ipolecc UMeeT TOT e MPUHIHI PadOThI, 4TO U
CBapKa B3PbIBOM [6], T.€. OCHOBAaH Ha CTOJIKHOBEHUH YaCTHII C BEICOKOH CKOPOCTBIO yAapa, B JAHHOM CIIydae
IIPUBOUMBIMH B JBIKCHHE IEKTPOMArHUTHOW cwiioil. Eciu ycioBusi npaBuwIbHBIE, T.€. CKOPOCTH 3aro-
TOBKH M yTOJI TOYKH CTOJIKHOBEHUS, B 3aBUCUMOCTH OT HAYaJIbHOTO PAcCTOSHUS 3a30pa MEXAY COIpsrae-
MBIMH TIOBEPXHOCTSMH M PACCTOSHHUS MEPEKPHITUSI MEXKAY KaTyIIKOH M JeTanblo, CTpyiHas oOpaboTka
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MMOBEPXHOCTHBIX CIIOEB B TOYKE CTOJKHOBEHUS MEXAY ABYMS CKIIEMBAEMBIMU MOBEPXHOCTSIMH BO3HHKAET
IO/ ICMCTBUEM CHIIBI YIapa, 9TO MPUBOIUT K A PekTHBHOMY cBapHOMY mBY. [Ipu ymape ecTeCTBEHHO OKHC-
JICHHBIE TIOBEPXHOCTH OTPHIBAIOTCS U BHIOPACHIBAOTCS 32 CUET OJIM3KOTO yria yaapa M O4eHb BHICOKHUX CKO-
pocreii. [loBepXHOCTH, KOTOPBIE 3aTEM CTAHOBSATCS BI3KOILIACTHYHBIMU, IPHKUMAIOTCS K TCCHOMY KOHTaKTy
MarHUTHBIM JaBJICHHEM, UTO ITO3BOJISIET OOMEHHUBATHCS BAJICHTHBIMH DJIEKTPOHAMHE M CBSI3BIBATHCS HA aTOM-
HOM YpoBHE. DTOT 3PPEeKT MO3BONMI OBl MOCTOSIHHO CBSI3bIBATH CHIIBHO pa3HOPOAHBIE MeTawibl. Cienyer
OTMETHUTh, 4To st DVC naBiieHUs B TOYKE COMPUKOCHOBEHHS COMPATACMbBIX TTOBEPXHOCTEH MMEIOT 3HaUe-
Hus nopsaka 1 ['Tla (vEAyKIrOHHAs cBapKa KOMITO3UTOB HCIHOJB3yeT naBieHue okoio 1MIIA) [7]. DUC
Pa3TUIHBIX METAUIOB M CIUTABOB OOBITHO BBIMTOTHACTCS HA TEOMETPHUH CBAPKHU TPYO I TaKMX KOMITOHCH-
TOB, KaK TOIUTUBHBIC (PUIILTPHI, KAIICYJIbl BEICOKOTO JABJICHUS, PUBOIHBIC Bkl U T.1. [Ipenmymectea DUC
BKITIOYAIOT: IPOU3BOCTBO METAJLTyprHUYECKOM CBSA3KH 0€3 00pa30BaHUS IIIBOB M 3a30POB; IMEET IMPEBOCXO/I-
HOE Ka4e€CTBO CBAPKU C TOYKHU 3PEHUS CICTUICHUS MaTEPHAIIOB (11 MHOTHX THIIOB Pa3HOPOIHBIX METaJLIOB)
JI0 YPOBHSI, IPU KOTOPOM MPOOJIEMbI ¢ KOPPO3UEH B MECTE€ COCAMHEHUS MOTYT ObITh PELICHBI BMEIIATEIb-
CTBOM Y€JIOBEKA.

DNEKTPOMarHUTHO-UMIYJIbCHBIN 00kuM (OMO) nMeeT aHaOTHYHBIE TEXHOJIOTHYECKHE 0COOEHHO-
ctu DUC, 3a UCKIIIOUECHUEM TOTI0, YTO BHYTPECHHSS 4acTh COOPKU 3aMEHSET MAaTPHILy, OOBIYHO HMCIIOJIb3Yye-
myto B OUP. [Ipu 3TOM He 0)KUIaeTCs OIICHKA OCEBOW (POPMBI OJTOHKH 3ar0TOBOK HIJTM CO3JIaHUE MEXaHH-
YECKUX COCIMHEHUH 1Mo opMe C MOMOIIHI0 HAKATHBIX WU CIIEIUAIEHO Pa3padOTaHHBIX MOBEPXHOCTEH, a
TaK)Ke TIOCPEACTBOM BBIYHCIUTEILHON TeOMETPUHN KaHABOK Ha MTOBEPXHOCTH MaTepuaina. [IpuHIun paboTs
OMO c neTanpo-3aroTOBKOM MpeICTaBlIeH Ha pucC. 2.

9OMO npouecc

Puc. 2. IIpuniun padotet DMO: a — BBOJ 3aroTOBKH (Marepuana); 6 — nporecc aehopMainy BHEITHEH 3ar0TOBKH
(Martepuana) OTHOCUTEIBHO BHYTPEHHEH [TOCPEACTBOM 3JIEKTPUUECKOro 3apsijia; 6 — yAaJeHUe 3ar0TOBKH (Marepuaria)
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Ha pruc. 2 DMO mportecc peacTaBieH sl CHATHS 00XKaTHS ¢ ATIOMHHHAEBOTO KaOeIThHOTO HaKOHEY-
HUKA MOBEPX METHOTO MPOBOJIA. 3/16Ch MATHUTHBIC CHJIbI TCHEPUPYIOTCS KOHIIEHTPHUYESCKH 10 HATPABICHUIO
K LEHTPY KOJIbIIeOOpa3HOM KaTyIIKy. J[Ba COeIMHUTENBHBIX 3JIEMEHTA Pa3MeleHbl BHYTPH KaTymku. B pe-
3yJbTaTe pa3psia TOKa, KOTOPBIA CO3aeT CHIIbI, HECOOXOAUMEBIC JUIS CXATHS TPyOUaTOro KOHIA COCIUHU-
TCIIsA, JOCTHUIacTCAd MEXaHUYCCKas 6JIOKI/IpOBKa MCXKAY MaT€prajlaMH, 4TO MPUBOJUT K IIPEBOCXOJHOMY pPE-
3yJIbTaTy TEXHOJOTUYECKOH omeparuu [8].

Crpykrypa siBAeHHS 9AeKTPOMAarHUTHOro nponecca. Onucanne $u3nIecKux ocobeHHoOCTEM

OcHoBHas Hjes, JIexalas B OCHOBE 3JIEKTPOMarHUTHBIX IPOLIECCOB, COCTOUT B TOM, YTO CHJIBHOE Mar-
HUTHOE TI0JIE UHIYLHPYET 3JIEKTPUUECKUE TOKH B BS3KOIUIACTMYHBIX JIEKTPUUYECKUX MPOBOJHUKAX, B pe-
3yJbTaTe Yero BO3HUKAIOT cuiibl JIopeHa, Be3bIBatoIue UX AedopMannio. DJIeKTPOMarHUTHbIE TPOLECCH
MeTao00padOTKN MOTYT OBITh ONMCAHBI TAPMOHUYECKOW 10 BpEMEHN MarHUTHOH opmMyiioii MakcBera.

ITokazas, 94TO ANIEKTPUUECKHE TOKH MOTYT BIIUATH Ha CTPENKy Komnaca, Ipcten (1820 r.) mokasza, 9to
JIEKTPUYECKHE U MarHUTHBIE TIOJIS — 3TO [IBA B3aMMO3aBUCUMBIX (u3ndeckux sBieHus. [lozxe Amnep, Pa-
paneii u I'aycc pa3pabotany MaTeMaTHUECKHE MOJENH ISl ONIMCAHMS 3JI€KTPOMAarHUTHBIX SIBJICHUH, KOTOPbIE
JIETJIA B OCHOBY €IMHOM TEOPHH 3JIEKTPOJUHAMUKH, pa3paboranHoil Ixeiimcom Kinepkom Makcsemom [9].

[lepBoe ypaBHeHHe MakcBenia ocHOBaHO Ha pabote, npeacTaBieHHOH DapaneeM, B KOTOPOH MOKa-
3aHO, YTO MU3MEHSIOIEECs] BO BpEMEHH MarHuTHOE ToJie B BCeraa COMpoBOKAAETCS M3MEHSIONUMCS B TIPO-
CTPaHCTBE HEKOHCEPBATUBHBIM 3JIEKTPUUYECKUM T0JIeM £, 1 HA000POT:

0B
- B
ot
rae ¢t mpeacTaBJIsIET BpEMs U CUMBOIJI V- oIepaTop CKpy4YHUBaHMUS.
T aYCCOBCKI/Iﬁ 3aKOH JJICKTPHUUYCCTBA, 0oJiee U3BECTHBIN KakK BTOpPOC ypaBHCHHE Makcaeina, YTBEP-
JKIAeT, YTO INIOTHOCTDL DJICKTPHYECKOTO MOTOKa D qepes J'IIO6yI-0 3aMKHYTYI0 IIOBEPXHOCTh, IMPOIOPIHO-

HaJIbHA 3aKII0UYEHHOMY dJeKTpudeckomy 3apsany Q. Ecnu 3apsa O HenpepbIBHO paciipenensieTcs no 00bemMy,
layccoBckwmii 3aK0H OyAET 1aBaThCs CIEAYIOIINM YPaBHEHHEM:

VD=p, 2)

VE )

rae P — IUIOTHOCTH 3apsfa (KyJTOHBI Ha KYOMYeCKH METp).

OcHoBHas unes 3akoHa Amrepa — MakcBesia WM K€ €ro TPEThero YpaBHEHUSI COCTOUT B TOM, YTO
INEKTPUIECKHUIA TOK FITH M3MEHSIOMIMIACS AIEKTPUIECKUN TTOTOK Yepe3 TOBEPXHOCTh CO3AAeT UPKYIHPYIO-
Iee MarHUTHOE TI0Jie BOKPYT JIO0O0T0 IyTH, OTPAHMYUBAIONIETO 3Ty MOBEPXHOCTH. JIpyrMMU ClIOBamH,
MakxkcBesut ucIpaBuil 3aK0H AMIiepa, 3asBUB, YTO MarHUTHBIE TIOJIS MOTYT CO3[[aBaThCs ABYMS CIIOCOOaMH:
JNEKTPUIECKUM TOKOM (3TO OB epBOHAYATBHBIHN «3aKOH AMIIEpay) U U3MEHEHUEM MarHUTHOTO TIOJIA (T10-
npaBka Makcenna) [10]. Mogudukanus MakcBeia K 3aKk0OHy AMIiepa OueHb BayKHa: OHA [TOKa3bIBAET, YTO
HE TOJIBKO M3MEHSIOIIEECs MarHUTHOE TI0JIe MHIYIIMPYET IEKTPUIECKOe MoJie, HO U U3MEHSIOIIEecs dJIeK-
TpUUYECKOE T0JIe WHAYIUpPYEeT MarHuTHoe moje. Torma muddepeHnnanbHOe ypaBHEHHE, MTPUITHCHIBAEMOE
Awmrmepy — MakcBemty, uMeeT BUJ

VH=J, 3)

rze H sBiseTcsi MarHUTHOHN HalpsOKEHHOCTBIO 110JIs1; J — IVIOTHOCTH 3JIEKTPHUYECKOT0 TOKA.

YeTBepToe ypaBHeHHE MaKkcBeIIa CBsI3aHO CO CBOWCTBAMU MarHUTHOTO MTOTOKA. MarHUTHBIE MTOJIIOCca
BCTPEUAIOTCs B MPUPOJE BCETAa KaKk paBHbIE M IMPOTUBOIIOJIOKHBIE Maphl. MICTOUHMKAMU MarHUTHOTO MO
SIBJIAIOTCS TOKHM MJIH BHXKYIHecs 3apsaasl. DakTHUECKH MOXKHO YTBEP)KJIATh, YTO AJIEKTPHUUECKUHN 3apsiz AB-
JsieTcs MePBOMCTOYHUKOM 3JIEKTPUYECKUX M MAarHUTHBIX TOJIEH; ClIe0BaTEIbHO, MAarHETU3M SIBIIETCS pe-
3yJIBTATOM 3JICKTPUYECKHU 3apsDKCHHBIX dacTHll. [1OCKONbKY MarHMUTHBIX 3apsiioB HE CYIIECTBYET, JUHUU
MarHUTHOTO IOTOKA JOJDKHBI OBITh 3aMKHYTHIMH. Bce JMHUM, BXOZAAIINE B 3aMKHYTYIO IIOBEPXHOCTb,
JOJKHBI TAK)KE BBIXOIUTH U3 Hee. DTOT MOCTYJIaT MPUBOAUT K POPMYIUPOBKE YETBEPTOro ypaBHeHUsT Makc-
BeJJIa, KOTOPOE MOXKHO BBIPA3UTh CIEAYIOIIUM 00pa3oM: MOCKOJIBKY IoJie KoyiebneTcs: ¢ 0qHOH (pukcupo-
BaHHOH YaCTOTOH, BEKTOPHOE MpeoOpa3oBaHue JaeT CTallHOHAPHOE YPaBHEHUE, KOTOPOE PeLIaeTCsl JUIsl aM-
wmTyasl U $assl 4. OT0 mpeodpazoBaHue 3aJaeTCs CIECAYIOIUMH YPaBHEHUSAMH, 7€ @ — KOMIUICKCHOE
YHCIIO:

A=Re[a(coswt + jsinot)]=Re[ae’™]. 4)

SS
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Iloncrasisist B ypaBHeHHE (4) U pa3aeuB KOMIUIEKCHBIN WIEH, MOXKHO HOIY4UTh ypaBHEHHUE, KOTOPOE
pelaeT rapMOHUYECKHE BO BpDEMEHH MAarHUTHBIE 3a7a4M, YIUThIBAsl, YTO MarHUTHAs IPOHUIIAEMOCTD |l T10-

CTOsHHA [JIs1 TApMOHUYCCKUX 3a/da4:

\%

Va|=—j+ jsinot—VV . (5)
w(B)

OTMeTHM, 4TO pelieHrne Takoro Habopa auddepeHnraIbHbIX YPaBHEHUH B YaCTHBIX MPOM3BOJHBIX
MoJipa3yMeBaeT 3HaHNE HECKOJIBKUX CBOMCTB IIeNH U MaTeprana. BXxomHoi TOK 1 4acToTa MOTYT OBITH pac-
CUUTaHbI WK U3MEPEHBL. [[J151 pacueTOB IPEAIIONIOKHUM, YTO CUCTEMA JIEKTPOMArHUTHBIX UMITYJIBCOB MOKET
OBITH ONKCaHA YIKBUBAJICHTHON 3JIEKTPUUECKON cxeMol. OHa COCTOMUT U3 MEPBUYHOTO KOJI€0ATENbHOTO KOH-
Typa, COeIMHEHHOTO CO BTOPUYHOU LR-11enbio (puc. 3).

CHABHOTOUYHBLH NepeKIYaTelb
_______________ s
o~

| 2 L Ly()
e S
[ R, L, | : |
: :l Reoil : Ry
:— C | : |

o T 1 I
| | |
| 11 Leoit [ I Lw
: I(t) . '

< ; '

| | M 5
[ | : Karymka™ ~7 " 3aroroska

Puc. 3. DxBuBaneHTHAs cXeMa K0JIe0aTeTbHOI0 KOHTYpa yCTaHOBKH
JUTSE pabOTHI C 3JICKTPOMArHUTHON UMITYJIbCHON TEXHOJIOTUEH

Takast cxema MOXeT OBITH OIMCaHa cleXyomuMy audpepeHInaTbHBIMI YPaBHEHASAMHU:

i) |, dlL(@) 1 _
(L+L)=2 =M =2 +(R1+RC)+Il(t)+CJ]1(t)dt—0, (6)
d(L212)+d(M[1)+R[ :0 (7)
dt dt o

rae C — 3HaUYeHWEe EMKOCTH KOHACHCATOPHOU OaTapen (IpUBeNeHHbBIE NaHHbIE), [1(f) U [>(f) — TOK KaTyIIKN |
HABEJCHHBIN BUXPEBOW TOK B U3JICNIMU COOTBETCTBEHHO, L| U R| — WHAYKTUBHOCTh U CONPOTUBIICHHUE Ka-
TyWKH, Lo, 1 Ry — UHOYKTUBHOCTb U CONPOTHUBIIECHUE AeTalu, L. U R, — UHIYKTUBHOCTb U CONPOTUBIICHHE
COCIMHUTEIILHOIO IPOBOJIa, M — 001ias B3aMMHAasE HHAYKTUBHOCTh MEX/Y KaTYyIIKOH U ACTaIbI0. DTH ypaB-
HEHUS BAXHBI JUIA OJYYESHUS TOKa pa3psHoi KaTymiku (/1(f)) 1 HaBeleHHBII BUXpeBOii TOK (/2()), KOTOPHIiA
mpoTekaeT depes 3arotoBky [11]. Ypasaenus (6) u (7) MOKHO PEIINTh, UCITONIB3YSI HAYAJIbHBIE YCIOBHS,
3aJiaHHbIe POpPMyIaMu

al,(t) _
dt
12:()5 (8)

1, =0,(L+L,) 4% (7

rae Vo — Hanpspkenue paspsiga. [lapameTpsl, Takue Kak HHIYKTUBHOCTh U COTIPOTHBIICHUE KATYIIKHA, MOKHO
paccuuTaTh MaTeMaTUYECKH, 3Has €€ TCOMETPHUIO0 M UCXOJHBIN MaTtepuall. Paspsaubiii Tok /i(f), mpoTekato-
IV B KaTyIIKe, MOYXHO MPHUOIMKEHHO OMUCATh CIEIyIOIINM yPaBHEHHEM:

in f

LO=le® )

¢ Ip MakcuManbHOU CHIION TOKA, ® TEKYyIIeH YacToTol U T K0d()(UIIMEHTOM JAeMIPUPOBAHUS, XapaKTepH-
3YIOIIMM SKCHOHEHIMAIBHBIH CIIaj pa3psiTHOTO TOKA.
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Taxue mapameTpbl MOTYT OBITh PACCUUTAHBI:

C
1,=V, f; (10)

T=—"; (1)

2 2
o= 1|+ [lj . (12)
JLC T

Karymka ABisieTcsi HHCTPYMEHTOM B 3JIEKTPOMAarHUTHBIX COSAVMHUTENBHBIX Npoueccax. MHCTpyMeH-
TaJbHas KaTyIlllKa OTBEYAET 3a MPOBEJECHUE TOKA U, CIEIOBATEIbHO, 32 YCTAHOBJIEHNE BPEMEHHOTO JIOKaJIb-
HOTO paclpeAeIcHHs] MArHUTHOTO MOJIA U NaBIICHHUS.

Cy11ecTBYIOT OTHOPa30BbIE U MOCTOSTHHBIE KaTyHKH [12]. OqHOpa30Bble KaTyIIKKU MPEACTAaBIIAIOT CO-
0011 0OMOTKH, U3rOTOBJICHHBIE U3 MEIHBIX IIPOBOJOB, AJIsI SKCIEPUMEHTAIBHBIX PA0OT UM TEXHUKO-3KOHO-
MHUYECKUX HCIbITaHUU. [TocTOSIHHBIE KaTyIIKH HEOOXOJUMBI 111 MHOTOKPATHOTO TIPOU3BOICTBA B IIPOMBIII-
neHHbIX nensix. Koncrpykuus u BeiOop MaTepuaina Al HOCTOSHHBIX KaTyIIEK HAMHOTO CIIOXKHEE, YeM JUIs
OJITHOPA30BBIX KaTYyIIIEK.

B cootBercTBHM ¢ paboToit [12], kKarymika mTopKHA 00ecTieunBaTh BEICOKUI KodddumueHT mpeodpa-
30BaHMs, OTHOLICHUE SHEPIHU OaTtapen KOHACHCATOPOB K padoTe AeopManny 3ar0TOBKH, BHICOKYIO MeXa-
HUYECKYIO CTOMKOCTb, ONTUMAIIBHYIO 9aCTOTY Pa3psIHOTO TOKA, YCTOMYUBOCTD K 3JIEKTPUUYECKUM IIEpeHa-
MPSDKEHUAM, HaJIe)KHOE MOAKIIOYEHNE K MallIMHE U MPOCTOTY KOHCTPYKLIHU.

Bo BpeMs 9KCIIEPHMEHTOB € AJIEKTPOMAarHUTHBIM MMITYJIbCOM KaTyIlIKa MHCTPYMEHTa MOABEPracTcs
SKCTpeMalibHBIM Harpyskam. JleiicTByrot cuiel JlopeHIa, pa3BuBaeMble MpH JeQOpMaiH 3arOTOBKH, KaK
CHJIBI PEAKINY Ha KaTyIIKYy. DIEKTPOMAarHUTHBIN IPUBOJ, JOJDKEH MOMIOIATh 3TH IPOTHBOIOIOKHBIE CHIIBI
peaKuuu, a TakKe CHUIIBI MEXIY BUTKaMH 0OMOTKH 0e3 Kakoil-mu6o medopmaunnu. Kpome toro, u3z-3a um-
ITyJIECOB BBICOKOTO TOKA KaTyIIKa JOJKHA BBIIEPKUBATh DIICKTPHUECKUE U TEIUIOBBIE HATPY3KH.

[pu 3ToM 3(h(heKTUBHOCTH MHOTOBHUTKOBOW KAaTyIIKW OOBIYHO BBIIIE, YEM Y OJAHOBHTKOBOH. TeM He
MeHee OJ1arofiapsi BBICOKOIM IPOYHOCTH OJHOCIOWHBIE OJHOBUTKOBBIE KAaTYIIKH HIMPOKO MCIOIB3YIOTCS IS
omneparumii mo TEMU, kxoraa nenbio siBiseTcs: 00KaTue 3aroToBOK.

C TOYKM 3peHus MaTepHana, XOpoIas 3JIEKTPOIPOBOIHOCTb M BBICOKAsI MEXaHMUYECKask CTOMKOCTD K
HUMITYJIbCHBIM Harpy3KaM U TEIUIOBBIM yJapam TpeOYIOTCsI HE3aBUCHMO OT F€OMETPHHU KaTyku. MenHo-0e-
PULIHMEBBIE CIUIAaBbI, IUPKOHUEBAs M KaAMUEBasi Me/lb, BOJIb(PaM-MOINOCH U Jake CTajlb UCIOJIB3YIOTCA
JUTS U3TOTOBJICHUS JIEKTPOMArHUTHBIX MHCTPYMEHTOB Ui onepanuii mo TEMMU [13]. Mcnons3ys Monens
HEBSI3KOH HMIKOCTH [UIs1 OLCHKH UMITYJIbCa B 3aBUCHMOCTHU OT CKOPOCTH CTOJIKHOBEHHSI U yIila, OLEHUM 00-
JIACTh ISl YCIEIIHOTO CBapHOTO mBa. BMecTo ncnonbs3oBanust nHTEpQeiica BOIIHA/OTCYTCTBHE BOIHBI B Ka-
YeCTBE KPUTEPHsI MIPEIJIOKUM BO3HUKHOBCHHE ILIOB/OTCYTCTBHE LIBA U €CTh PEaKLMs/HET peakuuu (puc. 4).

OB6acTh CBAPKH € BOJHHCTOI MOBEPXHOCTHIO
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CkopocThb cTonKHOBEeHHA V,
Otcyrersue csaproro msa  CBapHbIil OB CO CI0EM paciuiasa

Puc. 4. O61mee okHO cBapuUBaeMOCTH AJis 3arotoBku mo TEMU
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HpaBasI rpaHuia COOTBETCTBYCT O6pa3OBaHI/IIO BOJIHBI B TOYKC CTOJJKHOBCHHA, YTO HeO6XOZ[I/IMO JJIA
CKJICUBAHU MAaTCPUATIOB. HOBCpXHOCTHaH 06pa60TI<a U, CJIICAOBATCIIBHO, CBAPKA IMTPOUCXOAT CJICBA OT JTOH
rpaHUIIbI. Orta IpaBas rpaHuvia OrpaHn4cHa MaKCUMaJIbHOH CKOPOCTHIO, HOHYCTHMOﬁ B TOYKE CTOJIKHOBEC-
HUA. I[enaeM BBIBOJ, YTO CKOPOCTH V. B TOYKE CTOJIKHOBEHUS TOKHA OBITh MEHBIIIE CKOpPOCTH 3BYyKa CO€N1-
HACMBIX MaT€pUuajioB U, C ,Z[perfI CTOPOHEBI, MaKCUMaJIbHasds CKOPOCTh 3aBHCUT OT AMHAMHUYCCKOI'O YyIJia
CTOJIKHOBCHU BZ

B
vV =—+5,5. 13
=10 (13)

JleBas T'paHHrlla CBiA3aHa CO CKOPOCThIO, IIPpU KOTOpOfI BOJIHEI €1IIC (bOpMI/Ip}IIOTCH Ha Ir'paHue pa3acia
MaTepUuajioB. HpeI[HOJ'IO)KI/IM, YTO 3TH I'paHULbl MOTYT OBITH 3alaHbl CJICAYIOIINM 06p3.30MZ

1/2
2Re(H, , +H
v, =| [ 2Bt oy || (14)
P, tPy

rie Pp U Py — 3TO IUIOTHOCTb OCHOBHOW W JeTydeil mnactud; H,, u H ,y— TBepAocTh no Bukkepcy;

Re — kputnueckoe uncno PeitHonbaca.

Hcxons 3 pacueToB MpearoNokuM, 4T, KaK U IpaBas rpaHulld, MUHUMaJIbHasi CKOPOCTh 00pa3oBa-
HUSI BOJIHBI TAK)KE 3aBUCHT OT YIJIa MaJieHus], a 3TO 03HAYAET, YTO OHA HE JOJDKHA OBITh MPSIMON BEpTHKAIIb-
HOM juHuen [14].

Cornacuo ypaBHerusM (12) u (13) HmKHSS TpaHAIa JODKHA OBITH ITEpeoIpeieieHa TAaKUM 00pa3om,
YTOOBI IOCTHTaeMOE YAapHOE IaBJICHHUE B TOUYKE CTOIKHOBEHHS MPEBBIIIANO IIPEIeT TEKyIeCTH MaTepHaIIOB,
9TOOBI CIIOCOOCTBOBATH IIACTHIECKON MehopMaiiKi U BOTHOOOPA30BaHHIO. DTOT TMPeaesl MOKHO OIpee-
JUTH TI0 IPUBEACHHOMY HIDKE COOTHOIICHHIO, TJie KOHCTaHTa k MpUHUMaeT 3HadeHus mexay 0,6 mis ma-
CTHH C YMCTOW OBEPXHOCTBIO U 1,2 ISl TUIOXO OYHUINEHHBIX TTOBEPXHOCTEH:

(15)

Ypasuenue (15) MOXHO 3amucaTh B JPYroM BUIE JUTS TaKOH K€ TPAHMIIBI ¢ YIeTOM ypaBHeHHH (13)
u (14):

iV
v, =—2——,v, =114 H, (16)

C 251“(2) P

Yro xacaeTcs BCPXHECTO MPEaciia OKHA CBAPKH, TO OH COOTBECTCTBYCT MaKCHMaJIbHOU CKOpPOCTH yaapa, KO-
TOpast NO3BOJIACT n30exaTh 06pa3OBaHI/DI MC)K(l)aSHOF O pacCIUIaBJICHHOTI'O CJIOA, 1 MOKET OBITE OIIpEACIICH KaK

7c)*(KCC
sin B :L( - g) rt (17)
2) 2NV ph

HOCKOJ’IBKy MEXaHU3MbI O6pa3OBaHI/I$I Cprf/'I 1 BOJIH OO KOHIIA HC ACHBI, pC€aJIbHbIC NPCACIIbI CBAPKHU,
JAOCTUTHYTBIC 3KCH€pHMCHTaJ’ILHOﬁ HpOBepKOfI, MOT'YT HE COBIIaJaTh C TCOPECTUUCCKUMU I'paHULIAMU, paC-
CUNTAHHBIMU I10 ITpEeAjIaracMbIM MOAXOJaM.

3akArouenune

Ha ocHoBaHMM JOCTyNHOM JINTEPATYPHI JadbHEMNIIEE UCIIOIb30BAHNE TEXHOJIOTUU 3JIEKTPOMATHUTHBIX
UMITYJICOB B KaueCTBE MHCTPYMEHTA JUISI COSMHEHUS HECKOJIBKUX MaTepHaIoB ObUIO OTPAaHUYEHO Pa3iiiny-
HBIMH OTKPBITBIMH BOIPOCaMH, KOTOPBIE IEMOHCTPUPYIOT HEOOXOAUMOCTh JajbHEHINX uccienoBanuil. Te-
MaTHYECKHE UCCIIEJOBAaHUS U NOAPOOHOCTH O (PUKCHPOBAHHBIX MapaMeTpax Mpolecca COSANHEHHU, KOHCTPYK-
LMK JeTaleid, TeOMETPUN COeTUHEHHMS, 3aTpaT 1 OOIIMX MPEUMYILECTB B IPOU3BOJUTEILHOCTH IIOYTH BCETAa
Heu3BecTHBI [15]. IlpomeMoHCTpUpOBaTH BO3MOKHOCTH YCOBEPIIEHCTBOBAHHOIO MpPOLECCa COCAUHEHUS
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Ul TPEOJOJICHUs] TPYAHOCTEH, MPUCYIIMX KOMOMHHUPOBAaHMWIO MaTE€pHalIOB Pa3HOPOJHOIrO Tuma (Me-
TaJUT/KOMIIO3UT, YEPHBIA/IBETHON MeTalI, MEb/allOMUHNI), TO-MIPEKHEMY HEOOXO0ANMO IS TIPOBEICHHUS
yIIIyOJIEHHOTO aHaJIu3a BCEX KPUTHUECKUX ATAIOB IpoLecca Jisl peasIbHbIX TEMAaTHUYECKUX HCCIeOBAHMUMH.

Tem He MeHee mpakTHuecku AokazaHa dddexkrnBHOCTs TEMU, KOTOpas 3aKiIi04aeTCcss B OTCYTCTBUN

HCOGXOIII/IMOCTI/I B HOHOHHHTGHBHOﬁ IMOATOTOBKE UJIU OYMCTKE ITOBEPXHOCTH.
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METOABI OITEPATUBHOW OITEHKU U OBECIIEYEHU A
TOYHOCTHBIX XAPAKTEPUCTHK OIITUKO-9AEKTPOHHBIX
INPUIEADHO-HABUTAITMOHHbBIX KOMITAEKCOB C UCITOAB3OBAHHUEM
AAHHBIX CPEACTB OB BEKTUBHOT' O KOHTPOAS (wacrs 1)

10. T. 3p1psinoB

TamOo0BCKMii rocyTapCTBEHHBIH TEXHUYECKUH yHUBepcuTeT, TamOoB, Poccns
zut-tmb@mail.ru

AnHoTauus. AxmyanvHocmse u yeau. OMBIT yaeOHO-00€BOH MOATOTOBKH 1 O0EBOTO IPUMEHEHHUS ONTHKO-3JICK-
TPOHHBIX TPHUIIETHHO-HaBUTAINOHHBIX KoMIuiekcoB (ODIIpHK) camoneror Taktnueckoit aBuanmu (TA) B TOKaIbHBIX
BOIHAX M KOH(IMKTAaX MOKA3BIBAET, YTO X TOTOBHOCTH M 3PPEKTHBHOCTD CYIIECTBEHHO 3aBUCST OT TOYHOCTHBIX Xa-
pakrepuctuk (TX), B 4aCTHOCTH, OT TOYHOCTH FOCTHPOBKH BXOJAIIMX B UX COCTaB MojcucTeM. B Hambobmei Mepe
3TO OTHOCHTCS K BU3HPHBIM ycTpoiicTBaM (BY) u natunkam. Llens paboTsl — pa3paboTka METOJ0B ONIEPATHBHOM OLIEHKH
n obecnieuenus TX OBIIpHK ¢ ucnonp3zoBanneM JaHHBIX cpencTB oObekTBHOTO KOHTposist (COK) Ha ocHOBe anan-
TUBHOTO YIPaBJICHHs TPOPHIAKTUKON B MEXPETJIaMEHTHBIN MEPHO/I SKCIUTYaTalUH C YIE€TOM (YHKIIMOHAIBHBIX U KOH-
CTPYKTHBHBIX 0COOCHHOCTEH, BHEIPEHHUS KOHICTIIUU TeXHUuYecKoro oocnyxuanus (TO) Mo cOCTOSIHUIO ¢ KOHTPOJIEM
napameTpoB, aJleKBaTHON dKcIuTyaTaumoHHbIM cBoiictBaM ODIIpHK. Mamepuanvr u memoosi. [ins nocTHXKEHUs 10-
CTaBJICHHOM LIEJIM MCIIOJIb30BaHbI METO/bI MaTEMAaTHUECKOTO MOJIEIMPOBAaHNUS, TEOPUH BEPOITHOCTEH W MaTeMaTHde-
CKOW CTaTHUCTHKH, METO/bI MHTErPAIbHOTO U U] depeHInanIbHOro UCYUCIIEHHS, METOJIbl aHAJIM3a HePApXHUH, METOIbI
TPYIIIOBOTO YUY€Ta apryMeHTOB. Pesyivmamul u 66160061. PazpaboTaHHBIE HOBBIE METOIBI KOHTPOJIS TOYHOCTH IOCTH-
poeku BY ODIIpHK B nonere, HOBU3HA KOTOPBIX MMOATBEPKACHA COOTBETCTBYIONINMHI MTATEHTAMH Ha CIIOCOOBI UX pe-
aIM3alnH, TO3BOJISIOT MOBEICHTE ToTOBHOCTh ODIIpHK k mpuMmeHeHmro, CHU3UTE Tpy103aTpathl Ha obecnieuerne TX B
Me)XpETIaMEeHTHBIN Nepro/l SKCIUTyaTallii B IIEJIOM Ha MOPSAIOK, a TaKKe MOBBICUTh MHTEIPANBbHYIO TOYHOCTH IOCTH-
POBKHM TIPEMEPHO B 3 pasa.

KnroueBble cj10Ba: TOUHOCTHBIC XapaKTEPUCTHKH, OPraHU3aIlMOHHO-TEXHUYECKAsl CUCTEMa, CPEICTBA 00BEK-
TUBHOTO KOHTPOJISl, TEXHUYECKOE COCTOSHUE, JIETHBIE SKCIEPUMEHTHI, BUSUPHBIE YCTPOMCTBA, «BHU3yallbHAsI KOPPEK-
LU, TIOTPEIIHOCTH FOCTUPOBKH JIA3EPHOTO U BU3UPHOTO KaHAIOB

Jst marupoBanust: 3eipsHoB FO. T. Metop! oniepaTHBHOM OIICHKH U 00CCIICUCHHUS TOYHOCTHBIX XapaKTEPUCTUK ONTUKO-3JICK-
TPOHHBIX MPHIIEIFHO-HABUTAIIMOHHBIX KOMITIEKCOB C UCIIOJIb30BAHHEM JTAHHBIX CPEIICTB OOBEKTUBHOIO KOHTPOJIs (dacth 1) // Hamex-
HOCTh U KauecTBO CIOKHBIX ciucreM. 2023. Ne 2. C. 62-71. doi:10.21685/2307-4205-2023-2-7

METHODS OF OPERATIONAL EVALUATION AND ENSURING
THE ACCURACY CHARACTERISTICS OF OPTO-ELECTRONIC
SIGHTING AND NAVIGATION COMPLEXES
USING THESE OBJECTIVE CONTROL TOOLS (Part 1)

Yu.T. Zyryanov

Tambov State Technical University, Tambov, Russia
zut-tmb@mail.ru

Abstract. Background. The experience of combat training and combat use of optical-electronic sighting and
navigation systems (OEPrNK) of tactical aircraft (TA) in local wars and conflicts shows that their readiness and effec-
tiveness significantly depend on accuracy characteristics (TC), in particular, on accuracy adjustment of their constituent
subsystems. To the greatest extent, this applies to sighting devices (VU) and sensors. Goal of the work — development
of methods for operational assessment and provision of technical characteristics of the OEPrNK using these means of
objective control (SOC) based on adaptive management of prevention in the interregional period of operation, taking
into account the functional and design features, the introduction of the concept of maintenance (TO) according to the
state with the control of parameters that is adequate to the operational properties of the OEPrNK . Materials and methods.

© 3pipsros 10. T, 2023. Konrenr pocryreH no autensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.

62



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2023;(2)

To achieve this goal, methods of mathematical modeling, probability theory and mathematical statistics, methods of
integral and differential calculus, the method of analysis of hierarchies, the method of group accounting of arguments
were used. Results and conclusions. The developed new methods for controlling the accuracy of the adjustment of the
OEPrNK VU in flight, the novelty of which is confirmed by the corresponding patents for the methods of their imple-
mentation, make it possible to increase the readiness of the OEPrNK for use, reduce labor costs for providing technical
characteristics in the interregional period of operation as a whole by an order of magnitude, and also increase the integral
accuracy of adjustment by about 3 times.

Keywords: accuracy characteristics, organizational and technical system, means of objective control, technical
condition, flight experiments, sighting devices, "visual correction", adjustment errors of the laser and sighting channels

For citation: Zyryanov Yu.T. Methods of operational evaluation and ensuring the accuracy characteristics of opto-electronic
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BBepenne

CymecTByromas cucreMa TeXHuuecko skcrutyarauu (TO) npeapaBisieT BBICOKHE TPeOOBaHUS K Op-
raHu3aliy ¥ MPOBEICHUI0 NPOPHUIAKTHIECKUX MEPONIPHUATHH, HAlIPaBJICHHBIX Ha MOJAEPKaHHE BOOPYKe-
HUs 1 BoeHHOU TexHuku (BBT) B mocrosiHHOMN roToBHOCTH K 3 dekTuBHOMY GoeBoMy npumeHeHHto. [1po-
(riakTHUECKHEe MEpPONPUATHS OXBAThIBAIOT IIMPOKUH KPYr 3alad TEXHUYECKOTO M OpPraHU3alliOHHO-
TEXHHUYECKOI0 XapakTepa. ITo MPUBOAUT K HEOOXOAMMOCTH PaccMaTpUBaTh YEJIOBEKA B KAUECTBE OJHOTO U3
JJIEMEHTOB CJIOKHBIX TEXHUYECKUX CHUCTEM M, KaK CIEACTBUE, K HEOOXOIMMOCTH BBIAEIEHHS 0COO0T0 MOA-
KJlacca MCKYCCTBEHHBIX CUCTEM — OpraHu3allMoHHO-TexHuueckux cucteM (OTC), sBnstommxcs o0beanHe-
HHAEM OpTaHW3allMOHHBIX M TeXHHYecKnX cucteM. Hammuane B OTC texHMYIecKo# cocTaBistonieit u o0cy-
KHMBAIOLIETO MEpPCOHAJIAa B 3HAYUTEIBHOW CTENEHH ONpeleNsieT HMX HEOTHOPOAHOCTh M YCIIOXKHSET
MOJISIMPOBAHUE CUCTEM TaKoro Kinacca. M3yyenune mytelt perieHus 5Toi npodieMbl IPUBETIO K BBIACICHUIO
B)KHOTO ¥ OTYACTH CAMOCTOSTEIBHOTO HAIIPABIICHUSI TEOPUH IKCILTyaTalluH — YIIPABICHUS TPOQUIAKTHKON
B OTC[1].

