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OxkpeMi npaBoOBi Ta TeXHiIYHi ACIIEKTHU BilICBKOBUX BIUIUBiB

Ha AEC Ykpainu

Kntouosi cnosa:

aTOMHA €JIeKTpUYHa CTaHIif,
BilICbKOBUII BIJINB,

simepHa besmeka,
PEe3WIbEHTHICTD

PosristHyTO OKpeMi IpuK/Iafy IpaBoBKX i TexHiuHMX acrekTiB 6esnekn AEC B ymo-
Bax BiltHM. 3a3HaueHO, 110 BiJICbKOBI BIUIMBYU CIPUIMHNIIN Ge3npereSeHTH] 3arpos3u
BCIM CKJIafioBUM KOHIeNIil 3§ — simepHiit Oesmeri, GpisnTHOMY 3aXUCTy Ta rapaHTisAM
Hepo3MOoBCIof)KeHH:. KoHCTaToBaHO 0O4eBN/IHY HEBIAIOBITHICTD Aiit PO HOpMaM Mix-
HAapOJHOTO ryMaHiTapHOTo IpaBa, sike Hafae AEC crenianbHmIT 3aX1CT AK 06’ €KTaM,
1[0 MicTATh «Hebe3meuHi cumm». BisHadeHo, 1110 BTpaTa 30BHIIIHBOTO €/IEKTPOIIOCTA-
JaHHs Haby/la CUCTEMHOTO XapaKTepy il CTala OFHIEI0 3 KIIYOBUX 3arpos As Oes-
nekn ykpaincbkux AEC. YacTora Ta TpMBamicTh TaKMX MOAIN CYTTEBO MEPEBUIIVIIN
IPOEKTHI NPUIYIIeHHA BHACIITOK HaBMUCHMX yHapiB PO no eHeprerumuHiit indpa-
cTpykrypi. ATaku P® Ha eHeprocucreMy 3yMOBIIIOIOTb HOTPeOy B IPEBEHTVBHOMY
PO3BaHTa)KeHHi eHepro6/IoKiB Ta MPU3BOAATH JO KOMMBAHb YaCTOTYU Ta HAIIPYTH, IO
HeTaTVBHO BIUIMBA€E Ha pobOTy 06epToBUX MexaHis3MiB i Typ6oarperaris. Ananis sa-
CBifjdye HaranpHy HOTpeby aganranii Ta IMOAA/IBIIOrO PO3BUTKY IiAXOAIB [0 OLiHKN
6esnexkn AEC B ymoBax ferpafoBaHoi eHeprocucremu. [lepcreKTUBHUM IHCTPYMeH-
TOM € MeTofosorisa «30H BpasnuBocti» EPRI (CIIIA), sika go3Bojse iHTerpyBaru fe-
TepMIiHICTUYHI Ta IMOBIPHICHI OL[iHKY BI/IMBY HOPYLIEHb y Mepexi Ha 6esneky AEC
i MO>ke 6YTI OCHOBOIO JI/IS1 IIIATPUMKM OIIEPATUBHOTO IPUITHSATTS PillleHb.

Beryn

¢disnaHOI WimicHOCTI Ta GYyHKLIOHATBHOCTI KOHCTPYK-
LT, CUCTEM Ta €JIEMEHTIB, Ba>K/IMBUX 1 O€3IeK, Hif-

Arpecia PO nporu Ykpainm y 2022 p. crana mnep-
MM BUIAJKOM B icTOPpii, Komu fAilodi eHepro6moku
AEC 3a3Hany NpsAMOTO BiliCbKOBOTO BILIMBY, BK/IIOYHO
3i 30pOITHIM 3aXOIICHHAM AlepHMX YCTAHOBOK Ha Maii-
manuymnkax Yoproounbcokoi AEC (24 mrororo - 31 6epes-
Hs 2022 p.) ta 3anopispkoi AEC (3 4 6epesus 2022 p.
i JoTemnep).

BiitcbKOBMI1 BIIMB KOMIIPOMETYE BCi CKIafioBi 6e3Ire-
ku AEC (xonnenuis 3S) — sinepHa 6esmexa (nuclear safety),
¢isnunmit saxuct (nuclear security) Ta rapaHTii HepO3IIOB-
CIOJKeHHS sAfiepHOro Marepiany (safeguards), sokpema:

sfepHa Oesleka — BUHMUKHEHHs aBapiliHuX Iepe-
XiZHUX DPOIIEeCiB YHACTiLOK BiICbKOBUX [iil, pUSKK [/1A

BUIIEHNII CTpeC MepCOHaNy, Aerpafalis CTaHy o0maj-
HaHHA Ta HeaBTOpM30BaHi Moxudikalii Ha MailTaHINKY
3anopisbkoi AEC;

