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HenmHeitHble npouecchl Jerpagaliy 3JIeMEeHTOB KOHCTPYKIHM I
00beKTOB ATOMHOM HEPIreTHKH M yIIPaBJIeHHE UX CTapeHreM Ha 0a3e
HHTEJUICKTYAJbHBIX CEHCOPHBIX CeTell U HelpoceTeBbIX TeXHOJIOT Hil

byrimuctprok I'. 4.
JOKTOp TEXHUYECKUX HayK, podeccop
Texuuueckas akagemusi Pocatoma, Cankt-IlerepOypr
O-noura: BGY812@mail.ru

PaccMoTpeHb! HeMHelHbIE MPOLECCh IETPAJIAlli Y3/I0B aTOMHBIX CTAHIMI, BaXKHBIX 1T 6€30MacHOCTH, C
LEJBI0 CO3MIAHNS OTPACTIEBO CHCTEMBI TIO YIIPABIICHUIO CTAPEHHEM 3JIEMEHTOB, KOHCTPYKLHMI M CHCTEM Ha BCEX 3Tamax >KM3HEHHOTO
VKA 3Hepro6jokoB. [lokaszaHo, 4TO mpouecchl JErpajalié CIOXHBIX KOHCTPYKLUMI SJEPHBIX PEakTOPOB HE afeKBATHBI
3KCTIOHEHIMANBHBIM  ANMPOKCUMAIMSIM, 2 MMEIOT pa3NuHble HEMHEHHbIE NMPOCTPAHCTBEHHO -BPEMEHHBIC 3aBHCHMOCTH, TEKYIIYHO
MH(OPMALMIO O KOTOPBIX HEOOXOAUMO HEMPEPLIBHO TOMyYaTh C TOMOLIBI0 BCTPOSHHBIX WMHTEJUICKTYATbHBIX CEHCOPHBIX CeTeil H
OLEHMBATH CIOXKHBIE MPOLECCH JIETpajlalil Ha OCHOBE MCKYCCTBEHHBIX HEMPOHHBIX CETEeNl — yHMBEPCANbHBIX HEHpOCETEBbIX
annpokcumatopos. [IpuBefieHb! puMepbl U3MepeHns U ynpasiieHus: craperueM saepHbix peaktopos I u [V nokonenwuii.

KJIlO‘leBLIe CJIOBA: 2JIEMCHTHI KOHCprKHI/II/I, praBJICHI/IC CTapCHI/ICM, HHTeHHeKTyaJ’[bHLIC aT4YUKH, HeﬁpOHHbIC CEeTHn
| Beegenne

B nporniecce skcrnyararuu atoMHbIx cTadiui (AC) IpoucxosiT HEeraTUBHbBIE
CTPYKTYPHBIE H3MEHECHUSI KOHCTPYKIIMOHHBIX MATEPUATIOB U CAMHUX 3JIEMEHTOB
koHCTpyKIuHu (OK) AC, To ecTh ux Aerpaaaius Mo BO3ACHCTBHEM MEXaHUUECKHUX
Harpy3oK, TEMIEpaTypsl U OKpyxaromien cpenbl. Beixon ns ctpos 9K AC u k
TEXHOJIOTUYECKUM OCTAaHOBAM C IOTeper MHOTUX MBT 3Hepruu, CHUKEHUIO
0€30IMacCHOCTH U PUCKY BO3ZHMKHOBEHUS aBapuii - kak npoekTHbIX (ITA), Tak u
3anpoekTHbIX (3[1A) [1].

K ocnoBHBIM DK AC OTHOCATCSI CTPOUTENBHBIE KOHCTPYKIUH,
o0opynoBanue, TpyOonmpoBo b, pudopskl, cpeacTBa udmepenui (KNI u A),
Kabenu u Ap., 00ecrieYBaIOIIKE BBITTOJTHEHUE 3aJaHHBIX (DYHKIIUNA CAaMOCTOSITEIBHO
WJIA B COCTaBE CUCTEM, SIBJISIOIIUXCSA CTPYKTYPHBIMU €IMHUILIAMU aHAIU3a
HaJIEKHOCTU U Oe30macHoCTH npu npoektupoanuu AC [2].

VYnpasnenue pecypcom 3Hepro0a0koB AC COCTOUT, B TOM YUCIIE, B KOHTPOJIE
Y MOHUTOPHUHTE MPOLIECCOB AErpajalliu, CTapeHus U noppexaeHus JK.
3amemienue u ocinadienue craperus DK gocTuraercst mocpeacTBoM
CBOEBPEMEHHOTO TEXHUYECKOTo 00ciyxuBanust u peMonta (TOuP) u
riry0okosenonupoBanHoit 3amuroi (['33) AC.

OCHOBOM KOHTPOJISI U MOHUTOPHUHTA POIIECCOB HAKOIICHUS MOBPEXKICHUM, B
TOM 4yuciie BoisgBieHue aerpaganuu DK AC SBIsStOTCAS METOIbI HEPA3PYIIAIOIIETO
koutposs (HK).

TpaIuUMOHHBIN NOAX0/ K aHAJIU3y UEI0CTHOCTH 000pYyJOBaHUS U
Tpyoo1npoBogoB ADC cTpOUTCS, B OCHOBHOM, Ha MPOBEICHUN HEPA3PyIIAIOIIErO
yIBTPa3BYKOBOT'O KOHTPOJISI MeTalljia 000pynoBaHus U TpyoorpoBoaoB. OgHako,
yapTpa3BykoBor Mmetoa HK He mo3BosseT onpeaennTe MOMEHT 3apOKICHUS
nedexTa u CTPOUTCS Ha BOJILHOM JIOMYIIEHUU TOTO, YTO MPU OCTAHOBKE
AHEPro0JI0Ka Ha IJIAHOBBIA PEMOHT JIePeKT OyaeT CBOEBPEMEHHO BBISIBIICH U
JMHAMUKA €T0 Pa3BUTHUSA HE JIaCT €My OBICTPO MPOPACTH /10 HEAOIMYCTUMOTO YPOBHS,
KOria MPOUCXOUT €ro OBICTPOE Pa3BUTHE 10 CKBO3ZHOTO C OTEPEH TETNIOHOCUTEIISI.



[IpeamouTuTenbHEEe KOHTPOJUPOBATH COCTOSTHUE LIEIOCTHOCTH B MPOIECCE
AKCIUTyaTaluy 000pyI0BaHUH, KOT/Ia U IPOUCXOIUT 3apOKICHUE U PA3BUTHE
nedexroB. U3 Bcex uzBectHoix MeTogoB HK, meTon akyctuyeckoii samuccuun
SIBJISICTCSl HanOoJiee MOAXOAIINM ISl pelIeHUs Takou 3aaauu [4], [5].