OmbIT yae0HO-00€BOM TTOATOTOBKH U 0OEBOTO NMPUMEHEHUS ONMTHKO-IJICKTPOHHBIX MPHUIIECTHHO-HABH-
raroHHBIX KomruiekcoB (ODIIpHK) camoneroB taktuyeckoii apuanuu (TA) B TIOKaNbHBIX BOWHAX M KOH-
(IMKTaX MOKa3bIBAET, YTO UX TOTOBHOCTH U 3PPEKTHBHOCTh CYIIECTBEHHO 3aBHCAT OT TOYHOCTHBIX Xapak-
tepuctuk (TX), B 4aCTHOCTH, OT TOYHOCTH IOCTUPOBKH BXOJASAIIMX B UX COCTAB MOJACUCTEM. B Hanbompiei
Mepe 3TO OTHOCHUTCS K BU3UPHBIM ycTpoiicTBaM (BY) n matumkam. M3BecTHBIE MeTOABI OIleHKH TX, ClIOCOOBI
FOCTHUPOBKH U KoMmneHcanuu norpemnocteit noacucreM OSIIpHK tpynoemku v npoaomKUTENbHBI IO Bpe-
MeHu. Kpome Toro, MHOTO0Opa3ne v CTOXacTUUECKUI XapaKTep BO3IEHCTBUS SKCILTyaTallMOHHBIX (DaKTOPOB
Ha noncuctembl OD[IpHK npuBoasT K TOMY, 4TO NPH OJJHOH U TO¥ ke HapaOOTKE MK MPOIOIKUTEILHOCTH
AKCIUTyaTallyl OHU UMEIOT pa3immdHbie TX. B ¢Bsi3u ¢ 3TuM HapabOTKa WM KAJICHIAPHBINA CPOK CITYXKOBI HE
xapakrepu3yot ogHo3HauHO TX ODIIpHK, uTo onpenensier akTyanbHOCTh pa3pabOTKH METOJIOB ONlepaTHB-
HOM onleHKkH TX ¥ KOMIEHCALMN BBISBIEHHBIX ITOTPEIIHOCTEN B MEKPETJIaMEHTHBIHN MepHO/] 3KCIITyaTal|Hy.
OcHoBHBIMH TpeOoBaHHAMHU K opranuzaiuu npodunaktukun OSIIpHK sBistoTcss miaHOBOCTH, alanTHB-
HOCTb K Pa3JIM4YHBIM yCIIOBUSM 3KCIUTyaTallu1, y4eT COCTOSHHUS U BO3MOXHOCTD PacIpeieIeH s OTPaHNYEeH-
HbIX pecypcoB OTC. OnHako cymecTBYIOIas OpraHu3anus INIAHUPOBAHUS U YIPABICHUs MPO(UIAKTUKON
B OTC umeer psit HENOCTATKOB KaK OpraHU3allMOHHOTO, TaK U TEXHUYECKOI o XapakTepa [2, 3]. Oto 3atpyn-
HseT obecnieueHne () (PEKTUBHOTO BHITOTHEHUS MTpodunakTiuueckux padot (I1P) B ycnoBusix pyHKIIMOHHPO-
Banust OTC mpu skcrutyaranuu AT 1o pecypcy M IpH METOAAX 3KCIUTyaTalldH, YYUTHIBAIOIIUX YPOBEHb
HagexxHoctu ODIIpHK. I1pu s3ToM HEOOXOIUMO OTMETHUTH, YTO HU OJMH METOJI SKCIUTyaTalliH HE pealln3y-
eTcs 06e3 npoBelieHHns TPOPUIAKTUKY, M KK U3 HUX UMEET CBOIO CIIeM(UKY IIPH OIIPeeSICHUH CPOKOB
u o0bemoB [1P [4]. Do onpeaensieT akTyalbHOCTh 321241 TUIAHUPOBAHUSI U YIIPABJICHUS TPO(UITAKTHKON B
OTC. Lenp ympasierus npodmiaktakoit B OTC M0oxHO chopMyITHpOBaTh CISAYIOMAM 00pa3oM: obecrre-
YEeHHUE 3aJJaHHOTO YPOBHs HallexkHOCTH U 3¢ dexTnBHOCTH TpuMerenus: OSIIpHK npu MmunnmaneHbIX 3aTpa-
Tax Ha dKCcIuTyaTanuio. [lonydeHHbIe 10 HACTOAIIETO BPEMEHH PEe3yibTaThl JAIOT BO3MOKHOCTh pelaTh OT-
JIeJIbHBIE BOIIPOCHI YIPABIEHHS KaK OpraHU3allMOHHBIMHU, TaKk M TexHuueckuMmu coctasistonmmu OTC.
OmHako OHM He 00€CTIeYnBaOT B TPEOyeMOM 00beMe KOMITIIEKCHOTO TTOIX0/1a K YIIPABJICHHUIO POodUIaKTH-
KOH ¢ yueToM (yHKIIMOHAIBHBIX ¥ KOHCTPYKTHBHBIX ocooerHocTelr ODIIpHK, cocrosHus n BO3MOXKHOCTEH
pacmpenenenus orpaHndeHHBIX pecypcoB OTC, BHeapeHNs KOHIENIMK TeXHUYecKoro oociysxuBanus (TO)
10 COCTOSIHHIO C KOHTPOJIEM ITapaMeTPOB, aIeKBaTHOM MX dKCIIITyaTal[MOHHBIM cBoMcTBaM. [loaToMy BakHOI
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KaK B BOGHHO-HaY4YHOM, TaK M JKCIUTyaTallMOHHO-TEXHHYECKOM acIeKTe SIBJIETCS MpoOjeMa MOBBILICHHUS
rotoBHOCTH 1 3P dexruBHOcTH puMeHeHus: ODIIpHK camonero TA mpu MUHUMH3aLKK 3aTpaT Ha TEXHU-
gyeckoe 00CITy)KUBaHHE B MEXKPETIaMEHTHBIH EPUOJ SKCILTyaTallHH.

ean padoTsl. PazpaboTka MeToM0OB orepaTuBHOM oneHKH 1 obecnieuenns TX ODIIpHK ¢ ucmomnsb-
3oBanreM ganHbIX COK Ha OCHOBE aIaNTHBHOTO yIpaBJIeHHs TPO(UITAKTUKON B MEKPETIIAMEHTHBIH TEPHO.T
9KCIUTyaTally ¢ y4eTOM (PyHKIMOHANBHBIX U KOHCTPYKTUBHBIX 0COOEHHOCTEH, BHEAPEHUSI KOHLIETIINHT TeX-
HUYECKOI'0 00CITY>KUBaHUS 110 COCTOSIHHIO C KOHTPOJIEM NTapaMeTPOB, aAEKBATHON IKCILTyaTallMOHHBIM CBOM-
ctBam OOIIpHK.

B pesysbrare mpoBeJeHHOTO aHAIKM3a COCTOSHUS MPOOIeMBbl HCCIIEI0BAHMS MTPEAI0KEeHa KOHIETITYalTb-
Hasi MOJIENb pelIeHus MpobieMbl, B KoTopoii n3BectHas ctpykrypa OTC (puc. 1) numeeT HOBBIH By (puc. 2).

OTC
X(#) |Xo(f)| OpranusanmonHas Yo(?) Y(?)
S e COCTaBJISIOLIAS Y A
& &
5 Xr(?) TexHnueckast Yr(%) 5
E COCTABJIAIOMIAS 5
[ ]
= T
m m
Ut
» CyObexr [¢
Puc. 1. U3BectHas ctpykrypa OTC
OTC
X(t) XO(t) ODFaHI/BaLH/IOHHaH CoOCTaBJIArOIIas YO(t) Y(t)
% (Toacucrema TO ODTIpHK) %
a a,
Q Q
Y.
XT(t) Texuuueckue COCTaBJISAKOIIIHUE T(t)
(ODIIpHK)

(9} 3}
& T &
Tu®
JleTHBIN U TEXHUYESCKUH
coctaB OTC

Puc. 2. Mogudunuposantas ctpykrypa OTC

(I)OPM’dAI/I30BaHHaﬂ IMOCTAaHOBKaA 3aAaYA

PaccmarpuBaemas TeXHUYECKas COCTABIISIONIAS KaK OOBEKT KOHTPOJIS MIPEJCTABIISAET COOOH COBOKYTI-
HOCTh (DYHKIIMOHANBHBIX YCTPOMCTB PA3IMUHBIX MO HA3HAYCHHUIO, COCTABY U MPHUHIUNAM (QYHKIIHOHUPOBA-
Husl. [Iporiecc KOHTPOIS CBA3aH ¢ Tojaueil Ha 00bEKT CTUMYIHPYIONIMX CUTHAIOB, U3MCHEHHEM PEaKIHid,
00paboTKO# MH(POPMAINH O aITOPUTMaM ISl TOJTyYeHHs 3HAaYeHHH KOHTPOJIUPYEMBIX apameTpoB. [lapa-
METPBI TEXHUYESCKOW COCTABIISIONICH SBIIAIOTCS CIy4YalHBIMHM BETMYMHAMU BCJIEACTBUE TEXHOIOTHYESCKOTO
pasz0bpoca IEeMEHTOB B BO3JCHCTBUS BHEITHUX (PakTOpOB. OCOOCHHOCTHIO HAOMIOAACMBIX ITPH KOHTPOJIE CUT-
HaJIOB SABJIACTCA HAJIMYUEC B UX COCTABE MMOMEX, HCTOYHUKOM KOTOPLBIX CIYKHUT CaM OG’LCKT KOHTPOJIsA, BHEII-
Hss cpena u Ap. Kak nmpaBuiio, momMexu mpeacTaBistoT co00i cirydaiiHbIN MPOIECC, HETMHEHHO 3aBUCSIIHIA
OT M3MEpPSIeMBIX MapaMeTpoB. TakuMm oOpa3oM, B 00IIeM clydae UMEETCsl HEIMHEHHAs TUHAMUYECKAas CH-

crema A(V,t), cocTosiHEE KOTOPOii XapaKTePHU3yeTCst p-MEPHbIM ClydailHbIM BeKTopoM V. Ha BXox cucteMbl

A moctymnaeT ciaydaitabiid curHan X. HaGmromaeTcst TONhKO BBIXOMHON CHTHAJI CHCTEMBI Y, KOTOPBIA COB-
MECTHO C BEKTOPOM X SIBJISIETCS 3aBUCUMBIM CITyYalHBIM BEKTOPOM:

Y(6)= AV, X (2). (1)

BXO}Z[HBIG 1 BBIXOJHBIC CUTHAJIBI — BEKTOPBI, UMCIOIIHUE COOTBETCTBYIOIIUC PAa3MEPHOCTH:

X(1)=(x(£),x,(2),....x, (t))T;Y(t):(y1 (t),y2(t),...,ym(t))T
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Bxonusle curnanst X (¢) BKIOUAIOT B ce0st monesHyo coctassiouyo g(¢) u nomexy (7). Onepa-

T
Top A (V,t) 3aBHMCHT OT BpeMeHH ¢ M BekTopa TX V' = (Vl,VZ,...,V p) , OTPaXKaIOIIEro TEXHUYECKOE COCTO-

saue (TC) KoHTPOMPYEMON CUCTEMBI. 3aKOH U3MEHEHHs CllyuaiiHoro Bektopa V , xapakrepusytoniero TX
CHCTEMBI, B O0IIEM CIIydae MOXKET ObITh OIMCAH BBIPA)KEHHEM BUA

V(t)=1,(V,U,,N,t) )

C HaJYaJIbHBIMH yCIOBHAME V (¢,), mymamn N u orpanudeHnem Ha ynpasienue U, € O . [Ipu oTom cyime-
CTBYET OTHO3HAYHOE OTOOPAKEHHE

@, (Y Ix[t.t, ] > {7 ][t 1. 3)

A

rac {Y} — MHOKE€CTBO 3HAYCHHI BCKTOpa HaGJ’IIO,Z[eHPIfI; {V} — MHOKE€CTBO 3HAYCHHUI BCKTOpa pe3yJIbTaTOB

ouenok TX cucremsr; @, — OJHO3HAYHOE OTOOPAKEHUE IEMEHTOB Y B ameMeHTsl V) [to,tk] — WHTEpBal
HaOJIOOEHUS.
Wmest anmpropHbIe CBeJICHUs O BEeKTOpe V (t) (2) u pacrionarast HaOIOACHUAMU ¥ (t) , TpedyeTcs onpe-

JIETTATH OL[CHKY 1% (t)BBHUZDE 14 (t)= 1, (Y,U,,t) c 3aJaHHBIMHI HA4YaIbHBIMK YCIOBHAME. HauanbHBIME yci10-
BHSMH JUTSl PELIEHNS 3a1a4 SBISIOTCS: M3BECTHBIN BeKTOp Habmonennit Z () wa unrepsane [f,,t, |; npu-
HATBIC OTPAaHUYCHUS Ha yIpasieHue U ; apuOpHbIE CBEACHHUS O BHIE orieparopa A .

Ilpu naHHOM MOCTAHOBKE 3a/1a4M UCKOMas OLICHKA 1% (z) Oy/IeT IPeCTaBIATh CO00M BEKTOP-(PYHKIIHIO

HU3MEHEeHUs (PU3NUECKUX NapaMeTpoB (pyHKIMOHUPOBAHUS CUCTEMBI, U3MEPSIEMbIX HEMIOCPEICTBEHHO MITH KOC-
BEHHO, 00 (PyHKINIO HEKOEro 0000IIEHHOTO KPUTEPHUS Ka4eCTBa, SIBISIIOLIETOCs aOCTPaKTHON #-pa3MepHOn
npoekieit m-pasmeproro Bekropa TC. IlpumenntensHO K 3amade oreHkH BekTopa TX OBIIpHK mno man-
weiM COK, Hay4uHas 3ajqada MCCIeOBaHMs 3aKIOYaeTcss B pa3padOTKe TAKOTO METoJa W alropuTMa odpa-
OOTKH BEKTOpPA BBIXOIHBIX CUTHAIIOB, UCTIOIB30BaHUE KOTOPBIX M03BoNmiI0 Obl orieHnTs TX ODIIpHK mpu
ero ()yHKIMOHUPOBAHUY B PEaJIbHBIX YCIOBUAX IPUMEHEHHUS 110 HA3HAUCHHUIO.

PeSYAbTaTbI I/ICCAeAOBaHI/lfl

IIpu paspabotke uHpopMmalioHHO-MoAenupyoomei cucreMbl (MMC) skcnpecc-aHanu3a JaHHBIX
COK pns onenku TX O3IIpHK npoBeneno obocHoBaHME MPOOIEMHOM 00IACTH TPUMEHUTENBHO K TIOCTaB-
neHHoi 3amade. B cocraB mpoonemHoi oonactu Bxoasat TX ODIIpHK, ycnosust BeIOIHEHNS paccMaTpyBa-
€MBIX PeXUMOB (DYHKIIMOHUPOBAHUS U yCIOBUS BO3ACHCTBHS BHEITHEH CPE/IbI.

Ucxons u3 npoBeaeHHOH KiaccuuKanuy 00EBHIX U HABUTAIIHOHHBIX PEKHUMOB, PACCMOTPEHEHI JBa pe-
JKUMa, B KOTOPBIX B Ka4eCTBE OCHOBHBIX HH(popMaTuBHBIX ycTpoiictB ODIIpHK ncnons3yrores BY. Ot1o pe-
*KuM «BK» cUHCIEHHBIX KOOPIWHAT U OJIMH U3 PEKUMOB CIICKCHUS 32 Ha3€MHOM HETIONBIDKHOM IIENTBI0 (MH-
LICHBIO) ¢ PUKCUPOBAHHBIM YIJIOM MPULEITUBAHNS.

[IpoBeneHHbIH aHANN3 ATOPUTMUYECKOTO 00eCIedeHus TOKa3al, YTO HH(POPMAIH O MapaMeTpax mo-
JieTa B MCCIeAyeMbIX pexxnMmax, puxcupyemas COK, sBisieTcs [OCTaTOYHOM AJIsi IOCTPOCHUS ypaBHEHUI
CBSI3€H MEXIy BEIMYMHAMH, XapaKTepU3YIOMUMH norpemHoct ¢pyHkuuonuposanus OSIIpHK, u moxer
MPUMEHSTHCS KaK TOMOJHUTEIbHBIA WHPOPMALIMOHHBIH KPUTEPUI B CUCTEME OINEPATHBHOTO MOAJIEPKAHUS
TX B MexpermaMeHTHBIN Tepro]] dKcIuryaranuu. OHaKo Takas HH(GOpMAIIHS MTPECTABISETCS TOIBKO B MO-
MEHT MIPUBSI3KA 1 CIEKEHHS 32 IeIbI0 (MHIIEHBIO) WIIH TPHY BHITOTHEHUH pexnma «BK» (HakaTwst KHOTIKH),
MO3TOMY JJIsl BOCCTAHOBJIEHHUS 3aBUCUMOCTH morpemHoctedl ¢ynkunonupoBanus ODIIpHK ot Bpemenn
HeoOxoauMo HonoHATE AanHbie COK maHHBIMU MOAETUPOBAHMS STHX PEKUMOB.

Pemaercs 3amada npeacTaBneHus YKa3aHHBIX JaHHBIX B COOTBETCTBHH C HEKOTOPOH MOJEIBIO TPO-
onemHol o0actu. [locTpoeHre Moaeau MpoOIeMHON 00JIACTH BBITOJIHASTCS MPU MOMOIIM 0CO00ro Kiacca
KOMITBIOTEPHBIX CUCTEM — MH(OpMalOHHO-MoAenupyommx. [Ipy 3ToM KOHEYHOe MpeACTaBICHUE MpO-
0JIeMHOH 00JTaCTH COCTOWT M3 JBYX B3aHMMOCBS3aHHBIX OTOOPaKCHHI: MHPOIOTHIECKON MOICIH TPOOIIeM-
HOM 00nacTH, yI0OHOHU it BOCIIPUATHS M aHAJIN3a YeJIOBEKOM, U JIaTAIOTHYECKOW MOJIENTH, KOTOpast OTHO-
CUTCS K MaTeMaTu4eckoMy OOECHEeUYEeHHUIO peaj3yeMbIX pexHMOB. [locTpoeHue maTanoruyeckoil Momenu
BBITIONHSIETCS C MPUMEHEHHEM OOBEKTHO-OPHEHTHPOBAHHOTO aHalM3a Tporecca (yHKIHOHHUPOBAHHS
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OQIIpHK. B pa6ote [5] npousBeneHo o60cHOBaHME CTPYKTYyphl UMC, oTImauTenhHONH 0COOEHHOCTRIO KO-
TOPOH ABJISIETCS] COBMECTHOE HcHob30BaHue nH(popMmanuu COK, naHHBIX 3KCIUTyaTallii 1 MaTeMaTHIECKUX
mopeneit ¢pynkunonupoanuss ODIIpHK B BeiOpanHoii pobiieMHOl obOnmacTi. HoBHU3HA TEXHHYECKOTO pe-
IICHUS TIOJITBEPKACHA TATCHTaMU Ha n3oopetenue [6, 7].

[IpoBenen aHamm3 u OIeHKA BIHSIHUS morpemHocTelt roctupoBku BY Ha TX OBIIpHK [8-10], BKITIO-
qaromue B ceOst METOJNKY aHaJN3a BIMSHUS MOTPEIIHOCTENH IOCTUPOBKH JIA3€PHOTO U BU3UPHOTO KaHAJIOB
(JIuBK) Ha BeposTHOCTH ONpeAesicHUs] IEPBUYHBIX MapaMETPOB LEIH M aJrOPUTM OLIEHKH BIUSHHSA MEJ-
JIEHHO MEHSIoLIENcs norpemHocT 1ocTupoBku BY Ha TX. Pe3ynprarsl pacueToB BEpoATHOCTH P ompene-
JIeHUs1 IEPBUYHBIX IIApaMETPOB LIEIH 110 NPEATIOKEHHON METOANKE B 3aBUCUMOCTH OT MOTPELIHOCTH FOCTH-

pOBKH A,, yIIOBBIX pasmepoB menu AO,, morpemHocTeil HABOAKH JETYHKA G, M yIiia PACXOAMMOCTH

nasepHoro ay4a (JIJI) A® ., npeacrasieHsl Ha pyc. 3.

P

045 }k
\E\}
0,25 B
0 AB/mpan
2.5 5 7.5 10 12,5

— -AD =3 wmpapg -—-—- -AQ,=5 Mpag —e— -¢ =0

—»— -6 =2,5Mpaa;1-A0,  =0,88mpag;2-A0, =583 Mpag

a3
Puc. 3. Pe3ynbrathl pacdeToB BepOSITHOCTH P

AHaJn3 MONyYEHHBIX JAHHBIX MO3BOJISIET CACNATh CISMYIONIHE BBIBOJBI: MPHU MAIBIX MOTPEIITHOCTAX

’
IOCTUPOBKH (MeHee 5 Mpan) u MajioM yrite pacxoaumoctu JIJI (mopsiaka 3" = 0,88 Mpam) BEpOITHOCTH CYIIe-
CTBEHHO 3aBHCUT OT YpPOBHs IOATOTOBKH JIETUHKA (TakK, IpH yBenuueHuu &, ot 0 1o 2,3 mpajx — ypoBeHb

MOJITOTOBKH 1-T0 Ki1acca, BEpOSTHOCTH CHIDKaeTcs Ha 15...20 %); mpu morpenrHoCTsIX FOCTUPOBKH TOPSIKa
5...8 Mpaj BepOSITHOCTH 3aBUCHT OT yriia pacxogumoct JIJI u yrimoBoro pasmepa (anbHOCTH) LM U TIPH-
HUMAaeT YJOBIETBOPHUTEIbHBIE 3HAUYEHUS IS JETYUKOB C YPOBHEM IOATOTOBKH 1-TO M 2-TO KJIAcCOB; MPH
HaJIMYUHM CHCTEMATUYeCKUX morpemHocTei octupoBku JI u BK 0onee 10 Mpaj BEpOSITHOCTH CYIIECTBEHHO
3aBHCHUT OT yriia pacxoaumoctu JIJI u mpakTuuecku He 3aBUCUT OT TOYHOCTH HABOJIKH JICTUUKOM.

Kpome Toro, pa3paboTaH anroput™ OIEHKH BIMSHUS MEIIEHHO MEHSFOIEHCS IOTPEITHOCTH IOCTUPOBKH
BY na TX OOBIIpHK [11]. ITomy4eHa 3aBUCUMOCTb, XapaKTepU3YIOMas MaTeMaTHIECKOe OXKUIaHne (DyHKITHH
HEBSI3KHM BEKTOpa HAOIOJICHUI C 0’KUIAEMOM PEaKIMel CUCTEMbI, BRI3BAHHOMN OTJIIMYHBIM OT HyJIst BeKTopoM TX

V () na nerepmuHmpoBaHyr0 QyHKIMIO b(¢) (CHCTEMATHYECKYIO IOIPELIHOCTh I0CTHPOBKY BY):

m (t):m?—MI[(a(?,t)J ‘ @

Oco0eHHOCTBIO (4) SIBIISETCS HATMYUE B BHIPAKCHUH MPOU3BOAHOMN OIICHKH BEKTOpPA COCTOSIHUMU, YTO
TOBOPUT O BJIMSIHUU Ha OMIMOKY CKOPOCTH €ro u3MeHeHus. Takum o0pa3oMm, UMest MaTeMaTHIECKYI0 MOJICIb
(MM) uccaenmyemoro OSIIpHK B Bume
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%y(z):A[y(z),Uv(t),g(z),q, Y(1,)=1, (5)

U3BECTHBIHM BEKTOp ynpasieHuil U, u HaOmoneHus BekTopa cocTosiHus Y dynkiuonuposanus OOIIpHK

(,I[aHHBIe COK), MOXEM OOHHWM M3 U3BCCTHBIX MATEMATHYCCKUX MCTOAOB BOCCTAHOBJICHHA MM MOJIYy4YUTh
3aBUCUMOCTD

b(t)=f[ (1)U, (1).7 ], (©6)

MIPEICTABJISIIOILYI0 COOO0M B MMPOCTEHIIIEM CIydae CHCTEMY anredpandyeckux ypaBHeHui. Peras ypapaenue (6)
OTHOCHTEJILHO TIOCTOSIHHOM BEJMYUHBI V', TI07yunM BeKTOp pe3yibTaToB onenku TX ODIIpHK.

N3BecTeH MeTo ] FOCTUPOBKH MPULIETBHBIX CUCTEM IIPH MOMOINHU CTenHanbHON MumieHn. CylHOCTb
METO/a COCTOUT B IpUBs3Ke cBs3aHHOM crucTeMbl KoopauHaT (CCK) JIA k MumieH!, yCTaHOBICHHOW BIIEPEIH
JIA, onpenenennn BU3yainbHO 10 oT4eTHOMY BH3upy (OB) paccormacoBanus MeXIy IMEpEKPECTHEM HA MH-
[IeHH, HHIUIPYIOIMNUM TpedyeMoe MOI0KEeHNE «HYJIIs» HEeTOABIKHOM ock BY — npuiiena KommmMaTopHOTOo
THUIIAa U ICTHHHBIM MTOJIOKEHUEM HETTOABIXKHOU ocu BY . Jlanee MexaHUYIECKUM CITOCOOOM yCTpaHseTcs (KOM-
MIEHCUPYETCA ) IOrPeHOCTh. K HemocTaTkaM MOXHO OTHECTH OOJIBIIIOE KOJTMIECTBO IMPUMEHSIEMBIX CPEJICTB,
a TaK)Ke BBICOKUE TPYI03aTPAThI IPH MPOBEACHUN IOCTUPOBKHU.

[Ipu pa3paboTke METO/Ia U ANTOPUTMA OTIEPATUBHOM OIICHKH TOYHOCTH FOCTUPOBKU BY OTHOCUTENHHO
cBsi3anHOM cuctembl koopauHat (CCK) JIA B ropu30oHTAIBHON MIOCKOCTH YYUTHIBAIUCH CICAYIOUTHE 00-

ctositenscTBa [12—-16]. IIpu pemennn 3agaun Hapuramuu ¢ « BK» reonesnueckne koopauHatsl (B,L,h) JA

OIPEACIAIOTCA U€PE3 MATPHUILILI IIEPEXO0Ja MOCIIC pacucTa NMPAMOYTOJIbHBIX KOOPpANHAT ()C, y,Z) . B cBoro oue-
peab, YKa3aHHBIC KOOPAUHATBI BEIYUCIIAIOTCA 110 3HAYCHUAM HAKJIOHHOM JaabHOCTH D , yrila Mecta | | asu-

myTa A opueHTtHpa (MulleHn). Ecnu B kadecTBe BU3yallbHOTO OPUEHTHPA UCIIOIb30BATh OAUH U3 IPOMEXKY-
TOUHBIX IyHKTOB MapuipyTa (IIIIM), koopauHaThl KOTOPOTrO 3apaHee BBEAEHBI B OOPTOBYIO LU(BPOBYIO
BeluMcIuTENbHYI0 cucteMy (BLIBC), To ncnonb3ys 0COOEHHOCTH aIrOpUTMUUECKOTO 00ECIICUCHUS PEeXKUMA,
BBISBIIETCS BO3MOKHOCTD OIPEIENICHUS 3HAYEHHUs] CTATUYECKOM COCTABIIAIOLIEH CUCTEMAaTHYeCKOM MOrpel-
HOCTH PabOThl NPULIEIbHO-HABUTALIMOHHOIO TPAKTa, BBIPAXKEHHON Uyepe3 TOYHOCTb I0CTUPOBKH BY oTHOCH-
tesibHOo CCK JIA B ropu30HTanbHOM MI0CKOCTH Ad,. .

TIpennonoxum, 4To 3Ha4eHue a3uMyTa A(f,) B MOMEHT BPEMEHH #, U3BECTHO TOYHO. Torna KOppeKLys

KOOpAMWHAT B TOPU30HTAJIBHOM KaHaJIC CBOAUTCA K CIICAYIOUIEMY: B MOMCHT BPEMCHU ti 3Ha4YCHUC yIJIla BU3H-

poBaHus OpUCHTHPA B FOpHBOHTaJIBHOP'I IJIOCKOCTH OIIPEACIIUTCA BBIPAKCHUEM
O =Y+ A4+A0, 7

1 3HaYeHNE OOKOBOTO OTKJIIOHEHHS OT JTMHHUH 3anaHHoro my Ty (JI3IT) ckaukooOpa3Ho H3MEHUTCS Ha BETHIHHY
Az=z(t,)— f(¢;), tme f(0,) — n3Bectras dynkuus. [1o 3HAYCHUIO IOTPELIHOCTH B OIPEEICHHH GOKO-

BOH KOOpAWHATBI 1 TOYHOMY 3HAYCHUTIO A(li) MOXHO OIPEACTINUTb BEJINYNHY MOTPEHIHOCTH FOCTUPOBKU A(I)F

BY. OzHako u3-3a o1mnGOK B OLEHKe (X, V,z) monoxenus JIA BenuunHa Az GyieT U3BECTHA C HOTPELIHO-

CTSIMM, HE CB3aHHBIMU C TOYHOCTHIO ocTUpOBKH BY. Torna, nposessi MOBTOPHYI0 KOPPEKINIO KOOPAUHAT
151 A # 0, MOXKHO TOTYYUTH OIIMOKY B OIpEIeIeHHH OOKOBOM KoOpAuHaThl Az Oe3 BIMSHHS MOTPEIIHO-

cTell curcaeHus myTtu. Takum o0pa3oM, BeIONHEHHE pexnMa « BKy» i onpeaeneHus morpenHocT! 10CTH-
poBku BY orHocutensHo CCK JIA mMeeT cliefyrommue OTIUIUTEIbHBIC 0COOCHHOCTH: PEIICHHUE 3aadu
«BK» mpousBoanTcs B pexxuMe IoJeTa 110 3alporpaMMHUPOBAaHHOMY MAapIIpPYTY; MPOLECC KOPPEKLIUU CUHC-
JIEHHBIX KOOPAMHAT IMPOU3BOIUTCSI OTHOCUTEIHHO OPUEHTHPA, XOPOIIO Pa3IMUUMOr0 JIETYUKOM Ha MOJCTH-
JIAIOIIeH MOBEPXHOCTH, KOOPAMHATHI KOTOpOro 3apaHee BBeneHb! B BIIBC; koppekius Kypca mpou3BOIUTCS
IIyTEeBBIM MeTo/oM. J[J1sl peanmu3auy npeajgoKeHHOTo MOAXo/a MpeasaracTcsi HOBTOPHO BBLINMOJIHUTH pe-
xuM «BK» nocne crabunuzanmu Kypca cucteMoi apromaruueckoro ynpasineHus (CAY).

PaccMoTpuM anropuTM BBINOJIHEHUS peXUMa ISl ONpPEAesIEHUs] TOYHOCTH FOCTHPOBKU BY oTHOCH-
tenbHO CCK JIA Ha ocHOBe pacuetoB, npousBoguMeix B BIIBC. Ha puc. 4 npencraBieHsl 3Tambl BBIIOIHE-
Hug pexuma «BK».
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Puc. 4. Dranb! BeimosiHEHUs peknMa « BK»

[Tpu ommboYHOM BEIIEPKUBAaHUM Kypca B mpolecce mojeta mo MapmpyTy JIA otknonsiercs ot JI3I1
CO CKOPOCTBIO, IPONOPIIMOHANILHOM OIIMOKe , W JBUraeTcs oT Touku 1 k Touke 2. Jlerunk, oGHapykuB

BU3YyaJIbHBINA opueHTUp (B 1aHHOM ciay4dae [1T1IM), Brirogaet pexum «BK» 1 mpu momomy MexaHu3Ma ympas-
nennst (MY) nmonemxHbIM niepekpectuem (I111) BY comemniaer ero ¢ nzoopaxkenuem opuentupa. I1lo 3asep-
LIEHUU 3TOM ornepauuu koopauHatel 111 U3 MHIAUKATOPHON CUCTEMBI KOOPAMHAT MEPECUNTHIBAIOTCS B CBS-
3aHHYIO CHCTeMy. 3aTeM O3TH [aHHbIE MEPEBOAATCS B CTAOWIM3UPOBAHHYIO CHCTEMY KOOPAWHAT IS
OIIpe/ieNIeHNs] OTKIOHEHUs JMHUM BH3MPOBAHUS OPUEHTUPA B TOPH30HTAIBHON ¢, M BEPTUKAIBHOH ¢
IUIOCKOCTSIX OTHOCUTENIbHO ocu cumMeTpuu JIA. C ucnosnab3oBaHUEM 3HAYEHUM yIIOB ¢ U ¢, aBTOMaTHye-
CKH paccUuThHIBaIOTCS paccrosaue D JIA mo opuentupa u 6okoBoe otkionenue Z ot JI3II B oprogpommdae-
CKOIl cHCTEME KOOP/IMHAT:

D = Hetg(¢, -0), (8)

Z = Higo,ctg(0, - ), ®)

rae D — manpHOCTB 70 opueHTHpa; Z — 0okoBoe oTkinoHeHue JIA ot JI3II; H — Beicora nosera JIA, uszme-
psiemas paguoBbicoToMepoM; O — yron Tanraxa JIA. I1o 3a1aHHBIM KOOPAMHATAM OPUEHTHUPA U TIOTYYEHHBIM
3HaYCHUSIM D U Z KOPPEKTUPYIOTCS cuucisieMble Ha OopTy JIA KOOpAMHATHI €r0 MECTOIOJIOKCHHMS.
Hatinennsie 3Hauenuss D u Z ucnonb3ytorcs B CAY i CUMCIICHUS 33IaHHOTO Kypca MPH ITyTEBOM METOJIC
yIpaBIeHHS

Z
Vo = Vin — arCth > (10)
rae ¥, — CKOpPPEeKTHpOBaHHbI 3a1anHblil Kype JIA; v ., — kype JI3IL.
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B 3aBucuMOCTH OT momy4eHHoro 3uadenns f,, CAY dopMupyeT 3aK0H ynpaBieHHs, 10 BIHSHACM

kotoporo JIA BeiBoauTcs Ha HOBYIO JI3II, coorBeTcTBytoNTy 0 ypaBHeHHIO (10). OCyIIecTBIIeTCS TakKe CTa-
omnmuzarus JIA no tanraxy u kpeny. llpu myreBom metone ynpasienuss CAY dhopMupyer curHaibl yrpas-
JICHUS, BBI3bIBAIOIINE TIOBOPOT NPONOIbHOHI ocu X, JIA B Hanpasnenuu opuentupa. Ilpu stom oce X, He-

nozasuxkHoro nepekpectus (HII) BY, coBMemennas ¢ ocblo X, 0 3aBEpIIEHUH MIPOLECCOB YIIPABICHUS

JOJKHA OBITh HAalpaBJieHa B CTOPOHY M300pakeHHs opueHTHpa. OAHAKO IPH HATWYUY TOTPELIHOCTH I0CTH-
poBku BY otnocutensHo CCK JIA B ropu3oHTanbHON miIockocTy HenoaswkHoe nepekpectue (HIT) mocne
KOppEeKIUH Kypca He OylIeT COBMaaaTh ¢ M300pakeHHEeM OpHeHTHpa. Pacuer GOKOBOTO OTKJIOHEHUS Z TIO
BBIpaKECHHIO (9) B ATOM CiTydae OyZIeT HEBEPHBIM (pE3yJIbTaT COOTBETCTBYET TOUKE 3 Ha PHUC. 4) M OTIMIATHCS
OT UCTUHHOTO 3HAYECHUS Ha BEINUNHY

AZ =Dtg(A9;), (11)

rae AZ — omuOka BBIYHCICHUS OOKOBOTO OTKJIOHEHMS, BBI3BaHHAsl MOTPELIHOCTHIO IOCTUPOBKU BY;
D — nanpHOCTb 10 OPHEHTHpPA B MOMEHT BbinonHeHus «BK» koopaunar JIA; A¢. — HOTrpemHOCTh IOCTHU-

poeku BY orHocuTensHo CCK JIA B ropu3oHTaNbHOM m1ockocTr. COOTBETCTBEHHO HEBEPHO OyIeT paccuu-
TaHO U 3HAYCHHE CKOPPEKTHPOBAHHOTO 3aJaHHOTO Kypca W, . [ToaTomy JIA Oyner IBUraThCs ¢ IOCTOSHHBIM

O6oxoBbIM oTkiIoHeHHEM AZ ot JI3II, a m3o0paskeHne opueHTHpa OymeT cMmemarkes oTHocutensHo HIT BY.
Jia peanu3anyu MeTo1a KOHTPOJISl TOYHOCTH FOCTUPOBKH BY mpensaraeTcs MOBTOPHO BHITOIHUTH MTPHUBSI3KY
K OPHEHTHPY C TOMOIIBI0 MEXaHU3Ma YIIpaBJeHus MOABIKHBIM mepekpectuem (MY III). IIpu sTom yron
BusupoBaHus ¢, ¢uxcupyercs COK, a BemmunHa G0KOBOro OTKIOHEHHS AZ (Touka 4 Ha pHC. 4) MOXKET

6BITI) OHpeJleJIeHa Bpra)KeHHeM
AZ=Dltg(A¢r—¢r), (12)

rae AZ — omuOKa BEIYUCIIEHHUs: OOKOBOTO OTKJIOHEHUS, BbI3BaHHAS yIIIOM AQ.; D, — JaabHOCTb JI0 OPHEH-
THpPa B MOMEHT ITIOBTOPHOM NPUBA3KY; ¢ — yrold BU3HPOBAaHMS OPHEHTHPA B MOMEHT IOBTOPHOM IIPUBA3KH.
C yuerom paBenctsa (11) u (12) norpemHocTts 1ocTUpoBKH BY OyneT onpenensTsCsi COOTHOIEHUEM

- -
D D D
—1+ = [1-2(1+2tg’d, ) +| —
) D Dl( 2°0r) D
A, =arctg D . (13)
2—t
D, gor

Jis onpeneneHus IOrpelHoCT I0cTUpoBkd BY kak paccornacosanus A, mexny Hyiaem ocu HII u
CCK JIA ucnonb3yetcs ananutudeckas 3aBucumoctsb (13) u manusie COK [12-16].
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BaHHUW TAKTHKO-TEXHHYECKHX TpeOoBaHMH K ammapatype oneparuBHoro koHTpons TX ODIIpHK, npu pasz-
pabotke n obocHOoBaHWH MeTonoB ympasieHus TX B OTC, metomoB TO AT mo COCTOSHHIO ¢ KOHTPOJIEM
[apaMeTpoB, a TaKKe B yd4eOHOM MpoLiecce By30B IPH MOATOTOBKE CHELUAIMCTOB 110 3KCIUTyaTalli TeXHH-
YECKHUX CUCTEM Pa3IMYHOTO HA3HAUCHHS.
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METOABI OITEPATUBHO OIIEHKH 1 OBECIIEYEHUA
TOYHOCTHBIX XAPAKTEPHUCTHUK OIITUKO-9AEKTPOHHbIX
INPUOEADHO-HABHUTAITMOHHBIX KOMITAEKCOB C HCITOAB3OBAHHUEM
AAHHBIX CPEACTB OBBEKTUBHOT' O KOHTPOAS (uacrp 2)

10. T. 3pipsinoB

TamO0BCKMi rocy1apCTBEHHBIH TEXHUYECKUH yHUBepcuTeT, Tam0oB, Poccns
zut-tmb@mail.ru

AnHoTanuA. AkmyansHocms u yeau. VI3BeCTHBIE METOBI OIICHKH TOYHOCTHBIX XapaKTEPUCTHK, CIIOCOOBI FOCTH-
POBKH 1 KoMIteHcanuu norpemHoctei nogacuctem ODIIpHK TpyroemMku 1 mpoaoinKuTeNnsHEI 1o BpeMeHn. Kpome Toro,
MHOroo0pa3ue U CTOXaCTHYECKHH XapakTep BO3JACHCTBHS IKCILTyaTallHOHHBIX (akTopoB Ha moncuctembl OSIIpHK
MIPUBOAAT K TOMY, YTO IIPY OJHOW U TOM ke HapaOOTKE MIIN MIPOJAOIDKUTEIHHOCTH IKCILUTYaTAIli OHU UMEIOT pa3InIHbIe
TX. B cBs3u ¢ 3TM HapabOTKa WIIM KaJeHIapHBIN CPOK CiIyO0bl He XapakTepusytoT ogHo3Hauno TX ODIIpHK, uro
ompeessieT aKTyallbHOCTh Pa3padOTKHA METOJIOB ONEPATUBHON OIeHKH TX M KOMIICHCAIIMH BBISBJICHHBIX ITOIPEIIHO-
cTell B MeXpEerJIaMeHTHBIN 1epro| dKcIutyaTauun. Llenb paboTel — pa3paboTka METO/I0B ONEPaTUBHOW OLIEHKU U 00ec-
nedenus TX O3IpHK ¢ ucnonp3oBaHreM NaHHBIX CPENICTB OOBEKTUBHOI'O KOHTPOJIS HA OCHOBE aIAITHBHOTO YIIPaB-
JIeHHUs MPO(UITAKTUKON B MEXKPETIaMEHTHBIN TEPUO]] IKCILTYaTalluX C YIeTOM (DYHKIIMOHAIBHBIX ¥ KOHCTPYKTHBHBIX
0coOeHHOCTEH, BHEAPEHHS KOHIICTIITUH TEXHUIECKOTO 00CIYKIUBAHUS IO COCTOSIHHIO C KOHTPOJIEM ITapaMeTpoB, alleK-
BaTHOH 3KcInTyaTannoHHeIM cBoricTBaM ODIIpHK. Mamepuanet u memoowt. 171 TOCTHXEHUS TIOCTaBICHHOM SN HC-
MTOJIF30BAHBI METOABI MATEMAaTHUECKOTO MOACITHUPOBAHNS, TCOPHH BEPOSITHOCTEH W MaTeMAaTHIECKON CTATUCTHKH, Me-
TOJBI MHTETPATBHOTO U IU(GEpEeHIINATIHFHOI0 UCYUCICHUS, METOa aHaIM3a MepapXxuil, MeToJa IPYyMIIOBOrO ydera
apryMeHTOB. Pe3ynomamul u 66160061. Pa3paboTaHHBIE HOBBIE METOIBI KOHTPOJISI TOUHOCTH focTupoBku BY O3IIpHK
B II0JIETE, HOBH3HA KOTOPHIX MOATBEPIK/IEHA COOTBETCTBYIOIIMMH MATEHTAMHU Ha CIIOCOOBI X pean3allii, TO3BOJISIOT
noBeicuTh ToToBHOCT, ODIIpHK K npuMeHeHuto, CHU3UTh TPyJ03aTparhl Ha obecniedyenne TX B MexperiaMeHTHBIN
MEepUOoJ IKCIUTyaTallud B IIEJIOM Ha TMOPSAAOK, a TAaKXKe MOBBICUTh MHTETPAJIbHYI0 TOYHOCTh IOCTHMPOBKH IPUMEPHO
B 3 paza. [lonyueHHble B paboTe pe3ysIbTaThl HAyYHBIX UCCIIEIOBaHUN MOT'YT OBITh UCIIOJIB30BaHbI MPU 00O0CHOBAaHUHU
TaKTHKO-TEXHUYECKHUX TpeOoBaHuii k armnaparype onepariuBHoro kourpoist TX OS3IIpHK, npu paspaborke u o6ocHO-
BaHUHM METOJIOB ympaBieHus TX MmpH 3KCIDIyaTaldd MO COCTOSIHUIO C KOHTPOJEM IMapaMeTpPOB, a TAKKE B YICOHOM
Ipolecce By30B IIPU MOATOTOBKE CIIELUATIICTOB M0 SKCIUTyaTallul TEXHUYECKUX CUCTEM PA3IUYHOIO HA3HAUEHMUSL.