(bi3MYHMIT 3aXMCT — NepeBUIIeHH IIPOEKTHOI 3a-
rposu (design basis threat) ¢isuunnit saxuct ckomnpo-
MeTOBaHUII KpaiHow (state actor), kom6iHOBaHi ¢isnyHi
ta Kibeparaku (Ha AEC Ta eHeprocucremy);

rapaHTil HepO3MOBCIOJ KEHH SITePHOTO Marepia-
JIy — TUMYAcOBi BTpaTy 3BA3KY i3 3aco6aMu HMCTaH-
LiitHOI mepefayi JaHUX 40 MiXHApOZHOTO areHTCTBa
3 aromHoi eneprii (MATATE) Ta mopymennsa o6caris
KOHTPOJIIO 3a AAflepHMMY MaTepiaaMu 3 60Ky YKpaiHu siK
BJIACHNKA MaTepiasiB Ha MaiinaH4nKy 3anopispkoi AEC.

© O. M. [Inbay, 2025. License CC BY 4.0
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IIutannsa 6esneku AEC B ymMoBax BilfHM MaloTb
6araToBMMIipHUII XapaKTep Ta MOXYTb PO3IIANATUC
y IPaBOBili Ta TeXHiYHi nnomuHi. KommnnekcHe BuBYeH-
Hs acnekTiB 6e3nekn AEC y BijicbkoBIX YMOBaX € He00-
XiJTHUM JI/11 BUHECEHHA YPOKiB Ta GOpMyBaHHA TparMa-
THYHMX PEeKOMEH/alliil, CIIPAMOBAHNUX Ha 3a0e3MeYeHH A
6esnekn Ta pe3annbeHTHOCTI AEC (SIK /11 HOBUX ITPOEK-
TiB, TaK i fjifounx enepro6okiB AEC) B yMoBax eKcTpe-
MaJIbHUX BIUIMBIB, IIJ0 He BPAXOBaHi 41 He MOXYTb Oy T
BpaxosaHi y npoexTi AEC.

IIpaBoBi acnieKTH.
MixxHapopHe ryMaHiTapHe IPaBo

IIpaBosi acniexTn mopo 3axucty AEC Bif BiiicbKOBUX
BIUIMBIB PO3IIALAIOTHCA B poboTax [, 2]. Mi>xkHapogHe
ryMaHiTapHe IpaBo Hajae cuenianbanii 3axuct AEC sk
o0’ekTaM, 1[0 MicTATH «HebesmeuHi cunn» (dangerous
forces) (ct. 56 (1) HomarkoBoro nmpotokony I mo JKene-
BChKMX KOHBeHIIii1 [3]). HaBiTh AKIO Taki 06’ €KTU Ma-
I0Tb O3HAKM BilICBKOBOI 11i/1i, Hama Ha HUX 3a00POHEHO,
SAKIIO 1€ MOYKe COPUYMHIUTY BUBI/IbHEHHST HeOe3MeTHIX
CUJI 1 MacoBi BTpaTu cepefi LMBIIbHOTO HaceTIeHH .

BunsTok i3 nporo npasuia (CT. 56 (2)) MOXIUBUI
JIUIIe 33 OFHOYaCHOTO BUKOHAHHA IBOX YMOB:

1) AEC Hapfae perynspHy, 3HauHy i npAMy MHij-
TPUMKY BilICbKOBMM OIl€paLlisiM;

2) Hamaj € efUHUM MOXXJIMBUM CIIOCOOOM MPUIN-
HUTH TaKy HiATPUMKY.

Hespaxxaroum Ha IMCKYCifIHICTh 3a3HaY€HUX BUILE
yMOB, B yMoBax Hamaay P® Ha ykpaincbki AEC BoHN
He Oy/Iu BUKOHAHi, 1[0 Hi/ITBEPAKYETHCA 1 TITyMaueHHAM
MixxHapopHoro komiteTy YepBonoro Xpecra. Ilocra-
YaHHA €/IEKTPOEHEPrii uepes 3arajibHy eHeproCUCTEMY,
HaBiTh 32 YMOBH {1 4aCTKOBOTO BUKOPUCTAHHA Y BifICBKO-
BUX IIi/ISIX, HE MOJKe BBaXXaTUCA LOCTATHDOIO MiJICTAaBOIO
nns 36poitHoro Hanany [4]. Takum unsOM, #ii PO mopo
o6c¢TpiniB Ta 3axonneHHsa 3anopispkoi AEC € rpybum
MOPYIIEHHAM Mi>XHapOJHOTO I'yMaHiTapHOTO IIpaBa.