Jatuuku AD Ha 6a3e paauaIliOHHO-CTOMKONW M TEPMOCTONKOM BOJTOKOHHOM
ONTHKHU HanboJiee MePCIeKTUBHBI JJIs HeMpephIBHOT0 MoHUTOpHHTa JK B mporiecce
skcrryataunu AC [6], [7].

[To cpaBHenuto ¢ apyrumu Merogamu HK, Meton AD 11 aTOMHBIX CTaHIIUA
HMMEET P MPEUMYIIECTB:

— BO3MOKHOCTb MPOBEJICHUS TEKYIIEr0 KOHTPOJISI M OOHAPYKEHUE PA3BUBAIOIINXCS
ne(EeKTOB HEMOCPEJACTBEHHO B XOJI€ AKCIUTyaTalluu M, CleI0BaTelIbHO, Hauboiee
omacHbIX Je(peKTOB B HauboJiee HArpyKEHHbIX KOMIIOHEHTaX pPEaKTOPHOU
YCTaHOBKH;

— BO3MOXKHOCTb ONpPEAEICHUS MECT pacHojoXeHUus aedeKTOB (TpeluH, 30H
MJIaCTUYECKOU JepopMaiiniu, yTeuek u Jip.), HaXOISIIUXCSl JOCTATOUYHO JAJeKO OT
MPUEMHBIX aKyCTUKO-3MHUCCUOHHBIX MpeoOpazoBaTeeil;

— KOHTpPOJIb B peajlbHOM MaciiTabe BpeMEHU M, KaK CJIEJCTBHE, CBOEBPEMEHHOE
OOHapy»XEHHUE TEUYU TEIJIOHOCHUTENS] M3 COCYJIOB JABJIEHHS U TPYyOONPOBOJOB B
TPYAHOAOCTYIIHBIX MECTaX SIACPHOM DHEPreTUYECKOW YCTAHOBKM IPU Pa3BUTHHU
aBapUNHOU CUTYyalUH,

— coBMecTuMOCcTh AD merona ¢ apyrumu merogamu HK, B wactHoctn V3K, uto
MO3BOJISIET 32 CYET MCMHOJIBL30BAHUS HECKOJIBKHUX HE3aBUCUMBIX METOJIOB MOBBICUTH
HAJIC)KHOCTh U JJOCTOBEPHOCTh PE3YJIBTATOB KOHTPOJIS;

— BO3MOYXHOCTbH MPOBEACHHUS TUCTAHIIMOHHOTO aBTOMATHU3WPOBAHHOTO KOHTPOJISI B
HEOOCTY>KUBAaEMbIX PaUAllMOHHO-OTIACHBIX 30HaX MOMEIIEHUI AaTOMHOM CTaHITUU.

2. I'i1ry00K03111eJIOHUPOBAHHASA 3ALUTA ATOMHBIX CTAHIUM

[TocnenctBus otkaza DK AC uMEIOT pa3HbIe CTENEHU TSIXKECTH, UTO
COOTBETCTBYET Pa3HbIM KjaccaMm 0€30MMacHOCTH, Kak noka3zaHo B Tabmuue 1.

Tsa:xecTh mocaeacTBHIL 0TKa3a 1eMeHTa ADC

JJ1eMeHThbI CHCTEM

HOPMaJIbHO Hempuemaemas 2 Beicokas * Cpemnsas * Hiskas
IRCITyaTalHH Kaacc 1 Knacc 3 Knace 4

TstzkecTh MOCJIEICTBHIT NPH 0TKa3e KIacCHQUIHPYeMOro 3;1eMeHTa NPH BO3HHKHOBEHHH
HUC npoexTHoii aBapun

DJIeMeHThI CHCTEM

6e30MaCHOCTH HpeBLIHIaEOTC?I IIPOCKTHBIC ITPEACIBI IIPH IIPO- He IIPEBBIMIAIOTCA IIPOCKTHBIC IIPEACIIbI TP

€KTHBIX aBapIix HPOEKTHBIX aBapHIX
Kaacc 3
DileMeHTHhI, Bpewms nociie IC, mo ncTevennn KOTOporo HeoGxoaumMa pa6ora KaaccHpHuIHpyeMoro
ACIHO0Ib3yeMble 371eMeHTa
1pH ypaB/JIeHHH
3IIA, BxoasIuMu MeHgee 3 cyToK Boree 3 cyTok
B OKOHYaTe/IbHbIH Kmnacc 3 Kaacc 4

nepedens 3ITA

[ToguepkuéM, uTO HE0OX0AUM AUDPEPEHITMPOBAHHBIN MOIXO K



obecneuenuto kauectBa DK AC B 3aBucuMocTu OT BiausHus 3Tux DK Ha
oe3onacHocTh AC.
B tabnuiie 2 ykazanbl ki1accbl 6e3omacHocTd JK 1 cpok ux ciiyxO0b
(aKCITyaTalyu), IpuBEIeHbl MeXaHU3MbI cTapeHus DK peakTopHOU yCTaHOBKHU
BBOP-1000 u BBOP-1200.

Ta0muna 2
Kiacc
HanMeHoBaHHe KOMIIOHEHTA Gesonacwoctn 1o
HII-001-2015; Mexanusm CTapeHus
CPOK CJIYKOBbI, JIeT
1 - TemmepatypHoOe cTapeHue
Kopmyc peakropa patyl i
60 - PapnanmionHoe oxpymnm4yuBaHue

- YcTainocTh
- [Tukamdeckuit pocT TPEIUHBI

Briropojka (BKY) 2 - PapmanmonHoe pacrnyxanue
60 - YeranocThb

Kopmyc naporenepatopa, 1 - TemnepaTypHoe cTapeHne

Brirovas 111 CC 60 - YcranocTs

- Kopposus

- [TuKIMuecKuit pocT TpeluHbI

- Koppo3moHHBIii cTaTHYeCKUil U
UUKIAYECKUI POCT TPEIIUHBI C
yuérom 3J[KP

TermooOMeHHBIE TPYOBI 2 - YeranocTs
60 - KOppo3us (KOppO3UOHHOE
pacTpecKuBaHHe 0]] HallPsUKeHHeM
(KHP))

- Koppo3uonHBIii cTaTH4decKuii u
LUKJIAYECKUI POCT TPEIIUHBI

rae 0003HAYEHBI:

HIT-001-2015 — Hopmbl u nipaBuiia Poctexnaazopa no 6e3omacHoctu AC.
BKY — BHyTpukopnycHsie ycrporcta; CC — cBapHbIE COCTUHEHUS.
Otkaszel OK AC Benyr k:
- YaCTUYHOW/TIOJIHOM yTpaTe paboTocnoco0HOCTH cucteM Oe3omacHocTH AC;
- CHIDKEHHMIO TOTOBHOCTH NPOTHMBOABAPUWHOW CHUCTEMBI K MPEAOTBPALICHUIO
IIEPEX0/1a HOPMAJIBHOM IKCIUTyaTallMM B NMPOEKTHYIO aBApUIO, TO €CTh AETPaJalus
2-ro ypoBHs ['93 - OT HOpMAJIBHOM KCIUTyaTaly A0 MPOEKTHOW aBapuH.