KiroueBble ¢j10Ba: TOYHOCTHBIC XapaKTEPUCTHUKHU, OPraHU3allMOHHO-TEXHUYECKAass CUCTEMA, CPEACTBA 00BeK-
TUBHOI'O KOHTPOJISA, TCXHUYECCKOE COCTOSAHUE, JIETHBIC DKCIIEPUMEHTHI, BUSUPHBIC YCTpOﬁCTBa, «BU3yaJIbHasA KOPPEK-
s, TOTPEIIHOCTH FOCTUPOBKH JIA3€EPHOTO 1 BUSUPHOI'O KaHAJIOB

Js murupoBanus: 3e1psHOB FO. T. Metop! onepaTHBHOMN OLEHKH U 00ECTICUSHNS TOUHOCTHBIX XapaKTEPUCTHK ONTHKO-3JIEK-
TPOHHBIX MPHLEIFHO-HABUTAIIMOHHBIX KOMIUIEKCOB C UCTIONIBh30BAHIEM TaHHBIX CPEICTB OOBEKTUBHOIO KOHTPOIS (d4acTh 2) // Hamex-
HOCTb ¥ Ka4eCTBO CIOXHBIX cucTeM. 2023. Ne 2. C. 72-82. doi:10.21685/2307-4205-2023-2-8

METHODS OF OPERATIONAL EVALUATION AND ENSURING
THE ACCURACY CHARACTERISTICS OF OPTO-ELECTRONIC
SIGHTING AND NAVIGATION COMPLEXES
USING THESE OBJECTIVE CONTROL TOOLS (Part2)

Yu.T. Zyryanov

Tambov State Technical University, Tambov, Russia
zut-tmb@mail.ru

Abstract. Background. Known methods for estimating TH, methods for adjusting and compensating for errors
in the OEPrNK subsystems are laborious and time consuming. In addition, the diversity and stochastic nature of the
impact of operational factors on the subsystems of the OEPrNK lead to the fact that, with the same operating time or
duration of operation, they have different performance characteristics. In this regard, the operating time or calendar
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service life do not unambiguously characterize the performance characteristics of the OEPrNK, which determines the
relevance of developing methods for the operational assessment of performance characteristics and compensation for
the identified errors in the interregional period of operation. Goal of the work — development of methods for operational
assessment and provision of technical characteristics of the OEPrNK using these means of objective control (SOC)
based on adaptive management of prevention in the interregional period of operation, taking into account the functional
and design features, the introduction of the concept of maintenance (TO) according to the state with the control of
parameters that is adequate to the operational properties of the OEPrNK . Materials and methods. To achieve this goal,
methods of mathematical modeling, probability theory and mathematical statistics, methods of integral and differential
calculus, the method of analysis of hierarchies, the method of group accounting of arguments were used. Results and
conclusions. The developed new methods for controlling the accuracy of the adjustment of the OEPrNK VU in flight,
the novelty of which is confirmed by the corresponding patents for the methods of their implementation, make it possible
to increase the readiness of the OEPrNK for use, reduce labor costs for providing technical characteristics in the inter-
regional period of operation as a whole by an order of magnitude, and also increase the integral accuracy of adjustment
by about 3 times. The results of scientific research obtained in the work can be used in substantiating the tactical and
technical requirements for the operational control equipment of the TC OEprNK, in the development and justification
of methods for controlling the TC during operation as with the control of parameters, as well as in the educational
process of universities in the training of specialists in the operation of technical systems for various purposes.

Keywords: accuracy characteristics, organizational and technical system, means of objective control, technical
condition, flight experiments, sighting devices, "visual correction", adjustment errors of the laser and sighting channels

For citation: Zyryanov Yu.T. Methods of operational evaluation and ensuring the accuracy characteristics of opto-electronic
sighting and navigation complexes using these objective control tools (part 2). Nadezhnost' i kachestvo slozhnykh sistem = Reliability
and quality of complex systems. 2023;(2):72—82. (In Russ.). doi:10.21685/2307-4205-2023-2-8

BBepenne

B HacTositiee BpeMst 1J1st OCTUPOBKH ONITUKO-3JICKTPOHHBIX MTPULICITBHO-HABUTAITHOHHBIX KOMIUICKCOB
(OD3IIpHK) camosietoB TakTHueckoit aBuaruu (TA) npuMeHsieTCsl HA3eMHBIH METO] FOCTUPOBKH C UCTIONb-
30BaHUEM CHeHHaHBHOﬁ MHUIIICHHU. CYHIHOCTB METOJ]a COCTOUT B IIPUBA3KE CBSI3aHHOM CHCTEMBI KOOpauHaT
(CCK) JIA k Mummenu, ycraHoBlieHHOU BIiepenn JIA Ha QUKCHPOBAHHOM PACCTOSIHUH, ONPEICIICHUHA BU3Y-
anpHO 1o oTyeTHOMY Bu3npy (OB) paccormacoBanns MexIay MepeKpecTHeM Ha MHIIEHH, HHIUIUPYIOIIHM
TpeOyeMoe MOI0KEHNE «HYIISD» HETIOJBIKHOW OCH BH3HPHOTO ycTpoiicTBa (BY) — mpumena xoymumMarop-
HOTO THIIA U UCTHHHBIM TIOJIOKEHHEM HETOABIKHOM ocu BY . [lanee MmexaHmyecKuM criocoO0OM ycTpaHsieTcs
(xoMneHcupyeTcs) nmorpemHocts. K HegocTaTkaM MOXKHO OTHECTH OOJBIIOE KOJHMYECTBO MPHMEHSIEMBIX
CpEJICTB, a TAKXKE BBICOKHE TPYI03aTPaThl IIPH IPOBEJCHNUH IOCTUPOBKH. B yacTu 1 cTaThy npoBeieH aHaN3
COCTOSTHUS TIpoOIeMBbl BccienoBadmsa. B coctaB npobmemuoit obinactu Bxomsat TX OBIIpHK, yciaoBus BbI-
TTOJTHEHMSI PACCMaTPUBAEMBIX PEKMMOB (DyHKITMOHUPOBAHIS M YCIIOBHUS BO3eiicTBHA BHeIHeH cpensbl. [1po-
n3BeneHa (hopManM30BaHHAs MOCTAHOBKA 33/1a4d MccienoBanus. [IpoBenieH aHaMM3 U OIIEHKA BIUSHUS T10-
rpemHocteil octupoBkn BY na TX ODIIpHK, Bkmowatomme B ce0si METOOMKY aHajiM3a BIHSHUS
MOTPEIIHOCTEN IOCTUPOBKY J1a3epHOTo 1 Bu3upHOro kaHanos (JI u BK) Ha BeposTHOCT onpeneneHus nep-
BHYHBIX NIapAMETPOB LeNH. [IpenioxkeHbl METOL U AJITOPUTM ONEPATUBHOM OLEHKH TOYHOCTH KOCTUPOBKHU
BY orHOocuTensHO cBs3aHHOM cucteMbl kKoopauHaT (CCK) JIA B TOpH30HTAIBEHOM IUIOCKOCTH B TIOJIETE C
MPUMEHEHUEM PEXUMA BU3yaIbHOU Koppekiuu «BK».

B nanHo#i crarbe (4acTh 2) pa3paboTaH METOM M ajJTrOPUTM OINEPATUBHOM OIEHKH TOYHOCTH IOCTH-
poBku BY otHocutensHo CCK JIA B BepTHKaIBHOH INIOCKOCTH B IIOJIETE C UCIIOJIB30BAHUEM peXUMa MpH-
BSI3KU U CIIC)KCHUS 32 HA3MHOU TOUYCYHOMN HETOABIKHON MUIIICHBIO ¢ (PUKCHPOBAHHBIM YTJIOM MPHUIICITUBA-
Hust. [IpoBeseH aHanW3 pe3yinbTaTOB JIETHBIX OJKCIEpUMEHTOB. [IpomsBeneHa omeHka 3(PQEKTHBHOCTH
pa3paboTaHHBIX METOJIOB.

Pe3yAbTaTpl HCCACAOBAHHI

IIpu pazpaboTke MeTO/Ia ¥ ANTOPUTMA OTIEPATUBHON OIIEHKH TOYHOCTH IOCTUPOBKH BY OTHOCHTENHHO
CCK JIA B BepTHKAJIbHOM MJIOCKOCTH YITCHB OCOOCHHOCTH BBITOTHCHISI PEKIMA CIICKEHHS 3a TOUCTHOH
HA3eMHOM HEMOJBIKHON 1eNbl0 (MUIIEHBIO) ¢ (PUKCHPOBAHHBIM YIJIOM TNpHIENnBaHus. M3BecTHO, 4TO B
MOMECHT MPHBSI3KU U CIIEKECHUS ¢ (PUKCUPOBAHHBIM yIJIOM NPUIICIUBAHUS TPaeKTOpUs ABMKeHus JIA B Bep-
TUKaJHHOHN TJIOCKOCTH MPEACTABIAeTCS JIoTapuPMUIecKoi KpuBoi. Pa3paboTaHHBIM METO KOHTPOJS TOY-
HOCTH IOCTUPOBKH HETIOABM)KHOW OCH TPHUIIETA B BEPTUKAIBLHOMN IJIOCKOCTU 3aKIIOYAETCSl B TIPUBSI3KE BO
BpeMs I0JIeTa CBA3aHHOM CHUCTEMBI KOOPAUHAT JICTATEILHOIO amnmapara K MUILICHU, HAXOSAIICHCs Ha 3eMIie,
OCYIIECTBICHUN CIEXKEHHs] 32 TOYEYHOW HA3eMHOW HENOJBI)KHON Ienblo (MHIIEHBIO) MaHEBPOM
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JIETaTeIbHOTO ammapara ¢ (GUKCUPOBAHHBIM YTIIOM IPHUIETUBAHKS U OIPENEICHUH MOTPEITHOCTH FOCTH-
POBKH KaK Pa3sHOCTH MEXAY (PUKCHPOBAHHBIM yTIIOM MPHUIEIMBAHUS — HyJIeM HEToABIKHON ocu BY u pac-
YETHBIM yTJIOM MPHUIICIIUBAHIS, OTIPEIEIIEMBIM MTOCIIE TTOJIETa IO JAHHBIM CPEJICTB OO BEKTUBHOTO KOHTPOJIS
(COK) ¢ ucronp30BaHuEM aHATUTUYECKON 3aBUCUMOCTH. B 3TOM ciy4ae yroia MecTa U JAIbHOCTh J0 MH-
IIeHN JJ151 JTF000# TOUKH TPAeKTOPHUH CBS3aHBI 3aBUCHMOCTHIO

8:80—(¢$—am)lnDﬂ, (1)

0
rae € — yroji MeCcTta MUIIICHU, €, — yroi mMecta MHIICHU B HaYaJIbHBIA MOMEHT npunejauBaHusd; o, — YToJl

araku JIA; D, — HayanbHas JAIbHOCTb O MUIIEHU; D — TeKyllee 3HaYEHUE JaIbHOCTY; (1)3 — Qurcupo-

BaHHBIN yToJ MPUIIEIUBAHNS.
ITockonbKy yros Mekay CTpOUTENbHOM oCcbio JIA X| M TOpU30HTAIbHOM INIOCKOCTBIO OIIPEEIAeTCs

yIJIOM TaHraxa 0, , To Beipaxkerue (1) ¢ yuetom paBeHcTBa €=1, +¢g +¢0B MPUBOIUTCA K BULY

9=0,(¢% -0, )ln—-. @)

0

0 N 0
rae Op — yrou, ONpeensoLIHii MON0KEHNe Och X ; «HOIIb» HemoaBrmkHoro nepekpectust (HIT) BusupHoro

ycrpoiicta (BY), — mocTossHHas BeJIMYMHA, COOTBETCTBYIOMIAs KOHKpeTHOMY THy JIA; U— TekyIuee 3Ha-
YeHue yria TaHraxa. [I[puMenenue qaHHOTO pesKuMa JUIsl OIIEHKH TOYHOCTH IOCTUPOBKH (BBICTaBKK) BY oT-
HocutenbHo CCK JIA B BepTHKaIbHOW IJIOCKOCTH IMpPEAIOJaraeT BHIIOIHEHHE JIBYX MOCIEI0BATEIbHBIX
NIeHCTBHIA: oTlpeneneHne TpedyeMbIX (OMTOPHBIX) TpaeKTopuii nBrxkeHus JIA npu pukcupoBaHHOM yTIie Ipu-
nenuBaHus (Harpumep, mis «uayispy HIT BY); onpenenenue BeIpakeHNsT B3aUMOCBS3H MTapaMeTPOB JIBIKE-

HUSI B MOMEHT MPHMBSI3KH M MOCIIEAYIONIETr0 CIIeXEHus 3a MumieHblo [ 1-5]. TlorpemsocTs roctupoBka Ady ,
(o
KaK pasHOCTh MeXIy (DMKCHPOBAHHBIM yIIIOM mpulienuBanus — «Hyas» HIT BY ¢y B 1 pacueTHbIM yriom
COK
npuuenuBanus Oy, onpenensieMbiM Ha 3emite o matepuaiam COK
1 n
_ ¢ COK
Ad, __Z(q)B,» IR ) ’ 3
N

. . COK
r1e 7 — KOJIMYECTBO TOYCK CUMTBIBAHMS TONeTHOM nH(opMmarmu, peructpupyemoit COK; ¢ — pacuetHoe

3HAYCHUE yrJjia, KOTOPOEC ONPECACTIACTCA 10 JaHHBIM COK ¢ Y4YE€TOM ypaBHCHUA (3) 110 BBIPAXKCHUIO
v, -0
cox _ Y,
B = D + aaT . (4)
In—
0

W3BecTHO, YTO MOPSIOK CIy4YalHBIX OIMIMOOK M3MEPEHUs yIjla aTaku OOPTOBBIMM JaTYMKaMU THUIIA
JaTduk yraa ataku (JJYA) comzmepuM ¢ mopsaKoM cucTeMaTHUecKUX MorperHocTel octuposku BY. Tlo-
ATOMY 3HAUEHHUE yIJa aTaKu O, OIpeieiseTcs o Gopmye

=S 5 (5)

rne G —Bec JIA; S — miomaas MOBEPXHOCTH KPhLIA, CY —npousBoJHas KO3()(PUIKEHTA OXBEMHOMN CUIIBI
10 YIJ1y aTaku B CBSI3aHHOW CUCTEME KOOPJIMHAT; ¢ — CKOPOCTHOM Hamop BO3YIIHOTO MOTOKA; 7 , — 3Hade-

HHE BepPTUKAIBHON neperpy3ku. CymHoCTh croco0a NOsICHASTCS CIEAYIOUIMMH paccyKaeHuIMu. J{s omnpe-
JieJIeHNsl yIla aTaku o.,, 110 BBIpa)KeHUIo (5) 10cTaTOYHO JaHHBIX, pukcupyembix COK, a Taxxke npuBonu-

MBIX B TeXHHYEeCKOM omrcanuu JIA. B wactHOoCTH, Bec JIA onpeaensroT Kak CyMMy

G=G,+G,+G,, (6)
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rae G, — Bec JIA 6e3 TomIMBa U MOJBECOK, yKa3aHHbIN B ero Texundeckom onucanuu (TO); G, — Bec moa-
BECOK, OMPEJIENSEMbIH B COOTBETCTBUHU C MONETHBIM 3axanuem; G, =G, —G, — TeKylmid BeC TOIUIMBA,
G,,,— BEC 3aMPABJICHHOTO TOIUINBA, ONPEAEIAIOT B COOTBETCTBHH C TIOJIETHBIM 3aianneM, G, — BEC TOILINBA,
M3pacXOA0BAaHHOTO 33 BPeMs IOJIETa, ONPEEISIOT 1o GopmyIe

s

N A
Gmp = Z Gmnpi F (7)
i=1 0

Kak CyMMmy N pacxoaoB TOIJIMBA HAa PA3JIMYHBIX PEKUMAX pa6OTBI JABUTI'aTCIIA JIA B TeueHue moieta a0

MOMCHTA IIPUBA3KU K MUIIICHU, G =G (nnp) - HpPIBeI[eHHLIfI pacxoJ TomninBa, OHpe,Z[CHSIeMLIﬁ B 3aBU-

mnpi mnpi

CHMOCTH OT BEJIMYHMHBI 71,, 10 TpaduKky B Texunueckom onucanuu (TO) JIA, n,, — npuseneHHas yacToTa

BpaleHus poropa nsuratens JIA, onpenensiot no Gopmyie

r s @®)

IJe 7 —4acTOTa BpalleHHus poTopa asurarens, peructpupyemas COK; 7, =288K — abGcomnroTHas Temiepa-
Typa BO3[yXa Ha ypOBHE MOPSI B CTAHIAPTHBIX aTMOC(EPHBIX yCIOBUSX; 71* =T, (1 +0,2M° ) — TeMneparypa
3aTOPMOXKEHHOI'0 IIOTOKA BO3/yXa Ha BXOJ€ B ABurareins; 7, = 288,9—-0,006328 4, — temnepaTypa OKpy-

35
N * 2
JKAIOIEro BO3AyXa Ha JaHHOU BeicoTe; [ = PHGBX (M wer ) (1 +0,2M m) — IaBIIeHUE 3aTOPMOXKEHHOTO TI0-

)52553

TOKa BO34yXa Ha BXOAC B ABUrareib; P, = P (1 H / 44308

HOH BbIcOTE; F, =760 MM pT. CT. — JaBJIEHHE BO3JyXa Ha ypOBHE MOpPSA B CTaHIAPTHHIX aTMOC(HEPHBIX

er — JJaBJICHUE OKPY’KAIOIIET0 BO3AyXa Ha JAaH-
yenoBusix; O, (M, ) — craugapTHbIil KO3(Q(UIHMEHT BOCCTAHOBIECHNUS [OJIHOTO JABICHNs, IPadUK 3aBHCH-
MOCTH KOTOPOT'O OT 4ynciia Maxa npuBoautcs B pabore M, =M +O0M, —MCTHHHOE 3HaYeHHe yuciia Maxa;
M — 3nadenue uncna Maxa, peructpupyemoe COK; OM, (M Lo m) — a’poJMHAMMYECKasl MONpaBKa MoKa-

3aHU{ JaTyuka nmpueMHuka BozayurHoro aasienus (IIBM) nna IIB/] ¢ onHO#, 1ByMs MK TpeMsl KaMepamu
CTaTUYECKOI'0  JaBJEHHs, HOMOIpaMMBI OINpEIEICHUs KOTOpPOro MpuUBOAATCS B pabore [5];
H, =H+0H,  +08H,— Gapomerpuueckas BbicoTa; H — BblcoTa mnoiera, peructpupyemas COK, 6H  —

MOTIpaBKa Ha 3ama3AbIBaHue, ompeaenseMas mo Gopmyse

8H,, =-29,27T, % , (€)]

H

3ar

rie OP, (H , Vy) — TIONPABKa Ha 3aNa3/bIBaHUe NABICHUS; V/, — BepTUKalIbHAs COCTaBIsIOmas ckopoctu JIA,

peructpupyercst COK, 0H, (SM oM, H ) — a’poArHaMHUUEcKas MOIMPABKa, ONpeAessieMast 10 HOMOrpaMMe B

nurepatype. Ilnomans kpsuia JIA S npusomurcs B TO JIA. IpousBoanas kod(dHIMEHTa OILEMHOM CUIIBI
1O yIiTy aTakk B CBSA3aHHOM cucteme koopaunar Cy (M, ) — npusoautcs B TO JIA. CxopocTHol Hamop

BO3/YIIHOI'O TIOTOKA ¢ OMPEACIISIOT 10 GPopMyJie
p \%
qg="1—, (10)

rae Py = 1,225( 0,9985-0,092H_+0, 00278HF2 —O,OOOO2HF3 -0, OOOOOOZHF4 ) — IUIOTHOCTHh BO3JyXa Ha

JaHHoi Beicore; H =1-0,0001/,  — reonorenuanbHas BeICOTa; v =72,166M ;.. /T, — HICTUHHOE 3HaYe-

HUe ckopocTu nozera JIA.
3HaueHne BEPTUKaIbHOMU neperpysku n, perucrpupyercs COK.
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C YUCTOM NPHUBCACHHBIX BBIIIC q)OpMyJ'I BBIPAXXCHHUC IJI1 ONPCACIICHUSA yTIJla aTaKu NPUMET BU

44308

S5 760
o, = 1 X
5Cj‘ (M,.,;)1,225(0,9985-0,092H, +0,00278 H; —0,00002, )

5.2553
1 N GT.Hp. (nnp.i ) 760(1 - I_Inmj GBX (Mnm-i )(1 + 0’ 2Mfc'ri )2

\/(288,9—0, 006328H,.)(1+0,2M. ) R
t

288 !
760

J/288,90,006328H,,, )2

X n,, (1D

UCT

(72,166M

rae Bec JIA

H 5.2553 5
Gm.np. (nnp.i ) 760(1 - 44n3€8’8j GBX (Mncmi ) (1 + 0’ 2Mjcmi )

N
G=2 760

i=1

X

\/ (288,9-0,006328H,,,,,)(1+0,2M?,,) .
t

288 '
12
760 (12)

X

CKOpPOCTHOH Hamop:

2
1,225(0,9985-0,092H, +0,00278H —0,00002H, )(72,166M,,,,/288,9-0,006328H,,, |
g= . (13)
2

S — nnomans kpeina JIA; Cj‘ — Mpou3BOIHAs KOA(PDHUITUSHTA TTIOABEMHOM CHIIBI 0 YIITy aTakKu B CBSI3aHHOU

CHCTEME KOOPAMHAT; 71, — 3HAYCHHE BEPTHKAIIbHOM NEPErpy3KHu.

Jlannbie neTHbIX 3KciepuMeHToB (JID), mpoBeneHHbIX Ha camoneTax TA Tuna Mur-29, Cy-27, nonrsep-
JKIAI0T 000CHOBAHHOCTH MPEIOKEHHBIX METONOB. J{JI1 IMUTALNK TOTPELIHOCTEH IOCTUPOBKH Ha HETIOJBHK-

o (]
Holi ceTke BY BbIOpans! onopusie Touku npuienusanus Oy =30, 35, 40 mpaz. Ha puc. 1 npencrasieHsl rpa-
Guku n3MeHeHus neieBoil QyHkiuu O Ha ydacTKax CIEKEHHs 3a LebI0 ¢ (PUKCUPOBAHHBIMU YIVIAMM

D
MMpULICINBAHUA q)B =30 . 35 . 40 MpaJi COOTBETCTBCHHO B 3aBUCHUMOCTH OT BPEMCHH CJIC)KCHHUS 324 MULICHBIO [ .

g g i
-19.2 -19,71 -22,7:
-19,0» 19,5~ 22,5
18,8 19,3 =i 223
.\\. ¥
-18,6 -19,1 22,1
\‘\ ‘\“
-18.4 -18,9 x 21,9
\\\
-18,2 -18,7 No-21,7
0 1 2 3 4 5 6ft/c 0 1 2 3 4 5fjc 0
a) 0) 6)
—— -pesymeratel MM; —— -JI9; —O— -JI9 (MHK); ----JI3(P); ----JI3(CP)

Puc. 1. I'paduku n3menenus ueneBor pyHkuuu O
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O6paboTka nanHbIX JID npoBOnMIACH C UCIIOJIB30BAHUEM OAHOTO M3 AITOPUTMOB CaMOOPIaHU3AINH
MareMaTHdeckux Mozeneil Ha OBM. B kauecTBe BHEIIHMX KpUTEpueB cenaekuud MM HCcronb30BaInch: Me-
tox HanMmeHbuX kBajaparoB (MHK); perynsaprocts (P) u cummerpuunas perynsipaocts (CP). Ananus mo-
JTy4EeHHBIX PE3yJIBTaTOB MO3BOJISET CACIATh CIEAYIOIINE BEIBOABI: OLIEHKA MaCCHBOB JJaHHBIX, BEIYMCIICHHBIC
C ITOMOIIBIO aHATMTHYECKO 3aBrcuMocTH 1o nanHeIM COK (MJIII-14-3), cormacyioTcs ¢ pe3yabraTaMi Mo-
nenmuposanus ¢ omolbio MMC; Hanbosiee YyBCTBUTEIBHBIM U MIPUEMIIEMBIM KPUTEPUEM CENICKIIMH MOJIE-
ner no na"vueM JID asistetcas MHK.

Kpome Toro, npu npoBeeHNH IKCTIEPUMEHTAIBHBIX HCCIIEI0BAHUI MOMyYEHBI Pe3yIbTaThl, IPEICTaB-
JISIIOIIME HOBHU3HY B BOGHHO-TIPHKJIQJIHOM aclleKTe, CBA3aHHBIC C MPAKTUYECKON peann3anieil MeToaa KoH-
TPOJIsI TOYHOCTH IOCTUPOBKM BY B ropusoHTanbHOil miockoct camoneroB tuna Cy-27. MccnenoBaHsl xa-
PaKTEPUCTUKN TOYHOCTH Pa3pabOTaHHOTO aJTOPUTMHYECKOTO OOECHedeHHs Ha OCHOBE MaTeMaTH4ecKOro
MOJICTMPOBAHUS MPOIECCa Peau3aliy PEXXUMOB C Pa3TNYHBIMI HAYAJIbHBIMU yCIOBHSMH. Pe3ynsrars uc-

CJIENIOBAHUSA BIMAHUA JAIBHOCTH [ 10 OPUEHTHPA B 3aBUCMMOCTH OT 3HA4eHMH AQ . W (Aq)rm —Aq)r)
17151 QUKCHPOBAHHBIX A, Ha TOYHOCTb BhINOJNHEHUs pexkuma «BK» mokasansl Ha puc. 2 u 3. U3 rpaduxos

BHUJHO, YTO peasibHOE 3HaUE€HUE ONpEeNieMOi MOrPENTHOCTH TaKkKe BIHUAET Ha TOYHOCTh OlleHKH. [Ipu yBe-
JMYEHUH 3HAYEHUs MOTPEIIHOCTH YBEIMYMBAETCS M AAJBHOCTb JO OPUEHTHPA, IPHU KOTOPOH MPOUCXOTUT
CPBIB pacUeTHBIX 3HAYSHUH MOTPEUTHOCTEN B 00JIaCTh HEYIOBIETBOPUTENBHBIX 3HaUCHHH (puc. 2).

'&w-' T { paa
r0.004
0,003
F 0,003
0.002 \
- F 0,002
A, =0,001 pan \\
F 0,001
DMy 1 1 1 1 0
- 10000 -R000O -5000 -4000 -2000 \
. ) . . . F —0,001
F =002
L —0.003

Puc. 2. 'padux cpriBa pacqeTHBIX 3HAYCHUH ITOTPEITHOCTEH
[Ipu 3TOM Takke BO3pACTAIOT 3HAYCHHUSI OIIUOOK ONPEACICHSI TOTPEITHOCTH IOCTUPOBKH (puc. 3).

Ay, —Ag)/pan

r10:107°
- 810"
-6+10°
0,003
410"
L2:10"
_/—,0‘022/
A@-=0,001 pan
- : : ; 0

Dim _ 10000 -8000 -6000 -4000 -2000 0

Puc. 3. I'paduk onpeaeneHus NOrPENIHOCTH FOCTUPOBKH

HpOBeaeHa OIICHKA BJIIMAHHUA OHII/I60K, BbI3BAHHBIX KOCBEHHBIM U3MEPCHUEM JAJIbHOCTH O OPUCHTHUPA
Ha TOYHOCTH OIPCACIICHUA NOTPCITHOCTU FOCTHUPOBKHU BY. ):[aHHaH OIICHKa MpOoBOAWJIACH MJIA Pa3JIMYHBIX
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CBOMCTB penbeda MECTHOCTH. Tak, A1 paBHUHHOTO TIATO ¥ TOPUCTONW MECTHOCTH ITOTyYeHBI KPHUBBIE H3Me-
HEHUSI paCUETHBIX 3HAYCHUH TOTPEIIHOCTH, ITOKa3aHHbIE HA PUC. 4 U 5 COOTBETCTBEHHO.

(Ag,, . —A@.)ipa

(Ag, . —Ap.)/pan

5 4-10°
r4-10
L2-107" F2+10
i ,.
Dim' . : : . 0 Dim r . = : : — 0
-10000 8000 -6000 -4000 -2000 10000 -8000 -6000 -4000 -2000
Puc. 4. KpuBas n3MeHeHHs pacyeTHBIX 3HAUCHUHA Puc. 5. KpuBas u3MeHeHus: pacueTHbIX 3HAaUEHUI
MOTPENIHOCTH IEPBOM OLIEHKU MOTPEIIHOCTH BTOPOH OIIEHKH

U3 rpadmkoB BHIHO, 9TO JUIA paBHUHHON MECTHOCTH OIMWOKH M3MEPEHHS BHICOTHI MTOJIETa BIUSIOT Ha
TOYHOCTH PabOTHI aNTOpUTMa HECYIECTBEHHO. [Ipr 5TOM OMMOKHU OnpeneneHns MorperHOCTH FOCTHPOBKHI
He npeBbIIaroT 3HadeHui 0,4 %. J{1s roprcToit MECTHOCTH MaKCUMAaIbHBIEC 3HAYEHHSI OITUOKY OTIpeIeTICHHS
MOTPENIHOCTH HAXOASTCA B TEX )K€ MpefesiaX, OJHAKO Ha MaJbIX JallbHOCTAX JI0 OPHEHTHpa Halmromaercs
YBEJIMYCHHE BIMSIHUS OINOOK U3MEPEHHS BBICOTHI.

PabGorocnoco6HOCTh anropurmudeckoro odecnedenus npu Ad,, . =0 (puc. 6) Xapakrepusyercs He-
YCTOMYMBOCTBIO PACYETOB Ha OOJBIIUX JAIBHOCTSIX A0 OpUEHTHPA. BEIOpOCH! pacueTHOro 3HaueHus AQ., .

nmocturarot 1o 1 paxa. [Ipu yMeHbIIEHUN NaThbHOCTH YaCTOTa BEIOPOCOB CHIKACTCS, a aMILTUTY/Ia BHIOPOCOB
ymensbmaercs 10 0,5 pax. Takxke mpoBemeHa OICHKA BIUSHUSA OMMOOK WHepnuanbHoi cuctembl (MKB) Ha
TOYHOCTH OIPENETICHUS MOTPEeITHOCTH FocTHpoBKH BY. Ommoku KB, BeI3BaHHBIC YIIIOBBIM ApeidoM THpo-
CKOTIOB, TJTABHBIM 00Pa30M OKa3bIBAIOT BIMSHUE HA TOYHOCTH OTIPEICTICHUS KOOPAWHAT OpHEHTHPA (YTIIOBOTO
MOJIOXKEHUS JIMHUY BU3UpoBaHus). [lomydeHHbIe 3HaueHus OMIOOK OIMPEeIEH s IIOTPEITHOCTH FOCTHPOBKH
BY nns Bpemenu nonera 10 60 MuH (puc. 7) IeMOHCTPUPYIOT 3HAYUTEIHHOE BIUSHUE TOYHOCTH HHEPIIAAITb-
HOW CUCTEMBI Ha TOYHOCTH Pa0OTHI AITOPUTMUYECKOTO 00ECTICUCHUSI.

/ L - A} pal
Ag,,, /pan (Agr...—Ap)/pan
iy 1,510
r L0
F 08
F1-10
r 0.6
[ 04 - 0,510
- 0.2
0.0 Lo
[ 0.003
003 | nigaad
L i 0.510
F-0.6 0,002 3
’ F-110°
o8 A@:=0,001
A@-=0,001 pan— _
DIm : . . - L0 piy : . : , -15410°
-10000 -8000 -6000 -4000 -2000 0 -10000 -R000 6000 4000  -2000 0
Puc. 6. I'paduk paboTococobHOCTH Puc. 7. I'paduk onpeneneHus morpemHocTu
aITOPUTMIYECKOTO obecredeHus pu Ay, =0 foctipoBky BY mipu nonere 10 60 MuH

JlaHHOE BIMSIHME YMEHBINAETCA Ha MaJbIX JAJIBHOCTAX JO OPUEHTUPA, OAHAKO MUHUMAJIBHBIE 3HAYE-
HUS OITHOOK OTPENETIeHNs TOTPEITHOCTH IOCTUPOBKY COXpaHsatoTcs Ha ypoBHe 10 % mpu HyneBoM marema-
THYECKOM OXKUIAHUM, YTO II03BOJISIET TOBOPUTH O BO3MOXKHOCTH WX KOMIICHCALIMM B NPOLECCE IMOJIETA.
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Pa3paboTaHs! anropuTMBI KOMIICHCAITIH BBISBJIICHHBIX ITOTPENTHOCTEH I0CTUPOBKU BY B MexperiaMeHTHBIN
MepHO IKCILTyaTanu. BeipaboTaHbl peKOMEHAANNU TI0 alTOPUTMUYECKOH KOMIEHCAIUU MOTPEITHOCTEH
toctupoBku BY B BIIBC JIA Bo Bpems mosera u Ha 3emJie rociie 00padotku qanapix COK.

OneHka 3¢ PpeKTHBHOCTH pa3pabOTAHHBIX METOAOB

3aBUCHMOCTH CpeqHel cToumocTH 3kcmayarauuu Cep OT BpeMEHH ¢ U pa3lNU4yHBIX MEPHO0B KOH-
Tponst K Tpu M3BECTHBIX 3aTparax mokasana Ha puc. 8. CootHomenus >pdexrusHocTn W BBIIONHEHUS
OOIIpHK 3ana4 npu n3MeHeHUN cpeHer CTONMOCTH 3KcILTyarannu Cep U PA3IHYHBIX IEPHOI0B KOHTPOIIS
k TX npencrasnens! Ha puc. 9.