IIpoTe i HOpMU 3aMUIIAIOTHCS JeK/IAPATUBHUMMU:
Oi€EBUX MeXaHi3MiB BigIIOBima/IbHOCTI 3a TaKi mii goci He
cTBOpeHO. Ile feMOHCTpy€e KpUTUYHY IIPOTaIMHY B MiX-
HapOJHOMY IIpaBi: IOpUANYIHI 0OMeXKeHHsI iICHYIOTb, ajle He
3abesreyeHi BUKOHAaHHAM. BapTo 3a3HaunTy, 1010 B icTOpii
Oyu BifICPKOBI aTaky Ha AfEPHI YCTAHOBKY ([OCTiTHUIIb-
Ki peakTopy, 36araqyBanbHi ycraHoBkM, AEC Ha cTapii 6y-
niBaunTBa B Cupii, Ipaky Ta Ipani), ogHak yci BoHU Man
IIpeBEHTUBHMII XapaKTep [/ HEJOMYyIIeHHA CTBOPEHHA
sepHOi 30poi i He HeC/IM 3arpo3u MaCIITAOHNX pajialii-
HIUX BUKIZIB y JoBKimnA. IIpote B Ykpaini aTak 3asHamm

AEC, mo eKcITyaTyloThCA BUK/IIOYHO B MAPHUX LiNTAX
i nepebyBaroTh mig rapanTisimu MATATE.

Pasom 3 TuM MiXXHapofiHe ryMaHiTapHe npaBo ¢o-
KycyeTbcs nmuure Ha firounx AEC, mo o6Mexye 1ioro 3a-
crocysaHHs 11 Yoproounbcbkoi AEC Ta iHIMX sAfep-
HUX YCTAaHOBOK (HaIIPMKJIaJl, CXOBMII BilIpaIjbOBaHOTO
SIEPHOTO Na/TNBa).

TexHiuHi aciekTu. Brpara 30BHilIHbOTO
€IeKTPONOCTAaYaHHA AK CUCTEMHUI BUK/INK
nns 6esneku AEC B ymoBax BiliHK

Brpara 30BHinrHbpOrO enexrpornocrayanus (loss of
off-site power, LOOP) pyia AEC y MUpHUX YMOBax € 04i-
KyBaHOI nofi€io [5] (dactora >102 1/pik) Ta BpaxoBy-
€TbCA B aHaJIi31 IPOEKTHUX aBapiil.

B ymoBax BirtHN LOOP cynpoBomxyeTbcsa HU3KOI0
00TsDKy0unX GaKkTopiB, cepey AKUX:

JacTOTA BUHMKHEHHS 3HAYHO IIepeBUINYE OUiKyBa-
HY B MYPHMUII 4ac;

TPUBAJIICTD BiHOBIEHHSA €/IeKTPONOCTaYaHHA (30-
KpeMa depes MifBUIeHI PUSUKHA [JI1 pEMOHTHOTO IIep-
COHAJTy €HeproCHUCTeM) IIepPeBUIIY€E IPUITYIeHHS aHa-
i3y 6esmexu;

KOpiHHa IpM4YMHAa — HaBMUCHI BiJiICbKOBi aTaky PO
Ha 00’€KTY 30BHILIHBOI eHepreTUYHOI iIHPPaCTPYKTypu
(BMCOKOBONBTHI MificTaHLil Ta MiHil elleKTponepenady);

3HIDKeHHA HaflifiHOCTi o6/majHaHHA 4Yepes3 4acTi
CIIpalllOBaHHSA, TPUBANTY eKCIUTyaTanito Ta ¢pisnysi mo-
MIKOJI>KEHHS;

IICUXOJIOTIYHMI CTPEC IEPCOHAY.

Inmi BBy Ha 6e3neky AEC Big HecTabimbHUX pe-
XUMIB pOOOTI eTeKTPUIHUX MEPex:

IIpeBEHTMBHE PO3BaHTaXKeHHs eHeproomokis AEC
3a KOMaHJOI0 JUCIIeTYepa;

3MiHa YaCTOTM €IeKTPUYHOI Mepexi (HeKOHTPOIbO-
BaHe 3pOCTaHH: a00 3MEHILEeHHsI YaCTOTH), [0 HETaTVBHO
BIUIVBA€ HA PECYPCHi XapaKTePUCTHKM IIPALIOI0UNX 06ep-
TOBUX MeXaHi3MiB B/IaCHUX TOTpe6 Ta Typboarperaris AEC.

lomo BTpaTy 30BHIIIHBOTO €1€KTPONOCTa4aHHA
0CO6MMBO KPUTUYHOIO € CUTYyaliA Ha 3anopisbkiit AEC
(puc. 1), e MATATE 3adikcysano 10 Bunagkis [6], oc-
TaHHi 3 AKX TpuBaB 6u3bKo 30 1i6. Okpim 3amopisp-
kol AEC, Bunagxy BTpaTu e1eKTpONOCTaYaHHsI TAKOX
¢ikcysamucsa Ha inmux AEC Ykpainn.