Jlns ynpaBieHus: NPOEKTHBIMU aBAPUSMHU CIIY>KaT MITATHBIE CUCTEMbI
oe3onacnoctu AC. Jlns ynpasieHus 3anpoekTHbiMU aBapusimu (3[1A) cioyxat
JOTIOJTHUTENIbHBIE TEXHUUYECKUE CPENICTBA, PA0OTAOIINE B SKCTPEMAIIbHBIX
ycnoBusx [6].

BaxHO noguepkHyTh, YTO BEpOATHOCTH TsKENOMN 31TA B mpeanonoxeHuu
OTKa3a TEXHUYECKUX cpeAcTB yrpanieHus 311A B pa3bl (Ha MOPSIIO0K) MPEBOCXOIUT
BEpOSATHOCTD TspkENOU 3[1A B mpeAnonokeHnu paboTOCIOCOOHOCTH ATUX
TEXHUYECKUX CPEACTB. 1 ¢ NETEPMUHUCTCKON U C BEPOSITHOCTHOM TOYEK 3PEHUS
BIIMSIHUE TEXHUYECKUX CpeACTB ympaiienus 3[IA 3HauuMO BIUSIOT Ha



oezonmacHocth AC, uyrto mnpaktuuecku mnoareBepauiiock npu 3I[IA nHa ADC
«Dykycuma-/laucn» B 2011 rony.

KOHTpOJI]) 3a zlerpaz(almeﬁ H CTAPpCHUEM IJIEMCHTOB KOHCprKIII/Iﬁ
aTOMHBIX CTaHIII/Iﬁ

B ocHoOBe ynpaBneHHs CTapeHUEM JICKUT MIPUHIIUIT KOHTPOJIMPYEMOI
skcruryatannu DK AC. Baxen Takxe nporao3 crapenusa K AC u ouenka ux
OCTaTOYHOTI0 pecypca. BaxHO OTMETUTB, UTO CKOPOCTU U3MEHEHUN B pa3Hbix DK
MIPU CTAPEHUU PA3JIMYHBI, YTO 00YCIIOBIUBAET HETUHEUHBINA XapaKkTep Aerpaaaiuu
C IIEPEXOJ0M K BHE3AIHBIM OTKA3aM.

KonTponbHbIE cpenicTBa 17151 OLEHKH CKOPOCTH MPOLIECCOB CTAPEHUSI ITO
cpeactBa HK ¢ dopmupoBanrem 6a3bl JaHHBIX, CIyXKalIeH ISl TPUMEHEHUS
CTaTUCTUYECKUX METOJOB aHAIN3a Pa3PYLICHUS U OLIEHKH OCTaTOYHOTO pecypca DK
AC nns npoenenus TOuP, kak mokazaHo Ha puc. 1.
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Puc. 1 Cxema oneparnuii ynpasienus crapenunem DK AC

KomnyecTBO  TOYEK KOHTPOJIS KOMIIOHEHTOB CHCTEMBI TCIUIOHOCHUTEIS

peakropa (CTP):

- KOpITyCa M KPBIIIKHA PEaKTOPa;

- MapOTeHepaTopPa;

- KOMIIEHCATOpa JaBJICHHUS;

- TpyOONIPOBOJIOB,
ompeneNsieTcss 10 pe3ylbTaraM MOJEIUPOBAHUS M PACUYETOB MPOYHOCTH U
COCTAaBJISIET JI0 25 TOYEK MPU MAIOIUKIIOBBIX YCTATOCTHBIX MMOBPEKICHHUSIX.



BaxHoli TeHAEHIMEN B METONOJIOTUHM KOHTPOJISI © MOHUTOPUHTA CTAPEHUS
OK AC cran nepexoj; OT KOHTPOJIS [0 CBUJIETEIIAM K MPSMOMY 0€300pa3iioBOMy
koHTpoto DK B peanbHOM MaciiTabe BpeMEHHU.

Onuolt u3 pa3pabOTaHHBIX U CEPUMHO MPOU3BOJIUMBIX CUCTEM KOHTPOJIS
nerpagaunu DK AC sBusercs cucteMa aBTOMaTU3UPOBAHHOTO KOHTPOJIS
octatounoro pecypca (CAKOP) o6opynoBaHust peakTOpHOU yCTaHOBKH [3].

Cucrema CAKOP npennasnauena nis:
— BBISIBJICHUS HEOJIArOMPUSATHBIX HArpyX)arwiux GakTopoB OT NepeMelieHUs
000pyI0BaHusl, TEPMOYAAPOB, TEPMOITYIbCAUNA TETJIOHOCUTENS U ONTUMH3ALIUU
AKCIUTyaTallMOHHBIX PEKUMOB;
— KOHTPOJISI HAPSIAKEHHOTO COCTOSIHUS 30H BBISIBJICHHBIX MOBPEXKICHUN KapMaHa
KOJIJIEKTOpa NapOTreHepaTopa;
— KOHTPOJISI HAKOIIEHHOTO YCTAIOCTHOTO MTOBPEXKICHUS U OLIEHKU OCTaTOYHOTO
pecypca Kopiyca peakTopa ¢ KpbIIIKOH, KOMIIEHCATOPa IaBIECHUS,
MapOTeHEPATOPOB, TJIABHBIX LIUPKYJISIITUOHHBIX TPYOOIPOBOOB, TPYOOIIPOBOIOB
CHUCTEMBI KOMIICHCAIIUU JIaBJIEHUS;

[Ton HakoIUIEeHHBIM ycTamOCTHBIM noBpexaeHneM OK AC nonnmaercs ux
MOBPEXKACHUE B PE3YIbTATE HUKINYECKUX HATPY30K.

Jns BemmonHeHus coux Ppynkuuit, CAKOP nomyvaet nndopmanuio ot
JTATYUKOB CUCTEMBI BHyTpUpeakTopHOTro KoHTpoJst (CBPK) u oT mratHbix
IaTYUKOB TexHoJornueckoro koutposss ACY TII. Huxkn c6opa undpopmanuu
cocrasiser 1 c.