Cop/ %
100 10 wi% Coo/%
90 A = 30 1 - 100
30 4 npHpocT 3PPeKTHBHOCTH

CpelHAA CTOMMOCTE DKCIUIYATALIMH

L 20 207
=0 20 |

70 5
60 - k
50 -
40
30 -
20
10 A
0 S — D e i
0 20 40 60 80 100 % ¢ 20 40 60 80 100 1/ %

Puc. 8. I'padyk 3aBUCUMOCTH SKCILTyaTaIlHA Puc. 9. CoorHomenus 3 pekTHBHOCTH BBHITIOTHEHUS
OT BPEMEHU B PACUETHOM IIEPUOJE OD2IIpHK 3apau

st oneHkH 3 PEeKTUBHOCTH pa3padOTaHHBIX METONOB MPEATIOKEHBI CIIEAYIONIIe TOKazaTenu [5]:
1) oTHOCHUTENBHBIE TPYA03aTPATHI

M
= (14)
OTH T() >

P

n
M _ .0 _
rae ZT », ~ CYMMapHbIE TPYA03aTpaThl Ha IOCTUPOBKY I10 Pa3paboTaHHbIM MeToaM; T, — TPYA03aTpaThl Ha
i=1
FOCTHPOBKY 110 CYILECTBYIOICH METOUKE;
2) k03P PHULUEHT YITydIeHUs] TOYHOCTH I0OCTHPOBKH BY

T
IGO (¢)dt
K, =2

b

IGM (t)dt

0

T
yi (S I G, (t)dt —uHTErpanbHas XapaKTEPUCTHKA TOYHOCTH IOCTHPOBKH («MHTETrpabHas OMHOKa»); G, (t) -
0

cpennee kBaaparnynoe otkionenrne (CKO) norpemHocty toctupoBku BY ortHocurensro CCK JIA (craTtu-
CTUYECKUE JJaHHbIe, I0Iy4eHHbIE B B/4 75360); 0, (’c) — CKO norpemurHocty 10cTipoBKH BY oTHOCHTENBHO

CCK JIA npu peanuzanuu pa3paOb0TaHHBIX METOIOB.
[Ipu mpoBeneHNH ONEHKU YPPEKTHBHOCTH Pa3padOTaHHBIX METOJOB HCIIOIB30BAINCH HKCIIEPUMEH-
tanbHble gaHHble n3MeHeHus: CKO norpemHocTtu roctupoBku BY orHocutensno CCK JIA B 3aBHCUMOCTHU

ot Hapabotku [7]. C ygeToM TOTO, 9TO TpM <T ; , 33 OLIEHUBAEMbIH NIEPUOJI IKCIITyaTallMi MOXHO BBIMOJI-

HUTH 7 IOCTHPOBOK 0€3 YBEIWUCHUS CYMMapHBIX Tpyao3arpar. B Hamem ciydae

0
n=—t-=84.

p
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HpI/IMCM A0NYLICHUC, YTO IMOCJIC Ka)K,Z[OfI «Ol'[epaTHBHOfI» FOCTHPOBKHU NOTPCITHOCTD KOMIICHCUPYCTCA,
a 3akoH u3menenus CKO HOTPCIIHOCTU G (l) OCTacCTCA NPCIKHUM. Ha puc. 10 npeacTaBJICHbI 3aBUCUMOCTH

U3MEHEHUsI O OT BpeMeHM HapaOoTku T, ISl KOJMYeCTBA IOCTHPOBOK 1, =2,4,8 (3alITPHXOBAHO) MPH

c,=0,50,;0,=20,.

o
()
G,
/
/ :
-
e \
x .&_@
}}=8 I .1,, ‘3”24 ‘~1 2 (l)”_z 7 8 My,
0 25 50 75 1007, /4

Puc. 10. I'paduk 3aBucumoctn m3menenns CKO norpernrHocTa

IIpy HEM3MEHHBIX TPyAO03aTpaTax, COOTBETCTBYIOLIUX MAaKCHUMAJIbHOMY KOJUYECTBY «ONEPaTHBHBIX»

n
M
FOCTUPOBOK ZT =1, I? , 2. =1|, TO4HOCTH IOCTUPOBKH OyleT MaKCHMaJlbHa, a MHTErpajbHas MOIpem-

i=1

L n
HOCTh MHUHUMAJIbHa jGM (T)dT = Z Gi min , CJIICOOBATCIIBHO, KO3(I)(1)HLU(ICHT YIaydleHus TOYHOCTHU 6yI[GT
0 i=1

CTPEMHTBCS. K CBOEMY MakCHMaIbHOMy 3Hauennio (K, — K, max). Eciu «oneparnBHas» 10CTUPOBKa OyaeT

o C M M
BBITTOJTHEHA B T€ K€ CPOKH, YTO U MpH CyliecTBytomerd Mmetonuke (depe3 100 1 Hapabotkn), TO ZTP =1, .

i=l

3aKoH U3MeHeHHs1 O(f) ocraercsi mpexXHUM U K, — 1. IIpu 9TOM OTHOCHTEIBHBIE TPYI03aTPAThl CHHKAIOTCS
M

0 MHHUMAIBHBIX: Z, =—%-—> min. OLeH!M IPUPOCT TOYHOCTH K, HPH YaCTOTE IPOBEICHHS «OIepa-
P

THBHOW» FOCTHPOBKH Yepe3 paBHbIe IPOMEKyTKU BpeMeHn AT. B3auMocBs3b K, OT KOJHYECTBA FOCTUPOBOK

1, 9€PE3 PABHbIC IPOMEXKYTKH BpeMeHH AT M OTHOCHTENBHBIX TPYA03aTpar Z, . s pa3indHbIX 3HAYCHHI

OTH
o(t) mpencrasieHa Ha puc. 11. U3 rpadukos (puc. 11) BUAHO, 4TO NpeyIOKEHHbIN NoKa3aTens K, obnaxaer
XOpOIIEH YCTOMYMBOCTBIO K M3MEHEHUIO O, (7). Ilpu ysemmuenmn o, or 0,50, n0 20,
(6,=0,56,;0, =20,) koapuuuenT MenseTcst npuMepHo Ha 20 %. DTa yCTOHUNBOCTS MO3BOIISET BHIOPATH

palroHAIBHOE KOJIUYECTBO FOCTUPOBOK HE3aBUCUMO OT TOYHOCTH IOCTUPOBKU BY B MexperiaMeHTHBIN Tie-
puon 3kciuTyaranun. Ha mpaktrke 3a oneHuBaeMblid iepuon skcruryararnuu (100 1 HapaOOTKHM) TPOBOAHUTH
«OIlepaTUBHYIO» FOCTUPOBKY Oosee 4...5 pa3 HeuenecooOpa3Ho, Tak Kak K, BO3pacTaeT IpU TAKOH Mepuo-

nmuHocTH Beero Ha 10...15 %. PannonanbHoe KOTMYECTBO «ONEPATHUBHBIX) IOCTUPOBOK ), MPH MU3BECTHOM
3aKkoHe O(f) MOXKHO BBIOpaTh MO OTHOLICHHUIO MPUPOCTOB MOKa3aTeNeil Ha HHTEPBaJIC OLICHUBAEMOTO MEPH-

T

oda dKcIuryarauuu 7T, : ¥ = . MakcuMaJIbHBIA PUPOCT TOYHOCTH HA SIMHMILY TPyAO03aTpaT ymaeTcs
H

OTH

JOCTUYb IIPU IpoBeAeHHH 2...3 I0CTUPOBOK 3a nepuon 7, . Takum oOpa3oM, IpUMEHEHHE MPEAT0KEHHOTO
MOJIXO0/1a TIPH HATMYUH CTATUCTHYECKUX AaHHBIX M3MEHEHHs O(f) MO3BOJHT BHIOPATh PAIMOHATIBHYIO CTpa-

TETUI0 «OIEPaTUBHOW» I0OCTUPOBKU B MEXPETIIAMEHTHBINM ITEPUOJ] SKCILTYaTALUH.
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K T
|
o3
3 =
0'1‘ Op
A
1
0 O‘ 5 ] Zl AMNH
0 i 2 3 4 5 o6 T 8m

Puc. 11. I'padux n3menenust kodhhuurenTa yrydieHus

O¢ddexruBHOCTS pemeHus 3anaun HaBuranuu ¢ «BK» ompenensnacek mo BennynHe OOKOBOTO OTKIIO-
HeHus Z ot 3JII1 6e3 ydera U ¢ y9eToM OIICHUBAEMOTO 3HAYCHUS IMMOTPEITHOCTH FOCTHPOBKY BY. B mpoment-
HOM cOOTHOUIEHUH TIpUpocT 3¢ dexruBrocTr npumenenus ODIIpHK AW npu ncnonssoBanuu pazpaboran-
HOrO MeToJa MNokasaH Ha puc. 12. M3 rpaduka BHIHO, 4TO y4deT OLEHHMBAEMOM IOTPEIIHOCTH AQ,,
MPUBOAAIICH K omuOKe onpezeneHus 60koBoro otkinoHeHust oT 3JII1 AZ mnpu perieHnu 3a1a4i HaBUTAIHK
C BU3yaJbHOHN Koppekuuel, odbecreunBaeT npupoct dddexrnBaocTr npumenenus OBIIpHK mo 16 %.

AW I%
18

16
14 1

10

12 4
10 A
]
6 -
4
2 1
0 T T T T T T T 7

-100 -75 -50 25 0 25 50 75 100 Z/m

Puc. 12. I'paduk npouentHoro coorHouenus npupocra spdexrusaoctn ODIIpHK pazpadboranHbiM MeTOIOM

3akArouenue

Takum 06pa3zoM, pazpaboTaHHBIC HOBBIE METO/IBI, HOBH3HA KOTOPBIX MOATBEPKACHA COOTBETCTBYIOIIUMU
MaTeHTaMH Ha CIIOCOOBI X pealln3alliy, TO3BOIISIOT NOBLICUTH ToToBHOCTHE ODIIpHK K npumenenuto, CHU3UTH
TpyHo3aTparsl Ha obecriedenue TX B MeXpermaMeHTHBIN ePHO SKCIUTyaTalliH B IIEJIOM Ha MOPAIOK, a TAKKe
MTOBBICUThH HHTETPATBHYIO TOYHOCTh FOCTUPOBKH IpUMeEpHO B 3 pasza. [lomyuenusie B paboTe pe3yabTaThl HAyd-
HBIX UCCIIEIOBAHUH MOTYT OBITh UCIIOJIb30BaHbI P 0OOCHOBAHUH TAKTHKO-TEXHUYECKUX TPEOOBAHUH K arira-
patype oreparuBHOTO KoHTpoIst TX ODIIpHK, npu pa3zpaboTke n 000CHOBaHUN METOIOB yrpaBieHus TX B
OTC, meronoB TO AT mo cocTOSHUIO ¢ KOHTPOJIEM IapaMeTpoB, a TaKKe B yUeOHOM MPOIECCE BY30B IIPH
MOATOTOBKEC CIICHHUAIUCTOB IO SKCILTyaTalluu TEXHUYCCKUX CUCTEM PA3JIMYHOTO HA3HAYCHUA.
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IIPOMBIINIAEHHBIM UHTEPHET BEIIIEN
KAK PEBOAIOITMOHHBIN CKAYOK PA3SBUTH S

H. A. Ky6acos

Axanemus ynpasnenust MBJ] P®, Mocksa, Poccus
igorak@list.ru

AHHoOTamMs. AxkmyarvHocms u yenu. B ycnoBusax muppoBoi TpaHchopMaIMU rocyAapCTBEHHOTO YIPABICHHS
n On3Heca BeCbMa BaKHBIM SBJISIETCS ONPEEICHNUE POJIM U MECTa KaXJIOW M3 CKBO3HBIX TEXHOJIOTHH, YKa3aHHbBIX B
HalMOHaIBHOH porpamme «L{udposas sxonomrka Poccuiickoit @enepanuun». B paMkax qaHHOM CTaThU UCCIICIOBAHBI
POJIb M MECTO OJIHOW M3 TEXHOJIOTMH — NpOMBIIIIEHHOro VIHTepHeTa Beliel B IpHOOPOCTPOSHUH, CIIPOTHO3UPOBAHBI
OCHOBHBIE HAaIlpaBJICHHUs Pa3BUTHs IPOMBILLIEHHOTO VMHTepHeTa Bewiel Ayl ycneurHo nuudpoBoi TpaHcdopmanuu
nipudopocTpoenuss. Mamepuanst u Memoosl. MeToIaMu HCCIIeI0OBaHMs N30paHbl: aHATIM3 3apyOEHOT0 U OTEUECTBEH-
HOTO OITbITa Pa3pabOTKN ¥ BHEAPEHUs CKBO3HOI TexHOIoruu — MHTepHeTa Berel; 00001eHne pe3yabTaToB aHAIN3a,;
OIIpeZIeJICHUE POJIM U MECTa MPOMBIIIeHHOTO IHTepHeTa Benleld B puOOpOCTPOSHNH; IIPOrHO3 OCHOBHBIX HaIlpaBJie-
HUW pa3BUTHS MPOMEBIIIIEHHOr0 MHTEpHeTa BelIel I YCIENTHOH UQpPoBOi TpaHchopMayu mpruOOpOCTPOCHHS.
Pesynbmamer. OG0CHOBaHO: OCHOBHBIMHU IPEMMYIIIECTBAMHU MTPOMBIIUICHHOTO MHTEepHeTa Bemel st mpubopocTpoe-
HUS SIBIIIOTCSI CHIDKEHUE MPOM3BOJACTBEHHBIX 3aTpaT, pOCT MPOU3BOAUTENBHOCTH TPYZAA, MOBBILICHUE HANECKHOCTH U
Ka4yeCTBa IIPOU3BOAUMOTrO ITPOAYKTA; MPOMBIIIICHHBI MHTEpHET Bellel BBICTyNAeT KIHOYEBBIM IPAliBEPOM Pa3BUTHUS
undpoBoii TpaHchOopMaIIK MPOMBIIIIEHHOTO TPOU3BOICTBA, 0COOCHHO MPUOOPOCTPOSHUS, OCHOBAHHOTO Ha MPUMEHe-
HUH 1(POBBIX HHCTPYMEHTOB U pecypcoB. CIIPOrHO3MPOBaHbI OCHOBHBIC HAIIPABICHUS HaibHekero passutust 11oT
JUIsl yCTIEIIHOW LM(POBOii TpaHchOpMaIK IPOMBIIIIIEHHOTO TPOU3BOJICTBA M, B YaCTHOCTH, IPUOOPOCTPOCHHUS: TIepe-
XOJI IPOMU3BOJICTBA HA HYKOHOMHKY CEPBHCOB — «00OpYyJOBaHME Kak yciyra»; TpaHcdopmanus obnaynsix [loT-mmat-
(OopM B MHCTPYMEHT KapJAWHAJIBHOTO MOBBILIEHUS S(PEKTUBHOCTU MTPOU3BOACTBEHHBIX CHCTEM; CO3JIaHHUE HA OCHOBE
IIoT n apyrux mudpoBBIX TEXHOJIOTUI «MHTEIUIEKTyanbHON 1U(poBoi ceTn» Kak MHTepHeTa Oymymiero, XxapakTepu-
3yeMOTr0 HHTEJJIEKTYaJIbHBIMHU YCTPOHCTBAMH, TIPEIOCTABIISIONIMMY IIEPCOHANIN3NPOBAHHBIE H ITPEACKa3aTeIbHbIe -
poBbIe yeIyTH. Boisoos:. [IpoMeiniuieHHBIH IHTEpHET Belllel CTAHOBHUTCS CIEAYIOIIAM PEBOIIOIMOHHBIM CKaYKOM pa3-
BUTHS, CPABHUMBIM C H300pETEeHNEM apOBOTO JABUTATENS WJIM HHAYCTPHAIN3AINEH JIIeKTPHIECTBA.

KuroueBsle cj10Ba: MpOMBIIUICHABIN HTEpHET Bemieid, mprubopocTpoeHne, MuppoBas TpaHCHOPMALIUS, HATCK-
HOCTb, KaU€CTBO

Jnsa nutupoBanus: Ky6Gacos U. A. [IpoMbIIUICHHBII HHTEPHET Benlel Kak PeBOIIOLMOHHBIN CKadoK pa3BuThs / Hage:xxHOCTH
1 Ka4ecTBO CIOXKHBIX cucTeM. 2023. Ne 2. C. 83—89. doi:10.21685/2307-4205-2023-2-9

INDUSTRIAL INTERNET OF THINGS
AS AREVOLUTIONARY LEAP IN DEVELOPMENT

I.A. Kubasov

Academy of Management of the Ministry of Internal Affairs of Russia, Moscow, Russia
igorak@list.ru

Abstract. Background. In the context of digital transformation of public administration and business, it is very
important to determine the role and place of each of the end-to-end technologies embedded in the national program
"Digital Economy of the Russian Federation". Within the framework of this article, the role and place of one of the
technologies — the industrial Internet of Things in instrumentation is investigated and the main directions of the devel-
opment of the industrial Internet of Things for the successful digital transformation of instrumentation are substantiated.
Materials and methods. The research methods are chosen: analysis of foreign and domestic experience in the develop-
ment and implementation of end—to-end technology — the Internet of Things; generalization of the results of the analysis;
determination of the role and place of the industrial Internet of Things in instrumentation; forecast of the main directions
of development of the industrial Internet of Things for successful digital transformation of instrumentation. Results. It
is proved: the main advantages of the industrial Internet of Things for instrumentation are reduction of production costs,
increase in labor productivity, increase in reliability and quality of the manufactured product; the industrial Internet of
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Things is a key driver of the development of digital transformation of industrial production, and especially instrumen-
tation based on the use of digital tools and resources. The main directions of further development of IIoT for the suc-
cessful digital transformation of industrial production and, in particular, instrumentation are predicted: the transition of
production to the economy of services — "equipment as a service"; the transformation of cloud IToT platforms into a tool
for radically improving the efficiency of production systems; the creation of an "intelligent digital network" based on
IIoT and other digital technologies, like the Internet a future characterized by intelligent devices providing personalized
and predictive digital services. Conclusions. The industrial Internet of Things is becoming the next revolutionary leap
in development, comparable to the invention of the steam engine or the industrialization of electricity.

Keywords: industrial Internet of things, instrumentation, digital transformation, reliability, quality

For citation: Kubasov [.A. Industrial internet of things as a revolutionary leap in development. Nadezhnost'i kachestvo slozhnykh
sistem = Reliability and quality of complex systems. 2023;(2):83-89. (In Russ.). doi:10.21685/2307-4205-2023-2-9

BBepeHne

Hudposas Tparchopmaius rocy1apcTBEHHOTO YIIpaBlIeHU U OU3HEca MpenoiaraeT nepexo K Ho-
Boii, Oosiee 3 heKkTUBHON cHcTeMe yNpaBleHHsI HA OCHOBE BBICOKHMX TEXHOJOTHW. B HalmoHaIbHOH Tpo-
rpamme «Lludposas skoHomuka Poccuiickoit Denepauum» yka3aH psi CKBO3HBIX TEXHOJOTWH: Oombline
JTAaHHBIE; MCKYCCTBEHHBIH WHTEIUIEKT; TEXHOJIOTHH OECIIPOBOIHOMN CBSI3W; TEXHOIIOTUW BUPTYaITLHOW U J0O-
MTOJTHEHHOH PealbHOCTEH; HOBBIE IMPON3BOICTBEHHBIC TEXHOJIOTHH («ITH(POBON TBOWHUKY); MTPOMBITIUICH-
Hbli uHTepHET U Ap. [1]. IIpu atom IIpaButensctBom Poccuiickoit denepaiinu onpeaeneHsl TpU cTpaTeri-
YecKHe TEXHOJIOTHH B 00J1acTH UG POBOM TpaHCPOPMAIINY TOCYIaPCTBEHHOTO YIIPABICHHUS: NCKYCCTBEHHBIH
WHTEJUICKT; O0oJbIre nannbie; HTepHET Bemieit [2]. Bee 3Tu cKBO3HBIE TEXHOJIOTHN — MHHOBAITMOHHEIE CPEI-
CTBa U3MEHEHUH, TTO3BOJISIONTIE BOMTH B KAYECTBEHHO HOBBIN Mup [3]. IHHOBaNNY yKe BIMSIOT Ha TPOU3BO/I-
CTBO, 0€30M1aCHOCTh, COLMATILHYIO chepy, KyIbTYpY U Bce OCTaIbHBIE 00JacTH Hatel )u3HU. C yBEpEeHHOCTHIO
MOHO KOHCTaTHPOBaTh O HOBOM YETBEPTOM IIPOMBIIIEHHOHN peBotonuu [4].

Wutepnet Bemeit (ot anri. loT — internet of things) — 310 ceTh, 00beAUHSIONAS PUINTIECKUE O0BEKTHI,
KOTOpBIE UMEIOT BCTPOECHHBIE TEXHOIOTHH, TTO3BOJISIONINE OCYLIECTBIATh B3aUMO/IEHCTBHIE C BHELIHEN cpe-
JIOi, TIepejaBaTh CBEJIEHUS O CBOEM COCTOSIHUU M IIPUHUMATH JJaHHBIE U3 BHe ¢ moMomsio Wi-Fi, Bluetooth
WJTH TIPOBOJHOM CBs3H [5, 6]. Ocobyro posib 1 MeCTO B ITU(GPOBOH TpaHChHOpMAITHK 3aHUMAET TTPOMBITIUICH-
Heiii Uatepuet Beedt (ot anr. 1loT — industrial internet of things) — no cytu, cermeHT MIHTepHETa Belei,
KOTOPBI HEMIOCPEACTBEHHO CBS3aH C MIPOU3BOJICTBOM, /i€ OCYLIECTBIACTCS COOP JaHHBIX B PEKUME Peab-
HOT'O BPEMEHH C TIOMOIIIBIO PA3INYHBIX JATYNKOB (CEHCOPOB) M aHAIN3 TOTYUYeHHON HH(pOpMAaLnH.

Crnenyer OTMETHTD, 4TO IU(POBast TpaHcHopMaIHs MPOMBIIUIEHHOTO TIPOU3BOICTBA, OCHOBAHHAS Ha
MPUMEHEHUH MU(POBBIX TEXHOJIOTUH, B TOM YHUCIIC TIPOMBIIILIEHHOTO MIHTepHETa Belleid, Hapsay ¢ BO3MOXK-
HOCTSIMU HECET PUCKHU, KOTOPBIE Ba)KHO OCO3HABATh U KOMIIEHCUPOBATh. TOJNBKO MPEACTABBTE, YTO MOKET
CIIYYHTBCS, €CIH XaKep MOAKIIOUNTCS K TIaT(hopMe «yMHOTO0Y» IPHOOPOCTPOUTENFHOTO IPON3BOICTBA H TIe-
PEXBATUT yIpaBieHHE TPON3BOJACTBOM CUCTEM KOHTPOJIA M TUAarHOCTHPOBAHUS PaHOIEKTPOHHOM anmnapa-
TypbI1?

Bonee Toro, oxmumaercsi, 9T0 KOIMIECTBO yrpo3 0€301MacHOCTH OyAET pacTd 1Mo Mepe TOT0, KaK YCTPOii-
CTBa MPOMBINIIIEHHOTO MHTEepHEeTa Beleil cTaHOBATCS Bce Ooiee pacnpocTpaHeHHbIMU. (Gartner MporHO3H-
pyerT, uto 25 % xakepckux aTak oyayT cBs3anbl ¢ [0T, a pacxosl Ha 6e3omacHocTh [0T mocturayt $547 Mitu
B rox [6]. Tak uTo 0OecreYnTh HEe TOJBKO Ka4eCTBO M HAJIEKHOCTh «YMHBIX» CHCTEM, ONITUMHU3UPOBAThH X
CTOUMOCTb, HO 1 00€CTIeUHTh UX 0€30MaCHOCTh — BaXKHBIC 33/1a4H, CTOSIIUE Mepes pa3paboTYNKaMu.

[Tpu 5TOM KOHEUHBIH 3 (HEKT OT STHUX HUPPOBHIX MTPeoOpa3oBaHMl TPYAHO CIIPOrHO3UPOBATH C yue-
TOM BO3HHKAIOIIUX HOBBIX BBI30BOB (HETATHBHOTO (haKTOpa) U BO3MOXKHOTO CHHEPreTHIecKoro 3ddexra ot
B3aMIMHOTO BITMSTHUS HA Pa3BUTHE CKBO3HBIX TEXHOJOTHH (mo3uTHBHOTO (pakTopa). [loaToMy Bechma akTy-
ANBHBIM SIBIISIETCS CHCTEMHBIM TIOJXO0/I K pa3paboTKe U BHEAPEHHIO CKBO3HBIX TEXHOJIOTHH, a TaKkKe oIpee-
JICHHE POJIM U MECTa KaXI0H 13 CKBO3HBIX TEXHOJIOTHI B IIU(PPOBOIA TpaHCHOpMAIUH.

B pamkax naHHO#M cTaTbU MCCIIEIOBaHBI POJIb U MECTO OJTHOM M3 TEXHOJOTUM — MPOMBIIILIIEHHOro 1H-
TEpHETa Bellel B MPUOOPOCTPOSHHUH U CIIPOTHO3UPOBAHBI OCHOBHBIC HAIPABJICHHS TAILHEHIIIETO Pa3BUTHS
NpOoMBIIUTIeHHOTO MHTepHeTa Bee 11 ycnemHoi undpoBoii Tpanchopmanny npudopocTpoeHusl.

MaTtepnasbl H METOADI

Metonamu wccienoBaHus M30paHbl: aHAIHN3 3apPYOEKHOTO M OTEYECTBEHHOI'O ONbITa Pa3padOTKU U
BHEJPEHUS] CKBO3HOM TexHOJormu — VMHTepHeTa Bemiel; 0000meHne pe3ynbTaTOB aHallN3a; ONpeaelieHIe
pOJU U MeCTa MPOMEBIIIICHHOTO HTepHEeTa Belel B MPpUOOPOCTPOCHUN; TPOTHO3 OCHOBHBIX HAIIPABJICHUH
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JaTbHEUIIIero pa3BUTUS MPOMBIIIICHHOrO MHTepHeTa Belel A ycnemHonl mudpoBoi TpaHchopMaryu
TIPUOOPOCTPOCHUS.

PesyapTaThI

Becwsma BaxkHEI cermenT MHTepHETa Bemiei — npombiuieHHb MaTepuer Bemeit (IloT), mpencras-
JISFOLIMI cO00M MHOTOYPOBHEBYIO CHUCTEMY, BKJIFOUAIONIYIO JTATYUKH U KOHTPOJUICPHI, YCTAHOBICHHBIC Ha
y37ax ¥ arperarax IpOoMBIIIIEHHOTO 00bEKTa, CPECTBA ITepeadll COOMPAaEMBIX JAaHHBIX U UX BU3YaIIN3alllH,
MOIITHBIC aHATUTHIECKIE HHCTPYMEHTHI HHTEPIIPETAINH ITOTydaeMOil HHGOPMAIIUA U MHOTHE APYTHE KOM-
MOHEHTHI (puc.1).

Du3nYecKHil yPoBeHb COCTABIISIET aNllapaTHOe o0ecIieueHue,
BKJIIOUasi CEHCOPHBI M CETEBOE 000pYJ0BaHNE

CeTeBoii ypoBeHb OTBEYALT 3a Mepeaady JaHHBIX, COOPaHHBIX
Ha (PU3UYECKOM YPOBHE, K Pa3IMYHBIM YCTPOHCTBAM

YpoBeHb NPUJIOKEHHUSI BKIIIOYAET IPOTOKOJIBI U MHTEP(EHCHI, KOTOpbIE
YCTpOMCTBa UCTIONB3YIOT LIS MISHTU(PUKAIMK U CBSI3U MEXAY coO0H

[yabTh ynpaBaenus — cMapTQoHsl, manmetsl, [1K, HeTpagunnoHHbe
MyJIbTHI

[ —
/ H == / ITanenn HHCTPYMEHTOB 00eCIIEYNBAIOT OTOOpaXKeHUE NHpOopManu
/ = =%/ 0 cucTeMe npoMsblnieHHoro MaTepHera Beweil 1y noab3osareneit
y 5 CeTH — cJI0¥ HHTEPHET-KOMMYHHUKAIHHA, KOTOPBIA TIO3BOJIAET OMEpaTOpaM
/ - B3aMMOJICHICTBOBATh C YCTPOMCTBaMH, a YCTPOHCTBAaM OOMEHHUBATHCS

JTaHHBIMH MEXTy COOOM

AHaJINTHKA — IPOrPaMMHBIE CUCTEMBI, KOTOpbIE 00pa0aThIBAIOT JaHHbIE,
nosyueHHsle ¢ ycrpoicts [loT

XpaneHue JaHHBIX — (QU3NUECKHE YCTPOICTBA U 00JIaUHBIE CEPBHCHI,
B KOTOPBIX XpaHATCA AaHHbIE ¢ ycTpoicTB [[oT

Puc. 1. Yposuu IloT

PaccmarpuBas [loT kak MOITHYIO CKBO3HYIO TEXHOJIOTHIO, KOTOpas MO3BOJISIET OoJiee OBICTPO U 3¢-
q)eKTI/IBHO OTCJIC)KMUBATDH, AaHAJIU3UPOBATHE U KOHTPOJIMUPOBATH ITPOU3BOJACTBECHHLIC IMTPOLICCCHI, MOKHO BBIJIBU-
HYTH CJICAYIOINEC TUIIOTC3bI:

1) IloT BBICTYmaeT KIOYEBBIM ApaiiBepoM pa3BUTHA NHU(POBOH TpaHCGhOpPMAIMH MPOMBIIIICHHOTO
IIPOM3BOJCTBA U OCOOEHHO MPHUOOPOCTPOCHHSI, OCHOBAHHOTO HA MPUMEHEHUH IU(PPOBBIX HHCTPYMEHTOB U
pecypcoB;

2) ocHOBHBIC HampasieHus nanpHeiimero pazsutusa lloT mis yenemHol udpoBoit Tpanchopmanun
MTPOMBIIIJIEHHOTO TPOM3BOICTBA M, B YaCTHOCTH, MPUOOPOCTPOEHHS: TIEPEXO0]T IPOU3BOICTBA HA SKOHOMHUKY
CEpBUCOB — «00OpyI0OBaHKE KaK yciayra»; TpaHcopmarus oonaunsix [loT-mardopm B mHCTpyMEHT Kapau-
HAJILHOTO MOBBIIIEHUS d((EKTUBHOCTH MPOU3BOICTBEHHBIX CUCTEM; co3fanue Ha ocHoBe [1oT u apyrux nud-
POBBIX TEXHOJIOTHH «HMHTEIUICKTyallbHOW NHU(POBOH ceTw» kak MHTepHeTa OymyIiero, XapakTepH3yeMoro
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WHTEIUIEKTYAIBHBIMA YCTPOHUCTBAMHM, IPEIOCTABISIONINME «IPOHHUIATEIbHBIEY (IIEPCOHATN3UPOBAHHBIE
Y TIpeicKa3aTebHbIe) UG POBHIE YCIYTH.

[TombITaeMcs MOATBEPANTH BBIABUHYTHIE THIIOTE3BI CIEAYIOIIUMH PACCYXKACHUIMU.

Cdepa npumeHeHUs] TPOMBILIEHHOTO MHTepHeTa Bemiel ¢ KaXIbIM TOJOM paclIMpsieTcs Mo Mepe
HapaluBaHus TIEPEUHS MPOMBINUICHHBIX YCTporcTB. OMHAKO YTOOBI cucTeMa paboTana, TpedyeTcs mpume-
HEHHE JIPyroi CKBO3HOU TEXHOJIOTHU — OeCcIpOBOAHOM cBs3u. OHA clocoOHa YCKOPHUTH pa3zsutue HTepHeTa
BEIIEeH U OTKPBITH COBEPILIEHHO HOBBbIE TOPU30HTHL. Tak, k ceTaM 5G cMOTyT OTHOBPEMEHHO MOJIKIIOYUTHCS
ropaszo OoJblne mons3oBaTenei, npumepHo Ha 1000 ycTpoicTB Oosbie Ha Kaxabplii MeTp. Bee onn OymyT
obecreuynBaTh CTAOMIHFHO BRICOKOE KaueCTBO CBS3U U CKOPOCTH 3arpy3ku JaHHBIX (B 20 pa3 OoJbIe, 4eM y
4G). Kpome Toro, Texnosorus 0onee OepexxHO OTHOCUTCS K OaTapee: yCTpoHCTBO OyneT pa3psKaThesl Me-
neHHee. [I[porHO3UPYIOT, YTO CKOPOCTh B CETAX IIECTOTO MOKOJCHHS MOXKET noxoauTh 1o 1 Towut/c, a mis
YIpaBIEHHS CETSIMH MOTPEOYETCs HCKYCCTBEHHBIN HHTEIIIEKT.

OcHoBHbIMH KOoMITOHeHTaMU [10T sBistoTCS NEpeoBhle aHATUTHYECKUE HHCTPYMEHTHI, OCHOBaHHbBIE
Ha TEXHOJIOTHAX MCKYCCTBEHHOTO MHTEJUIEKTa, W Oonbinue nanHble. iMenHo ypoBeHb 1loT «AnannTthka»
obecrniedrBaeT IpeBpalleHrue IPOMbIILIeHHOTo VHTepHeTa Belmiell B CTpaTernYecKii HHCTPYMEHT KapIu-
HAJILHOTO TOBBIIICHUS () ()EKTUBHOCTH IPOU3BOJICTBA.

[lepememnienne aHaMUTUKU ONMKE K UCTOYHUKAM JAHHBIX MTOMOXKET MOBBICUTH Ka4eCTBO MPOM3BOJ-
cTBa 1 poayKuuu. C MOSIBIIGHUEM HEJOPOTHX JaTYMKOB U IMPOILIECCOPOB CTAHOBUTCS BO3MOYKHBIM COOUPATh
1 00pabaTeIBaTh Bece OOJBITIE W OOJBINE MaHHBIX O MPOU3BOJICTBE. | paHUYHbIE («TyMaHHBIE)») PacdeThl CO
BCTPOCHHOM aHAJIUTHUKON CTAHOBATCS NPUEMIIEMON aJbTEPHATHBOM B TEX CIIy4asX, KOI/IA 3allyCKaTh aHAJIN-
TUKY B 00Jiake HeOe30MMacHO WM 10 KaKUM-TO MIPHYNHAM OTKA3aJIiCh OT 00Ja9HOTO PEIICHUSI.

biaronaps npumenenuto texHosoruit [loT mosiBuitack BO3MOXHOCTH BHEAPEHUS €111€ OJTHOM CKBO3HOM
TEXHOJIOTHHU — «IIH(QPOBBIX JBOWHUKOBY — KaK MIPUMEP HOBBIX IIPOU3BOICTBEHHBIX TeXHONOTHHU. «[{ndpoBoit
JIBOWHUK» Ha MPOU3BOJICTBE TO3BOJISIET OMYUUTh HYKHYIO HHPOPMAIHIO O MPOAYKTE Ha Pa3HBIX dTanax ero
JKU3HEHHOTO IIUKJIA: TIPY CO3JaHUH, B IIPOIIECCE IKCILTyaTaI[uH, Pa3BUTHS, IT0 HTOTaM HCIIONIb30BaHus. JlaH-
HBIE B PEKMME PEaTbHOTO BPEMEHH OT JaTYMKOB, BCTPOSHHBIX B (hM3UYECKHE OOBEKTHI WIH U3 APYTHUX UC-
TOYHUKOB, MOT'YT MCIIOJIb30BaThCS IS pEIICHUS aHATUTUUECKUX 3a/]1a4, TAKUX KaK MOHUTOPHUHT COCTOSIHUS,
JIMAaTHOCTHKA OTKA30B M MPOTHO3HAs aHANUTHKA. [lomydeHHbIe 3HaHNS MOTYT YBEITUYUTh CTOUMOCTD TIPOH3-
BOJICTBEHHBIX aKTHBOB MPEITPHUATHS.

Takxe I[loT momoraer pa3pabOaThiBaTh TEXHOJOTHUHU JOMOJIHCHHOW M BUPTYAJbHOW peaibHOCTU
(AR/VR). O0Oy4eHue HOBBIX COTPYJAHUKOB C MIOMOIIBIO TPEHAKEPOB MOXKET OBITh HanOoJee IPPEKTUBHBIM
crrocooom. Texuomoruu, ucronb3yemsie B [1oT, Takue kak UTpsl, JOTIOTHEHHAS/BUPTYadbHAs PEATbHOCTD U
3D-norpyxeHune ¢ UCIOIb30BAaHUEM HOCUMBIX YCTPOMCTB, O3BOJISIOT C BEICOKOM CTENEHbIO TOYHOCTH UMHU-
THUPOBAaTh peabHbIE IPONU3BOJCTBEHHBIE TPOLIECCHI.

[IpombmutenHsnii MTHTEpHET Belel npeuiaraeT peBOIONUOHHBIN YPOBEHh BUIUMOCTH B TIPOU3BO/I-
CTBEHHOM II€X€ BCEX OIepamuii, a TaK)Ke BO3MOXXHOCTh YJOOHOTO YIPAaBIEHHS Pecypcamy MPEeATPHUSITHS.
Texnonoruu [loT 3anonas0T TpoOeNbl, H3-3a KOTOPBIX Takue cucteMbl, kak ERP u MES, nocturator cBomnx
MIPEJIENIOB: 3aBUCUMOCTh OT PYYHOTO BBOJIa JAHHBIX M HEBO3MOXKHOCTH PabOTHI C MOAPOOHOH HHpOpMAIHeH
(3amucH 0 COCTOSIHUM 000OPYAOBaHUS B PEXKHME PEaTbHOTO BPEMEHH, MECTOHAXOKACHUE TOBAPHO-MATEPH-
aJBHBIX IIEHHOCTEH U T.1I.).

Pazsutne lloT BauseT u Ha mpeIOKEHNE HIIEMEHTHON 0a3bl, M Ha CHIYKEHHE CTOMMOCTH, U Ha Mpe-
JIOKEHHME MHTETPAIMOHHBIX PEIICeHNH Pa3InyHOr0 MOHUTOPHUHTA U CUCTEM 00paTHOTO perynupoBanus. [Ipu-
YeM pa3BUTHE BHEIPEHUS JaTYNKOB OXBATHIBAET KaK UCTOPUUYECKHU (OKEJIE3HBIC» OTPACIU (PUIUUECKOTO pe-
aNBHOTO TIPOM3BOJICTBA U MPOIYKTOB, KaK POOOTHI U aBTOHOMHBIE YCTPOMCTBA, TaK U CPepy YCIyT, B TOM
yrciie PUHAHCOBBIX.

CrnenoBaTensHO, OCHOBHBIMH TIPEUMYIIIECTBAMH MPOMBIIIIEHHOTO MHTEpHETa Bemel as mpubopo-
CTPOCHHUS SIBJIAIOTCA CHUKEHHE MTPOM3BOACTBEHHBIX 3aTpaT, POCT MPOU3BOAUTENBHOCTH TPy, MOBBIIIEHHE
HAJIe)KHOCTU W Ka4eCTBa MPOU3BOJUMOrO MpoaykTa. B Hacrosimiee Bpems uMeHHO oOmaunble [loT-mmat-
(hOpMBI UTPAIOT POJIF OCHOBHOTO JIpaiiBepa pa3BUTHS MPHUOOPOCTPOUTEIHHOTO MMPOU3BOACTBA. B crity aToro
MOJKHO CIIPOTHO3MPOBATh Ba OCHOBHBIX HANpaBJICHUs Pa3BUTHS MPOMBIIIIEHHOTO MHTEepHETa Bemeil as
yCIIEeNIHOM HU(POBOil TpaHCHOPMALIUN TPUOOPOCTPOCHHS.

[lepBoe HampaBiieHHE — BHEJPEHUE CEPBHICA «O0OPYAOBaHUE KaK YCITyTay, TMO3BOJISIONIEr0 pa3pabda-
THIBaTh HOBBIE BUBI TEXHOJIOTUIECKOTO 000y IOBaHUS ISl H3TOTOBJICHHS JeTalieil, COOPKH, PEeryITHPOBKH,
KOHTPOJIS U UCIIBITAHUH TPHUOOPOB C yUETOM PEILLEHHUS BOIIPOCOB 00eCTeueHHs UX HaJIe)KHOCTH, IKOJIOTHYe-
CKOI 0€30MMacHOCTH OKpY’Karomlei cpeasl. UTo 3T0 3HAYMT: BEHAOPHI MPEATIAraloT CepBUC «000pyIOBaHUE
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KaK ycIlyray, rapanTupys paboTocrnocoOHOCTE 000pyI0BaHus, Oeps Ha ce0sl 00s3aTeNLCTBA M0 ero 00CITy-
*kuBaHMI0. Ha ocHOBe peryisipHOro cOopa U aHaimu3a HHGOpManuu 00 yCIOBHAX SKCIUTyaTallH TPOTHO3H-
PYIOTCSI BOBMOJKHBIE ITOJIOMKH M X CBOEBPEMEHHOE MPEI0TBPALICHHUE.

Eme onHo HanpaBieHue pa3Butus — Tpanchopmanus odnaynbix [loT-nmardopm B HHCTpYMEHT Kap-
JTUHAITHHOTO TTOBBIIICHUS () (PEKTHUBHOCTH MPOU3BOACTBEHHBIX cucTeM. O0maunbie [loT-mmaTdopMe! mo3Bo-
JSIT ONTUMHU3UPOBATEH MPOU3BOICTBEHHBIE MPOIECCH: 00ECIIEYNTh TOYHOCTh ONEpalni, COKPATUTh CKIIal-
CKH€ 3aIlachl, MUHIMH3UPOBATh OIIMOKK IIepcoHaa M BpeMs YelI0BeUeCKOro BMemareinbpeTBa. Bee aTo nact
BO3MOKHOCTh 3HAYHMTEIBHO YBEIHMYHTh OOBEMBI MIPOU3BOJICTBA, COKOHOMHTB CPEJCTBA, MOBBICUTH HAJIEK-
HOCTB ¥ Ka4eCTBO JI000TO MPOIYKTa.

O6cyxpenne

[IponuknoBenne VMHTEepHETa M NPUHLUIIOB COBMECTHON 3KOHOMHUKH (OT aHII. sharing economy) B
IIPOM3BOCTBEHHBIE MPOLIECCHI U C(hephl YeTOBEUECKOM KU3HHU y)Ke He BOCIIPHHUMAETCS KaK B3JIOM. TexHo-
JIOTUM CO3MIaHUSI OTKPBITOTO MPOTPAMMHOTO KOJa WM PYrod HMEHHOCTH IJsl NMOTpeOuTeNell B pexnme
KpayacopcuHra (0T aHTil. crowdsourcing, 0T crowd — TONIA U SOUrcing — UCIOJIb30BaHUE PECYPCOB) HE CUH-
TarOTCs pasriameHreM KOMMepUecKo TaitHebl [7]. B pe3ynbTaTre nMeeM HOBBIE CEPBUCHI, KOTOPHIE Bce Oojiee
MIEPCOHAM3UPOBAHEI U YIOOHBI AJIsl IOTPEOUTENSI, a MHOTHE BU3HOHEPHI JIFOOSIT MPECKa3bIBaTh, UYTO CIIEAY-
OI[asl HHyCTpHAJIbHAs PEBOIOLUS OyAeT CBA3aHa UMEHHO C IepCOHAIM3aLNeH.