Takox y Hiu Ha 24 mucTomnazga 2022 p. BHACTIOK 00-
CTPiJIiB, IO CHPMYMHIIY 3HaYHi IOMIKOI KEHH €HEPro-
Mepexxi Ykpainn, Binbynaca ogHOYacHa BTparTa 30BHill-
HbOTO e/IeKTPOIIOCTavYaHHA Ha BCix firounx AEC xpainn,
a Takox Ha Yopuobunbcokit AEC (puc. 2).

4 ISSN 2311-8253 Nuclear Power and the Environment Ne 1 (34) 2026



Okpemi IpaBoBi Ta TeXHIYHI acrieKTH BilicbkoBux BINBiB Ha AEC Ykpainn

Maiiganamunu AEC 4
Yrpainmn

Opgw BTpara

SASKTPONOCTANAHHA
Yopuobhaocora AEC
Xmenvnmuona AEC

HAEC (1) XAEC  Mlisgenmoywpaincoxa AEC HAEC(3)
~72 f*w\ ~9 rw:} ;ium:m:uu AEC ~14 rrﬂ
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3anopisbka AEC ¥

Puc. 1. BrpaTu 30BHIIIHBOTO €/1EKTPONIOCTAYaHH HA MalifaH4YMKaX yKpaincbkux AEC
(indopmanis g crBopeHH:A rpadika B3ATa 3 fokyMeHTiB MATATE:
https://www.iaea.org/topics/response/nuclear-safety-security-and-safeguards-in-ukraine/documents)
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Puc. 2. CynyTHMKOBI 3HIMKM OCBIT/IEHHS HaceJIEHUX IYHKTiB YKpaiHM, OTpMMaHi 3a JOIIOMOT OO
inctpymenty NASA WorldView [7]: a — no BTopruenHsa PO B Ykpainy (10.02.2022 p.); 6 — y Hiu Ha 24.11.2022 p.

Cr1ijg 3a3HaYMTH, IO BiliCHKOBI aTaKy MAaIOTh OJHOYAC-
HUIT BIUTUB Ha ekciuryaranito AEC (o6macTb A) Ta eHepro-
cucremy (06macTb B), a TakoxX 3arajioM y 6ibII IIPOKO-
MY KOHTEKCTi Ha eHEPreTUYHY MOJTUKY KPaiHM B IiToMy
IIPOTATOM Ta Iic/IA BiJiHN. SIK MOKa3aHo Ha plC. 3, EKCIITY-
aranis AEC ta eneprocucreMa MaoTh iHTeperic, mo sAB-
7€ c06010 MHOKMHY IepeTuHiB C, y TOMy 4NC/Ii B 4acTHHI
6esnexnt AEC ra criitkocti eneprocucremu — C3.

3okpema B HopmatuBHOMY fiokyMeHTi HII 306.2.205-
2016 «BuMoru 1o cuCTeM e/1eKTPONOCTadYaHH s, BaXK/IN-
BUX /151 6e3IeK) aTOMHIX CTaHIil» [8] ycTaHOB/IEHO BU-
Moru 3 6e3IeK 0 eeKTPONOCTaYaHH A Bifi 00 €THaAHOI
€HEeproCUCTEMM, 30KpeMa:

y npoekti AEC BUKOHYETbCA aHaIi3 i BUSHAYAIOThCSA
OCHOBHI KpUTepii BINIMBY 06’€fHAHOI eHEProCUCTEMY Ha
HaJilHicTb i 6e3neky excruryaranii enepro6okis AEC
(imoBipuicTb 3HecTpymnennsa AEC 3 BizMoBoIo crcteM
aBapifHOTO eNeKTPONOCTAYAHHA, BIIK/IIOUeHH JIiHIN
e/IeKTpoIlepefiad, IepexiHi eeKTPUYHI IPOLECH B yMO-
BaX CHCTeMHUX aBapill Tomo);

Ha IificTaBi MpOBeJieHOro aHaJIi3y BIVINBY 00’ €Ha-
HOI eHeproCcUcTeMy Ha HajiliHICTh i 6e3IeKy eKcITyara-
nii enepro6mokiB AEC y npoekri AEC (3a Heo6xifHOCTI)
nepe6a4a0ThCS LOLATKOBI OpraHizamiiHi Ta TeXHITHI
3axonu Ha MaiiiaHunky AEC mopo 3abe3nedeHns 6e3-
HeYHOI eKCIUTyaTalii eHepro6/IoKiB.