Cucrema CAKOP, npoussonurcs AO CHUUII Pocaroma, ncrone3yercs Ha
Jlenunrpaackoit ADC-2 B coctaBe CKY /] (cucrtema KOHTpOJIS, YIIPaBICHUS U
JMArHOCTUKH) U MPeJIHa3HAYEHA JIJIsl KOHTPOJISI HAKOIUIEHHOTO YCTAJIOCTHOTO
MOBPEXKEHHUS U OLIEHKU OCTATOUYHOIO pecypca 000py10BaHUS HYHEPTO0II0Ka.

4. MeTtoabl aHAJIN3a npoueccoB aAcrpajganumn

HeonHopoaHble npoueccsl Aerpaganuu cIoxkHbIX cucteM DK ¢
MOCTENIEHHBIMU Y BHE3AITHBIMU OTKA3aMU MCCIIEIOBAHbI CTATUCTUYECKUMU
MeTonamu [8].

JI1st ciiyyasi mpou3BOJIBHBIX (HEIKCITOHEHIIMAIBHBIX) pacpeesIeHUI
BBICOKOHAJIEKHBIX CUCTEM MPU PeAKUX O0TKazax DK NpUMEHSIOT UMUTAIIMOHHOE
MO/JIEIMPOBAHME HA OCHOBE METOAA PACIICIUICHUS JJIs1 YCKOPEHHOT'O MOCTPOCHUS
MUKJIOB BoccTaHoBiaeHus DK.

MeTox UMUTAIIMOHHOTO MOAEIUPOBAHUS IS PEIKUX OTKA30B MPEIOKEH,
TaK KaK aHAJMTHUYECKOE BHIUMCIEHUE XAPAKTEPUCTUK HEOJHOPOIHBIX MPOLIECCOB
Jerpagaluy HEBO3MOXKHO, a MeTol MoHTte-Kapio sBisieTcst Tpy I0EMKHUM 10
BPEMEHH I BEIYMCIECHUM C BHICOKOM TOYHOCTBIO (Majiol qucCIepcueii).

Jlist aHanu3a HaAEXKHOCTH U 0TKAa30yCTOMYMBOCTH cucteM Oe3onacHocTH AC
CTaJli aKTUBHO MTPUMEHATHCS HEUPOCETEBBIE METOARI [9].

Uckycctennsie Heitponnsie cetr (MHC) nucnonb3ytores Toraa, Koraa
HEW3BECTEH TOYHBIN BUJI CBA3€H MEXK Iy BXOJaMHU U Bbixoaamu. Hanpumep, cucrema



aBapUIHOM 3aIUTHI peakTopa. PaboTy peakTOpHON YCTAHOBKM HYXKHO OIICHUBATH
MIPU BCEX BO3MOKHBIX OTKa3aX BO BCEX KOMOMHAIIMSIX.

B xonkpernom npoekre PY BBOP ects 61 opran perynupoBanus. B utore
MOJIy4yaeM: OTKa3 OJTHOI0 KOMIIOHEHTA MOBJIeUeT 3a co00i 61 koMOuHaIINIO
0TKa30B, 1ByX — 1830, Tpex — 35990 u 1.1. CoctosiHue akTuBHOM 30HBI PY npu
KaXJ10M KOMOMHAIIUK OYAET pa3HbIM, TOATOMY BBIIOJHUTH KOMIIBIOTEPHOE
MOJIETUPOBAHUE ISl KaXKJIOTO OTAEIBHOTO CIydasi IPAKTUYECKU HEBO3MOXKHO, TaK
Kak TpeOyeT O0JbIINX 3aTpaT BpeMeHu. KapTorpaMmsbl ske akTUBHOM 30HBI pEaKTOpa
¢ o0o3HaueHueM OTKa3aBIIMX opraHoB peryiaupoBanus CY3 AC npeacTaBisiioT
pacTpoBble U300pakeHus, JIJIsl pacliO3HaBaHUsI 00Pa30B KOTOPHIX OMTUMAJIbHbI
HelipoHHbIe ceTu. Ha puc. 2a nmpuBeieHa KapTorpaMma OTKa30B OpPraHOB
yIpaBlieHUs CUCTEMBI yripaBieHus 3amuToit (CY3) akTUBHOM 30HBI peakTopa, a Ha

puc. 2b nokazan npuHiun padotel UHC nms sToi 3agaumn.

Ecnu cetb 00yueHa skcniepramu B obsiactu aerpaganuu DK AC, ona
puoOpeTaeT COCOOHOCTh MOJIETUPOBATh (PYHKIINIO, CBSI3BIBAIOIIYIO 3HAUCHUS
BXOJHBIX U BBIXOJHBIX MEPEMEHHBIX, U BIIOCJIEICTBUU TAKYI0 CETh MOKHO
WCIIOJIB30BaTh JUIsl IPOTHO3UPOBAHUS B CUTYAIIMH, KOT/1a BRIXOHBIE 3HAUCHUS
HEU3BECTHBI.

B utore, MOXXHO 3aKJIIOYUTh, YTO U U3BECTHBIE aganTuBHbIe GuibTpsl 1 MHC
0a3upyroTcs Ha 00IIeM MaTEMAaTUUYECKOM allapaTte — HEJIMHEHHOM METO/Ie
HauMmeHbux kBaaparoB (HMHK) — miist oTbickanust BECOBBIX KO3 (DUITMEHTOB.
O6mieit mnatdopmoit ast sxcrieptHoro ooyuenuss UHC siBnsieTcst MogenupoBaHue
HNHC B cucteme MATLAB/Simulink.

BAPUAHTBI OTKA30OB

(Sl )
(=) () (mpLimplon WANNYAN2
BB ) TR Q,M&
e29a Do

KPUTEPWIA BE3OMACHOCTM
BbINOMHEH / HE BbINO/IHEH

b)
Kaprorpamma oTkazoB Pabora neiipocetu

Puc. 2 Ilpunuun pacnoznaBanus otkazoB CY3 PYc nmomombro MHC

TouHast MaTeMaTH4eCKasi MOJIENIb KAaTUOPOBOUYHBIX XapaKTEPUCTUK
BCTPOEHHBIX CEHCOPOB HE TOJIBKO HEM3BECTHA, HO YACTO €€ IOJyYEHUE HEBO3MOKHO
WJIY CBSI3aHO CO 3HAYUTEIbHBIMU TPYAHOCTAMU. J|eHCTBUTENBHO, TPAAULIUOHHBIE
napaMeTpU4eCcKre METO bl MOCTPOCHUS KATMOPOBOYHBIX XapaKTEPUCTHUK, TAKHE KAK



PErpecCUOHHBIN 1 KOH(IIFOEHTHBIN aHalli3, OCHOBaHBI HAa MPEABAPUTEILHOM
BBIOOpE HEKOTOPOTo Ki1acca (GyHKIUN, B paMKaX KOTOPOT'O OCYIIECTBISECTCS TOUCK
HAWIYYIlIEeH, 0 ONPENECIICHHOMY KPUTEPHUIO, AITPOKCUMALIUH.