[IpenocTaBmnsis MpOU3BOAUTENSAM MOCEKYHIHBIE JaHHBIE 00 onepanusax B uexax, [loT mo3soxiser mpen-
MIPUSITHAM 3HAYUTENHHO TOBBICHTH IMPOU3BOJUTENHFHOCTh MTPOU3BOACTBEHHOTO Tiporiecca. IBM coobmmaer,
YTO WUCTOJIH30BAHNE aHANUTHIECKUX AaHHBIX 10T s onTuMH3anmy Mpon3BOACTBEHHOTO POIIECCa MOKET
MIPUBECTH K YBEIMYECHUIO KOJIMYECTBA IIPOJYKTOB Ha TOIl ke Mpou3BoACTBEHHOM JnHuH 110 20 % [8].

[Ipunoxxenus [loT, koTOpbIe TO3BOISAIOT MPOU3BOIUTENSAM MOIYINUTE OOJIee BHICOKHI YPOBEHb BEPTH-
KaJTbHOW BUAMMOCTH, JEJSATCS Ha IBE TPYIIIIHL:

— IPUIOKEHUS, IOJAECP KUBAIOIIME TIPOU3BOJICTBEHHBIE ONEPALINH;

— MPUIIOXKEHHUs1, 00JIeTYalonne YnpaBieHNne MIPOMBIIIJICHHBIMU aKTHBAMH.

CoracHo ucciienoBanuio McKinsey, k 2025 . yaydImeHus orepanui, BEI3BaHHbIC TPUIOKECHUIMU
IIoT, moryT cTouts 6osiee 470 MmmmmuapmoB AoutapoB B Tox [9]. [punoxenus [loT mist mpon3BoacTBa CBS-
3aHBI C TAKAMH OIEpalHIMHU, KaK MOHUTOPUHT M ONTUMH3ALHNS IPOU3BOJUTEIBHOCTH 000PYAOBaHHS, KOH-
TPOJIh KauecTBa MPOU3BOJICTBA U B3aMMOCHWCTBUE YEI0BEKa C MAIIMHOM.

Cormacao uccnenopanmio [TIF, mpunoxenus [loT ais MoHHTOpPHHTA UCTIOIB30BAHUS MAITHH MOTYT
MOBBICHTH MPOU3BOJUTENBHOCTS MPOr3BoACcTBa HA 10-25 % u co3aars k 2025 r. ro0aibHy0 SKOHOMHYE-
CKYIO0 CTOMMOCTH 110 1,8 TpiH nos. [8, 9].

MOHHTOPHHT UCTIOIB30BAHHS MAIIMHBI HAYWHAETCS C TIOYYESHUS COOTBETCTBYIOIINX TAHHBIX O pado-
YUX TapaMmeTpax MallWHbI, HApUMeEpP, BPEMEHH padoThl, (aKTHUECKONW pabodell CKOPOCTH, BBIXOJAE MPO-
OyKTa U T.1., ¢ AaT4uKoB, cucteM SCADA unu DCS. [lanHbie coOuparoTcs B pexXuMe peaqbHOro BpEMEHHU U
nepenaroTcs B o0xako ais o0paboTku. OONako arperupyer AaHHBIE U MpeBpaliaeT ux B HHHOPMATHBHYIO
nHpOPMAITHIO O KIIOYEBBIX MOKazarensix dddexTuBHOCTH Mcnoib3oBanms obopynosanus (TEEP, OEE,
BpeMsI HACTPOWKH U HACTPOMKH, XOIOCTON XOJ M HE3HAUNTENIbHbIE OCTAaHOBKM U T.7.). [locie ananu3za gaH-
HBIX PE3YJIbTaThl BU3YaATH3UPYIOTCS U OTOOPAXKAIOTCS Yepe3 MOJIb30BaTENhCKOe MTPUIIOKEHHE (BEO- MITH MO-
OmIBHOE).

MOHUTOPUHT Ka4yecTBa MPOU3BOAMMON MPOIYKIIMH MOXKET OCYIIECTBIATHCS IBYMS CIIOCOOAMU: ITy-
TEM IMPOBEPKHU HE3aBEPIIEHHOTO MPOU3BOACTBA (0T aHri1. WIP — work in progress) o Mepe ee pOX0oKISHUS
T10 MTPOM3BOICTBEHHOMY IMKITY HITH ITyTeM KOHTPOJISI COCTOSIHHS ¥ KAIMOPOBKH MAIlliH, HA KOTOPBIX TIPOM3-
BOJIUTCSI TIPOJTYKITHSI.

Kontpo:s kauecTBa, OcHOBaHHBIN Ha poBepke WIP, naet Ooyiee TOUHBIE pe3yIbTaThl (TIOMOTAET BbI-
SIBUTh MEIIKHE Je(eKThl, CKaKeM, HETOUHOCTH B COOCHOCTH JIETaJIei), OTHAKO CYMIECTBYIOT ONpeeliCHHbIE
OTpaHWYCHHS, 3aTPYIHSIOIINE MCIIOIb30BaHne MeTo1a. KOHTpos KadecTBa Ha OCHOBE IIPOBEPKH HE3aBEp-
LIEHHOTO MPOU3BOJICTBA IPUMEHNUM TOJBKO IJIsi TUCKPETHOTO MPOHM3BOACTBA. JTO AOPOT0, TpeOyeT MHOTO
BPEMEHU U TpyZa, Tak Kak WIP mpoBepsrOTCs BPyUHYIO.

BTopoit MeTon, OCHOBaHHBIM Ha KOHTPOJIC 3a COCTOSIHHEM M KaTHMOPOBKE MAIIIWH, TIPETaracT MEHb-
yro audpepeHnuanyo mo 00beMy — oH 00ecIiedrBaeT MPOCTYI0 OMHAPHYIO KIACCH(PHUKALIUIO «XOPOIIO» U
«m10xo». TeM He MeHee OH MoMoraeT 0OHapy>KUBATh Y3KHE MECTa B IIPOU3BOICTBEHHBIX OTIEPALUAX, BBISB-
JATH IDI0X0 HACTPOSHHBIC W/Mi Hed()(PEeKTHBHBIE MAITMHBI, CBOEBPEMEHHO MPEI0TBpAIIaTh TOJIOMKHA Ma-
IIMH ¥ MHOTOE IPYTOE.
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Hapsiny ¢ moBeimenrneM 3pQeKTHBHOCTH MPON3BOACTBEHHBIX ONepaIyii MPOMBIIUICHHBIH MHTEpHET
BeIIe MpUMEHSETCS B IPOM3BOJICTBE 15l 00ecTeueH s Ha [JIe)KAIIEr0 UCIIOIb30BaHUs aKTHBOB, TIPOIJICHHS
CpoKa CIIy>kObl 000pYTOBaHMSI, TIOBBIIICHUS HAJIS)KHOCTH U 00CCIICUCHUS HAMIYUIICH OTJa4d OT aKTHBOB.
[Mpunoxenus lloT, obneryaromune ynpasieHHE MPOMBIIIJICHHBIMUA aKTUBaMHM, BKJIIOYAIOT: OTCIEKUBAHHE
MIPOMBIIIUIEHHBIX aKTHBOB; YIIPaBIEHHE 3amacaMu; IpodmiakTudeckoe o0cIyXiuBannue (Ha OCHOBE MOHHTO-
pHUHTra COCTOSHUA).

Pemrenust 1uis ynpaBieHus 3anacaMy Ha OCHOBE IPOMBILITIEHHOro VIHTepHeTa Belleil IOMOTaroT Mpo-
W3BOAMTENSIM aBTOMATH3UPOBATh OTCIEKUBAHUE 3aIIaCOB M OTYETHOCTh, OOECTIEYNBATH TIOCTOSIHHYIO BUIIH-
MOCTbB CTaTyca M MECTOHAaXOXJICHUS OTIENbHBIX €IWHUI] 3a11aCOB U ONTHMHU3HUPOBATH BPEMSI BBHITIOJHEHHS
3aKasa.

[To nanueM Deloitte, pemenust s npoduIakTHIecKoro 00CTyKHBaHUS HA OCHOBE IIPOMBIIIIIIEHHOTO
WuTepHeTa BemieH, Kak 0)KUIAETCS, CHU3AT 3aTPaThl HA TEXHUUECKOe 00CITyKHBaHUE 3aBOJICKOTO 000pya0-
BaHus Ha 40 % u x 2025 r. mpuHECYT 3KOHOMHYECKYIO BBIrOy B pazMepe 630 Mipa 0JI1. B TOJ MPOEKTHI
npoduIaKTHIECKOTo 0bcIyxuBanus [9].

HUccnenoBarenn UCMONB3YIOT PU3HAHHBIC MIA0IOHBI JAHHBIX B KAYECTBE OCHOBHI JIJISI CO3/IAHUS TIPO-
THOCTHYECKUX Mojieneil. Moaenun o0yJaroTcs, TECTUPYIOTCS, a 3aTeM UCTIONIL3YIOTCS AJIsl ONPeIeICHUS BO3-
HUKHOBEHHSI KaKHX-TT00 3apoXkaaromuxcs npo0ieM, IpOrHO3UPOBaHUS BEPOSTHOTO OTKa3a MaIIWHBI, TOY-
HOTO OTpEJeNICHUs] YCIOBUN DKCIUTyaTalldd M MOJeJNed WMCIIONb30BaHUsl MAIllWHBI, KOTOPBbIE TMPUBOAST K
OTKa3aM H T.JI.

Hanpumep, napameTpsl cOCTOSIHUSI MalllMHbI (TeMIlepaTypa, BUOpalus H T.1.), pabodne mnapaMeTpsl
(cKOpOCTH, AaBIIEHHUE U T.JI.) M TapaMeTPhl OKPY KaIoIIeH cpepl (BIaKHOCTD, TEMIIEpaTypa U T.JI.) HaXOAATCS
B IIpeJIeNIaX HOPMaJTbHBIX TOPOTOBBIX 3HaueHHH. OTHAKO OOBEIMHEHNE 3THX [TapaMeTPOB U aHAIH3 00beIH-
HEHHOro Habopa JTaHHBIX B CPABHEHUH C MIPOTHOCTUYECKUMH MOJIEIISIMU TIOMOTAeT BBISIBUTD, YTO COYETAHHE
HOPMaJIbHBIX MAapaMeTPOB, B3ATBHIX MO OTACIBHOCTH, MOXET MPHUBECTH, CKa)XeM, K OTKa3y ABUraTels Ma-
mwHEL [locie BBISBICHHS MOTEHIIUAIBHOTO CO0s peleHue s PO MIaKTHIECKOTO 00CITYKUBAHUS OTITPAB-
JISET YBEAOMJICHHE CIEIMaICTaM M0 00CITyKWBaHUIO, HHPOPMHPYS UX O MOTEHIIMAIBHON Jerpajanuu 1
PEKOMEHTysI MEpBI IO YCTPAHEHUIO TIOCJIEACTBUIA.

IIoT crmeayer MCMOIR30BATh M1 aBTOMATH3AIMK Pa3JIMYHBIX mporeccoB B cucteMe KUIInA (koH-
TPOJBHO-M3MEPUTENBHBIE PHOOPHI M aBTOMATHKA). JTO MOAPa3yMeBaeT UCIOIb30BAHUE aITOPUTMOB Ma-
HIMHHOTO OOYYEeHWUs JJIsl BBISIBIICHHS IIAOJOHOB M ONTUMH3AINK HACTPOECK, a TAKKE COKpPAIICHHE PYYHOTO
BMEIATEIbCTBA.

CrnenoBaTensHO, POMBIIUICHHBIH IHTEpHET Betel Mo3BOoIIsSeT CO3/AaTh MPON3BOCTBO SKOHOMUYIHOE,
rudkoe u 6osee dpdexTrBHOE. CleayrOIUi 3Tan ONTHMHU3AIMH TPOU3BOJICTBEHHBIX TPOLIECCOB OyAeT Xa-
paKTepu30BaThcs Bee 0oJiee NIOTHONH KOHBEPIeHIINEH CKBO3HBIX MHPOPMAIHOHHBIX TEXHOIOTHH.

3akArouenune

Ha ocHoBe aHanu3a 3apy0eXHOro M OT€YEeCTBEHHOTO OIbITa pa3paboTku u MHTEpHEeTa Bewlei, onpe-
JICJIEHUST POJIM M MecTa IPOMBIIUICHHOTO HTepHeTa Bellel, a TakKe IPOTrHO3a OCHOBHBIX HAIIPAaBJICHUHI
Pa3BUTHS IPOMBIIIIEHHOT0 MHTEpHETA BEIEH MOXKHO 3aKIIIOUUTh: IPOMBILUICHHBINA HTEpHET Bewiel cra-
HOBHUTCSI CICIYIOLIMM PEBOJIIOLMOHHBIM CKAYKOM Pa3BUTHUS, CPABHUMBIM C H300pETEHHUEM MTApOBOT0O ABHUIA-
TeJNsl UIN HHAYCTPHAIN3aed JJIEKTPUIECTBa.
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AHHOTALMSA. AKMyanrbHOCmb U yeau. BaXXHEHIINM CTUMYJIOM K HCCIEJOBAHUIO ITbe30KEPAMUYECKIX MaTepha-
JIOB CITy’KaT BO3pacTaloliye TPeOOBaHMA K PACIIMPEHHUIO Auana3oHa pabovynx TeMIeparyp, YIy4dIeHHI0 MeTpOoIornde-
CKUX XapaKTePUCTHK, yCTOWYMBOCTH K BO3JEHCTBHIO AECTAOMIM3UPYIOIUX (haKTOPOB YCTPOUCTB, CO34aBAEMbIX Ha X
ocHoBe. [Ipu 3TOM Hapsiy ¢ OMCKOM HOBBIX MEPCIIEKTUBHBIX MAaTEpUaOB U OTPAOOTKOM TEXHOIOTUH UX M3TOTOBJIE-
HUSI, HalIpaBJICHHBIMHU Ha PELIEHHE OTMEYCHHBIX NPo0iieM, Bce Oosiee He0OX0JUMOH SIBIIsieTCs] pa3paboTKa BEICOKOTEM-
NepaTypHbIX TEKCTYPUPOBAHHBIX MAaTEPHAJIOB JUIsl U3TOTOBJIEHHUSI MHOTOCJIOMHBIX ITbE303JIEMEHTOB ITpeo0pa3oBaTesei.
Mamepuaner u memoowvl. MeTopl NCCIeI0BaHUN BHIONPAIN MCXO/s U3 BO3MOXKHOCTH TIOJTydeHHUs! HanboJiee MoTHOM
uHpOpMaIMK 00 HK3MEHEHHH CTPYKTYPBI M CBOWCTB MaTepualia Iocje CleKaHus H MoJspu3ayy u3nenuid. [Ipu BeimosHe-
HHH UCCIIEZIOBaHUIl TIPUMEHEHBI PEHTTEHOCTPYKTYPHBIH, peHTIeHOrpadHIeCcKuii, MeTayuiorpaguuecKiii U JIeKTPOHHO-
MHKPOCKOIUYECKUIA aHaIU3bl. B X01e paboThl HPOBOIIIN H3MEPEHHS MEXaHHIECKON 1 AJICKTPHYECKOH IPOYHOCTH, Tpe-
IIUHOCTOMKOCTH, TUINEKTPHYECKON MPOHULIAEMOCTH, IIbE303JIEKTPUYECKUX M CErHETOYNPYTHX XapaKTepUCTHK U3ze-
nui. Pesyrsmamol. Pa3paboTana TeXHOIOT U U3TOTOBJICHNS! MHOTOCIIOMHBIX ITbE30IIaKeTOB, OTy4YeHBI Pe3yIbTaThl OT-
pPabOTKH TEXHOJOTHM IIOJTYy4YEHUS Ibe30KePaMUKH CHCTEMBI TBEPIBIX PACTBOPOB, INPOBEAEHBI HCCIESIOBAHUL
CTPYKTYPBI, AUAIEKTPUYECKUX U MbE303TEKTPUUECKUX CBOMCTB KepaMHUKH B MHTepBaje TeMmepatyp 20 + 600 °C. Uz-
TOTOBJICHBI SKCIIEPUMEHTANILHBIE 00pa3I[bl MHOT'OCJIOWHBIX Th€303JIEMEHTOB.

KutioueBble ¢j10Ba: be3049yBCTBUTEIBHOCTD, MbE30KEPAMUYECKUIN 2JIEMEHT, MbE30MPHUBO/I, TEXHOJOTHUS U3r0-
TOBJICHHSI, MHOTOCJIOMHAs CTPYKTYpa, Mbe30aKTI0AaToP, MAaKET, IIJTUKEPHOE JINTHE
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RESEARCH OF TECHNOLOGY FOR CREATING HIGH-TEMPERATURE
TEXTURED MATERIALS FOR MANUFACTURING MULTILAYER PIEZO
TRANSDUCER ELEMENTS
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Abstract. Background. The most important stimulus for the study of piezoceramic materials is the increasing
requirements for extending the operating temperature range, improving the measurement characteristics, and the stability
to destabilizing factors of the devices created on their basis. However, along with a search for new promising materials
and refinement of manufacturing technology to solve the above problems, the development of high-temperature textured
materials for manufacturing multilayer piezoelectric transducer elements is becoming increasingly necessary. Materials
and methods. Research methods were chosen based on the possibility of obtaining the most complete information about
the change in the structure and properties of the material after sintering and polarization of products. When carrying out
research, X-ray structural, radiographic, metallographic and electron-microscopic analyses were used. The measure-
ments of mechanical and electrical strength, fracture resistance, dielectric permittivity, piezoelectric and segmented
elastic characteristics of the products were carried out in the course of the work. Results. The technology of multilayer
piezo packages production has been developed, the results of the technology of solid solution system piezoceramics
production have been obtained, the structure, dielectric and piezoelectric properties of ceramics in the temperature range
20600 °C have been studied. Experimental samples of multilayer piezoelements were made.

© Tpodumos A. A., Kukor B. B, Qokuna E. A, Mapkos A. M., Cmupros H. E., 2023. Kontent poctynen no anensuu Creative Commons Attribution 4.0 License / This work is licensed
under a Creative Commons Attribution 4.0 License.
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OcHoOBHas 9acTh

[Ipe30KepaMuKa HAXOAUT MIMPOKOE IIPUMEHEHUE B PA3IMYHBIX 00JacTAX HAPOJHOI'O XO34HCTBa, pa-
KETHO-KOCMHUYECKOW M crienuanbHoil TexHuku [1-3]. [Ire30kepaMudeckne 3IeMeHThl MOTYT OBITh HCIOJb-
30BaHbI B Pa3IMYHBIX aKyCTUYECKUX YCTPOHWCTBAX, B JaTUYUKaX I M3MEPEHHUS TaBICHHUH, BUOPAIMiA K YCKO-
PeHHMS, AaTUYMKAX U YJIBTPAa3BYKOBBIX JHMHUH 3aA€pKKH, B (GHIBTPOBOI TEXHUKE, CUCTEMAax 3aKUTaHUS,
TUpOCKOIax, nee3oTpanchopmaropax. Haxoxar npumenenue B tenedonax, MUKpodoOHaX, 3ByKOCHHUMATE-
JSIX, B YJIBTPA3BYKOBBIX YCTPOWCTBAX, MPeIHa3HAYCHHBIX I MHTEHCH(DPHUKALUN TEXHOJIOTHYECKHUX MPOLEC-
COB, CEHCMONPUEMHHUKAX, allapaTax MEAWLIUHCKON JUarHOCTUKU, THPOCKONAX U MHOTHX IPYTUX YCTpPOM-
CTBaXx.

[Ipe30KepamMHUUECKUE ITEMEHTHI B COCTaBE MHOTOCIOWHOM CTPYKTYPBI JOCTATOUYHO HIMPOKO HCIIONb-
3YIOTCS JUIS CO3JaHUs YyBCTBUTEIBHBIX JIEMEHTOB TaTYMKOB BBICOKOW UyBCTBUTEIBHOCTH, MUKPOKOH IEH-
CaTopoOB IIEPEMEHHON €MKOCTH, MUKpOo(da3oBpalnaTenel, nepekrodaTencii, Nbe30nNpHBOAOB, YIIPABISEMbIX
MUKpO3epKajlaMH [T aJallTUBHOM ONTHKHU U JPYTHUX YCTPOMCTBAX MUKPO- U HAHOAJIEKTPOHHUKH.

[Ipon3BOACTBO MHOTOCIONWHBIX IMHE30KEPaMHUECKHUX 3JEMEHTOB, COCTOSIIMX M3 Yepemyoluxcs
CJIOEB, 00JIa1aeT PSIIOM NPEUMYILECTB:

— TOHKHE KePaMHUYECKHE CIIOM IO3BOJISIOT CO31aBaTh OOJIbIINE IIEPEMELICHUS IIPY HU3KUX HampsDKe-
HUsX Bo3OyxaeHus (20—-100 B) [4];

— BBICOKAsi HHTEHCUBHOCTD 3JIeKTprueckoro mouis (1o 3000 B/mm) mo3BosasieT moyyuTs O0JbIIyIO Be-
JIMYUHY TepEeMEIIEHNs Ha €IUHUIYY 00beMa;

— MaJjas MOUIHOCTb TIOTpeOIICHNS;

— HaJle’KHas paboTa B KECTKUX YCIOBUSIX OJarogapsi HCIOIb30BaHUIO BCTPOSHHBIX 3JIEKTPOAOB.

Paznoobpasue obnactelt npuMEHEHHs Tbe30KEPaMUKU IPUBOAUT K OOJBIIOMY pa3HOoOpasuio Tpebo-
BaHUil Ha ee CBOMCTBa. Hampumep: /i crielMabHbIX MbE30AaTYMKOB [5] TpeOyeTcs kepaMuKa, CriocoOHast
paboTaTh B IIMPOKOM HHTEpBAJE TEMIIEPaTyp, A1 QUIBTPOBBIX PE30HATOPOB HEOOXOJMMa BBICOKAs CTa-
OWIBHOCTH HapaMeTpoB B IIMPOKOM MHTEpPBAJIC TEMIIEPATyp U B TEUEHHE UINTEIHHOIO NMPOMEXYTKa Bpe-
MEHH, AJIsl TUAPOAKYCTUUECKUX IPUMEHEHUH He00X01MMa Mbe30KepaMHKa CIIOCOOHasi paboTaTh B CHIIBHBIX
ANEKTPUYECKUX TMOJSAX W MPU OONBINNX AABICHUSX, ISl THAPOAKYCTHKH U CEHCMONPUEMHUKOB TpeOyeTcs
BBICOKOA((EKTHBHAS MTbe30KepaMuKa (C OONbIINMH 3HAYCHUSIME ITbe3oMoayet). TpeboBanus, mpeabsaBis-
€MBbI€ K [Ib€30KePaMUKE, HEIPEPHIBHO IOBBILIAIOTCS. DTO 3aCTaBIIsET HCKATh HOBBIE IIbE30KEPAMUUECKUE Ma-
TepUajsl U UCCIEeIOBATh UX CBOMCTRA.

K u3pickuBaeMbIM B 3TO# paboTe MbEe303IEKTPUIECKUM MaTepraiaM Uit paboThl UX B KayecTBe Tpe-
o0pazoBares B CIeUUATbHBIX E30AaTYNKAX IPEIBIBIIIIOTCS CIEAYIOIINE TPEOOBAHMS:

— paboTOCIIOCOOHOCTE B AMana3one TeMieparyp ot munyc 60 °C mo +600 °C;

— BBICOKAs YyBCTBUTEIBHOCTE;

— MMUHUMAaJIbHOE U3MEHEHNE YyBCTBUTEIBHOCTU OT BPEMEHH, TEMIIEPaTyphl, 1aBICHUS;

— MMHUMAJIbHBIM TEMIIEPaTyPHbIH THCTEPE3UC TyBCTBUTEIBHOCTH;

— BBICOKAs IPOYHOCTDH MTbE30KEPAMUKH.

Co3znanne CerHeToNbe303JEKTPUUECKUX MAaTepHalIOB ¢ ONTUMAJIbHBIMU CBOMCTBAMU AJIS Pa3IMUHBIX
MIPUMEHEHUH SBJISETCS Ba)KHON MaTepHanioBeadeckoil 3aaaueii. [lapameTpsl be30371€MEHTOB B 3HAUUTEIb-
HOM CTEINEeHHU OMNpeesIOTCS COCTaBOM IhE30KepaMHUYEeCKOT0 MaTepuana, U3 KOTOPOTr0 OHM HM3TrOTaBIIUBa-
F0TCA.

K HacTosimemy BpeMeHH NMPaKTUYeCKOe MPUMEHEHNE HATH B OCHOBHOM TPU TPYIIIBI IbE30KEPaMu-
4ecKUX MaTtepuanoB. K HUM OTHOCSTCS: TUTaHAT Oapysi U €ro IPOU3BOIHBIE MAaTEPHAalbl HA OCHOBE TUTAHATA
CBHUHIIA ¥ HIOOATHBIE MaTepUallbl. DTH MaTepHaibl HauboJee MOJTHO UCCIIe0BAaHbBl 1 UMEHHO JIJISl HUX B JIH-
TepaType U3BECTHBI XapaKTEPUCTHKH, ONPENEIIIONINE BO3ZMOKHOCTD UCTIONb30BaHNS UX B KAUECTBE MbE30-
IEKTpUIECKUX npeoOpaszoBaTeneil. Tak, N3BECTHO, UYTO NIPUMEHEHHE B IIb€301aTUNKAX KEPAMUKH TUTAaHATA
Oapus orpaHUYEeHHO TeMieparypamu nopsaka 70—80 °C.

Beenenne nob6aBok Ca u Pb moBeimaer paboune temmeparypsl a0 110-130 °C, HO BABOE CHUKaeT
YyBCTBUTENBHOCTh. BBenmeHue koOanmbTa B TBEpHbld pacTBOp TUTaHata Oapws-kambiusa (BaCa)TiOs;
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MOBBIIIAET YCTOWYMBOCTh COCTaBa K BO3JIEHCTBHIO CHIIBHBIX AJIEKTPUYECKHX IOJIeH W OONBIINX MEXaHWYe-
CKHX HampspkeHuid. HU3kuii BepXHMiA mIpeaen pabounx TeMIEpaTyp U HU3KOTeMIIepaTypHbIe (a30BEIe Iepe-
XOJIbI OTPaHUYMBAIOT IPUMEHEHUE KepaMUK Ha OCHOBE THTaHaTa Oapusi B IIMPOKOM TEMIIEPaTyPHOM WHTEP-
BaJe.

C 1enpI0 pacIupeHus HHTepBajia padouux TeMIrepaTyp ObuTH pa3paboTaHbl TEE30JATIUKHU C KEpaMU-
kol (PbBa)NbyOg. DTH nbe3ogaTuyuky pabOTAIOT HA CJIBUT, YYBCTBUTEIBHOCTh UX XapaKTEPU3YETCs Mbe30-
MoayJeM dis, BepXHUI mpenen padbouux temmepatyp — 1o 200 °C.

[Ibe30kepamuka Ha OCHOBE TBepABIX pacTBOpoB (PbBa)Nb,Os o psiay mokasareneii 3 pexkTuBHEE CO-
CTaBOB CHICTEMBI THTaHaTa Oapwsi, OJHAKO IMOKA HE yIAETCs ONPENEIUTh YCIOBUS IS IMOTy9eHUs CTaONIIh-
HBIX COCTaBOB.

Celtuac B bE30AJIEKTPUIECKUX AATYMKAX LEHSTCS Mbe3okepamuueckue mMarepuansl cucreMsl LITC. Ce-
MeiicTBO mbe3okepamuk L[TC (1mpkoHaT-TUTaHAT CBUHIIA) HMeeT Temmeparypsl Kropu 1o 350400 °C, paboune
Temreparypsl nopsiaka 250 °C, Xopollyro Mbe304yBCTBUTEIBHOCTD, HO TPEOYIOT TIIATEIbHBIX HCCIIEI0BA-
HUH C Y4eTOM TpEeabSIBIsIEMBIX TpeOOBaHHH [6].

B mocnemaue o1 MHTEHCUBHO BEIETCS Pa3padOTKa HOBBIX MbE30KepaMUYecKUX mMarepuaioB. Ceii-
9Jac M3BECTHBI COCTABbI, Y KOTOPBIX JOCTATOYHO XOPOIIHUE MMhe30cBoiicTBa coxpansarorces 10 400 °C. Oto ma-
Tepuaibl HA OCHOBE TUTaHATa CBHHILIA, METaHWO0ATa CBHHLA, METAHUO0OATOB HATPHUS U KaJUSI.

[Ipu mpoBeneHNH UCCIIEOBaHNH PENIANCh CIeIyIOIINe 3aauu:

— TIOUCK ¥ WCCIIEJIOBAaHNE HOBBIX MHE30KEPAMHUIECKHX MaTEepHajoB, pabOTOCIIOCOOHBIX B MHTEpPBaie
pabouux Temmeparyp, — ot Munyc 60 °C no +600 °C;

— WccTieIoBaHNE BO3MOXKHOCTH MOBBIIIICHUS TEMIIEPATYPHOH CTa0OMIIEHOCTH The30KEPAMUKH;

— TIOWCK MyTeH YBEIHMUEHUS The309yBCTBUTEIHHOCTH MTH€30MaTEPHAIIOB;

— pa3paboTKa TEeOPETUIECKUX OCHOB BIHUSIHHUS Ae(DEKTOB CTPYKTYPHI HA CTAOMIIBHOCTH pabounx napa-
METPOB IIbE30MaTEPHAIOB;

— MOJTyYEeHHE U HCCIIeI0OBaHNe JUAIIEKTPUUECKUX CBOMCTB U CTAOMIBHOCTH PabodnX ImapamMeTpoB MpH
BO3JIEMCTBHAY AECTAOMITU3NPYIONNX (PaKTOPOB, B TOM YHCIIE IIPH BO3IEHCTBUH ITOBBIIIEHHBIX TEMIIEPATYD;

— BHE/IpEHUE pa3paboTaHHON TEXHOJIOTHH U3TOTOBJICHNUS BEICOKOTEMIIEPATyPHBIX TEKCTYPHUPOBaHHBIX
MaTepHaNIOB IThE303JIEMEHTOB ITPH U3TOTOBIEHUH MTEE30IPHUBOIOB HA OCHOBE MTHE303JIEKTPUUECKUX TUIACTHH,
MOJTy4YE€HHBIX METOJOM XOJIOJHOTO TIOYCYXOTO MPECCOBAHMS ISl CHCTEM CTPYKTYPHOTO MOHUTOPHHTA pa-
00TOCIIOCOOHOCTH OOBEKTOB CIIEIMATBHON TEXHUKU. YKPYITHEHHAS CTPYKTYPHAsl CXeMa TeXHOJIOTHYECKOT0
Mpolecca MPOU3BOJCTBA MbE30KEPAMUYECKUX 3JIEMEHTOB METOJOM XOJIOJAHOTO MOJYCYXOro MpPecCOBaHMS
MpeJcTaBlieHa Ha puc. 1.

N3rotToBneHne | |npeccoBaHne

[cbipbe]> LWNXTh ,| 3aroToBOK |, -
MenbHULa, nevb npecc \

' |cnekaHue npeugggggHaﬂ LUNUEOBKA %ﬁ?ﬁgﬁg

neub || YCT. peskn | |wnudp. obopya. |M3Mep. 06opya.

Puc. 1. YkpynHeHHas CTpYKTypHasi CXeMa TeXHOJIOIMYECKOTro
poliecca MPOU3BOCTBA NbE30KEPAMUYECKHX DJIEMEHTOB

[Ipu npoBeeHNHN HCCIeIOBAHMIA PACCMOTPEHBI H3BECTHBIE CEiuac CErHETOICKTPUKH 1 TBEPBIC pac-
TBOPBI HA UX OCHOBE, NIEPCIICKTUBHBIC JIJIS MOJYyUEHHS Mbe30KepaMuku. [IpoBeneH 0030p KpUCTAIIOXUMU-
YEeCKHUX MPHUHIIMIIOB MIOMCKA HOBBIX COCTABOB, PA0OTOCIIOCOOHBIX B AMAIa30HE TeMIieparyp oT munyc 60 °C
1o +600 °C, mpoaHaIH3UPOBaHbl YKCIEPUMEHTAIbHBIE JAHHBIE OTHOCUTEILHO BO3MOXKHOCTH YIIPAaBICHHUS
MEKTPO(PHU3NUESCKUMHU CBOWCTBAMH MaTepuaja, MpoaHaJu3UPOBaHbl BO3MOXKHOCTH TOBBIIICHUS IhE30aK-
THBHOCTH.

PaccMOTpeHbI BOMPOCH! TEXHOJIOTHU MPOU3BOJICTBA MbE30KEPAMHUKH, BIUSHHE OTIEIbHBIX TEXHOJIOTH-
4yecKuX (paKTOPOB Ha ee AIEKTPOYHU3MUSCKUE U MEXaHUYeCKHe CBOMCTBA. McciemoBaHbl PeKUMBI TEPMOOO-
pabOTKU ¥ MOJIIPU3ALIMH, IPOBEACH PEHTTCHOCTPYKTYPHBIN aHaJIH3.

[omy4ueHbl 3aBUCUMOCTH, TTOKA3bIBAIOIINE BIMSHUE TPUMECHBIX aTOMOB Ha CTaOUIBHOCTh ME303JICK-
TPUUYECKUX CBOMCTB Ibe30KepaMuKU. [IpoBe/ieH aHaIM3 OCHOBHBIX MEXaHHM3MOB, CBSI3aHHBIX ¢ nudy3uci
nmpuMecedl K JJOMEHHBIM TPaHMIIaM, OIPEICIICHbI XapaKTePHbIC BPEMEHA TaKMX IMPOLIECCOB, MPEJIOKEHBI
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PEKOMEHAIMHN 10 YIYYLICHUIO CTaOUIBHOCTH paboynX MapaMeTpoB Mbe3oMaTepraioB. [lomyueHsl pe3yib-
TaThl OTPAOOTKH TEXHOJOTHH IONTYUYCHHUS IMbE30KEPAMHUKH CHCTEMBI TBepABIX pacTBopoB (1 — x)PbTiOs +
+ xBi(ZnosZro5)Os. [lpoBeneHsl McciaeqoBaHUS CTPYKTYPHI, AMAIEKTPUYECKUX M ITHE303JEKTPHUECKIX
CBOMCTB 3TOH KepaMHKH B uHTepBane temmnepatyp 20 + 600 °C, cTaOMIbHOCTH MTbE30CBOMCTB MPH LUKINYE-
CKOM m3MeHeHuH TeMriepaTypsl oT 20 mo 600 °C. M3roToBiaeHs! SKCIIepUMEHTaIbHBIE 00pa3bl MHOTOCIION-
HBIX [TbE303JIEMEHTOB C TEXHHYECKHMHU XapaKTEPUCTHKAaMU, IPUBEACHHBIMH B Ta0M. 1.

Tabmuma 1

Texaudeckue XAPAKTCPUCTHUKHU SKCIICPUMCHTAJIbHBIX 06p8_3LIOB MHOTOCIIOMHBIX IIbE303JICMCHTOB

HanMeHoBaHHE XapaKTEPUCTUKU 3HaueHne
JlnuHa a, MM oT 5 10 50
[upuna b, MM oT 5 mo 50
Tommmuaa H, MM or 1 mo 10
TommwmHa cinost A, MKM ot 30 o 50

OrnpeenseTcs: TONMUHON OJHOTO CIIOS

KomnaecTBo cioeB n, mMT. .
M TOJIIIMHON Mbe303JIEMEHTA

I1p€309yBCTBUTEIILHOCT d33, HE MeHee, mKi/H 250
Temneparypa Kropu, °C, He MeHee 260
*MaxkcHMaIbHOE HanpshKeHue, B 200
MakcumanbHas neopmanusi, % 0,1
**JekTpryecKast eMKOCTh, MKD He MeHee 1
MakcumanbHOe dJIeKTpHUYecKoe nose, KB/mM 2

Bueninui BUJ OJHOI'O M3 HM3TOTOBJICHHBIX MAaKETOB MHOT OCJIOMHOI'O MbE30aKTIOATOpa NPUBCACH Ha

puc. 2.
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Puc. 2. Brenmanii BuI MakeTa MHOTOCIIOHHOTO ITbE30aKTI0ATOpa!
@ — 3CKU3 MbE30CO0PKH; 6 — ICKH3 MMbE30aKTIATOPa; 8 — MAKET MbE30aKTI0AaTOPa

B pesynprare mpopaboTku BOIPOCOB MO M3TOTOBJIEHHUIO MBE30MAKETOB pa3paboTaHa W oTpaboTaHa
TEXHOJIOTHsl U3TOTOBJICHNSI MHOTOCJIOMHBIX ITHE30IIaKETOB C JIMHEHHOM nedopmanueii 1o 15 MKM npu BbICOTE
nee3onakeTa 30 MM U ynpasistomnieM HanpsokeHun 200 B [7].

3akarouenue

JanbHeliniee yydlieHre TEXHIIECKAX XapaKTEPUCTHK (YBeNWYeHUE TMHEHHOM AedopManny mpu 3a-
JaHHOM YIPABISAIOLUIEM HANPSKCHUH) BO3MOXKHO NPH OTPAOOTKE TEXHOJOTUH COCAMHEHMS (CKICHBaHUS)
IIbE303JIEMEHTOB B IIbe3011aKkeTe. B uacTHOCTH:
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— IIpHu 0Tpa6OTK6 BO3MOKHOCTH H3TOTOBJICHUS NbE30KCPAMUUYCCKUX 3JICMCHTOB TOJ'IH.IPIHOfI MCHEC

100 MKM;

— Mpu BEIOOpE KJIesl C MOHMKEHHON BS3KOCTHIO, 00ECIIEUNBAIOIIEI0 MHHUMAIILHO BO3MOXKHYIO TOJI-

IIUHY KJICEBOI'O CJIOH.

,Z[J'I?[ BBIIIOJTHCHUA TCXHUYCCKUX Tpe60BaHHﬁ H606XOI[I/IMO IIPUMCHCHUEC TCXHOJIOTMH HU3TOTOBJICHUSA

MOHOJIUTHBIX MHOTOCJIOMHBIX MTHE303JIEMEHTOB C UCIOIL30BAaHUEM TEXHOJIOTHH IIJIMKECPHOT'O JINThA.

o

Cnucok auTeparypbl

. OAmurpuenko A. I'., Tpoopumor A. H., Tpodumos A. A. Bompocs! pa3paboTkn yHUPHUIUPOBAHHBIX KOHCTPYKIHA

JIATYUKOB JUIS TIEPCIIEKTHUBHBIX CUCTEM W3MEPEHUS U KOHTPOJIS ClIelalIbHOM TeXHUKH // VI3MepuTenbpHas TeXHHUKa.
2010. Ne 10. C. 18-21.

Hmutpuenko A. I'., biunos A. B., Tpopumos A. H., Tpodumos A. A. TenaeHIMH pa3BUTHS TaTIYHKOB, IIpeodpa-
30BaTeell M Ha UX OCHOBE CUCTEM U3MEPEHHsI, MOHUTOPHHTA I KOHTPOJIS TEXHUUECKH CIIOKHBIX 00BEKTOB PAKETHO-
KOoCcMUYeCKOU TeXHUKH // JlaTarku u cucteMbl. 2012, Ne 9. C. 4-6.

. Bactperur K. U., Tpopumor A. A. Cuctema m3MepeHHs, MOHUTOPHHTA, KOHTPOJS M JUATHOCTHKH IapaMeTpOB

pakeTtHoro asurarens // I3smepenue. Mouutopunr. Ynpaenerue. Kourpons. 2017. Ne 3. C. 18-25.

I'youu U. A., Kukot B. B., Komxkun I'. A. [u ap.]. UccrnegoBanre MHOTOCIOHHBIX MTbE30aKTIOATOPOB MHIKEKTOPOB
CHCTEMBI YIpaBJIeHHs NUTaHUEM JBUrateneld BHyTpeHHero cropanus // IIpoiempl aBTOMaTH3alMH U YIIPABICHUS
B TexHH4eckux cucremax : XXXIV Mexnynap. Hayy.-nipakt. koHd. [Tensa : Uzn-go I1I'Y, 2021. C. 98-103.
Bacrpeirun K. U., Tpodumor A. A., Bapanos A. C. [u ap.]. UMUTannOHHOE MOJICITUPOBAHKUE MTbE303JICKTPUIECKO-
rojatyrka nasienus / smepenne. Mouutopusr. Ynpasienue. Konrposs. 2017. Ne 1. C. 20-28.