Buxopsa4du 3 gocBiny ykpaincekux AEC B ymMoBax
BiJiHM, IK KOMIIEHCYIO4i 3aX0I¥ MOXXYTb PO3SIIALATUCS
HaBeJeH1 HIDKYe pillleHHs.

1. AKTyasnisalis cTpaTeriil ylpaB/liHHA aBapisiMu
3 YTPaTOIO 30BHILIHBOTO €IEKTPONOCTAaYaHHA 3 Ypaxy-
BaHHAM HiJBAUINEHOI YaCTOTH Ta TPUBAIOCTI TAKMX II0-
Iiit, 30KpeMa BifilpallloBaHHA Bi[JIOBI[HMX aITOPUTMiB
nepeBefieHHs eHepPro6/IOKiB Ha 3abe3redeHHsI BIaCHUX
noTped, poOOTH B «peXXUMi OCTPOBa», ONTUMi3allisl Ha-
BaHTA)XEHH aBapilfHUX JM3e/Ib-TeHEePaTOPIB Ta iH.

2. IligBuieHHA HAMITHOCTI Ta TOTOBHOCTI aBapiii-
HUX IM3e/Ib-TeHepaTOopiB Mif 9ac TpuBajaoi poboTy, 3a-
Oe3IedeHHs JOCTATHIX 3aMaciB MaJbHOTO, JOCTYIY [0
HeOOXiTHMX 3aMlaCHUX YaCTHH.
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Puc. 3. Intepdeiic mi>xk AEC Ta eHeprocucTeMoi B yMOBax BiliCbKOBUX BIIMBIB

3. 3abesmedyeHHs e(eKTUBHOI iHTerpamuii Mobinb-
HUX [JM3€Nb-T€HEPaTOPiB Y CUCTEMY aBapiifHOTO e/IeK-
tponocrayands AEC i3 3amobiranHsm BifMoBaMm i3
3araJIbHUX IPUYMH Ta TApaHTYBaHHAM MOXX/INBOCT] iX-
HBOTO OIEPATUBHOTO MiIK/TI0OYeHH 1.

4. Pospobka okpeMux KepiBHUIITB IOL0 HEIIPOEK-
THOTO BUKOPMCTAHHS HassBHOTO OOTaJHAHHS B YMOBax
pyJiHyBaHb, OpraHisanii ypas/liHHA aBapiAMu 3 ypaxy-
BaHHAM IOIIKOMXeHOI iHPpacTPyKTypu.

5. BrnpoBapm>keHHS 3aXOfiB [/ HiJBUILEHHS CTiil-
KOCTi BUCOKOBOJIBTHUX MiJICTAHIIili O BiJICBKOBUX BIIJIN-
BiB, BK/IIOYAI04M iH)XeHEepHe IIOCUJICHH, 3aXVCHi KOH-
CTPYKILii Ta pesepByBaHHA CX€M, AKIIO L€ € TEXHIYHO
MO>X/IVIBUM.

Takox moTpebye MOAAIBIIOrO PO3BUTKY METOROTIO-
ris oninky 6esmnexu Ta peaunbenTHOCTI AEC 10 IOPY-
IIeHb B eHEPrOCUCTEMI 3 Oi/IbLI leTaTbHIM MOJIETIOBaH-
HsMm 3B13KiB AEC i eHeprocucremMoro ta ijis MigTPUMKA
OIIepPaTVBHOTO IPUITHATTA pillleHb. 32 OCHOBY MOXe Oy/e
B3sTa Merogosnoris Incruryry EPRI (CIIA) [10]. 3a3Ha-
YeHa MeTOZO0JIOTis 6y/1a po3pobiieHa K eIeMeHT MM PIIO-
rO iIHCTPYMEHTApilo MiATPUMKN IPUIHATTA PillleHb 1A
OIIEpaTOpiB €HEPTOCUCTEMH Ta EKCIUTYaTYIO4YMX OpTaHi-
3aninn AEC, MeTOI0 IKOTO € BUABJIEHH TaKUX KOMOiHa-
il BiTMOB y MepeXi, III0 MO>KYTb IPU3BECTU IO BTPATH
30BHIIIHBOTO €7IEKTPOKMB/IEHH Ta aBapilfHOTO 3yNINHY
eHepro6soxy AEC.

MeTomoIOoTiYHOI OCHOBOIO IIbOTO MiIXOAY € 3aIpo-
BagkeHe B EPRI noHsaTTS «30HM BpasnusocTi» [11]. s
aHaJIi3y PO3INIANAETHCA He BCA €HEPrOCHCTEMA, A INIIe
TOII 11 parMeHT, y MeXKax AKOTO MOPYLIEHH B Mepexi

MOXYTb CIPUYNHATY HEIPUITHATHI BiX1/ICHHA HAIIPY-
ri 260 4acTOTH Ha muHax BaacHuX notpe6 AEC. Y me-
togornorii EPRI 1 iges ysaranpHeHa Ta popmaizoBa-
Ha: 3aIIPONIOHOBAHO MOCTiIOBHY NPOLIEAYPY BUSHAYEHHA
3oHU BpasmuBocTi AEC, oljiHIOBaHHA Hac/ifgKiB aBapii
y Me)Kax IIi€i 30HM Ta iHTerpalii OTpUMaHNX Pe3y/IbTaTiB
y IMOBipHiCHMIT aHami3 Ge3meKn.