Onnakousz-3a HEJIMHEMHOCTH XapaKTEPUCTUK OTKJIMKA BCTPOEHHBIX

JATYUKOB M MX (PYHKIIMOHHPOBAHUS B CIIOKHOW BHYTPEHHEW M BHEIIHEU cpene
BO3HHMKAeT  MpoOiemMa HEONPEAENEHHOCTH B  JIOCTOBEPHOCTH  CEHCOPHOMU
uHpopManu. B cBA3U ¢ 3TUM CTAaHOBUTCS aKTyaJbHOW 3ajaya MPUMEHEHHUsS
HEMapaMeTPUUYECKUX METOJOB OLECHHBAHUS METPOJIOTMYECKUX XapPaAKTEPUCTHK.

Haunbonee nepcnektuBno npumenenue MHC s HemapameTpuueckoro
OLICHUBAHMS METPOJIOTMYECKUX XaPAKTEPUCTUK CEHCOPHBIX CETEN.

['maBHOE MpEMMYIIIECTBO HEUPOCETEBBIX METOIOB OLIEHUBAHUS B TOM, UTO
OHM 0000IIAI0TCS HA CiTyyall HETMHEWMHOT0 CKaTusl MHPOpMaIuH, KOrga HUKaKUX
SABHBIX CTATUCTUYECKUX PEIICHUN HE cymecTByeT. [loaToMy, HEHpOCETEBOM aHAIN3
CUTHAJIOB peIIaeT Npo0IeMy TOUHOTO OLIEHUBAHUSI METPOJIOTMYECKUX
XapaKTEPUCTUK BCTPOCHHBIX CEHCOPOB. HelipoceTeBol moaxo] K METPOJIOTHYECKOM
MPOBEPKE BCTPOCHHBIX JATYUKOB U U3MEPUTEIILHBIX CEHCOPHBIX CeTeil 000CHOBAH B
pa6ote [10].

[Ipumenenue moneneit MHC obecneunBaeT HHBApUAHTHOCTD
npeoOpa3oBaHusl IO OTHOIIEHUIO K ITyMaM U HECTAOMJILHOCTH BXOJIHBIX
n3mMepuTenbHbix curHanos. [1o cytu, MHC saBnsitoTest yHMBepCcaabHbBIMU
anmpoKCUMaTOPaMU, YTO MO3BOJISIET 3(P(HEKTUBHO UCTIOJIB30BATh UX B KAYECTBE
MoOJIeIel pa3TuYHbIX HEIMHEMHBIX MpeoOpa3oBaTelieil CUTHAJIOB, B TOM YHCIIE
U3MEPUTEIBHBIX IATYUKOB, TPUOOPOB U CUCTEM.

CymMapHas MeToiM4ecKasi MOrpeHoCTb, BHOcuMas ctpykrypoit UHC u
KauecTBOM €€ 00y4eHus, OllEHUBAETCA 1o (hopmyIie:

Ser +805 <87 =55, 8, > 5y,

rae: O,y — CHCTEMaTHYeCKasl OTPEIIHOCTb, BHOCHMAsT JaHHOU cTpykrypoit THC;
dos — MeToaMuYecKas MOrpelrHoCTh, BHOCUMas kauecTBoM oOyuenus MHC;
dr— norpemHocts MHC, o1ieHeHHast Ha TECTOBOI BEIOOPKE;
O - OTHOCUTEINbHASI METOIMYECKAs MOTPEIIHOCTD.

Omm6xu moaeneit UHC o0ycnoBieHbl HETOYHOCTBIO OLIEHOK CHHANICHYECKUX
BecoBbIX Ko unrenToB MHC, nonmyyeHHbIX B pe3yiabTaTe 00yUeHHs] MOJCIH, a
TaKXe HETOYHOCThIO TexHuueckoil peanuzanuu MHC Ha ocHOBE 1Tu(pOBBIX
BBIUYHCIIUTEIBHBIX YCTPOMCTB C OTPAHUYEHHOMN Pa3psIAHOCTHIO.

B xone mogenupoBanus napametpsl Mogenu MHC (yHuBepcanbHOTroO
anmpoKCUMaTOPa) U MOJIMHOMHUAIBHOM alMpOKCUMUPYIOIIEH MOJEIH 3-TO OpsIAKa
ObUTM M3MEHEHBI Ha 1% OT HOMHHANBHBIX 3HAUeHUU. B pe3ynbTaTe
MeTtposiornyeckue xapakrepuctuku MHC-moneneit Bcrpoennbix B 9K AC
W3MEPUTENBHBIX JATYUKOB C HEMPOCETEBBIM AMMPOKCUMATOPOM MOITYYAKOTCS B
HECKOJIBKO pa3 JIy4llle, YeM y KJIaCCHUYECKUX MpeoOdpa3zoBaTeliei C MoJIuHOMUAIbHON
armnpoKCcUManueu, a MMeHHo, norpemnocty Mmojenu MHC He npespimarot 2%, a
MOTPENTHOCTH MOJMHOMHUAIBHOW MOJIENIN COCTABIISIIOT OT 6% 110 12% Kak mokazaHoB
pa6ote [10].



S. I/IHTeJIJIeKTyaJIbHLIe CCHCOPHBIC CETHU AJA aTOMHBIX CTaHHI/Iﬁ

[TocTpoeHue HHTENIEKTYabHBIX JATYMKOB ¢ (PYHKIIUEH METPOIOTHUYECKOTO
CaMOKOHTpPOJIs (OCYIIECTBISIEMON UMHU B Tpoliecce 3KkcrutyaTauuu AC HOBOTO
MOKOJICHUSI — Ha OCHOBE BOJIOKOHHO-ONTUYECKUX TEXHOJOTHI Mpeanoaraet
HaJM4yue y TaKuX JaTYNKOB MUHUMAJIBHOU CTPYKTYPHOM U/UITM MaKCUMAJIbHOM
MH(POPMAITMOHHOUN U30BITOUYHOCTH [7].