Oxanzaku K. TexHOIOTHS KepaMUUECKUX AUIIEKTPUKOB : 1ep. ¢ simoHckoro. M. : Dueprus, 1976. 336 c.

BobmoB A. A., Boiikos B. U., brictpos C. B., I'puropses B. B. VcriosnHuTeBHBIE yCTPOWCTBA M CUCTEMBI ISl MUK-
ponepemerienuii. CII16. : 'Y UTMO, 2011. 131 c.

References

. Dmitrienko A.G., Trofimov A.N., Trofimov A.A. Issues of development of unified sensor designs for advanced

measurement and control systems of special equipment. lzmeritel'naya tekhnika = Measuring equipment.
2010;(10):18-21. (In Russ.)

Dmitrienko A.G., Blinov A.V., Trofimov A.N., Trofimov A.A. Trends in the development of sensors, transducers
and on their basis measurement systems, monitoring and control of technically complex objects of rocket and space
technology. Datchiki i sistemy = Sensors and systems. 2012;(9):4—6. (In Russ.)

. Bastrygin K.I., Trofimov A.A. System of measurement, monitoring, control and diagnostics of rocket engine param-

eters. Izmerenie. Monitoring. Upravienie. Kontrol' = Measurement. Monitoring. Management. Control.
2017;(3):18-25. (In Russ.)

Gubich LLA., Kikot V.V., Koshkin G.A. et al. Investigation of multilayer piezoactuators of injectors of the internal
combustion engine power management system. Problemy avtomatizatsii i upravle-niya v tekhnicheskikh sistemakh:
XXXIV Mezhdunar. nauch.-prakt. konf. = Problems of automation and control in technical systems : XXXIV Inter-
national scientific and practical conference. Penza: 1zd-vo PGU, 2021:98-103. (In Russ.)

Bastrygin K.I., Trofimov A.A., Baranov A.S. et al. Simulation modeling of a piezoelectric pressure sensor. Izme-
renie. Monitoring. Upravlenie. Kontrol' = Measurement. Monitoring. Management. Control. 2017;(1):20-28. (In
Russ.)

Okadzaki K. Tekhnologiya keramicheskikh dielektrikov: per. s yaponskogo = Technology of ceramic dielectrics :
translated from Japanese. Moscow: Energiya, 1976:336. (In Russ.)

Bobtsov A.A., Boykov V.1., Bystrov S.V., Grigor'ev V.V. Ispolnitel'nye ustroystva i sistemy dlya mikroperemesh-
cheniy = Actuators and systems for micro-displacements. Saint Petersburg: GU ITMO, 2011:131. (In Russ.)

Hudopmanns 06 aBropax / Information about the authors

Aaexceit Anaroabesnd Tpopumos Aleksey A. Trofimov

AOKTOP TeXHHUYECKUX HayK, AOLIEHT, Doctor of technical sciences, associate professor,
npodeccop KadpeAps MHGOPMALMOHHO-U3MepuTeAbHON | professor of the sub-department of information
TEXHUKHU 1 METPOAOTHH, and measuring equipment and metrology,

Ilen3eHckMit rOCyAQpCTBEHHBIN YHUBEPCUTET Penza State University
(Poccus, r. Iensa, ya. Kpacnas, 40) (40 Krasnaya street, Penza, Russia)

E-mail: alex.t1978 @mail.ru

94



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2023;(2)

Bukrop Bukroposnmu Kukor

KaHAMAAT TEXHUYECKHX HayK, AOLIEHT,

AOLIEHT KapeAPbhI paKeTHO-KOCMUIECKOTO

Y QBUALJMOHHOT'O IIPUOOPOCTPOEHIIS,
ITeH3eHCKHI TOCYAAPCTBEHHbIN YHUBEPCUTET
(Poccus, r. TTensa, ya. Kpacnas, 40)

E-mail: kikot.v.v@mail.ru

Exarepuna AaekcanppoBrna @oxuHa
aCIHpPaHT,

Ilensenckuit rocypAapCTBEHHbIN YHUBEPCUTET
(Poccus, r. ITensa, ya. Kpacuas, 40)

E-mail: iit@pnzgu.ru

Amutpuit Makcumosna Mapkos

ACIIHMpPaHT,

Ilensenckuit rocypAapCTBEHHbIN YHUBEPCUTET
(Poccus, r. ITensa, ya. Kpacuas, 40)

E-mail: iit@pnzgu.ru

Hsan Eprenvesny CMupHOB

aCIUpPaHT,

Tlensenckuit rocypAapCTBeHHbIN YHUBEPCUTET
(Poccus, r. ITensa, ya. Kpacnas, 40)

E-mail: iit@pnzgu.ru

Victor V. Kikot

Candidate of technical sciences, associate professor,

associate professor of the sub-department

of rocket-space and aviation instrumentation,
Penza State University

(40 Krasnaya street, Penza, Russia)

Ekaterina A. Fokina
Postgraduate student,

Penza State University

(40 Krasnaya street, Penza, Russia)

Dmitry M. Markov

Postgraduate student,

Penza State University

(40 Krasnaya street, Penza, Russia)

Ivan E. Smirnov

Postgraduate student,

Penza State University

(40 Krasnaya street, Penza, Russia)

ABTOpr 3aABASIOT 00 OTCYyTCTBHH KOH(l)AI/IKTa HHTEPECOB /

The authors declare no conflicts of interests.

ITocrynuaa B pepaxnuro/Received 15.04.2023
ITocrynmaa mocae penensuposanns/Revised 30.04.2023
Ipunsra k my6ankanun/Accepted 05.05.2023



S
ANATHOCTUYECKHUE METOADBI OBECIIEYEHU
HAAEXKHOCTU U KAYECTBA CAOKHBIX CUCTEM

DIAGNOSTIC METHODS FOR ENSURING

RELIABILITY AND QUALITY OF COMPLEX SYSTEMS
O —

YAK 004.05
doi:10.21685/2307-4205-2023-2-11

TECTUPOBAHUE AMUHAMUWYECKOTO BBITIOAHEHUS KOAA
PYTHON IIPOTPAMM ITPU ITIPOBEAEHUU JDTAIIA
CEPTUOHUKAITMOHHBIX UCITBITAHUHN (PABPABOTKH)

B CUCTEME CEPTU®UKAITUU MUHOBOPOHBI POCCUU

B. B. Camapos

000 «16 HUHWI», Mpituim, MockoBckas 00i1., Poccus
samarov_vladimir@mail.ru

AHHoOTaUUs. Axmyanvhocms u yeau. Bo MHOTHX Clydasx IpOTrpaMMHBIE H3AETHS, TOUICKAIIIE IPOBEPKE B
cucreme obs3atTesnbHON ceprrdukaimu MuHoOGopoHbsl Poccuu, pa3pa0areiBaloOTCs ¢ MOMOIIBIO MHTEPIPETUPYEMOTO
s3bIKa nporpammupoBatnus Python. Tlpu npoBeneHur mMpoBepoK MpPUIIOKEHUH, pa3paboTaHHbIX Ha si3bike Python Ha
NpeAMET COOTBETCTBUS MX KOJa TPEOOBAHUSM PYKOBOJSIIETO JOKYMEHTa «3allUTa OT HEeCAaHKIMOHUPOBAHHOTO J10-
cryna k uHdopmauuu. Yacts 1. [Iporpammuoe obecneuenue cpenctB 3ammrthl nHpopmanuu. Kinaccupukanus mo
YPOBHIO KOHTPOJISL OTCYTCTBHS HeJIEKIapHUpOBaHHBIX Bo3MokHocTei» (['octexxkomuccust Poccun, M., 1999), nanee —
PJ1 H/IB, Hapsiy co CTaTHYECKUM aHAJIM30M JIOJDKEH IPOBOIUTHCS JMHAMUYECKUH aHanu3 (1711 ypoBHel KoHTposs P/
HJB 3 u 2). Mamepuansl u memodsi. BMecTe ¢ TeM B HacTosIIee BpeMs B cucteMe cepTudukanuun MuHooopons! Poc-
CHH OTCYTCTBYIOT CEpTH(HUIMPOBAHHBIE CPEICTBA M PEKOMEHJOBAaHHBIE METO/BI M aJITOPUTMBI, KOTOPBIE MOTYT OBITh
WCTIOJIB30BaHBI JUIS IPOBEICHIS TECTHPOBAHMUS JUHAMIYECKOTO BEITONHEHMS KoJa Python mporpamm Ha 3tamne ceptu-
(UKAIIMOHHBIX UCTIBITAaHUH. [IepCrIeKTHBHBIM MOAXOIOM B MCCIIEIOBAHUN HEICKIAPHPOBAHHBIX BO3MOXKHOCTEH KoIa
Python npusioxeHuit py NPOBEICHUH TUHAMHYECKOTO TECTUPOBAHUSI SIBIISIETCS METOJl, OCHOBAHHbBIN Ha HCIOJIb30Ba-
HUM CTaTUCTUKH TeHEpUPYyeMOW BCTPOeHHBbIM mpodaitnepom unreprnperatopa Python. Pesyavmamoer u 6b1600ul. Ilo-
JIpOOHO OMKCcaHa MOCIEI0BATEILHOCTD IEHCTBHI IO (JOPMUPOBAHHIO C TIOMOIIBIO CTATUCTUYECKUX JIAHHBIX, HOTyYeH-
HBIX TIOCPEICTBOM cuCTeMbl npodunupoBanust Python, oTdeTHOCTH, aHamM3 KOTOPOM MO3BOJSIET CHEJIATh
000CHOBaHHBIE BBIBOJIBI 10 COOTBETCTBUIO/HECOOTBETCTBHIO MCCIIEAYEMOrO KOAA MPHIIOKEHHs, pa3paboTaHHOIO Ha
s3bIKe IporpammupoBanus Python tpeboBanusim PJ1 H/IB, B yacTu AMHaMU4ECKOTro aHaIM3a.

KnioueBsie ciioBa: cepTi(UKAIMOHHBIC UCIIBITAHUS IPOrPAMMHBIX M3/EJINH, AMHAMUYECKUH aHaiIu3 koaa Py-
thon mporpaMm, KOHTPOJIb MOJHOTHI M OTCYTCTBHS M30BITOYHOCTH HA YpOBHE (aiyioB M (pyHKINOHAIBHBIX 00BEKTOB,
npoduiIrpoBaHue Kojia Ul AMHAMHUYECKOTO aHaIN3a

Jnst murupoBannsi: Camapos B. B. TectupoBanue TMHAMHYECKOTo BBINONHEHHs Koja python mporpamMm mpu IpoBEACHUH
JTana CepTU(UKAMOHHBIX HCIBITaHUI (pa3paboTku) B cucteMe ceprudukanyy Muno6oponsr Poccun // Hage)xxHOCTh M KadecTBO
cnoXHbIX cucteM. 2023. Ne 2. C. 96-103. doi:10.21685/2307-4205-2023-2-11

© Camapos B. B., 2023. Konrent pocrynes no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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TESTING THE DYNAMIC EXECUTION OF PYTHON PROGRAM CODE
DURING THE CERTIFICATION TESTING (DEVELOPMENT) STAGE
IN THE CERTIFICATION SYSTEM OF THE MINISTRY OF DEFENSE OF RUSSIA

V.V. Samarov

LLC "16 NIITS", Mytishchi, Moscow region, Russia
samarov_vladimir@mail.ru

Abstract. Background. In many cases, software products subject to verification in the mandatory certification
system of the Russian Ministry of Defense are developed using the interpreted Python programming language. When
checking applications developed in the Python language for compliance of their code with the requirements of the gov-
erning document "Protection against unauthorized access to information. Part 1. Information security software. Classi-
fication according to the level of control of the absence of undeclared capabilities" (State Technical Commission of
Russia, Moscow, 1999) 1, hereinafter — RD NDV, along with static analysis, a dynamic analysis should be carried out
(for control levels of RD NDV 3 and 2). Materials and methods. At the same time, at present, the certification system
of the Russian Ministry of Defense lacks certified tools and recommended methods and algorithms that can be used to
test the dynamic execution of the Python code of programs at the stage of certification tests. A promising approach in
the study of undeclared capabilities of the Python code of applications during dynamic testing is a method based on the
use of statistics generated by the built-in profiler of the Python interpreter. Results and conclusions. The article describes
in detail the sequence of actions for generating, using statistical data obtained through the Python profiling system,
reporting, the analysis of which allows drawing reasonable conclusions on the compliance / non-compliance of the
studied application code developed in the Python programming language with the requirements of the RD NDV, in
terms of dynamic analysis.

Keywords: certification tests of software products, dynamic code analysis of Python programs, control of com-
pleteness and lack of redundancy at the level of files and functional objects, code profiling for dynamic analysis
For citation: Samarov V.V. Testing the dynamic execution of python program code during the certification testing (develop-

ment) stage in the certification system of the ministry of defense of Russia. Nadezhnost'i kachestvo slozhnykh sistem = Reliability and
quality of complex systems. 2023;(2):96—103. (In Russ.). doi:10.21685/2307-4205-2023-2-11

B cucreme ceprudukanmm MurOO0pOHB! Pocciy nTHHaMHYECKHA aHAIN3 UCCIeTyeMOT0 Koaa MPOBO-
nuTcst B cooTBeTcTBHHU ¢ TpeboBanusmu P/l HIB [1].

B cooTBeTcTBUM C 3THM JOKYMEHTOM IIPH MPOBEACHUH TUHAMUYECKOTO aHAIN3a AOJKHBI OBITh OCY-
[IECTBIICHBI:

— KOHTPOJIb BRITIOTHEHUS QYHKITHOHATBHBIX 00beKTOB (PO);

— comocTaBieHue (PaKTHYECKHX MapLIPYTOB BHIIOJHEHUS QYHKIIMOHATIBHBIX 00BEKTOB U MapILIPYTOB,
ITOCTPOCHHBIX B MPOIIECCE MPOBEIEHUS CTATUIECKOTO aHATN3a.

J1114 BBITTOITHEHUS TTepEeYNCIIEHHBIX TpeOOBaHNH MPH aHAJIN3E IPOEKTOB, pa3pabOTaHHBIX Ha sI3bIKe Py-
thon, mpezyaraeTcsi BOCTIONB30BATHCSI CTATUCTUKOM, KOTOPask MOXKET OBITh MOJydeHa MPOQUITUPOBIITKOM
uHTepnperaropa Python — cProfile [2].

JeiicTBuTENnBHO, paHee aBTOPOM ObLIa pacCCMOTpPEHA OTYETHOCTD, MPEAOCTABIIIEMAs TIPOPIITNPOBIITH-
koM cProfile, u ycraHOBJI€HO, YTO TeHEPUPYEMOIA B pe3yibTaTe NpoQUIMPOBAaHHS CTATUCTHUYECKON HHPOP-
MalHy JOCTaTOYHO AJsl GOpMUPOBaHHS 0OOCHOBAHHOI'O BBIBO/IA KaK IO OTpaboTaBIIMM ()YHKIMOHAIBHBIM
00BEeKTaM, TaK U 110 MapIIpyTaM UX BBITOIHEHUS [3].

g TecTpoBaHus JMHAMHYECKOTO BEIOTHEHUS KoAa Python mporpamm npum npoBeneHuu cepTudu-
KaIlMOHHBIX UCIIBITAHUH (3Tamna pa3paboTKH) ¢ UCTOIb30BaHueM mpodumuposiiuka cProfile (cuctems mpo-
¢unuposanus Python) nmpenmaraeTcst BOCIIONB30BaThCS CIEAYIOMUM AITOPUTMOM (Ha TIpUMepe TECTHPOBa-
HHUS KpOocC-TIaThOPMEHHOTO MTPOEKTa, pa3paboTaHHOTO Ha s13bIke Python, hyHKIIMOHUPYIOMIETO B TOM YHCITE
B ceptudunupoanHoit OC «Astra Linux Special Edition» 1.6) [4]:

1. C momompto BetpoeHHoro npoduimpoBiunka cProfile momyuurts craructuky Bei3oBoB @O uccie-
JyeMOTO MPOEKTa MPH €To BBITOIHEHNH B (hopmare pstats [2], st 4ero B TepMUHAIIE BBIITOIHUTH KOMaH/Y:

python —m cProfile —o proj _name.pstats proj main_module app.py,
rne proj name.pstats — pe3ynbTaThl NPOQUIUPOBAHUS MPOEKTa proj name C TIABHBIM MOJIYJEM
proj _main_module _app.py B moTokoBoM (hopMaTe pstats.
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[locne ywero mpowsBecTH OTPaOOTKY 3asBICHHBIX (PYHKIMOHAIHHBIX BO3MOXKHOCTEH HCCIEIyeMOTO
mpoekTa. [lo okoHgannn oTpaboOTKN PYHKINOHAIBFHBIX BO3MOXKHOCTEH HCCIIEyeMOTO TIPOEKTa 3aQUKCHPO-
BaTh COPMHUPOBAHHBIN (aiis proj name.pstats proj.

2. [omyuuTs U3 (haiina proj name.pstats CTATACTHYECKYIO HHOOPMAITUIO B TEKCTOBOM BUJIE, JIJISl UETO
B TEpPMHUHAJIE BEITIOJTHATH KOMaHITy:

python -c "import pstats; p = pstats.Stats('proj_name.pstats’); p.sort_stats('time').print _stats()" >
proj _name_prof.txt

[Tocne wero 3admkcHpoBaTh MOTYUYEHHBIN TEKCTOBBIN (ailn proj name_prof.txt

3. C momo1bio MUTOH-MORY s gprof2dot [5] u pe3ynbpTaToB NpoduIMpoBanus, ChOPMHUPOBAHHBIX MTPH
BEITIOTHEHUH 11.1, ony4uts rpad (daitn proj name.png *) ¢ nepeBoM (pakTHYECKUX BHI30BOB (PYHKIIUH UC-
CIIelyeMOro MPOeKTa, IS YeT0 B TEPMUHAJIEC BBIOIHUTE CIIEIYIOIINEe KOMAH/IBI:

pip3 list // IPOCMOTP YCTAaHOBJICHHBIX B CUCTEME MTAKETOB

pip3 install gprof2dot  // ycraHoBka nuToH Oubmuoreku gprof2dot (B cnydae OTCYTCTBHSI TaHHOTO
HaKeTa B CHCTEMeE)

sudo apt list graphviz *// nony4yenne unpopMannu o nmakere graphviz (yCTaHOBJICH/HE YCTaHOBJICH)

sudo apt install graphviz *// yctanoBka nakera graphviz (€civ He yCTaHOBJICH )

gprof2dot —f pstats proj name.pstats | dot —Tpng —o proj name.png

[Tocne vero 3adukcUpoBaTh MOJIYYCHHBIHN rpaduyeckuit Gaiin proj name.png

[pumeuanne: i noctpoeHus rpadoB, B cUCTeMe AODKHO ObITh yctaHoBleHO 110 «Graphvizy [6]
(Bxomut B coctaB OC «Astra Linux Special Edition» 1.6. B cimygae nposenenuu ucnbitanmii B OC cemeiicTBa
«Windows» I10 «Graphvizy» 10MKHO ObITh YCTAHOBJICHO IOMOJHUTEIBHO).

4. Tpoussectu hopmupoBaHue TeKCTOBOroO (aiina FO proj name.txt ¢ nepedneM QyHKIIMOHATHHBIX
00BEKTOB B BHIIE

Path_to_analized proj+ file namel py[Num Str]FO _name[l]+(«.facy)

Path_to_analized proj+ file namel py[Num Str]FO_name[2]+(« facy)

Path_to_analized proj+ file namel py[Num Str]FO_name[A]+(«.fncy)

Path_to_analized proj+ file name2 py[Num Str]FO _name[l]+(«.fucy)

Path_to_analized proj+ file nameN py[Num_Str]FO_name[Z]+(«.fucy)

(rme:

Path_to_analized proj — abCOMIOTHBIN MyTh K KATAIOTY C aHATU3UPYEMBIM MTPOCKTOM;

file_name_py — nms (paiina U3 Karajgora ¢ aHAIM3UPYEMBIM ITPOEKTOM; )

file_ name_py[Num_Str]FO_name —ums @O (knacca, pynkuun) u3 paiina file name py (@O o0bsiB-
neH B ctpoke [Num_Str] datina);

«.fncy — TEXHONOTHYECKII MapKep, 0003HAYAIOTHI KiTacc/pyHKITHIO KaK O0BEKT, I KOTOPOTO TPH-
MEHHUMBI OTIEPALlUH, TIPEOCTaBIsieMble (HaiiyIoBO CHCTEMOH.

Ipumeyanue: A1 MOMYUYESHUS! CTATUCTHYECKUX JAHHBIX, HEOOXOAMMBIX [UISl NAJIIHEHUIIEro Moryye-
HUS TiepedHs (QyHKIMOHANBHBIX 00BEKTOB B MPEJICTABICHHOM BHJIE, TPEOYETCs BOCTIONB30BATHCS CYLIECTBY-
IOLIMMHU MHCTPYMEHTaMHU CTaTUYECKOTo aHalu3a (HampuMep: YTUIINTOH ctags [7], cTaTH4eckuM aHaIu3aro-
poM ucxoaHbIx TeKcToB — «SCI Understand» [8] 1 mp.) unu pazpaborars Python yTunuty, ocymecTBiIsonIyto
MOCTPOEHUE aOCTPAKTHOIO CHHTAKCHUECKOIO JiepeBa (MCIOIb30BaHue cTaHAapTHOro Python-monyie «ast»
[9] mo3Bonsier chopMupoOBaTH NepeYeHb (PYHKIMOHAILHBIX OOBEKTOB aHAIM3MPYEMOTO MpPOCKTa (B TOM
qrclie ¢ KOPPEKTHOW 00paboTKOM (hyHKITHI-EKOPATOPOB, a TAKKE ACHHXPOHHBIX (DYHKIIHH).

5. ITo HCXOMHBIM TECTaM UCCIelyeMoro poekta copMupoBath rpad Bo3MOXKHBIX BEI30BOB DO, st
Yero B TepMUHAJIE BBIOIHUTD CIEAYIOLINE ACHCTBHUS:

pip3 list // TPOCMOTP YCTAHOBIICHHBIX B CHCTEME MMAKETOB

pip3 install code2flow  // yctaHOBKa TUTOH OHOIMOTEKH code2flow

codelflow —language = py Path_to_analized proj —o proj name_stat.png *
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ITocne aTOrO 3apUKCHPOBATH MONYYEHHBIH TpadUdecKuil Gaitn proj name stat.png, TPeNCTaBIIIO-
muit co00i rpad BEI30BOB GYHKITHOHAIBHBIX 00BEKTOB HCCIEIYEMOTO ITPOEKTA.

[pumeyanne: 111 mocTpoeHus rpadoB B cucTeMe JOKHO ObITh yeTanosneHo 110 «Graphvizy (Bxo-
mut B coctaB OC «Astra Linux». B ciaydae npoBenenust ucnbeitanuii B8 OC «Windows» I1O «Graphvizy
JIOJDKHO OBITH YCTAHOBJICHO JIOTIOJIHUTEIIBHO).

6. OcymecTBuTh MpeoOpa3oBaHUE MAHHBIX, IONyYEHHBIX Ha JTare BBIMONHEHHS M. 2 (daiin
proj_name_prof-txt), K IpeICTaBIEHUIO, aHAJOTHIHO ONICAaHHOMY B I1.4.

7. IlponsBecTr cCpaBHEHHUE MEpevHs PyHKIHMOHATBHBIX 00BbEKTOB, C(POPMUPOBAHHOTO 1O pe3yabTaTaM
cTarnyeckoro aHanm3a (1. 4), ¢ ¢pakruaecku orpadoraBmmmMu DO (1. 6), TS STOTO BHIIIOIHUTH CIIETYIOIINe
JEUCTBUS:

1) ckonupoBare B katanmor \data «[IU «IIMAK®U-16» [10] daitnet FO proj name.txt wn
proj_name_prof-txt;

2) 3anyctuts [IU «[IMAK®U-16» ¢ napamerpamu:

python app.py --first = data/ FO_proj _name.txt --second = data/proj name_prof.txt

--dest_path = PROJ DIR --reg = 1 --exts = "fuc"”
rae app.py — raaBuabil Monyib [T « [ IMAK®U-16y; --first — mapameTp ¢ ykazaHHEM ITyTH K nepBoMy (daiimy
FO proj name.txt, chopMupoBaHHOMY Ha 3Tarle BBIIONHEHUS 11. 4; --second — apaMeTp ¢ yKa3aHHEeM IyTH KO
BTOpOMY (haiiity proj name_prof.txt, chOpMUPOBAaHHOMY Ha dTaIe BBINOIHEHUs 11. 2; --dest _path = PROJ _DIR —
WM KaTajiora, 1o KOTOpOMY IPOU3BOINTCS aHaJN3 (OCHOBHOM KaTaJIOT 3aITycKa MUTOH MTPOEKTa).

8. Ilepeittu B karamor |\result «[IU «IIMAK®U-16». O3HakoMHUTBCS C (QaillaMu OTYETOB
(Rep_equals.txt — nepeuens @O, onpeneneHHBIX B pe3yibTaTe CTAaTUYECKOTO aHaIn3a U (PaKTUUeCKH oTpa-
00TaBIMIMX IO pe3yJibTaTaM AWHAMHUYECKOTo aHanu3a; Rep filel only.ixt — nepedens @O, onpeneNneHHBIX B
pe3yibTaTe CTaTUYECKOTO aHaiunW3a, HO OTpa0OTaBIIMX 10 pe3ysbTaTaM JUHAMHUYECKOTO aHajH3a;
Rep file2 only.txt* — nepeuens @O, pakTryecku 0TpabOTABIINX 110 pe3yIbTaTaM JUHAMHYECKOTO aHAIIN3A,
HO OTCYTCTBYIOIIMX B (pailflax MCXOAHBIX TEKCTOB HCCIEIyeMOro MPOEKTa MO pe3yjbTaTaM CTaTHYECKOTO
ananu3a (puc. 1); result.html — ceogubI html oT4eT ¢ pe3ynbpraTamMu aHanmza, puc. 2).

. B Rep_file?_only.txt - hnownoT
¢ { ¥ maﬁn I'Ipaara dopmaT  EMA Cnpseka
1. Yrow_py[32]generate fnc < 3 Jrow_py[32]generate fnc . lfai:lp py[ZZ](Iamhdv fne ~
2. Yrow_py[2]__init__fnc < > Jrow_py[Z]  Init_nc 2. Japp_py{21]<lambda> fnc
3. Yrow_py[29]_h__.fne < > frow_py[29] 1t fnc 3. jrow_py[39]<listcomp dnc
4. Yrow_py[20]__eq__.inc <——> jrow_py[20]__eq__.fnc 4. jusglibjpython3.Sfcodecs_py[318]decode.fnc
5. Yrow_py|1]row.fnc < > frow_py[1Jrow tnc 5. justlibjpython3.5f_bootiocale_py[23getpreferred ding.fnc
B Yrow_py[12]__str__fc {——3 Jrow_py{12]__str__fnc 6. jusrlibjpython3.5/codecs_py[3D8]__init__.Inc
T.\page_py[i]create_page.fnc < > fpage_py(ljcreate_page.inc 7. fusrflibipythond Steodecs_py[259]__init__|
8. Yhiml_elements _py[7]__init_ .Inc < > fhtml_elements_py[7]__init_ .fnc 8. jusglibjpythond Sfgettext_py[461]find. fne
9, thiml_elements_py{blhead.nc £ » fiiml_elements_py[5lhead.inc 9. justlibjpython3.5fposixpath_py[71]join.inc
10, \vtml_clements_py[44]__init__inc < ¥ thitml_clements w[d-!l ini 10. fapp_py[1]<module>.fnc
1. \himl_elements_py[42]smalliablerow inc < ¥ fhiml_el Anc 11. fuseflibfpython3. S.Jsm_parse_py[ﬂ!ll]_parse Ane
12.\hml_elements_py[37]_ Init__ .inc < > fhitmi_elements py{3?| init_ 12. fusrflibdpython3.5)src - pylG4]_ ilefne
13. yml_el _py|35]smalitable.fnc < > fhtml_el _py[35] le.fne 13. fusrflibfpython 3. Ejsn:_pmsc_pyﬂ 5?]_g:l||:m e
14. thtml_elements_py[2#]__init__fnc < > fhtmi_elements py[ZTl init__.fnc 14, fuseflibfpythen3.5)sre_parse_py[167]getwidth.fnc
15. \htmI_clements_py[2S]bigtablerow.fne <> thiml_cl ts_py[25]bigtabl fne 15, fuseflibfpython3.5/gettext_py[205]_expand_lang.fnc
16. \html_elements_py[1]elementine < ¥ [html_ rl:mrnls_pyﬂ]:lrmrnl fnc 16. fusrflibfpython 3.5/argparse_py[] 308]add_argument.fnc
17.\hml_elements_py[19]_ Init__ .inc < > fhtmi_elements _py19]_ init_ .fac 17. fuseflibfpython3.5fargparse_py[1227]__init__fnc
18. yhaml_elements_py[1 7]bigtable.inc < > itml_elements_py[l 7[bigtable.fnc 18. fuseflibfpython 3. Sjargparse_py[1279]registerine
19, thtml_elements_py[13]__init__fnc < > fhtmi_elements_py[13]__init__.tnc 19, fuseflibfpythen3.500s_py[720]_ getitem_ .fnc
20. \vtmI_clements_py[1 1]info.fne < ¥ Ihtml_clements_py[11]info.fnc 20. fusrflibfpython3.5/sre_compile_py[412] compile_info.fnc
21. \file_py[[fileiterator.fnc < > file_py{dJfileiterator.fnc 21. fusrflibfpython3.5/sre_parse_py[429]_parse_sub.tnc
22. \file_py[38jrews.inc < > fille_py|38jrows.inc 22. fusrflibdpython3.50locale_py([375) lize.tne
23. {file_py[22] _init__.nc < > ffile_py[22] _init__.fnc 23. jusrflibfpython 3.5)genericpath_py[1 6lexists. fnc
24, {file_py[20file.fnc < » fiile_py|20Jfile.fnc 24. fustflibfpython3.5lencodings! init__ py[42]normalize_encoding.fic
25. \npp_py[36]main.fne <——> fapp_py[36]main.inc 25. fusrflibfpython 3.5/05_py[7 J6]encode.fnc
26. \app_py|E5jwrite_common_te_file.fne < > fapp_py[B5]write_common_to_file.fnc 26, fuseflibfpython3.Sargparse_py[1 G0]__init__.ne
27. \app_py[7 Flwrite_to_file.inc <——> fapp_py([T7]write_to_file.fnc 27. justflibfpython 3 Sjre_py[278]_compile.fnc
2. \app_pylb2]create_small_table_rows.fnc > fapp_pylb2]create_small_table_rows.inc 28. fustflibfpythen3.5jargparse_py[62]<module>.fnc
29. \app_py|3create_big_toble_rows.fnc ¢ fapp_pw[33]create_big_tablc_rows.fne 29, fusrflibfpython3.5/sre_parse_py[153]_ len_ .fnc
30 \app_py[1 lintersection.fnc < > Japp_py[18]intersection.fnc 30. fusrflibfpython3.5/argparse_py[] 445]_get_optional_kwargs.inc
1. fuseflibfpython3.5/posixpath_py[39]_get_sep.inc
32. justflibfpython3 Sjargparse_py[1 844]consume_optional.fnc
e 433, fusrflibfpython3.5/ere_compile py[531jcompilefnc
ISR 34. fusrflibfpython3.5/argparse_py[1776]_parse_known_args.inc
il 35. fustflibfpython3.5/sre_parse_py[247]get.inc
36, fuseflibfpython 3.5/ collections_abe_py[S94]get.tne
Tai : 1k 37 fustflibfpython3 Sjargparse_ py|1534]_|ml fnc
1. Napp_py{38]edit_file fnc 38. fusrflibfpython3.5jere_parse py[165]append.inc
2. Yiile py[6]__init__.nc 39. fusrflibfpython3.5isre_parse_py[226] _next.fne
3. Mile_py[10]__next_.inc 40. fusrflibfpython 3.5/argparse_py|lB23]take_action.fnc
4. Mile_py[32]__contains__.fnc A1, fusrflibfpythen3.5/argparse_py[1 283)_registry_getnc
5. ¥ile_py[35]_iter__nc A2_ fusrflibfpython3 Sjsre_compile_py[?48]_oplimize_charselinc
6M P"“-__Fﬂa_n]m_s_f“: 43, fusrflibfpythen3.Sjargparce py[2236] get wvalues.inc
T \r_nw pyI26] ge  .fnc 44, fusrflibfpython3.5/argparse_py[1365] add_action.fnc
E: == 45, fusrflibfpython3.5ire_py[222] ile.fne
46, fuseflibfpython3.5/src_parsc_py[f19]parse.tnc
A7 fustflibfpython3 Sjargparse_py[2353]_get_formatterinc
A8, fusrflibfpythen3.Sjargparce py[1605]_ Init_ .fnc
49. fusrflibfpython3.5/argparse_py[2051]_match_argument.inc =
CTp L, TG 1 CIp 6, crrfl M

Puc. 1. Bugeokanp otueroB Rep_equals.txt, Rep_filel only.txt u Rep_file2 only.txt,
c(OpMHPOBAaHHBIX IO pe3ybTaTaM aHaJIN3a TECTOBOIO MPOEKTa
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file:fffF: fAnroput . esultfresult.html  x

(i) file:///F: fanropuTH NposeaeHs AMH aHanM3a MMToH) 8% c Mouck ﬁ E 43 # @ v

OtudT cpapnenna daiinee

Axzmez mo xzramory: TEST_PROJ

Oaunarobble (aiib

Puc. 2. Buneokanp cBogHOTO oT4eTa result. html, chopMHpOBaHHOTO IO pe3yIbTaTaM aHaJIH3a TECTOBOTO MPOEKTa

9. Ilo pe3ynpratam aHanuza otdetHOCTH, chopmupoBanHont «I1N «[IMAK®DU-16», coenats 3aKmto-
YCHUS:

— 0 (haKTHIECKOH MOTHOTE OTPAOOTKH (YHKITMOHAIBHBIX OOBEKTOB U3 COCTaBa IMAKETa C MCXOTHBIMH
TEKCTaMU UcclieayemMoro npoekra (hainbl Rep equals.txt u Rep filel only.txt) u, xak ciaencTBUe, OTCYT-
cTBUe (Hanmnuue) (GyHKIMOHAIBHOHN 1 (hailI0BOI N30BITOYHOCTH;

— TI0 TTOJIHOTE MCXO/IHBIX TEKCTOB Ha yPOBHE (aiijioB M HA YPOBHE ()YHKIIMOHAIEHBIX OOBEKTOB.

[pumeuanne: npu ananuze Qaiina oruera Rep file2 only.txt oOpaTuTh BHUMaHUE Ha (ailiibl, U3 KO-
TOPBIX BBI3BIBAIMCH (DYHKIIMOHANBHBIE OOBEKTHI, C LENbI0 ONpPEeACICHUS] HCTOYHNKA U CTaTyca COOTBETCTBY-
IOIIEro MPorpaMMHOT0 Mo yJist. CTaTyc MPOrpaMMHOTO MOJYJISI MOXKET OBITh:

— Bepu(UIIMPOBAaHHBIH, B cly4ae, €ClIM JJaHHBIH MPOrPaMMHBIH MOAYJIb ITOJIyYeH U3 HaJe)KHOTO HC-
TOYHHKa (HaIpuMep, U3 cocTaBa uHTepIperaropa Python Bepcuu 3.5, Bxoasiuero B coctaB cepTUPHULIUPO-
BaHHOH OC «Astra Linux» 1.6);
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— HeBepU(MIIMPOBAHHBIN, B CIIydae, €CJIM MCTOYHMK IOJYYEHUS AAHHOIO MPOrPaMMHOTO MOIYJIS
(OubnMOTEeKN) HE YCTaHOBIICH/COMHUTENBHBIN (IPH MAESHTH(UKALINK CTaTyca UCHONb3YEMBbIX (aiyioB 0co-
0oe BHUMaHue ynenuTb Python ¢aiinam n3 karanoros «Site-Packages» u «Dist-packages», a Takxe Bepcun
(hakTHIECKH HCTIONB3yeMOro nHTepnperaTopa Python).

10. O3HaKOMUTBCS ¢ QailyioM proj name.png, TPEICTABIIAIONIUM co00M rpad GakTHUECKUX BHI30BOB
(yHKIMI TecToBOro mpoekrta (copMHUpOBaH Ha ATAle BHINOIHCHUS NCHCTBUN OMMCAHHBIX B 1. 3, puc. 3
(cmipaBa), cpaBHHUTH ero ¢ rpadom BeI30BOB GyHKIM (hailn proj name stat.png, chopMHUpPOBaH Ha dTare
BBITIOJTHEHUS T1. 5), MOCTPOCHHBIX B PE3yJIbTATE aHAIM3a UCXOIHBIX TEKCTOB MPOEKTa, puc. 3 (cliera)).

306% | 250%
354384 (210564

Codeilow Legend
Festla buscton
Ttk fscteon (ot
Leat fimichion (tlus call

. File: page .
b—n :

Puc. 3. Buneokazp ¢aiiioB oT4eTOB, NpeACTaBISIONMX cO00H rpadbl BHI30BOB (pyHKIIMOHAIBHBIX O0OBEKTOB
TECTOBOTO MPOEKTa, CHOPMUPOBAHHBIX 110 HCXOJHBIM TEKCTaM Ha 3Tale CTaTHYECKOTo aHaIM3a (ciIeBa)
1 TI0 pe3yNbTataM (paKTHUECKOTO UCTIONHEHHSI KOa MPOTPaMMEI (CIpaBa)

11. CnenaTh 3aKII0Y€HNE O COOTBETCTBUH (HECOOTBETCTBHHN) (PaKTUIECKUX MAPIIPYTOB BHITIOJHEHUS
(YHKIMOHAIBEHBIX O00BEKTOB, COPMUPOBAHHBIX MO PE3yJbTaTaM BBHIITOJHEHHUS HCCIEAYEMOTO NpPOEKTa,
C BO3MOXXHBIMH MapipyTaMu BeirnosHeHuss @O, chopMUPOBAHHBIMH IO PE3yJIbTaTaM BBIIOJIHEHUST CTAaTH-
YecKoro aHanusa (TpU aHaM3e aKIEHTHPOBATh BHUMAHUE Ha 005A3aTENbHOCTh BBITIOJHEHHUS KPUTHUSCKUX
MapIIpPyTOB BBIIOJHEHUS IPOTPaAMMBI).

3akArouenue

IIpuBeneHHBIN aNropyuT™, pealn3yroIui UCCIEI0BATENBCKUI TOAX0/, OCHOBAaHHBIM HA UCIOJIb30BA-
HUM cHCTeMBI TpoduupoBanus cProfile, MokeT OBITh UCTIONIL30BAH CIICIIUATIICTAME UCTIBITATENBHBIX J1a00-
paropuii (aKKpeIMTOBAaHHBIX B CHCTeMax cepTudukanuu MunoOopoHsl Poccun) npu npoBeeHHH COOTBET-
CTBYIOIIMX 3TaloB CepTH(PUKALUOHHBIX HCIBITAHWH, a TaKke pa3padOTUYMKaMH MPOrPAaMMHBIX HM3AEIHN
(mpennpusATHAMHU IPOMBILICHHOCTH) Ha 3Tare pa3paboTKU U TECTUPOBAHHS.