Meropororist nepenbadae BUKOHAHHS IOCTiIOBHUX
eTaliB.

Ha nepmomy erami 3pificHIOeTbcA ifeHTUdIKamisA
TPaHMYHUX NTApaMeTPiB y MepexXi, 10 CTBOPIOIOTH pU-
31K BigmoBu obmagnanust AEC. BusHavawoThcs rpaHmnd-
Hi mapaMeTpu NpUITHATHOL poO6OTY 06/IalHAHHSA IIOJ0
KOPOTKOYACHMX BiIX//I€Hb HAIIPYTH i YaCTOTY Ha MINHAX
BIaCHMX TMOTPeb Ta CeKI[isiX mnH cucrem 6esmexu. 11i
MeXIi 3aJJaloThbCA Yy BUITIAM] y3araJlbHEHUX KPUBUX CTill-
KOCTI «HaIIpyTa — 4ac» Ta «4aCTOTA — Jac», IKi BCTAHOB-
JIIOIOTh JOIYCTUMe TOEJHAHHA [ialla30Hy Ta TPMBAJIOCTI
Bi/IXM/IeHHsI HAIPYTX a00 BiIXM/IEHHS YaCTOTH, 3a IKOTO
obnagHaHHA 30epirae mpare3faTHICTD i He BifOyBaeTbCs
CIpalloBaHHA 3aXVCTy Ta IPOTHAaBapiliHOI aBTOMaTUKIL.
Takyum unHOM (POPMYETBHCA KpUTEPIl, IO Ja€ 3MOTY Ofi-
HO3HA4YHO K/1acu]iKyBaTy pe3y/nbTaT MOAEMIOBAHHS K
IPUITHATHUI 260 TaKMil, 1[0 CTBOPIOE 3arpo3y [is 6e3-
HEeYHOI eKCIUTyaTallii eHepro6/IoKy.

Ha gpyromy erami BM3Ha49ar0TbCA 30HM BPa3NIUBO-
cti AEC B ennekTpoMepexi. Ha ocHOBI geTanbpHOI MOfieni
¢dbparmeHTa eHeprocucTeMu, 1o sikoro npuepnana AEC,
BUKOHYETbCA aHaNi3 cepii BiJMOB y pi3HUX By3jax Me-
pexi. I/l KO>KHOTO MicIis IOIIKOI KEHHA pO3PaxoBy-
€TbCA MUTTEBE 3HaYeHHA Hanpyru Ha mmHax AEC y mo-
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MEHT aBapii i pe3y/IbTaTy MOPiBHIOITHCA 3 TPAHNYHUMMA
KPMBVMM IEPIIOTO eTaly. SKIo BigXW/IeHHA HaIpyru
BUSB/ISIETHCS OIIbIINM ab0 TpUBAJIMINM 32 JOMYCTH-
MMJi, BiZTIOBigHMI efleMeHT (MiHis enekTpomepenayi,
MiJICTaHLis, iHIIe TpUENHAHHS) BITHOCUTHCS KO 30HU
BpasnMBOCTi. I/ [iIAHOK Mepexi, fe KOpOTKOJacHi
BiIXMJIEHHA HaIIPYT¥ He IePEBUIIYIOTh YCTAaHOBIEHNX
M€, BBa)Ka€TbhCH, 1[0 MOIIKOJ>KEHHA He CTBOPIOIOTh
OesnocepeHbOI 3arpo3u OesIeli eHepro6mIoKy 3a yMo-
BU IITATHOI POOOTY CUCTEM PeeiHOTO 3aXUCTY Ta aB-
TOMaTUKV €HEPrOCUCTEMIL.