JI71s1 MHTeIeKTyaau3aluu CPeACTB U3MEPEHUN ¢ MPUMEHEHUEM
MHTEJJIEKTYaJIbHBIX BOJIOKOHHO-ONTHYECKUX JATYUKOB HE TpeOyeTcsi BBOJIUTH
JIOTIOJIHUTEIIbHBIE CTPYKTYPHBIE U HH(POPMAIIMOHHBIE H30BITOYHOCTH, TPEOYIOTCS
TOJBKO CIIEKTPaJIbHO MEPECTPABAEMbI€ ONITUUECKUE U3JTyYaTeIu UiIN QUIBTPHI,
KOTOPBIE SIBJISIOTCS PA3HOBUIHOCTHIO CTAHIAPTHBIX OMTOAIEKTPOHHBIX PHUOOPOB.

6. Oco0ennocTu KOHTpOJIs Aerpagaunu peakTopos III u IV nokosienust

Atomuble peaktopsl 11 nokonenus Tunia BBOP paborarot npu Temmnepatypax
10 350 °C u pmaBnenusx no 18 MIla, 4To MO3BONSET MPUMEHSTH IS KOHTPOJIA
Jerpajauu TpaauluoHHble TexHudeckue cpenactsa HK, B Tom uucne cucrema
CAKOP. Oxgnako, npu 3ToM, OOJIBIIUHCTBO OMEPAINil KOHTPOJIS 32 Jerpaaiueii u
yrpasieHus crapenueMm DK AC npousBoautcs B nepuosl nposeaeHus TOuP, uto,c
Y4ETOM HEJIMHEHHOIo XapakTepa pa3BUTHsA Je()EKTOB W U3HOCA apMaTyphl, HE
uckiroyaet pucka otkazoB JK u aBapuii B mpouecce pabotsl PY AC Ha MOIIIHOCTH.
Anepnsie peaktopsl IV nokonenust Tuna BPECT (ObicTpslii peakTop ¢
€CTECTBEHHOU 0€30MacCHOCThIO) PAOOTAIOT MPHU 3aKPUTUUECKUMU 3HAUCHUSMHU
temmnepatyp 10 650 °C u naBnenuit 1o 38 Mlla, To ecth DK u natunku paboTaroT
(hakTUYECKH B PeXXKUME YCKOPEHHOM Jerpajialiii, 4To 00yCIOBIUBAECT MPUMEHEHUS
TEPMOCTOMKHUX U PaIUAIIMOHHO-CTOMKUX ONTUKO-BOJIOKOHHBIX UHTEIIEKTYJIbHBIX
cpeactB HK, obecnieunBarommx HempepbIBHbIM MOHUTOPUHT COCTOSTHUS BCEX
otBeTcTBeHHBIX DK AC B npouecce 3kcruryatanuu [7].

7. BbIBOABI

B cuny HenmMHENHOCTH NPOLIECCOB JIETPAIalluy AJIEMEHTOB, KOHCTPYKIIUHU U
cucteM AC He00X0IUM HENMPEPHIBHBI MOHUTOPUHT UX TEXHUYECKOTO COCTOSHUS
BCTPOEHHBIMH CEHCOPAMU MpH pabOoTe SIACPHBIX PEAKTOPOB HA MOIIIHOCTH.

JInst aHanM3a npoueccoB IETpalaliii U OTKA30B AIEMEHTOB KOHCTPYKIMU AC
1 00€ecTeueHHs! BRICOKUX METPOJIOTMYECKUX XapaKTEPUCTUK BCTPOCHHBIX TATUUKOB
HanOonee 3 (HEKTUBHBIM SBISECTCS MPUMEHEHHE HEMPOCETEBBIX TEXHOJIOTUMA.

Hcnonb30BaHKne BCTPOCHHBIX H3MEPUTEIBHBIX CEHCOPOB JJIsI MOHUTOPHUHTA
AJIEMEHTOB, KOHCTPYKIUH U cucteM AC B TOCTOSTHHOM peXUME padOThI
HEO00XO0IMMO MPOU3BOUTH U3MEPEHUS C TOMOIILI0 MHTEIJIEKTYalbHBIX TATYUKOB C
(dyHKIIMENH METPOIOTUYECKOTO CAMOKOHTPOJIS, TO €CTh CAMOKAIIMOPOBKH B
peasbHOM MaciiTabe BpeMEHU B MPOIECCe IKCILTyaTalliy.

[TepcniexTuBHBIE s/iepHbIE peakTopsbl [V mokoneHus: paboTaroT PakTHUECKU B
pexKUMe YCKOPEHHOU JieTpafaluy U TpeOyIoT 00s13aTeIbHOTO KOHTPOJISL COCTOSIHUSL.
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Nonlinear processes of degradation of structural elements of nuclear power
facilities and their aging management based on intelligent sensors nets and
neural network technologies

G. Ya. Buymistriuk!
D-r of Sciences, professor
The Technical Academy of Rusatom, St-Petersburg Branch

Nonlinear processes of degradation of nuclear power plant components important for safety are considered
in order to create an industry system for managing the aging of elements, structures and systems at all stages of
the life cycle of power units. It is shown that the degradation processes of complex structures of nuclear reactors
are not adequate to exponential approximations, but have various nonlinear space-time dependencies, current
information about which must be continuously obtained using embedded intelligent sensor networks and
evaluate complex degradation processes based on artificial neural networks — universal neural network
approximators. Examples of measurement and control of aging of nuclear reactors of III and IV generations are
given.

Keywords: NPP structural elements, degradation, aging management, intelligent sensors, neural networks

1. Introduction

During the operation of nuclear power plants (NPP), negative structural
changes occur in the structural materials and the structural elements (SE)
themselves of the NPP, that is, their degradation under the influence of
mechanical loads, temperature and the environment. The failure of the SE NPP
and to technological installations with the loss of many MW of energy, reduced
safety and the risk of accidents both design (DA) and out of design (ODA) [1].

The main SE NPP include building structures, equipment, pipelines,
instruments, measuring instruments (instrumentation and control systems),
cables, etc., ensuring the performance of specified functions independently or as
part of systems that are structural units of reliability and safety analysis in the
design of NPP [2].

Resource management of NPP power units consists, among other things, in
the control and monitoring of the processes of degradation, aging and damage to
the EC. The deceleration and weakening of the aging of the SE is achieved
through timely maintenance and repair (TM&R) and deep-echeloned protection
(DEP) of the NPP. The basis for monitoring of damage accumulation processes,
including the detection of SE degradation, are non-destructive testing (NDT)
methods.