101



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CUCTEM. 2023. Ne 2

Cnncok auTeparypsl

1. 3amuTa OT HECAaHKUHOHUPOBAaHHOrO AocTyna K uHpopmanun Yacts 1. [IporpammHOe obecriedeHre CpecTB 3a-
wuthl nHGopManun. Kiaccudukanus mo ypoBHIO KOHTPOJISI OTCYTCTBHS HEACKIAPUPOBAHHBIX BO3MOXKHOCTEH.
URL: https://fstec.ru/tekhnicheskaya-zashchita-informatsii/dokumenty/114-spetsialnye-normativnye-dokumenty/
382-rukovodyashchij-dokument-prikaz-predsedatelya-gostekhkomissii-rossii-ot-4-iyunya-1999-g-n-114 ~ (mara
obpamenns: 20.02.2023).

2. 27.4. The Python Profilers — Python 3.5.9 documentation. URL: https://docs.python.org/3.5/library/profile.html
(mara obpamenus: 20.02.2023).

3. Crapocrun U. E. IlporpammHas peann3anus pelieHNs] HOTEHIHAIbHO-TIOTOKOBBIM METOJOM 3a/1ad MOCTPOCHUS
MOJIeJIeH CUCTEM U3 Pe3yJIbTATOB MUCIBITAHUN 3THX cucTeM // HameKHOCTh M Ka4ecTBO CIOKHBIX cucteM. 2020.
Ne 3. C. 128-136. doi:10.21685/2307-4205-2020-3-15

4. Onepaumyonnas cucrema Astra Linux Special Edition: onmcanne, Ha3Hauenue, npumenenue. URL:
https://astralinux.ru/products/astra-linux-special-edition (zata oopamenus: 20.02.2023).

5. gprof2dot ° PyPi. URL: https://pypi.org/project/gprof2dot (nata obpamenus: 20.02.2023).

6.  Graphviz. URL: https://graphviz.org (nara oopamenus: 20.02.2023).

7. Universal Ctags. URL: https://ctags.io (gara oopamenus: 20.02.2023).

8. Understand: An IDE and Static Code analysis Tool by SciTools. URL: https://www.scitools.com (maTa oOparie-
Hus: 20.02.2023).

9. 32.2.ast— Abstract Syntax Trees — Python 3.5.9 documentation. URL: https://docs.python.org/3.5/library/ast.html
(mara obpamenus: 20.02.2023).

10. Camapos B. B., FOpxkoB H. K. [Tporpammuas peanusaiust KOHTpOJIst paiiyIoBoi M30BITOUHOCTH U MOATBEP)KACHUSI T10JI-
HOTBI HCXOJIHBIX TEKCTOB Ha ypoBHe (aiinos // HanexxHocTh 1 KauecTBO ciioxHbIX cucteM. 2021. Ne 2. C. 104-108.
doi:10.21685/2307-4205-2021-2-11

References

1. Zashchita ot nesanktsionirovannogo dostupa k informatsii Chast' 1. Programmnoe obespechenie sredstv zashchity
informatsii. Klassifikatsiya po urovnyu kontrolya otsutstviya nedeklarirovannykh vozmozhnostey = Protection
against unauthorized access to information Part 1. Information security software. Classification according to the
level of control of the absence of undeclared opportunities. (In Russ.). Available at: https://fstec.ru/tekhnicheskaya-
zashchita-informatsii/dokumenty/114-spetsialnye-normativnye-dokumenty/382-rukovodyashchij-dokument-pri-
kaz-predsedatelya-gostekhkomissii-rossii-ot-4-iyunya-1999-g-n-114 (accessed 20.02.2023).

2. 27.4. The Python Profilers — Python 3.5.9 documentation. Available at: https://docs.python.org/3.5/library/pro-
file.html (accessed 20.02.2023).

3. Starostin L.E. Software implementation of the solution of problems of constructing models of systems from the test
results of these systems by a potentially streaming method. Nadezhnost'i kachestvo slozhnykh system = Reliability
and quality of complex systems. 2020;(3):128—136. (In Russ.). doi:10.21685/2307-4205-2020-3-15

4.  Operatsionnaya sistema Astra Linux Special Edition: opisanie, naznachenie, primenenie = Astra Linux Special
Edition operating system: description, purpose, application. (In Russ.). Available at: https://astralinux.ru/prod-
ucts/astra-linux-special-edition (accessed 20.02.2023).

5. gprof2dot ‘ PyPi. Available at: https://pypi.org/project/gprof2dot (accessed 20.02.2023).

6.  Graphviz. Available at: https://graphviz.org (accessed 20.02.2023).

7. Universal Ctags. Available at: https://ctags.io (accessed 20.02.2023).

8. Understand: An IDE and Static Code analysis Tool by SciTools. Available at: https://www.scitools.com (accessed
20.02.2023).

9. 32.2. ast — Abstract Syntax Trees — Python 3.5.9 documentation. Available at: https://docs.python.org/3.5/1i-
brary/ast.html (accessed 20.02.2023).

10. Samarov V.V., Yurkov N.K. Software implementation of file redundancy control and confirmation of complete-
ness of source texts at the file level. Nadezhnost'i kachestvo slozhnykh sistem = Reliability and quality of complex
systems. 2021;(2):104-108. (In Russ.). doi:10.21685/2307-4205-2021-2-11

Hudopmanns 06 aBropax / Information about the authors

Baapumup Baapumuposuy Camapos Vladimir V. Samarov

3aMeCTHTeAb HaYaAbHUKA HCIIBITATeAbHOM AabopaTopuy, | Deputy Head of the testing laboratory,

000 «16 HUULT» LLC "16 NIITS"

(Poccus, MockoBckas 06A., T. Mbrtumwy, (29 Olimpiyskiy avenue, Mytishchi,

Oanmnuiickuit np-T, 29) Moscow region, Russia)

E-mail: samarov_vladimir@mail.ru

102



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2023;(2)

AsToOp 3as1BAsIET 06 OTCYTCTBUN KOHPANKTA HHTEPECOB /
The author declares no conflicts of interests.

ITocrynnaa B pepaknuio/Received 20.02.2023
IMocrynnaa mocae penensuposanusi/Revised 10.03.2023
Ipunsra k my6aukanun/Accepted 25.03.2023



YAK 621.3
doi:10.21685/2307-4205-2023-2-12

MOAHHESAIIINTA ITHEBMOKAAITAHA BO3AYIIIHOTO CYAHA

B. H. CaBeases', H. C. HoBorounnos?, H. IL. SImnypun’

12 BomkcKmit TOCyJapCTBEHHBIN YHHBEPCHTET BOJHOTO TpaHcnopra, Hukauit Horopox, Poccust
3 Ap3aMaccKuii MOMMTEXHUYECKUH HHCTUTYT ((umman) Hikeropoackoro rocyiapcTBEHHOTO
TeXHUYecKoro yHuBepcutera nmeHn P. E. AnekceeBa, Ap3amac, Hmxeropoackas o6i., Poccust
valerijsavel@yandex.ru, 2 n.novotochinov1@gmail.com, * yampurin@apingtu.edu.ru

AHHOTanus. Akmyanvnocms u yeau. BaxkHbIM YCTPOHCTBOM CHCTEMbI KOHIUIIMOHUPOBAHUS BO3AyXa BO3LYII-
HOTO CyJHa SIBJISIETCSI CHCTEMa aBTOMAaTHYECKOTO PEryJIMPOBAaHUs JIAaBICHHS JUIl TepMOKaOHHBI, BKIIIOYaroNas B ce0s
psiil yCTPOWCTB, HO OJHMM M3 OCHOBHBIX SABJISIETCS BBITYCKHOW ITHEBMOKJANaH. B cocTaB 3neKTpoMexaHU3Ma ITHEB-
MOKJIanaHa BO3/IyIIHOTO Cy/IHa BXOJST JiBa OECKOJUIEKTOPHBIX 3JIEKTPOABUIATENS], KOTOPHIE YIIPABIISIIOT 3aCJIOHKOM, C
JATYMKaMHU MI0JI0KEHHS POTOpPa HA OCHOBE MarHUTOYTIPABIIEMON MUKpPOCXeMbI Ha dddexre Xoiuia. Mukpocxema ys3-
BUMa K pa3psiay MOJHHH, IT0O3TOMY C(HOPMYJIHPOBAaHBI TPEOOBAHMS K MOJHHUE3AIUTE JaTYMKa XOJUIa: Y3el 3aIlnThl
JIOJDKEH UMETh MUHUMAJIbHBIC Ta0apUThl U PACIIONIaraTbCsi BHYTPH JEKTPOHHOTO Y3714 yIIPABICHUS U KOHTPOJIS ITHEB-
MOKJIanaHa Kak MO>KHO OJIFKe K OOBEKTY 3alllUThI, T.€. JaT4uKy Xoiuia. Mamepuansl u memooul. IITHeBMOKIIaan 1noi-
KEH MPOUTH HCIbITaHNE Ha BOCIPUUMUYHMBOCTD K IIEPEXOJHBIM ITpOLieccaM, BEI3BAHHBIM MOJHUEH, COIIacHO KBaIU(H-
KaroHHbIM TpeboBanusiM KT-160D mo kareropun A3, koTopast 0003Ha4aeT UCIBITAHHE KOHTAaKTHBIM BBOJIOM TPETHETO
ypoBHsi. BeiOpan a1emeHT 3amutel B Bujge TVS nuona (orpaHUYHUTENs HANPSKEHH), KOTOPBIN YCTaHABIMBAETCA B IIe-
ISIX TIMTaHUS U Ha JIMHUSX JIOTHYECKHX CHTHAJIOB C JAAaTYMKOB Xojua. Pazpaborana anexrpuyeckas cxemMa MOJHHE3AIIUThI
OT IIEPEXO/THBIX MPOLIECCOB HAa OTEUECTBEHHON 3JIEMEHTHOM 0a3e, IPUBE/ICHA €€ MPAKTHYECKasi pealn3alysi B BUIE IIe9aTHOTO
y371a i1 YCTAHOBKH B 3JIEKTPOMEXaHM3M ITHEBMOKJIANaHa. BBIIOIHEHO MoJenupoBaHue paboThl CXeMbl MOJIHUE3AIIUTHI
OT TIePEXOIHBIX MIPOLIECCOB B MPOrpaMMHOM TakeTe Multisim, st gero paspadotanst SPICE Mopmem oTedecTBEeHHBIX 371e-
MEHTOB U CXeMa I'eHepaTopa MUKPOCEKYHIHBIX UMITYJIbCOB. Pe3yibmamsl u 6b1600bi. Pe3ynbTaThl MOAEIHUPOBAHUS MOJI-
HHE3aIUTHl THEBMOKIIATIaHa TIOATBEPMIN PabOTOCIIOCOOHOCTH MPEIOKEHHOTO PEIICHHS.

KutioueBble ¢ji0Ba: BO3IYIIHOE CY/THO, BBIMYCKHOM MHEBMOKJAMaH, HaTYMK XOJJIa, MEPEXOIHbIE MPOIECCHI,
KBaJIN(PUKAIIMOHHEIE TPeOOBAHS, MOIHHAE3anTa, TVS AHOM, SIeKTpHUIECcKas cCXeMa, IeYaTHBIN y3elI, MOACTHPOBaHNE

s nurupoBanus: Casenses B. H., HoBotounnos H. C., Simnypun H. [1. Monnuesanmra mnHeBMOKIJIalIaHA BO3LYIIHOTO
cyzaHa // HagesxxHOCTh 1 KauecTBO CoXHBIX cucteM. 2023. Ne 2. C. 104-114. doi:10.21685/2307-4205-2023-2-12

LIGHTNING PROTECTION OF THE AIR VALVE OF THE AIRCRAFT

V.N. Saveliev’, N.S. Novotochinov? N.P. Yampurin®

1:2Volga State University of Water Transport, Nizhny Novgorod, Russia
3 Arzamas Polytechnic Institute (branch) Nizhny Novgorod State Technical University
named after R.E. Alekseev, Arzamas, Nizhny Novgorod region, Russia
valerijsavel@yandex.ru, 2 n.novotochinov1@gmail.com, * yampurin@apingtu.edu.ru

Abstract. Background. Topicality of the topic an important device of the aircraft air conditioning system is the
automatic pressure control system for the pressurized cabin, which includes a number of devices, but one of the main
ones is the exhaust valve. The electromechanism of the aircraft pneumatic valve includes two brushless electric motors
that control the damper, with rotor position sensors based on a magnetically controlled Hall effect microcircuit. inside
the electronic control and monitoring unit of the pneumatic valve as close as possible to the object of protection, i.e. the
Hall sensor. The pneumatic valve must pass the test for susceptibility to transients caused by lightning, according to the
qualification requirements KT-160D in category A3, which means the third level contact test. A protection element was
chosen in the form of a TVS diode (voltage limiter), which is installed in the power circuits and on the logic signal lines
from the Hall sensors. Materials and methods. An electrical circuit of lightning protection against transients on the
domestic element base has been developed, its practical implementation in the form of a printed circuit assembly for
installation in the pneumatic valve electromechanism has been presented. The operation of the lightning protection cir-
cuit against transients was simulated in the Multisim software package, for which SPICE models of domestic elements
and a microsecond pulse generator circuit were developed. Results and conclusions. The simulation results of the pneu-
matic valve lightning protection confirmed the operability of the proposed solution.

Keywords: aircraft, air outlet valve, Hall sensor, transients, qualification requirements, lightning protection,
TVS diode, electrical circuit, printing unit, simulation
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BBeaeHne

B nocnennue necsatunetus Bce 0OJbIe BHUMAHHS YAETSETCS CHCTEMaM aBTOMATH3AIiY KH3Heo0ec-
reueHus Bo3aymHoro cynaHa (BC), ogHoON U3 HUX SBISETCS CUCTeMa KoHAuITMoHnpoBaHus Bozayxa (CKB).
Ona oOecrnieurBaeT KOM(OPTHBIC YCIOBUS KU3HESATSIILHOCTH 3KUMaxa U naccaxupos BC u npeaHazHa-
YeHa JUIS CO3/IaHus U MOJIepKaHsI TapaMeTPOB BO3/yXa B TepMETHYHOM KaOuHe (TemMIepaTypa, JaBleHHe,
BIIQYKHOCTb, IPUMECH) TSI 00ecieueHNsI HOPMAIIbHBIX KU3HEHHBIX YCIOBUN BO BCEX OXKHIAEMBIX YCIOBHUSIX
skcrutyaranmu BC (Ha 3emiie, pu B3nere/mocazke, B nojiere). Baxubim ycrpoiicteBom CKBBC sBnsiercs
CUCTEeMa aBTOMAaTU4eCKoro perynuposanus AaieHust (CAPJ]) mis repMoKkaOUHBI, BKIIIOYAIOIIAs B CeOS s
YCTPOMCTB, OAHUM W3 OCHOBHBIX SIBJISIETCS BBIIYCKHOW MHEBMoKIamnaH [1]. B cocraB snekTpoMexaHuzma
ITHEBMOKJIAIIaHa BXOAST [BA OECKOIEKTOPHBIX AIIEKTPOIABUTATEINS, KOTOPBIE YIIPABIAIOT 3aCIOHKOM, C 1aT-
YUKAMHU TIOJIOKEHUS POTOPaHa OCHOBE MarHUTOYMPABISIEMON MHUKPOCXeMbI Ha 3 dekTe Xoira.

Ilepen 3amyckoMm IMHEBMOKIIaNlaHa B CEpPUITHOE MPOU3BOJICTBO HEOOXOIUMO TIPOBECTH KBaTH(PUKAIIH-
OHHBIE HCTIBITAHNUS B TIOJTHOM COOTBETCTBHH C ITPOTPAMMOI HCITBITAHUH, B KOTOPOH IS BRIITYCKHOTO KJIariaHa
COZIEPIKUTCSI MMYHKT «BOCTIPUUMYUBOCTH K TIEPEXOTHBIM MPOIIECCaM, BEI3BAHHBIM MOJTHUEH), METOIUKA JTaH-
HOTO HcTbITaHus onucaHa B JokyMmeHte KT-160D [2]. [lanHoe ucnibITaHUEe CBOAUTCS K BO3JCHCTBUIO MUK-
POCEKYHIHBIMHU UMITYJIbCAMH HICATH3HPOBAHHOMN (DOPMBI (OHHM UMUTHPYIOT UMITYIIHCHI HABOJKH OT MOJTHHN )
Ha DJIEKTPOMEXAHU3M C IEeNBI0 OIEHKH €r0 YCTOMYHUBOCTH Ha MOBPEXK1aeMOCTh. [10CKOIBKY MAarHUTOYTIPaB-
nsemasi MuKpocxema Ha 3¢ dekre Xoiia ysa3BruMa K BO3ICHCTBUSAM MOJIHUU 3], TO HEOOXOIUMO yCTPOKUCTBO
MOJTHUE3AIIHUTHI AJIEKTPOMEXaHN3Ma ITHEBMOKJIAIaHa. Y CTPOICTBO 3aIIUTHI TOJKHO MPEICTABISATh U3 ce0st
HEeOOJIBIIION TIeYaTHBIN y3elI, KOTOPBIA pacrojiaraeTcsi Kak MOYKHO OJiKe K OOBEKTY 3aIlIUTHL, T.€. JaTIHKY
Xonna ¥ pacroioKEHO BHYTPH JEKTPOHHOTO OJIOKA yIPaBIICHUS W KOHTPOJS MHEBMOKJIAaHa, BHEITHUN
BHJ] KOTOPOTO TTOKa3aH Ha puc. 1.

Puc. 1. BemmyckHoi mTHEBMOKIIanaH (BHU3Y) C 3JIEKTPOHHBIM OJIOKOM YIPaBJICHUS M KOHTPOIIS (BBEPXY)

LIGIIL pa6OTBI — HUCCIIEAOBATh BO3MOKHOCTb MOJITHUEC3AIUTHI 3JICKTPOMEXaHU3Ma IMTHCBMOKJIAIlaHa BO3-
AYHUIHOT'O CyJHA MMPU MATAaHUU 0T60pTOBOﬁ CCTHU IMOCTOSIHHOI'O TOKa C HOMHUHAJIbHBIM HAIIPAKCHUCM 27 B.
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Tpeﬁonarmﬂ K Y3AY 3alITUTHI IACKTPOMEXaHHN3Ma MIHEBMOKAAIIaHA OT MOAHHH H €0 peaAn3anusi

Bompocawm 3ammuTel 00pTOBO# anmapaTypbl a3pOKOCMUYESCKUX AIMMapaToB OT AIIEKTPOMATHUTHBIX UM-
MYJbCOB U TOJICH 3IIEKTPOCTATHIECKOTO pa3psijia TMOCBSIIEH psij paboT, Hanboliee MHTEPECHBIMHU SIBIISIFOTCS
paboTsl [4, 5]. OnHako K 351ekTpoodopyaoBanuio BC mpeabsaBisioTcs 0co0bie TpeOOBaHUS: B COOTBETCTBUU
C IOKyMEHTOM [2] MHEBMOKJIAINAaH JOJDKCH MPOUTH UCIBITAHHE HAa BOCIPUUMYHBOCTh K MEPEXOTHBIM TPO-
1reccaM, BEI3BAaHHBIM MOJTHHEH, coryiacHo pazaeny 22 KT-160D no kateropum A3, koTopas 0003Ha4aeT Hc-
IbITAHUEC KOHTAKTHBIM BBOAOM TPETHETO YPOBHA. Takue ucneITaHUS IIPOBOIATCA OJIA O60py,[[OBaHI/I$I, ycCTta-
HOBJICHHOTO B MECTaX CO CpEIHEH CTENEHBIO 3al[UINEHHOCTH OT JJIEKTPOMArHUTHOTO BO3JCHCTBHSL.
Hcnpitanue npoBoauTes s GOpMBI UMITYNbCa, MPEICTABICHHOW HA PUC. 2, a WCHBITATEIbHBIH YPOBEHb
(ammunTyna) BeIOMpaeTcs u3 tadi. 1, B3saToit m3 mokymenta KT-160D.

Tabiuma 1

HcneiTarensHbie YPOBHHU IS KOHTAKTHOI'O BBOJA

DOopMBbI UMITYJIHCOB
YpoBeHb 3 4
VI V/1

1 100/10 50/15
2 250/5 125/12
3 600/12 300/30
4 1500/30 750/75
5 3200/64 1600/160

IMHKOBOE x

3HAYSHHE i T1=6,4 mukpocexyun +20%

T2=69 mukpocexyun +20%

50% 4+ —-——————

T1 T2

Puc. 2. Umnynbc HanpspkeHus/Toka GOpMbl 3 st KOHTAKTHOT'O BBOAA

B 6eckomnektopHbIX anekTpoasuratensx b 4-25-3 nHeBMokiIanaHa NIpUMEHSIOTCS JIOTHYECKHE AaT-
gk XoJuta [3], KOTOphle SBISIOTCS MHKPOCXEMaMH KOMITAPAaTOPHOTO THIIA C JIOTUYECKHUMH YPOBHSIMHU
HanpsDKEHUs Ha BbIXoJie. [Ipy HamMuuy MarHUTHOTO TOJIS Ha BbIXOJie (POPMHUPYETCsI BBICOKOE HaIpsDKEHHE
WM JIOTUYeCKas €MHNLIA, a TIPU €0 OTCYTCTBUHU — HU3KOE MIIH JIOTMUECKUH HOJb. CTPYKTYpHasl CXeMa MHK-
poCxeMbl IIpejIcTaBlieHa Ha pucC. 3.
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Puc. 2. CtpykTypHast cxeMa MUKPOCXEMBI JIOTHIECKOT0 JaTyiKa XoJa
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JInst MOJTHHE3AIIUTHL JaTYrKa X0JIa HE0OX0AUMO BEIOpATh AJIEMEHT 3alIUThI, KOTOPBIA JOJDKEH 00-
JaaTh CISAYIOIMU CBOWCTBAMMU:

— yCTOWYMBO paboTaTh MPH BO3JICHCTBUU OOPATHOTO HAIIPSIKEHHS;

— He JIOJDKEH OKa3bIBaTh BIIMSIHUS Ha pab0Ty OCHOBHOM 3JIEKTPUYECKOH CXEMbI IIPH HU3KOM YPOBHE
00paTHBIX TOKOB;

— BpeMmsl cpabaThiBaHUS JJOJHKHO OBITh Ha YPOBHE JIECATKOB HAHOCEKYH]I JJIs HAJCKHOTO [TOIaBICHHUSI
HMMITYJIbCOB IIEPEHAIPSHKEHU,

— XOpOILIO pacceuBaTh MOIIHOCTh TIPH HEOONBIINX rabapUTHBIX pa3Mepax.

CpaBHUTENBHBIE XaPaKTEPUCTUKH COBPEMEHHBIX JJIEMEHTOB 3aIIMTHl OT MEPEXOAHBIX MPOIECCOB
MpeaCTaBIeHbI B Ta0I. 2.

Tabmuma 2
CpaBHUTENbHBII aHATU3 3AIUTHBIX OTPAHUYUTENCH HAMTPSIKCHUS
IIapametp I"a3oBBIC Bapucrtopsl TVS muomst
pazpAIHUKN
VpoBeHb MTHKOBBIX TOKOB BBICOKHIL BBICOKHIT CpesTHHil
MuHHManbHOE
HanpsKeHNe BKIIoUeHN, 75 6 6
B
To4HOCTh HAIIPSDKSHHS
HHU3Kas CpeIHAL BBICOKAs

BKIIIOYEHHS
D¢ eKTHBHOCTE
OTpaHWYeHH BEIOPOCOB cpeHsas cpeHsas BEICOKAs
HANpSKeHNT
Tumnosast eMKocTb, 11D ~1,5 ~1400 ~100
CooTHOIIIEHUE “TTHKOBBIH

- HH3KO€ cpejHee BBICOKOE
TOK/TabapHTHI
Bpems cpabaTriBaHHS OombpmIoe cpeaHee Majoe

Ucxoas 3 ganHbIx TabI. 2, MOKHO CIEIATh BLEIBOJ, UYTO KaXKILIM M3 3JIEMEHTOB MMEET KaK IUTIOCH,
TaK U MUHYCBI JJIs1 UCIIOJIb30BAHUS.

l"a3oBbIe pa3psIHUKN HEBO3MOKHO UCIIOJIB30BATh B Y3JI€ MOJIHUE3AIUTHI, IIOCKOJIEKY OHH 00JIaIatoT
0O0JIBIIUMU TabapUTAMU, YTO 3aTPYTHUT UX pa3MelieHre Ha miarte. Kpome Toro, npu HeOOIbIIOM YUCIIE TIe-
PEKITIOYEHUH OHU UMEIOT OOJIBbIIIOe BpeMsl CpadaThIBaHUS, YTO HE MO3BOJIIET OTPadaThIBaTh MUKPOCEKYHI-
HbIE UMITYJILCHI IEPEHATIPSIKEHUIH.

Bapuctops! o OBICTPOACHCTBHIO JIyUIlle, YeM Ta30BbIC pa3psAIHUKA, HO 00JamgaroT OOJBIION cO0-
CTBEHHOH €MKOCTBIO,9TO MOKET HETaTUBHO BIUATH Ha Pa0OTYy OCHOBHOM JEKTPUIECKON CXEMBI.

TVS auonsr (cokpamiennoe ot 1ransient voltage Suppressor, TO3TOMY B IUTEPAType HA3BIBAIOT YaCTO
cynpeccopaMH) — 3TO TUIHNYHBIC OTPAHUYHNUTCIIN HAIPSAKCHHA, KOTOPBIC TEXHUYCCKU HpaBI/IJIBHeﬁ Ha3BaThb
(310 OOJICE COBpEMEHHBIN BapUAHT) UMITYJIbCHBIC JIABUHHBIC CTAOMIUTPOHBI [6]. OHU OTpaHUYUBAIOT HAIPSI-
JKCHHE Ha 3alUIIAeMOM yYaCTKE ICKTPUICCKON CXEMBI 10 OS30MMaCHBIX 3HAYCHHUIA, PU ATOM IMOTJIONIAs U
pacceuBas SHEpPruto uMIyiabca momexu. Y TVS nuonoB sipko BeIpaKEHHAs! HETMHEWHas BOJbTAMIICPHAs Xa-
PaKTEpUCTHKA: ISl OJJHOHAIIPABIICHHBIX JHMOJIOB OHA MMEET HECUMMETPUYHBINH BUJI, IS IBYHATPABICHHBIX —
CUMMETPUYHBIA. OHH XapaKTepU3YIOTC BRICOKHM OBICTPOJICHCTBHEM B IECATKHA HAHOCEKYH]I U IPU HEOOIb-
X radapurax cCocoOHBI paccenBaTh OombIre MomHOCTH. Takke TVS nroapl 00magar0T HeOOIBIIOH eM-
KOCTBIO, 94TO MTO3BOJISIET MPUMEHSITh WX JUIS 3alTUTHl KaK JMHAN MUTAHUS, TaK U CUTHAIBHBIX JTHHAN.
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TVS muonsr (orpaHrYUTENN HAMPSHKEHUS) YCTAHABIMBAIOT MAPAIIIENFHO B LETSAX MUTAHUS U HA JIH-
HUSX JIOTHYECKUX CHTHAJIOB JaT4Wka Xojuia (cM. puc. 2). B HopManbHBIX yciaoBUsSX paboThl cxeMbl TVS
JTUOJTBI ABJISTFOTCSI BEBICOKOMMITEJAHCHON HArpy3KOH MO OTHOIICHHUIO K 3aIIUIIAEMOI CXeMe U MPEICTaBISIIOT
c000i1 Pa30MKHYTYIO II€TIb C HE3HAYUTEIBHBIM TOKOM yTeuku. Korja HampshkeHne epexoaHoTo mpolecca
NpeBbIIIaeT pabodee HaMpPsHKEHUE IIEMH, TO UMITYJILC TePEHANPSHKEHUS! BBI3BIBACT JIABUHHBIA Npo0oii B
ctpykrype TVS nnona, gepe3 HETO IPOTEKAET TOK MMOMEXH, OOYCIOBICHHBIH SKBUBAJIIEHTHBIM COTIPOTHBIIE-
HUEM HCTOYHUKA ITOMEXH, IIPH 3TOM HaIpsDKEHHE Ha JHOJe OTPaHNYNBAETCS €r0 COOCTBEHHOW BHYTPEHHEH
CTpyKTypoil. B pe3ynbTaTe 3amuinaeMbiii y4acTOK CXEMbI HE TOABEPTAECTCS BO3IEUCTBUIO BEICOKOTO HAIps-
KEHHS, a SJHEPTHUS TIOMEXH PACCENBAETCS.

B xauectBe TVS nmona ucnonp3oBaH OJHOHAIIPABIEHHBIM OrpaHUYMTeNb HanpsbkeHus 2P304I1192
oTedecTBeHHOTO TIpou3BojicTBa AESP.432120.772 TY. JlaHHBII 2JIeMEHT IPUMEHSICTCS TSI 3aIIUTHI PaIHo-
AJIEKTPOHHOM ammapaTypsl CIIEHATFHOTO Ha3HAYEHUS OT NIepeHANPSKEHIH, 00YCIIOBICHHBIX MTEPEX0THBIMH
MIPOLIECCAMH, Pa3psAaMH CTaTHUECKOTO JIEKTPUUYECTBA U HABEIEHHBIMU 3JIEKTPOMAarHUTHBIMU UMITYJIbCAMH
VHOU NPUPOJBI.

Orpannuntens HanpspkeHus 2P3041192 o6mamaet ciemyonmMy XapaKTepUCTHKAMMA:

— Hanpspkenue npobos (Var, breakdown voltage) cocrasnser ot 83 no 92 B — 3To HanpsikeHue, npu
KOTOPOM OITACHBIN UMITYJIEC OTBOJIUTCS HA OO IPOBO;

— TOK TIpo0os cocTaBiseT (I7) 1 MA;

— MaKcuMallbHasg UMIyJbcHasi MOIIHOCTE (/ppp) 1500 BT — 3TO MOIIHOCTB, KOTOPYIO CLIOCOOEH Moja-
BUTH TIOJTYIIPOBOJIHUKOBBIN OTpaHUYHUTEb;

— TOK yTeUKH ([; — IOCTOSTHHBIN 00paTHEIN TOK) paBeH 1 MKA.

[ToxazaTenu UMITyJIbCHOM 3NIEKTPUUECKON MPOYHOCTH K BO3IEHCTBUIO OAMHOUYHBIX UMITYJICOB HAIIPS-
xenust (OMH) cornacao AESP.432120.772 TY npuBenens! B Tadm. 3.

Tabmuua 3
[TokazaTenu UMIyIbCHOM 3neKTpuyeckor mpouHocT 2P3041192
. JmarensHocts OMH, Mkc
[TapamMeTpbI 2IEKTPUYECCKOM IIPOYHOCTH
0,1 1,0 10,0
[IpenenbHo-nomycrumoe Hanpsbkenne OVH,B He Oonee 5000 | He Gonee 5000 | He Gosee 5000
Pacuernas npenensHo-gonyctumas saeprus OMH, mJx He 6onee 3,0 He 6onee 56 He 6osee 360

CxeMa MOJTHHE3aLIUTHI OT MEPEXOAHBIX MPOLECCOB, pa3paboTaHHas IJisl YCTAHOBKH B AJIEKTpOMeEXa-
HU3M NMHeBMoOKJanaHa (puc. 3), coctouT u3 TVS anonos, o603HaueHHBIX Ha cxeme kak VD3...VD22, cra-
ounmutpoHoB VD1, VD2 u pesucropos R1, R2.

Tax kak ogun auon 2P3041192 sBnseTcst oqJHOHANPABICHHBIM, TO AJ1s1 YOPMUPOBAaHUS JBYHAIPaBIICH-
HOM BOJIbTAaMIIEPHON XapaKTEPUCTUKH X BKJIIOYAIOT 110 1BA BCTPEUHO-MIOCIIEN0BATENBHO, UTO 00ECTIEYUBAET
paboTy Ha UMIyJbcax 0OpaTHOMN MOJIIPHOCTHU M, YTO BAXKHO, HOBBIIIAET HAJEKHOCTh COCTUHEHUS [6].

Crabumutpon 2C524A1 c HOMUHANTBHBIM HanpsKeHueM cradumnzanuu 24 B u pesucrop P1-8B-1-360 Om
00pa3yIoT napaMeTpUUecKUil cTabunn3aTop HAPsSHKEHU ISl CHUOKEHUS] HOMMHAJIBHOTO OOPTOBOIO HAIIpsi-
skeHus 27 B (xoTs Mmoxet ObITh 1 29 B), 10 HOMHHAIBHOTO 3HAUEHUS HAIpsDKEHUs nuTaHus (He Oonee 25 B)
nmatynka Xoiaa 129KX011.AESIP.431160.993 TV.

B xax oM 35eKTpoBUraTese UCIoIb3yeTcs 110 J1Ba JaTUhKa X0JUla, KOTOPbIE yCTaHOBJIEHBI CO CIIBU-
roMm Ha yroi 90° 1 nepeksoyaroTcs U3 OJHOTO COCTOSIHUS B Apyroe yepes kaxasie 180°. I1o curnanam gat-
YHKOB MEPEKIIOYAIOTCS OOMOTKH JIBUTATENs, CO3/AAI0IINE Ha POTOPE KPYTSILUIl MOMEHT B HY>KHOM HarpaB-
nennu. Camu ABWUraTeny BXOIAT B COCTaB 3JEKTPOMEXAHM3Ma BBIIYCKHOTO ITHEBMOKJIAIIaHAa, KOTOPBIH
COOTBETCTBEHHO SIBJISIETCS UCMONHUTENBHBIM ycTporicTBoM CAPJ] BC.

OCKM3 MEYaTHOTO y37a, BBIMOJIHEHHBIA N0 MPUHIUINAIBLHOW cXeMe puc. 3, MpeacTaBlIeH Ha puc. 4.
JlaHHBIN NeYaTHBIN y3€1 NpeAHa3HaueH A YCTAHOBKHU B JIEKTPUUYECKYIO LENb 3JEKTPOMEXaHU3Ma, MIpe.-
craBieHHyr Ha puc. 5. Toukn XP1... XP12 o0o3Ha4aroT MecTa cOeIMHEHUS! KOHTAKTOB MIEYaTHOTO y3Ja
MOJIHUE3AIINUTHI CO CXEMOH 3JIEKTPOMEXaHN3Ma ITHEBMOKJIAaHa.
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DNEKTpUUYECKasi cXxeMa IMTHEBMOKIIAllaHa BKJIFOYaeT B ce0s 1Ba OECKOJUIEKTOPHBIX 3JIEKTPOABUTATEINs
(M1, M2) IIb 4-25-3 ¢ maTankomM 0OpaTHOTO TOJOXKEHHUS POTOpa Ha OCHOBE MAarHUTOYITPABIISIEMOH MHKPO-
cxembl Ha 3¢ pexre Xota 1293KX011, koTopbie coenuHEHbBI ¢ OJIOKOM YNPaBJICHUs CUCTEMbI aBTOMaTHYe-
CKOT'O PETryJIMPOBaHUs AaBICHUS C MTOMOIIIBIO IBYX AeKTpuueckux coeaunuteneit tuna CHIL (X1, X2).

Uetsipe mukponepekmtouatesns [IM-21 (S1 -S4) HeoOXoMuMBbI IJIsT MHIUKAIUNA KOHEYHBIX COCTOSHHMA
3aCJIOHKHM MHEeBMOKJamnana Ojokom ynpasienus CAPJI, nByxcekuuontsie morenimomerpsl [10C 1,2 uc-
MOJIB3YIOTCS B KAYECTBE YCTPONUCTBA 0OPAaTHOM CBS3H MO MOJI0KEHHUIO 3aCJIOHKH MMHEBMOKJIanaHa.
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Komnblo'repﬂoe MOAECANPOBAHHE Y3Ad MOAHHE3AIINThI IHEBMOKAAIIAHA

[TockonbKy 37€KTpOMEXaHU3M ITHEBMOKJIAIIaHa BKIIOYAET ABa OAWHAKOBBIX 3JIeKTpoasuraTens M1 u
M2, To npu KOMIOBIOTEPHOM MOJEIUPOBAHUM JOCTATOYHO HCCIIEAOBATh CXEMY Ul JeKTpoasurarens M1
(puc. 5) ¥ ¢ HOMOILIBIO TeHEPATOPa MUKPOCEKYHIHBIX UMITYJILCOB OLIEHUTH OBICTPOJCHCTBHE y3/1a MOJTHHE-
3aLIMTHI, T.€. BPEMs YCTAaHOBJICHUS HAIPSDKEHUS HA BBIBOJAX MUKPOCXEMBI C IaTYMKOM XOJIa.

MogenupoBanue pabOTBl CXEMbl MOJHHE3ALIMTEI OT MEPEXOTHBIX MPOLECCOB MPOBOAMIOCH B MPO-
rpaMMHOM mnakeTe Multisim, HO AJIsl €ro HCMOIB30BaHUS IPULIIIOCH PELINTH JBE 3a/1a4u.

Bo-nepBrIX, ObLT pa3paboTaH reHepaTop MEPHOANYECKOH MOCIEAOBATEILHOCTH UMITYIILCOB (pHC. 2)
Ha 0a3e cxembl Mapkca 2-ro mopsaKa, 0COOEHHOCTBIO KOTOPOH SBIISIETCS MapajlieNIbHBIN 3apsi KOHAEHCATO-
POB C MOCJIEAYIONIUM TOCIEe0BaTEIbHBIM pa3paaoM [7]. Mojens JaHHOTO UMITYJIbca MpeICTaBlIeHa Pa3Ho-
CTBIO JIBYX SKCIIOHEHIIMALHBIX (DYHKIINH:

V =Vo [e(_‘”) —el™ ] ,

rae a, b — ko3 PUIKEHTHI, ONpeneNonIe CKOPOCTH HapacTaHus U craja; Vo — aMIUIUTyJa UMITyJIbca Te-
peHanpsbkeHus. Takoil UMIYJIbC CTPEMHUTENBHO HapacTaeT OO0 MHUKOBOI'O 3HAYEHHS M OTHOCHUTEIHHO MeJ-
JIEHHO JOCTUTAET HYJIEBOro 3HaueHus. Cxema reHeparopa MUKPOCEKYHIHBIX UMITYJILCOB, pealu30BaHHAs B
mporpaMMHOM Takete Multisim, npezcraBiieHa B HWKHel yactu puc. 6. st opMupoBaHust UMITyJIbca UC-
TOYHUK HanpsbkeHud B 860 B zapspkaer( uepes 3aMkHYTHIN Kimrod S1 mpu pa3soMKHYTOM S2) KOHIEHCATOP
C1. ITocne pa3meikanus krroda S1 u 3ambeikanus S2 waet 3apsg C2 gepe3 BpeMs3aaromnire pe3ucTopsbl R3
(3apsn) u R4 (pazpsm). TectupoBanne paboOThI JaHHOTO TeHEpaTopa I HOMHHAJIOB PE3UCTOPOB M KOHIICH-
CaTOpOB, IIPUBEACHHBIX Ha PUC. 6, TIOKA3aJI0, YTO UIUTEILHOCTE (poHTa nMITyibca T1 cocTaBmseT 6.2 MKc,
a JUTMTEIBHOCTh UMITyNbca T2 — 62.46 MKC, 4TO yKiIalsiBaeTcs B Tpedyembiit momyck £20 % (cm. puc. 2).
MaxkcumanbHas aMIuIMTy1a coctaBmia 604 B, 4To cooTBETCTBYeT UCTIBITATETLHOMY YPOBHIO 3 Tao. 1.

Puc. 6. Cxema KOMIBIOTEPHOTO MOAETHPOBAHUS MOJTHHAC3AIIHUTHI IJIS1 OJHOTO JIEKTPOIBUTATEIS C JaTIUKAMH XO0JlIa

Bo-BTOpEIX, Tak Kak B OMOMMOTEKE KOMIIOHEHTOB IporpaMMbel Multisim cozmeparcsi TOIBKO HHO-
CTpaHHBIE HJIEKTPOPAIUOINEMEHTHI, TO MoTpedoBanock pa3zpadorars SPICE mozenu nByX OTe4eCTBEHHBIX
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anemenToB: TVS mmoma 2P3041192 cormacno AESIP.432120.772 TY wu crabumurpona 2C524A1 mo
CM3.362.823TYVY. Ilposepka amekBaTHOCTH Mojienu TVS mruoma mpoBoamiack ¢ IpUMEHEHHEM Te€HepaTopa
MHUKPOCEKYHIHBIX UMITYJIbCOB, KOTOpas NIOKa3aja cTaOMIM3aluio IPY HApsHDKEHUH UMITyJibca Bhiie 88 B.
[IpoBepka aieKBaTHOCTH MOJISNU CTAOMIMTPOHA TIPOBOUIIACEH TIPU TIOCTOSTHHOM HarpsbkeHuu 27 u 92 B.