Ha TpeTrboMy eTani NpoBOAUTBHCA OLIiHKA aBapiii-
HUX KOMOiHaIill y Me)aX BU3Ha4eHOI 30HM BPa3InBO-
cTi. DopMyeThCA NepeniK OGMHNYHNX Bi]MOB €7IeMEH-
TiB Mepexxi (mepmit piBeHb) Ta HOEAHAHD IBOX i OifbIre
BiZIMOB (pyTnit piBeHb), SIKi € perpe3eHTaTUBHIMMY JJ1
eHeprocucremu. 711 Ko>xHOI Takoi KoMOiHal[ii BUKOHY-
€TBCS PO3PAXYHOK IiC/IAaBaPillHOTO peXuMy poboTn
€HEPrOCUCTEMMU 3 YpaXyBaHHAM Jii CICTeM aBTOMaTU4-
HOTO PeTy/II0OBaHHA HAIIPYT! Ta YaCTOTH. 3a IMOTpebu 3a-
CTOCOBYIOTBCS IMHAMIYHI MOJETI, IO A€ 3MOTY OLIiHUTHI
CTIMIKiCTh CHCTeMMU IiC/IsA MOpyIIeHH (PO3BUTOK Iepe-
XiJHUX TpoLeciB, AeMI(pyBaHHs KONMBAaHb YaCTOTH Ta
Hanpyrn). SIKIo po3paxyHOK pexxuMy He 36iraerbcs abo
Iic/IAaBapiiHUIL CTaH XapaKTePU3YETbCA HEMPUITHATHY-
MU BiIXMJICHHSIMU HAaIIPYTX Ha IIMHAX CUCTeM Oe3IeKu,
HECTIJIKICTIO P&XKUMY YU BTPATOI 30BHIIIHBOTO €/1eK-
TPOXXVMBJ/IEHHSI, BiITIOBi{HA KOMOiHaIis1 mofiit Kmacudi-
KY€ETbCS SIK KPUTUYHA 3 TOUKM 30py Oesnexkn AEC i 3a-
KPIIUTIOETBCA SIK 9aCTVHA 30HY Bpa3INBOCTI.

3aK/II0YHNII eTal Iepefdadae iHTerpariio pesynbra-
TiB IIONIepeHiX KPOKiB y IMOBIpHICHMIT aHaIi3 Oe3MeKn.
Jl71s1 eleMeHTiB Mepexxi, IIJ0 BXOAATD O 30HU BPas3IuBO-
CTi, 3aJal0ThCAI IHTEHCUBHOCTI BiIMOB, 30KpeMa 3 ypa-
XyBaHHAM MOX/IMBUX BiZIMOB i3 3arajabHOI IPUYNHI,
a TaKO>X iIMOBIpHOCTi HeCIIpaIjl0OBaHHs PE€/IENIHOTO 3aXM-
CTY 1 HeBMKOHAHHA [iif IpOTHaBapiliHOI aBTOMaTUKU Ta
oIepaTuBHOrO nepconany. Ha ocHoBi nux gannx ¢op-
MYIOTBCSI MOfieJli iepeB IOfiit/nepeB BiIMOB, SKi HaioTh
3MOTY Ki/IbKiCHO OIIiHMTHM YacTOTy Heba>KaHNUX CTaHiB
AEC. OTpuMaHi NOKa3HMKM PU3UKY BUKOPVCTOBYOTb-
Cst 1t TOOYIOBM PaH>KOBAHOTO Iepe/IiKy HalbinbI He-
0e3MevYHMX CI[eHapiiB Ta Ai/ISTHOK MepeXi, a TAKOX /s
¢dbopMyBaHHSA TEXHIYHMX Ta OpraHi3aliifHNX peKOMeH/Ia-
LiJ1 IORO IXHBOTO YCYHEHH 4M 3MEHIIEHH A HaC/MifKiB.

3aranom meroponoria EPRI gemoncTpye, AKuM un-
HOM MO>XHa ITOEJHATY IeTEPMiHICTUYHI pO3PaXyHKMU pe-
XKVMIMIB €HeproCUCTeM! 3 iIMOBIPHICHUM aHaTi30M be3Iie-
k1 AEC Ha ocHOBIi koHIen1ii 30HM Bpa3nuBocTi. BoHa €
MIPUKJIAZlOM CTPYKTYPOBaHOTO MiIXONy JO MOJENIOBaHHA

B3aemHoro BBy AEC Ta eHeprocucremu i Moxe CiIyTy-
BaT! OPiEHTMPOM IIifi Yac po3pOOIeHHs BIACHUX MifIX0-
ZIiB 710 oriHkM Gesmexu ta pesaunbeHTHOCTI AEC B yMoBax
IerpajoBaHOi MepeXXi BHACTIiOK eKCTpeMa/bHNX 3aTPo3
Ta, 30KpeMa, BIIIMBiB BiJICbKOBOTO XapaKTepy.

BucHoBok

HeponyuieHHs 6y/b-sKOTO BilICbKOBOTO BIIMBY Ta
saxomneHHsa AEC mae 3anumarucs 6e3yMOBHUM Hpi-
oputeToM. JlocBifl BiliHM B YKpaiHi NpogeMOHCTPyBaB
HeeeKTUBHICTh YMHHUX MDKHAPOJHO-IIPaBOBUX MeXa-
Hi3MiB 3aXUCTYy sAJIlepPHUX YCTAaHOBOK i HaraJbHy MoTpeby
y BIPOBa/)KeHH] Ai€BUX iHCTPYyMeHTIB /151 3a1106iraHHsA
BiricbkoBUM aTakaM Ha AEC.