The traditional approach to analyzing the integrity of NPP equipment and
pipelines is based mainly on conducting non-destructive ultrasonic testing of
metal equipment and pipelines. However, the ultrasonic method of NDT does
not allow to determine the moment of the origin of the defect and is based on the

! E-mail: BGY812@mail.ru
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free assumption that when the power unit is stopped for scheduled repairs, the
defect will be detected in a timely manner and the dynamics of its development
will not allow it to quickly grow to an unacceptable level when its rapid
development occurs to a through with loss of coolant (LOCA).

It is preferable to monitor the state of integrity during the operation of the
equipment, when the origin and development of defects occur. Of all the known
NDT methods, the acoustic emission method is the most suitable for solving
such a problem [4], [5].

AE sensors based on radiation-hard and heat-resistant fiber optics are the
most promising for continuous monitoring of the SE during the operation of
NPP [6], [7].

Compared with other NDT methods, the AE method for nuclear power
plants has a number of advantages:

— the ability to conduct routine monitoring and detect developing defects
directly during operation and, consequently, the most dangerous defects in the
most loaded components of the reactor plant;

— the ability to determine the locations of defects (cracks, zones of plastic
deformation, leaks, etc.) located far enough from the receiving acoustic-
emission transducers;

— real-time monitoring and, as a result, timely detection of coolant leaks
from pressure vessels and pipelines in hard-to-reach places of a nuclear power
plant in the event of an emergency;

— compatibility of the AE method with other NDT methods, in particular
narrow, which allows, through the use of several independent methods, to
increase the reliability of control results;

— the possibility of remote automated monitoring in unattended radiation-
hazardous areas of the premises of the nuclear power plant.

2.Deep-echeloned protection of the nuclear power plants

The consequences of SE NPP failure have different degrees of severity,
which corresponds to different safety classes, as shown in Table 1.
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Table 1

Severity of consequences of NPP element failure

Elements of the
normal operation Unacceptable High Medium Low

system . 2
Class 1 Class 2 Class 3 Class 4

Severity of the consequences of failure of a classified element in the event of a design basis accident

Elements of the
safety system The design limit 1s not exceeded [

Exceeds the design limit at design basis accident ; : :
N 5 at the design basis accident

Class 2 Class 3
Elements of the Time after the initial event, after which the operation of the classified item is required
system used in the
management of the
ODA, included in Less than 3 days More than 3 days
the final list of ODAs Class 3 Class 4

We emphasize that there is a need for a differentiated approach to
ensuring the quality of SE NPP, depending on the impact of these SE on the
safety of the NPP. Table 2 shows the SE safety classes and their lifetime, the
mechanisms of aging of the VVER-1000 and VVER-1200 reactor installations.

Table 2

Safety class / The mechanism of aging

Component name a s
P Lifetime, years

Roadh I 1 -Temperature cracking

ac /eSS Sl .

SHICOL AR 60 - Radiation embrittlement
- Fatigue

- Cyclic crack growth

Baffle (VKU) 2 - Radiation swelling
60 - Fatigue
Steam generator housing, 1 - Tel}lperature cracking
including 111 welded joints (CC) 60 - Fatigue
- Corrosion

- Cyclic crack growth
- Corrosion Static and
Cyclic Crack Growth

Heat Exchange Tubes 2 - Fatigue

60 - Stress corrosion cracking

- Corrosion Static and
Cyclic Crack Growth

where are indicated:

VKU - internal devices; CC — welded joints.

Failures of the SE NPP lead to:

- partial / complete loss of operability of the safety systems of the NPP;
- reduction of the readiness of the emergency response system to prevent
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the transition of normal operation into a design accident, that is, degradation of
the 2nd level of the DEP: from normal operation to a design accident. For
the management of design accidents, the standard safety systems of NPP are
used. Additional technical means operating in extreme conditions are used to
manage out-of-design accidents (ODA) [6].

It is important to emphasize that the probability of a severe ODA in the
assumption of failure of technical controls ODA several times (by an order of
magnitude) exceeds the probability of a severe ODA in the assumption of the
operability of these technical means. Both from a deterministic and probabilistic
point of view, the influence of technical controls of the ODA significantly
affects the safety of the NPP, which was practically confirmed during the ODA
at the Fukushima Daishi NPP in 2011.

3. Control of degradation and ageing of structural elements of NPP

Ageing management is based on the principle of controlled operation of the
SE NPP. It is also important to predict the aging of the SE NPP and the
assessment of their residual resource. It is important to note that the rates of
changes in different SE during aging are different, which determines the
nonlinear nature of degradation with a transition to sudden failures. Control
tools for assessing the rate of aging processes are NDT tools with the formation
of a database that serves for the application of statistical methods of destruction
analysis and evaluation of the residual resource of the SE for conducting TM&R
as shown in Figure 1.

streams

Information

Risk-based approach to
determining the frequency
and volume of controls

£ el : Probabilistic safety
g _g = Probabilistic fracture analysis —s»| analysis (PSA)
£ 5 ¢ E
5 FEEN =] S
g ® = ..5_ Current and residual life Component
™ st ;I—:> o assessment (SAKOR) *integrity calculations
S 1 B2 §
= gc =
5 g8 R
= &£° as Comparative analysis of y
the current state and — Mam'tenance and
the previous control repair, replacement

! !

Figure 1 Diagram of SE NPP ageing control operations
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The number of control points of the components of the reactor coolant
system: - reactor housings and covers, - steam generator, - pressure
compensator - pipelines, is determined by the results of modeling and strength
calculations and is up to 25 points for low-cycle fatigue damage.

An important trend in the methodology of control and monitoring of the
aging of the SE NPP has been the transition from control by witnesses to direct
ugly control of the SE in real time. One of the developed and mass-produced
systems for monitoring the degradation of the SE NPP is the system of
automated control of the residual life (SAKOR) of the reactor plant equipment
[3].

The SAKOR system 1s designed for:

— 1dentification of unfavorable loading factors from equipment movement,
thermal shocks, thermal pulsations of the coolant and optimization of
operational modes;

— monitoring of the stress state of the zones of detected damage to the
collector pocket of the steam generator;

— monitoring of accumulated fatigue damage and evaluation of the residual
life of the reactor vessel with a lid, pressure compensator, steam generators,
main circulation pipelines, pipelines of the compensation system pressure.

Accumulated fatigue damage of the SE NPP is understood as their damage
as a result of cyclic loads. To perform its functions, SAKOR receives
information from the sensors of the in-reactor control system and from the
standard sensors of the technological control of the automated process control
system. The information collection cycle is 1 s. The SAKOR system, produced
by SNIIPRusatom, is used at Leningrad NPP-2 as part of the CMDS (control,
management and diagnostics system) and is designed to monitor accumulated
fatigue damage and assess the residual life of the power unit equipment.