Cxema i1t MOJIETMPOBAHMS TIEPEXOJHBIX TIPOIIECCOB MMPUBEIEHA B BEPXHEH YacTH pUC. 6 M COCTOUT H3:

VD3-VDI13,VD4-VD14,...,VD7-VD17 — BKJIIOYEHHBIX BCTPEUHO-TIOCIAEAOBATEILHO OTpaHUUUTENEH
HanpsokeHust 2P3041192;

VD1 — crabunutpona 2C524A1;

R1 —pesucropa P1-8B-1-3600Mm =+ 5 %-M-I1;

RH — sxBuBanenra Harpysku — Mukpocxemsl 1293KX011(romunan B 1350 Om onpezeneH mo motped-
JSIEMOMY TOKY W TTPHIIOKEHHOMY HAIPSDKEHUIO);

XSC2 — yeTpIpexKkaHATBHOTO OcUMIIIOrpada, K KOTOPOMY IMOAKIIOUYEHBI BBIXO/ TeéHepaTopa MUKpOce-
KYHJHBIX UMITYJIbCOB, OTPAaHUYHUTENb HAMIPSKEHUS U pe3ucTop RH .

OcnuuiorpamMma MmepexoaHoro mpoliiecca MpeacTaBieHa Ha puc. 7, OTKyAa BUAHO, uTo TVS auoabt
OTPaHUYHMBAIOT UMITYJIBC 10 YpoBHS 89 B, a crabunutpon GopMupyer 3HAUCHUS HANPSOHKEHUE MATAHWUS Ha
ypoBHe 24,4 B pu MakcCUMajabHOM HANpPsKEHUU OUTaHUSI MUKPOCXeMBbI B 25 B.

Bpewms nepexomHOTO Mpoiiecca He TPeBHIIaeT 2,2 MKC.

-1.185 -1.180 1175 -1.170 -1.165 -1.160 -1.15

450

ge(V)

250 (2.1882p, 89.0026)

Channel_B Volta:

150
(2.1882p, 24.2725)

50

-50

-50p ou 50u 1500 250u 350
Time (s)
Chemel A gChannel8 )y ChannelC

Puc. 7. OcumnorpaMmsl HaIIpsKEHUH B CXeME pHC. 6: BBEPXY — € T€HEpaTOpa MUKPOCEKYHHBIX UMITYJIbCOB;
B cepenuHe — ¢ TVS nnoza; BHU3Y — Ha BBIBOAAX MUTAHUS MUKPOCXEMBI

3akAroueHune

1. OmHUM U3 OCHOBHBIX Y3JIOB CHCTEMBbl aBTOMAaTHUECKOI'O PEryJIUPOBAaHUS JABICHUS I TepMOKa-
OMHBI BO3IYLIHOTO CY/IHA SIBIISIETCS BHITYCKHOM THEBMOKIIAIIAH, B COCTAB 3JIEKTPOMEXaHU3Ma KOTOPOTO BXO-
ISIT 1B OECKOJUIEKTOPHBIX AJIEKTPOABHUIATENS C JaTYMKAMHU MOJ0KEHHUS pOTOpa Ha OCHOBE MarHHTOYIIPaB-
nsieMoit MUKpocxeMbl Ha 3ddekre Xointa, KoTopble UyBCTBUTEIBHBI K BO3ACHCTBHIO MOJTHHU.

2. lns Hae)XHOU paboThl MTHEBMOKJIANIAH JOJDKEH NIPOMTH UCIBITAHUE HAa BOCIIPUUMYNBOCTD K Iepe-
XOJTHBIM TIpOIIeCCaM, BEI3BAaHHBIM MOJTHUEH, cornacHo paszneny 22 KT-160D no kareropun A3, kotopas 060-
3Ha4YaeT UCIBITAHNE KOHTAKTHBIM BBOJIOM TPETHETO YPOBHSI.

3. ChopmynupoBaHbl TpeOOBaHUS K MOJHUE3AIUTE TaTYMKA X 0J11a, BEIOpAH JIEMEHT 3allUTHI B BUJC
TVS nuona (orpaHu4uTeNs HAPSKEHUS ), KOTOPBIA yCTaHABIMBAETCS B LEMSIX MUTAaHUA U HA JIMHUSAX JIOTH-
YEeCKHX CHUTHAJIOB C JATYUKOB XOJLIA.

4. PazpaboraHa cxemMa MOJIHHUE3ALIUTHl OT MEPEXOAHBIX MPOLECCOB HA OTEYECTBCHHOM 3JIEMEHTHON
0a3e, npuBeAEHa ee IpaKTHUeCKasl peaan3anus B BUIE IeYaTHOTO y3Jia sl yCTaHOBKH B JIEKTPOMEXAHU3M
MTHEBMOKJIaTNaHa.
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5. BemonHeHo MoenmupoBanne paboThl CXEMbI MOJTHAC3AITUTHI B TIpOrpaMMHOM Ttakere Multisim, myis
yero paspabotansl SPICE Mozenu oTeuecTBEHHBIX DJIEMEHTOB U CXeMa T'eHepaTtopa MHUKPOCEKYHIHBIX UM-
mysbcoB. [lokazaHo, 4To BpeMst CpaOaThIBaHUS CXEMbI JJOCTATOYHO JIJIsl €€ HAJACKHOTO (PYHKIIMOHUPOBAHUSL.
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OF ECOLOGICAL-ECONOMIC SYSTEMS OF THE RUSSIAN ARCTIC
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Abstract. Background. The study is aimed at design and development of methods and approaches to ensuring,
assessment and regulation of the ecological robustness of Arctic regions in order to resilience and management effi-
ciency enhancement of the ecological-economic systems performance of the Arctic. To date, this problem is of particular
importance under conditions of intensive industrial development of the resource base of Arctic territories, which reduces
the stability of Arctic ecosystems and negatively affects the health and life quality of the population. Materials and
methods. The research work consists of two parts. In the first part the proposed principles of resilience management and
criteria for ensuring the environmental safety of the Arctic region, based on the postulates of the theory of sustainable
development and the concept of acceptable risk, are considered. In the second part the environmental safety metrics and
systematic approach to assessing the level of ecological robustness of the Arctic ecosystems, based on expert methods
for resilience analysis of organizational and technical systems, are discussed. Results and conclusions. The fundamental
principles and a set of criteria for ensuring environmental safety for various types of economical activity in the Arctic
region have been developed. A general systematic approach to the ecological robustness analysis of the Arctic region
according to selected principles and criteria, based on the joint application of a hierarchical multi-level decomposition
scheme "principle — criterion — indicator — index" and models for quantitative and qualitative assessment of the complex
system resilience, is proposed. The use of developments provides the formation and advance of the legal regulatory
framework (national public standard) for governing various types of economical activity in the Arctic region, as well as
improving the quality of managerial decisions made by state, regional and enterprise authorities in the field of environ-
mental safety and environmentally friendly, responsible nature management.

Keywords: ecological-economic system, resilience management, safety principles and criteria, estimation pro-
cedure, environmental quality control, sustainable development, acceptable risk concept, Arctic region
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METOAUYECKHUN ITOAXOA K OBECIIEYEHUIO ) KU3HECIIOCOBHOCTH
3KOAOTI'0-9KOHOMHUYECKHUX CUCTEM POCCUHCKOMN APKTUKHA
(YACTbH 2. METOA U KPUTEPUU OLTEHKU)

A. B.Macaob6oes

WucTuTyT HHPOPMATHKH B MaTeMaTHIeCKOro MoenupoBanmst umeHn B. A. ITytunoBa @exepansHoro
nccienoBaTesbekoro neHTpa «Konbckuil HayuHblil ueHTp Poccuiickolt akageMun Hayk», AnaTutsl, Poccus
Wuctutyt npobiem npoMeinuieHHOH 3kosorun Ceepa deaepaibHOI0 HCCIIEI0BATENBCKOTO IEHTPA
«Konsckwmii Hay4HBIH LeHTp Poccuiickoit akagemun Hayk», Anatutsl, Poccust
masloboev@iimm.ru

AHHOTANUSA. AxmyanvHocms u yeau. PaboTa HampaBieHa HA CO3JJAaHUE U Pa3BUTHUE METOJIOB M MOJIXOI0B 00eC-
MIEYCHUS, OIICHKU M PETYJIUPOBAHUS 3KOJOTMICCKON YCTOHYMBOCTH apKTUYCCKUX PETHOHOB JJIsl TIOBBIMICHHUS KA3HE-
criocoOHOCTH U 3P PEKTUBHOCTH yIpaBleHHUS (PYHKIIMOHUPOBAHHEM HKOJIOT0-30KOHOMUYECKHX cUcTeM ApkTuku. Oco-
OyI0 3HAYMMOCTH 3Ta 33/1a4a MPUOOPETACT CErOAHS B YCIOBUSIX HHTCHCUBHOTO IPOMBINUICHHOT'O OCBOCHHUS PECYPCHOM
0a3bI apKTHYECKHUX TEPPUTOPHIA, YTO CHIDKAET YCTOHYNBOCTH APKTHICCKUX IKOCHCTEM U HETATHBHO BIHMSACT Ha 3I0POBBE
W Ka4eCTBO KHU3HH HaceneHus. Mamepuansl u memoodsi. PaboTa cOCTOUT U3 IBYX YacTel. B mepBoii yacTi paccMaTtpu-
BAIOTCS MIPEUIOKEHHBIE IPHUHITUITEI YIIPABICHIS YCTOWYHBOCTBIO M KPUTEPHH 00ECIIeueHus SKOJIOTHUECKoi Oe3omac-
HOCTH ApKTHKH, OCHOBAaHHBIE Ha IOCTYJaTaX TEOPHH YCTOMYMBOTO PAa3BUTHSA M KOHIETIMU IPUEMIIEMOIO PHCKA.
Bo BTOpOIt wacT 06cykaaroTCs crcTeMa ImoKa3aTesneil 0e30IIacHOCTH M METOAMYECKHUI MOAX0 K OLEHKE YPOBHS KO-
JIOTHYECKOM YCTOWYMBOCTH aPKTUYECKUX IKOCUCTEM, OA3UPYIOIIUICS HA SKCIISPTHBIX METO/IaX aHAIN3a KU3HECTIOCO0-
HOCTH OPTraHU3AI[MOHHBIX M TEXHHUUYCCKUX CUCTEM. Pesyivmampl u 6b1600bl. Pa3paboTaHbl OCHOBOIOJIATAOIIHNE TIPHH-
UMbl U CUCTEMA Kpl/ITepI/leB o6ecnequMﬂ 3K0ﬂ0FH‘leCKOﬁ 6630HaCHOCTI/l JJIs1 pa3J’lI/I'-lH]>lX BHUI0B XOSﬂﬁCTBeHHOﬁ
JeITebHOCTH B ApkTHKe. [IpeamosxkeH oOmuii METOAMYESCKII MOIX0/ K aHAIN3Y IKOIOTHICCKON YCTOHINBOCTU ApK-
TUKW TI0 BBIOpAaHHBIM IPUHIIMIIAM W KPUTEPHSIM, OCHOBAHHBI Ha COBMECTHOM IPUMCHEHUH HEPAPXUICCKONH MHOTO-
YPOBHEBOM CXEMBI JCKOMITO3HIIUU IIPHHIIUI — KPUTSPHIA — HHIUKATOP — IMIOKA3aTEIby) W MOJICIICH KOJTUICCTBCHHON U
KauyeCTBEHHOM OIICHKH KH3HECIIOCOOHOCTH CIIOKHBIX CUCTEM. Vcmonp30BaHne pa3padoTok odecieunBaeT popMHUpOBa-
HHUE U pa3BUTHE HOPMAaTHBHO-TIPABOBOM 0a3bl (HAIIMOHAIHHOTO OOIIECTBEHHOTO CTAaHAAPTA) AJISl PETyIUPOBAHUS pa3-
JUYHBIX BUIOB XO3SHCTBEHHON JAESATEIHHOCTH HA TEPPUTOPHU APKTHUECKUX PETHOHOB, a TAK)KE MOBLIIIICHIE Ka4yecTBa
MIPUHUMAEMBIX YIPABICHYECKUX PEIICHUH OpraHaMH T'OCYAapCTBEHHOT0, PETHOHAIBHOTO ¥ KOPIIOPATHBHOTO yIIpaBIIe-
HUS B 00J1aCTH DKOJIOTHUECKOH 06€30MaCHOCTH U KOJOTHIECKH OTBETCTBEHHOTO MPUPOAOIOIb30BAHNUS.

KiroueBble ¢j10Ba: 3K0JI0T0-3KOHOMUYECKas CHCTEMa, YIIPaBICHHE KU3HECIIOCOOHOCTHIO, IPHHIIUIIB M KPUTE-
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Introduction

Ecological resilience is an integral part of the country’s national security, the development of its econ-
omy and the social welfare of the state. Thereby, in this regard the problems of ecological resilience are as so
important as the issues of ensuring military, economic and international security. Overcoming the conse-
quences of global challenges and threats (climate change, loss of biodiversity, increase in consumption of
natural resources, increase in volume of waste, etc.), which are the main causes of environmental quality loss
and ecosystem degradation in general, requires availability of updated standards and state-of-the-art effective
tools for ecological resilience management. These standards and means should provide the technical-organi-
zational framework of a system focused on maintaining stable characteristics of the robustness of ecological-
economic systems performance and minimizing the risks of negative impact on the environment as a result
of making unreasonable managerial decisions, through the implementation of mechanisms for regulating and
standardizing ecological security target indicators, the adoption of environmentally appropriate and best
available technologies, as well as ecological efficiency enhancement programs. Though, the legal-regulatory
framework adopted in our country to ensure ecological security does not fully take into account the specificity
of management processes in this problem domain, unlike a number of leading foreign countries. This circum-
stance along with resource intensity and high initial cost of engineering integrated automated control systems
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for management of ecological security greatly complicates the large-scale implementation of such tools in
real practice.

The imperfection of the models, methods and tools currently used for analysis, assessment and organ-
izational management of the ecological-economic systems resilience, as well as the need to mutual agreement
and link these means with the basic provisions of the pursued public policy in the field of environmental
protection predetermine the focus and relevance of this study. A special attention should be paid to solving
the ecological security and resilience problems at the sectoral and regional levels and, as local quality targets
are achieved, shifted towards the implementation and strategic planning of sustainable development policies
at the state level. In addressing these issues, one cannot do without integrated interdisciplinary research based
on a systems approach and allowing a comprehensive analysis of socio-political, economic, technological,
environmental and administrative processes and the relationships between them in order to evaluate the tra-
jectories for ensuring simultaneous economic growth, social stability and improvement the state of natural
environment.

The subject of inquiry is the Arctic zone of Russia (Russian Arctic), which is a strategic macro-region
of the Russian Federation and forms a fifth of the country's federal budget revenues. According to normative
documents [1, 2, 3], ensuring the ecological resilience and security of the Russian Arctic is an indispensable
priority when conducting any economic activity in this area in terms of maintaining the quality of the natural
environment acceptable for the favorable life of the population and sustainable development of the regional
economy, eliminating accumulated damage and recreating the environment due to the increasing economic
activity in the development of the resource base of the Northern territories and the impact of global climate
change. To achieve these goals, a fundamentally novel concept of ecological security based on the natural
science backlog developed over the past 30 years, modern risk management practices, the principles of sus-
tainable development and resilience management of complex systems, is needed. Research along these lines
will provide new knowledge-producing on the matter and nature of relationships between various aspects of
ecological security, which are necessary for an integral estimation of the resilience level of the Arctic eco-
logical-economic systems and the generation of evidence-based well-grounded guidelines to decision makers
(public authorities and business entities) to enhancing the efficiency and effort of environmental policy in the
Russian Arctic.

The work is divided in two parts. The first part is discussed in [4]. In the second part we examine the
environmental safety metrics and a general methodological approach to the ecological robustness analysis of
the Arctic region according to principles and criteria selected and explicit in the first part of our study. The
second part consists of three main sections. The background of the study and related work are discussed in
the first section. The second section provides a framework of the systematic approach to aggregated assessing
the level of ecological robustness of the Arctic ecosystems based on expert methods for resilience analysis of
organizational and technical systems. The ecological resilience assessment procedure based on application
of the hierarchical multi-level decomposition scheme "principle — criterion — indicator — index" and its formal
representation are proposed in the third section. In conclusion, the summary and contributions of the study
are given.

Background

Environmental protection and ecological resilience ensuring along with socio-economic and infrastruc-
tural development problems are among the main state imperatives for the development of the Russian Arctic.
This thesis determines the need to prioritize environmental issues, both in terms of monitoring the climate
policy impact on the performance of ecological-economic systems, and the generation of managerial deci-
sions that enhance the ecological security of the Arctic regions of Russia taking into account up-to-date urgent
challenges.

Any managerial decisions made in the field of industrial development of the Russian Arctic should be
made taking into account the understanding of the basic principles of the concepts of ecological security
[5, 6], ESG (Environmental, Social, and Corporate Governance) [7, 8], green and circular economy [9, 10].
To generation and validation of such decisions, comprehensive interdisciplinary ecological-economic re-
search should be carried out. Therefore, at present it is especially urgent to develop models of potential actual
threats to ecological security of critical facilities of the regional ecological-economic systems, a list of coun-
termeasures to ensure the ecological resilience of natural-industrial systems in the Arctic regions, including
novel standards for classifying industrial facilities according to the degree of environmental impact and as-
sessing systemic risks of natural and man-made critical situations origination in these systems. The course
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towards toughening the climate policy and national economy decarbonization, as well as the expanding adop-
tion of friendly international environmental standards require, on the one hand, the new technologies devel-
opment that meet the specified criteria, and, on the other hand, the impact assessment and analysis of the
managerial decisions made on the performance of ecological-economic systems in the Arctic region and
compliance with ecological security criteria.

Along these lines, tools for situational management of ecological resilience of the Russian Arctic crit-
ical infrastructures (by the example of the Northern Sea Route) [11], as well as a set of ecological security
metrics [4] to estimating and analyzing the integral index of ecological resilience of the natural-industrial
system facilities operating in this territorial district, have been developed. In addition, the Russian legislation
in the field of ecological security and well-known practices of managing the resilience of natural-industrial
systems are also examined. It has been revealed that the Russia’s concept of ecological security in comparison
with the leading world powers (USA, China) and the EU countries has a pronounced anthropocentric nature,
since it is designed to ensure and protection the environmental interests of individuals from various external
and internal threats (personal ecological security). Thus, within the bounds of this concept ecological security
ensuring consists in overcoming the consequences of climate change, the growth of resource consumption,
the environmental deterioration and degradation of the all natural components (water, air, soil, biodiversity,
etc.), the increase in waste and is carried out by the state represented by all authorities, including local gov-
ernments, and public associations of privy citizens through the organization and implementation of appropri-
ate environmental protection measures, as well as the environmental awareness and education. At the same
time, the estimation models for evaluating threats (damages) vested in departmental methodologies and tools
for regulating ecological security enshrined in the federal laws are often based on adaptation the global con-
cept of sustainable development with the response connotation. Such a way is not always acceptable in do-
mestic practice and does not take into account the Russian specificity of business keeping and management,
since the known liberal governance mechanisms inherent in foreign policies are either not agreed-upon the
rules, or completely contradict game directive adopted in our country in problem area under consideration.
Thereby, the efforts of researchers should be focused on the development of scientifically well-grounded
guidelines to decision-makers for improving Russian approaches to the organizational management of eco-
logical resilience (robustness) and ensuring the environmental safety of natural-industrial systems. An over-
view of key trends and characteristics of the state-of-the-art ecological security studies is in detail represented
in research [12].

Historically, the traditional approach to ensuring the ecological security in our country was based on
the concept of "absolute security” [13]. According to study [14], its essence boiled down to the desire of
making technology and the technosphere absolutely safe for people and expected the introduction of all kinds
of protection measures that are practically feasible. Practice shows that the concept of absolute security is
inadequate to the laws of the technosphere, unattainable or associated with exceeding, sometimes unjustified
financial expenditure for the society. In addition, the demands of absolute security captivating with its hu-
manity can turn into a tragedy for people, because it is impossible to ensure zero risk in existing complex
systems, and an individual must be oriented towards the possibility of critical situations emergence. There-
fore, starting from the late 70s — early 80s of the 20™ century in industrialized countries a transition settled in
the studies and research related to ensuring and managing the ecological security from the concept of absolute
security to the concept of acceptable (tolerated) risk [15] based on the general provisions of the theory of
economic risk [16]. The essence of this concept lies in the desire to create such a small danger that society is
ready to put up with in case of the emergence and development of critical situations in terms of the quality of
life, the level of socio-economic development, geopolitical position and other essential factors. The principle
of acceptable risk has become known as the ALARA principle (As-Low-As-Reasonably-Achievable).

The concept of acceptable risk integrates technical-organizational, technological, socio-economic and
military-political aspects and is a certain compromise between the level of security in general and the possi-
bilities of achieving it. As shown in [17], the magnitude of acceptable risk can be estimated using the cost-
based mechanism, which allows distributing the society’s expenditure of achieving a given level of security
between the natural, man-made and social spheres. That is, it is necessary to maintain an appropriate ratio of
costs in these areas, since the imbalance in favor of one of them can cause a sharp increase in risk level and
it will go beyond the permissible values. With an increase in the costs of ensuring the security of natural-
industrial systems, the technosphere risks decrease, but meanwhile, socio-economic ones increase. Spending
excessive funds on improving the security of natural-industrial systems in conditions of limited economic
opportunities can simultaneously cause implicit damage to the social sphere [18].
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In real practice, one has to combine and choose between different risk management concepts as stated
in [19]. Since the measures to reduce environmental risks are quite expensive, the concept of acceptable risk
can be suitable for solving urgent problems of ensuring ecological security. This is the optimal principle of
risk management, when the costs of environmental protection measures are comparable to the amount of
potential losses and the degree of possible negative consequences of the implementation of these risks. The
concept of acceptable risk can be effectively applied to any field of activity, branch of production or organi-
zation. Undoubtedly, there is no absolute security, since there will always be some level of residual risk. How
much risk is acceptable or unacceptable following [20] is resolved and established by public authorities (reg-
ulators), oversight bodies, administrations and management of specific enterprises. The degree of introduc-
tion of this concept into the practice today is varied in different countries and in some of them it has already
been successfully embedded and adopted into active legislation as laid down by [21].

Estimation methodology and Related work

State-of-the-art methodology for assessing the ecological resilience of socio-economic systems in-
cludes the following methods:

1. The method of environmental indicators analysis provides evaluation of ecological indices such
as water, air, and soil pollution levels, waste volume, etc.

2. The method of environmental impact assessment provides quantification of the resources used by
the system and the waste it produces, and comparison with the capacity of the environment.

3. Ecological footprint method provides the impact assessment of the system on the environment by
measuring the amount of biologically productive land and water resources needed to sustain a specific level
of resource consumption, emissions to the environment and waste disposal.

4. Environmental cost accounting method allows assessing the impact of production activities on the
environment in monetary terms taking into account all costs of water, air, and soil cleaning, as well as com-
pensation for ecosystem damage.

5. Life-cycle assessment method allows evaluating the environmental consequences of the entire
product life-cycle from raw material extraction to waste disposal.

6. Environmental risk assessment method allows estimating the probability of negative conse-
quences for the environment and human health as a result of production activities, as well as to determine the
most effective measures to reduce risks.

7. Environmental audit method allows assessing the compliance of production activities with the re-
quirements of environmental legislation, identifying problem areas and proposing measures to eliminate them.

8. Environmental transparency method makes it possible to ensure the availability of information on
the impact of production activities on the environment to the general public, which contributes to increasing
awareness and citizen participation in decision-making.

9. Environmental compensation method allows taking into account biodiversity losses and other
negative consequences for ecosystems when developing new projects and proposing measures for their com-
pensation, such as creating new nature reserves or restoring destroyed forests.

10. Ecological design method allows taking into account environmental aspects when designing new
facilities and developing new products, which contributes to reducing negative impact on the environment.

11. Environmental responsibility method makes it possible to hold companies and organizations re-
sponsible for their negative impact on the environment and take measures to reduce it, such as introducing
environmental certificates or standards.

12. Viability assessment method provides evaluation of the system's ability to survive and develop in
the long-term outlook.

13. Economic assessment method provides evaluation of the economic efficiency of the system taking
into account its impact on the environment.

14. Multi-criteria assessment method provides evaluation of the environmental sustainability of the
system taking into account several criteria, such as economic efficiency, social responsibility, and environ-
mental impact.

Within this methodology, three main classes of ecological security assessment methods can be distin-
guished:

1. Environmental monitoring methods provide collection and analysis of data on various ecological
parameters, including measurement of air, water, soil pollution levels, biodiversity and radiation. Environ-
mental monitoring involves systematic and regular observation of the environment to assess its quality and
safety. The data obtained from environmental monitoring is analyzed using statistical methods and models
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that allow for the assessment of environmental and human health risks. Based on the results of the analysis,
measures are developed to enhance ecological security, such as reducing harmful emissions and improving
water quality.

2. Environmental modeling methods intend the use of mathematical models to forecast the impact on
the environment, such as calculating air pollution levels or climate change.

3. Environmental impact assessment methods allow the estimated probability of environmental risks
and their consequences for the environment and human health. These methods include risk analysis of various
types of pollution, such as chemicals, radiation and climate change, and also allow for the identification of
possible negative impacts on the environment and human health resulting from new projects or construction.

The analysis of domestic and foreign scientific literature also allows for the conditional classification
of known methods for assessing the ecological security and resilience of territories into three complementary
groups: qualitative, quantitative, and combined. Quantitative methods are based on the measurement and
analysis of quantitative parameters, such as air, water and soil pollution levels. Qualitative methods are vice
versa based on the analysis of qualitative ecosystem characteristics, such as biodiversity, plant and animal
life conditions, etc. Combined methods use both quantitative and qualitative parameters to obtain a more
complete and accurate assessment. The difference between these approaches lies in the fact that quantitative
methods provide precise numerical values, which are convenient for comparing and analyzing data; qualita-
tive methods allow for the assessment of ecosystem conditions with consideration for its complex structure
and interrelationships between elements, and combined methods integrate the advantages of both approaches
and allow for a more complete and accurate assessment of the environmental situation.

Quantitative methods are effectively applied to identify specific sources of pollution and determine
necessary measures for improving the environmental situation, but may be limited by data availability and
measurement methods and may not always consider the structure of interrelationships between ecosystem
elements. Qualitative methods are successfully used to identify problems that cannot be measured quantita-
tively, but are highly subjective depending on the experience and knowledge of experts, and may not always
be used for data comparison and analysis. Combined methods, despite their inherent advantages of qualitative
and quantitative approaches, can be labor-intensive and costly compared to single methods.

Known combined methods for assessing the ecological security and resilience of the region include:

1. Matrix method, which involves integrating qualitative assessments of probability and importance
of environmental risks using a matrix, where each risk is evaluated on a scale of probability and importance.

2. Analytic hierarchy process method, which uses a combination of expert assessments and mathe-
matical models to determine the importance and probability of environmental risks.

3. Multiple criteria method, which involves using several criteria to assess environmental risks, such
as expert assessments, statistical data and mathematical models.

4. Bayesian statistical methods that use a combination of data from different sources, such as expert
assessments, statistical data and modeling results, for more accurate assessment of environmental risks.

5. Multi-criteria optimization methods that provide the determination of the best combination of
measures for preventing or reducing environmental risks based on several criteria, such as cost, effectiveness,
system performance and environmental efficiency.

6. Fuzzy-set methods that involve determining the degree of risk based on fuzzy inference rules and
linguistic variables, and also allow for considering not only point values of individual parameters, but also
their uncertainty and fuzziness, resulting in more accurate and realistic outcomes considering multiple factors
and conditions.

The next proposed method for assessing and analyzing the resilience of regional ecological-economic
systems belongs to the class of multi-criteria combined methods and is positioned among known methodo-
logical approaches as a tool for environmental safety (sustainability) analysis based on the use of a hierar-
chical multi-level decomposition scheme "principle — criterion — indicator — index". Most related work
(e.g., [22, 23]) to our study examining the same class of methods are based on the reliability theory funda-
mentals [24] and the use of computational operations with a multi-dimensional data cube (OLAP-cube) [25]
in the aggregated assessment procedures of system and critical infrastructure resilience. The key principles,
criteria and indices of ecological security used in our assessment procedure of ecological-economic system
resilience were in detail discussed in [4] and [26].

The method for assessing and analyzing the resilience of ecological-economic systems must adequately
meet the following functional requirements:

1. Compliance with the basic provisions and criteria of the national public standard for ensuring
ecological security in the Arctic [26], as well as norms and rules established by the legislation of the Russian
Federation in the field of environmental protection.
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2. Applicability to all structural elements, critical infrastructures and resilience types of regional
ecological-economic systems.

3. The ability to operate with all the resilience components (domains) of the ecological-economic
systems either individually or in the aggregate.

4. The ability to derive quantitative, semi-quantitative and qualitative estimates of the ecosystem
resilience and their aggregation into a generalized assessment.

5. The ability for self-verifying and audit, i.e., solving the inverse problem, and interpreting the re-
sults of the assessment.

6. Supplement of the potential of already existing risk and security management practices.

7. The ability to joint use (integration) other assessment tools for the analysis of various types of
threats, safety indicators and optimization of target resilience functions taking into account the peculiarities
of the life-cycle of objects in ecological-economic systems.

8. Consideration of cascade effects and the ability to obtain relative resilience estimates for critical
elements of ecological-economic systems, e.g., through continuous monitoring of their resilience over time
or by comparing their own resilience characteristics with other critical elements of these systems.

9. Variability in adjusting assessment parameters to balance the resilience level of the critical ele-
ments and infrastructure in ecological-economic systems subject to multiple threats with the level of resili-
ence achieved through anti-crisis measures taken by risk managers and operators managing the development
of these systems, and which society is willing to accept under current conditions.

10. Usability, low cost, ease of implementation and application for solving both specific and more
general problems of managing and maintaining the resilience of complex systems.

Assessment procedure framework and formal representation

The systematic approach to ecological security and resilience assessment and analysis corresponds a
hierarchically organized four-level decomposition of environmental safety indices, focusing mainly on the
socio-economic and natural-industrial resilience domains. The holistic and easy-to-use structure of the
method for estimating integral environmental safety index adopted from study [22] is shown in Figure 1,
illustrating the four-level scheme "principle — criterion — indicator — index" and different steps in the assess-
ment procedure (selection of the generic indicators and influencing factors, quantification, expert’s judgments
aggregation, defuzzification, calculations of the weighted average crisp scores, bottom-up synthesis of the
total ecological resilience index, interpretation of the results in radar charts, etc.).
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Fig. 1. The overall hierarchical scheme of Environmental Safety Index systematic assessment (adopted from [22])

121



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CUCTEM. 2023. Ne 2

The backbone for environmental safety index is ecological security ensuring principles (P — P8) de-
scribed in the first part of our study [4] and reflecting the different strategies of resilience management of the
regional ecological-economic systems. These eight principles form the first level (Level 1) of integral indi-
cators in resilience assessment procedure. Level 1 remains given. Each integral indicator (principle) at Level
1 is decomposed to a subset of given generic criteria correspond the second level (Level 2) indicators
(C'...C'y— C%...C%). In tote, we have extract 43 criteria at Level 2. Level 2 is tailorable. Similarly, each
criterion at Level 2 is further decomposed to the next subset of mainly given measurable indicators
(I"...I"x— I%;...I°;), which are comprised at the third level. Therein, we have assigned 271 indicators. Level
3 is also tailorable. In turn, each indicator at Level 3 is additionally decomposed to a subset of sectoral (or-
ganizational) indices specific to the critical facilities or infrastructures of ecological-economic systems, tak-
ing into account critical situation scenarios selected for analysis under given conditions. We have primarily
specified 1156 indices at fourth level. Thus, the bottom of the resilience scoring system hierarchy is Level 4,
which consists of different quantitative, semi-quantitative and qualitative metrics and measures referred to
sector-specific characteristics of ecological-economic systems. Indices represented at Level 4 (IX"7,... IX"7y—
IX%,...IX*"y) are transformed to a quantitative measurement scale using fuzzy calculations and normalization
technique. The weights are assigned by experts to the indicators defined at levels 2, 3 and 4 according to their
significance and interest to measure. When fuzzification and weighting factors determination of all indices at
Level 4 is done, the overall ecological security and resilience index estimation is implemented through
weighted aggregation of the indicators going upwards the hierarchy from Level 4 to Level 1 (meanwhile,
each indicator at given levels get a concrete assessment). Alternatively, it is also possible to focus on some
single indicators at various levels that seem more suitable to identify gaps in environmental safety and resil-
ience in terms of flexibility of applying the proposed assessment procedure. At once, the selection of criteria
and indicators, which are interesting to measure, is starting from Level 1 downwards the bottom, and the very
measurement of chosen indicators is starting from Level 4 upwards to the top, i.e., the levels 1, 2, and 3 are
aggregations of level 4 indices, rather than genuine measurable indicators as such. Finally, the defuzzification
of operationalized fuzzy scores should be carried out until the crisp estimates of the all aggregated indices
are obtained. Thereupon, an interpretation of the resulting assessments is given in graphical or tabular form.

Subsequently, the selection of relevant specific criteria and indicators at levels 2, 3 and 4, as well as
the data acquisition for estimation procedure depend on the initially predefined context and detailed specifi-
cation of scenario, including resilience domains, security threat types and situational factors. Establishment
of the weighting coefficients for measured indices importance is a prerogative of expert’s judgments.

Based on the research results [27], a formal representation of the described multi-level hierarchical
assessment procedure of ecological-economic system resilience can be written with the following formulas:

ESR= f(ESRy,, ESRy,» ESRy,,., ESRy, ...t )——0pt, (1)

Esri =TT T iﬁv{iﬁw,lxm} | o
g LAl 1% L1

i=1

Yu =3 =3w =1, ®

where ESR is the resilience of ecological-economic system; ESR,,, is the organizational resilience; ESR,,.,

is the technological resilience; ESR,, is the individual (personal) resilience; ESR;, ;. is the socio-economic

Pers
(cooperative) resilience; ESRI is the aggregated environmental safety index calculated on the basis of indi-
cator values at levels 2, 3 and 4 of the evaluation system decomposition, respectively; X, ; are the drawn

resulting estimates of the particular resilience and safety indicators at levels 2, 3 and 4, respectively; /, n, m
are the number of estimating safety and resilience indicators at levels 2, 3 and 4, respectively; u,,v,, w; are

the agreed weighting coefficients (weights) stated by experts for particular indicators at levels 2, 3 and 4,
respectively, possessing the values in the range [0, 1] subject to the relative measure of significance of the
indicators involved in the assessment; Y is a degree of concordance between integral environmental perfor-
mance and environmental sustainability indexes characterizing the state variation in time of ecological resil-
ience domains; ¢ is a time parameter conditionally reflecting the dynamics of changes in the security and
resilience indicators under consideration.
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The proposed integral estimation model (1)—(3) of the overall environmental safety index uses an orig-
inal system of ecological security and resilience indicators designed as a result of the generalization of exist-
ing indicated systems and the formation of aggregated indicators obtained by convolving a series of groups
of the generally accepted standard security indices. As well, the model also implicates several individual
resilience indicators reflecting the specificity of critical elements and infrastructures of the ecological-eco-
nomic systems.

The choice of a multiplicative convolution of criteria in formula (2) is due to the need to comply with
the principle of "equitable compromise" between the key ecological security and resilience indicators, taking
into account their equal significance. In addition, the selected criteria we have initially defined are interde-
pendent, and changing the characteristics of one of them can significantly affect the assessment of the param-
eters of others. In some cases, when evaluating and analyzing specific groups of ecological security or resil-
ience indicators, additive convolution of criteria can be also applied. This is allowed when the criteria can be
evaluated independently of each other, i.e., when assessing the environmental safety of the commercial in-
troduction of various prospective technologies in the industrial sector of regional economy.

In fine, it should be noted that the designed method is in some way an omnibus technique for the
workflow implementation of the overall security and resilience analysis of ecological-economic systems.
Since it is mostly intended for self-assessment, it can be in some cases not fully objective, but, however, the
estimation results are sufficiently indicative for strategic decision-making support to enhance security and
resilience of the regional ecological-economic systems in various emergency situations by leveling the high-
lighted strengths and weaknesses of the performance of critical facilities and infrastructures operating in these
systems. Improving the objectivity and adequacy of the method to obtain better results from the different
perspective can be further achieved through its use in combination with other well-known methodologies for
situational management and assessment of the system robustness, such as methods for in-depth analysis of
the technological and organizational resilience of critical infrastructures [28, 29].

Conclusion

With the worsening of the environmental situation in the Arctic regions, which is caused by the aggra-
vation of regional and global environmental problems, as well as the emergence of natural and man-made
critical situations, the resilience and security of ecological-economic systems play a vital role in the sustain-
able development of these territories and are at the forefront of world science, being the subject of many state-
of-the-art studies around the world, both in the field of the humanities (political, economic, social, etc.), as
well as technical and natural sciences. Thus, the issues and goals of developing standards and models for
organizational management (regulation) of ecological security, principles and methods for assessing the re-
silience of ecological-economic systems come to the foreground. The problem-solving of these objectives is
utterly necessary for the preparation of scientifically grounded evidence-based guidelines and scope for the
greening of regional and national policies in the Russian Arctic and effective implementation of the sustain-
able development strategy for this macro-region. Along the lines of solving these problems in the course of
the study, the following main results were drawn:

1. The fundamental principles and a set of criteria for managing and ensuring ecological security and
resilience for various types of economical activity in the regions of the Russian Arctic have been developed.
The proposed principles and criteria are based on the postulates of the theory of sustainable development and
the concept of acceptable risk. The set of key indicators of ecological security and resilience can be expanded
and deepen subject to the changing legislation, preferences of experts and the current state of affairs in the
socio-economic sphere.

2. A generic methodological approach to assessing the overall level of ecological robustness (security
and resilience integral index) of Arctic ecosystems according to selected principles and criteria is proposed.
The approach is based on the joint application of a hierarchical multi-level decomposition scheme "principle —
criterion — indicator — index", methods of expert analysis and models for quantitative and qualitative assess-
ment of the resilience of organizational and technical systems.

The contribution of our findings to the development of the theory and practice of managing ecological-
economic systems lies in the interdisciplinary scientific study of the goals and objectives of the conceptual-
ization and institutionalization of ecological security and in the adaptation of quantitative and qualitative
methods for assessing the resilience of critical infrastructures for a prescriptive analysis of the ecological
robustness of regional systems. The application field of the research results is the methodical-organizational
support of information and analytical decision support systems for the preventive management of ecological
security. In addition, the combination of the proposed developments with well-known advanced solutions can
be efficiently used under implementation of the key provisions of the Strategy for Environmental safety of
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the Russian Federation for the period up to 2025 [3] and the Strategy for the Development of the Arctic zone
of the Russian Federation and ensuring national security for the period up to 2035 [1] in the Murmansk region
in terms of the design and adoption of environmentally friendly ESG and CSR behavioral models of business
entities, as well as new standards governing the public domain of environmental safety for elements of in-
dustrial-natural systems.

Further research in the problem area under consideration will be continued in the direction of develop-
ing advising (recommending) intelligent systems and decision support tools for managing ecological security
and resilience, which will provide accounting both quantitative information and non-formalizable qualitative
aspects that describe the state of regional ecosystems and influencing factors in the integral assessment of the
ecological robustness level and ecological-economic system performance for the subsequent generation of
guidelines formulated in natural language (in verbal form) to decision makers and the synthesis of adequate
situational control models in the face of constantly growing volumes of diverse data that require operational
analytical processing, control, verification and interpretation.
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