4. Methods of analysis of degradation processes

Heterogeneous degradation processes of complex SE systems with gradual
and sudden failures have been studied by statistical methods [8].

For the case of arbitrary (non-exponential) distributions of highly reliable
systems with rare SE failures, simulation modeling based on the splitting
method 1s used to accelerate the construction of SE recovery cycles. The
simulation method for rare failures is proposed, since analytical calculation of
the characteristics of heterogeneous degradation processes is impossible, and the
Monte Carlo method is time-consuming for calculations with high accuracy (low
variance).

Neural network methods have been actively used to analyze the reliability
and fault tolerance of NPP safety systems [9].
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Artificial neural networks (ANN) are used when the exact type of
connections between inputs and outputs is unknown. For example, the reactor
emergency protection system. The operation of the reactor plant should be
evaluated for all possible failures in all combinations. There are 61 regulatory
bodies in a specific project of the RU VVER. As a result, we get: the failure of
one component will entail 61 combinations of failures, two — 1830, three —
35990, etc. The state of the reactor core will be different for each combination,
so it i1s almost impossible to perform computer modeling for each individual
case, since it requires a lot of time. Cartograms of the reactor core with the
designation of the failed regulatory bodies of the protection control system
(PCS) NPP represent raster images, for the recognition of images of which
neural networks are optimal.

Figure 3a shows a cartogram of failures of the controls of the PCS of the
reactor core, and Figure 3b shows the principle of operation of the ANN for this
task.

failure modes

tdid . iill

S oRo c@ma0 020
BSOS == T (N
0002530852935 25
0508250509050 20
80°@30999086 25!
9205259595250
030 0020

safety criterion met / not met
a) b)

Fig. 2 The principle of failure recognition of PCS NPP using the ANN

If the network is trained by experts in the field of SE NPP degradation, it
acquires the ability to model a function linking the values of input and output
variables, and subsequently such a network can be used to predict in a situation
where the output values are unknown. As a result, it can be concluded that the
well—known adaptive filters and ANN are based on a common mathematical
apparatus — the nonlinear least squares method - for finding weighting
coefficients. A common platform for expert training of ANN is the simulation of
ANN in the MATLAB/Simulink system.

The exact mathematical model of the calibration characteristics of
embedded sensors is not only unknown, but it is often impossible to obtain it or
1s associated with significant difficulties. Indeed, traditional parametric methods
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of constructing calibration characteristics, such as regression and confluent
analysis, are based on the preliminary selection of a certain class of functions,
within which the search for the best approximation, according to a certain
criterion, is carried out. However, due to the non-linearity of the response
characteristics of the embedded sensors and their functioning in a complex
internal and external environment, the problem of uncertainty in the reliability of
sensory information arises, the requirements for metrological support of which
are set out in paragraph 62 of the Rules for monitoring the equipment of the
NPP [2]. In connection with the above, the task of applying nonparametric
methods for assessing metrological characteristics becomes urgent. The most
promising application of ANN is for nonparametric evaluation of metrological
characteristics of sensor networks.

The main advantage of neural network estimation methods is that they are
generalized to the case of nonlinear compression of information when there are
no explicit statistical solutions. Therefore, neural network analysis of signals
solves the problem of accurate estimation of metrological characteristics of
embedded sensors. The neural network approach to metrological verification of
embedded sensors and measuring sensor networks is justified in [10].

The use of ANN models ensures the invariance of the transformation with
respect to noise and instability of the input measurement signals. According to
the network, ANN are universal approximators, which makes it possible to
effectively use them as models of various nonlinear signal converters, including
measuring sensors, devices and systems.

The total methodological error introduced by the ANN structure and the
quality of its training is estimated by the formula:

S tOos<d-8, 80,

where:8 .~ systematic error introduced by selected structure ANN;  So5—
methodological error introduced by the quality of trainingANN;67— error
of the ANN estimated on the test sample; ;- relative methodological
error.
The errors of the ANN models are due to the inaccuracy of the estimates of

the synaptic weight coefficients of the ANN obtained as a result of training the
model, as well as the inaccuracy of the technical implementation of the ANN
based on digital computing devices with limited bit depth.

During the simulation, the parameters of the ANN (universal approximator)
model and the 3rd-order polynomial approximating model were changed by 1%
of the nominal values. As a result, the metrological characteristics of the ANN
models of measuring sensors embedded in the SE NPP with a neural network
approximator are obtained several times better than those of classical converters
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with polynomial approximation, namely, the errors of the ANN model do not
exceed 2%, and the errors of the polynomial model range from 6% to 12% as
shown in [10].

5. Intelligent sensor networks for nuclear power plants
The construction of intelligent sensors with the function of metrological
self-monitoring (carried out by them during the operation of the NPP) of a new
generation - based on fiber-optic technologies assumes that such sensors have
minimal structural and/or maximum information redundancy [7].

For the intellectualization of measuring instruments using intelligent fiber-
optic sensors, it is not necessary to introduce additional structural and
information redundancy, only spectrally tunable optical emitters or filters are
required, which are a kind of standard optoelectronic devices.

6. Features of degradation control of III and IV generation reactors
Nuclear reactors of the III generation of the VVER type operate at
temperatures up to 350 °C and pressures up to 18 MPa, which allows the use of
traditional NDT technical means, including the SAKOR system, for degradation
control. However, at the same time, most of the degradation control and aging
control operations of the SE of NPP are carried out during the periods of
maintenance and repair, which, taking into account the nonlinear nature of the
growth of defects and wear of fittings, does not exclude the risk of SE failures
and accidents during the operation of the NPP reactors at power.

Generation IV BREST-type nuclear reactors (fast reactor with natural
safety) operate at subcritical temperatures up to 650 °C and pressures up to 38
MPa, i.e. SE and sensors operate in accelerated degradation mode, which
requires application of heat and radiation resistant optical-fiber intelligent NDT
means ensuring continuous monitoring of all critical SE of the NPP during
operation [7].

7. Conclusions

Due to the nonlinearity of the degradation processes of elements, structures

and systems of nuclear plants, it is necessary to continuously monitor their
technical condition with embedded sensors during the operation of nuclear
reactors at power. To analyze the processes of degradation and failures of the
elements of NPP design and to ensure high metrological characteristics of the
embedded sensors, the most effective is the use of neural network technologies.
The use of embedded measuring sensors for monitoring of elements,
structures and systems of NPP in continuous operation mode is necessary to
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make measurements using intelligent sensors with the function of metrological
self-checking, 1.e. self-calibration in real time during operation.

Generation IV advanced nuclear reactors actually operate in an accelerated
degradation mode and require mandatory condition monitoring.
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