Tako)x yKpalHCBKUIL HOCBif MIZTBEPAKYE, IO BTpa-
Ta 30BHIITHBOTO €eKTPONOCTavYaHHA CTa/Ia CUCTEMHOIO
3arposolo as 6esneku AEC, mpu 1boMy KpUTHYHUMU
B KOHTEKCTI 3arp03 € BUCOKOBOIbTHI MifiCTaHIIil.

3abesneyeHHs Gesnmeky Ta pe3annbeHTHOCTI AEC
B YMOBaX BilfHM Ma€ OXOIUTIOBATY He JIMIIE 3aXOAM Ha
MaliJaHYuKy CTaHIIil, a il ePeKTUBHMIT 3aXMCT 30BHIlI-
HboI iHppacTPyKTypu, HacaMIIepest KII0YOBUX ITiICTaH-
1ii1, 13 3a6e3MeYeHHsIM B3a€MOII 3 OIIepaTOPOM eHepro-
CUCTEMM.

IcHyloui mifxoay Ko ouiHKY Gesneky HOTpeOyITh
afanTanii Ta MOAaMbIIOrO PO3BUTKY A1 BpaXyBaHHA
crenudiky BifiCbKOBMX BIIIMBiB, BKIIOYHO 3 I/IMOIION0
iHTerpai€o NMTaHb 30BHIIIHBOTO €JIEKTPONIOCTa4YaHHA
B aHaJIi3 6e3IeKy, Ta OIePATUBHOTO IPUITHATTA pillleHb.
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Specific Legal and Technical Aspects of Military
Impacts on Ukraine’s Nuclear Power Plants

This paper presents an analysis of selected legal and
technical aspects of nuclear power plant (NPP) safety
under conditions of war, based on the case of Ukraine.
The 2022 military aggression of the Russian Federa-
tion against Ukraine represents the first documented
instance in which operating NPPs were subjected to
sustained and direct military action. This included the
armed occupation of nuclear facilities at the Chornobyl
and Zaporizhzhia NPP sites, creating unprecedented
risks to civilian nuclear infrastructure. These events
challenged all pillars of the international 3S frame-
work — nuclear safety, nuclear security and nuclear
safeguards — exposing vulnerabilities not previously
encountered at this scale.

From a legal perspective, the paper examines the in-
compatibility of these actions with international human-
itarian law, which affords nuclear power plants special
protection as installations containing “dangerous forc-
es”. Although legal norms explicitly prohibit attacks on
such facilities due to the risk of large-scale civilian harm,
the absence of effective enforcement and accountability
mechanisms reveals substantial deficiencies in the exist-
ing international legal architecture.

From a technical perspective, the paper analyses the
loss of off-site power (LOOP) as a systemic threat to NPP
safety during war. The frequency and duration of LOOP
events significantly exceeded design-basis assumptions as
a direct consequence of deliberate attacks on high-volt-
age substations and transmission lines. Power restoration
was further complicated by elevated risks to repair per-
sonnel, widespread physical damage to infrastructure,
cumulative equipment degradation caused by repeated
actuations, prolonged operation under degraded grid
conditions and increased psychological stress on operat-
ing staff. Preventive load reductions and grid instability,
including voltage and frequency fluctuations, additionally
affected turbine-generator and rotating equipment per-
formance.

The paper demonstrates that conventional safety
assessment approaches are insufficient when nuclear fa-
cilities operate under conditions of large-scale military
aggression and argues for the development of advanced
analytical frameworks capable of capturing complex in-
teractions between NPPs and degraded power systems.
In this context, the methodology developed by EPRI, in-
tegrating deterministic grid disturbance analysis with
probabilistic safety assessment, is identified as a promis-
ing tool for supporting operational decision-making. The
Ukrainian experience provides a critical foundation for
strengthening both international legal protections and
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technical approaches to nuclear power plant resilience
under extreme external hazards.

Keywords: nuclear power plant, military impact, nuclear safety,
resilience.
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The article presents a comprehensive study of the problem of physical protection of
nuclear installations in the context of interstate armed conflict, taking into account
modern military threats. The relevance of the topic is determined by the increasing
involvement of military operations in the vicinity of nuclear facilities, which creates
a new spectrum of risks that have not been systematically addressed within classical
approaches to nuclear safety and international humanitarian law. The purpose of the
study is to identify the key challenges related to the protection of nuclear facilities
during armed conflict, to analyze existing international legal and institutional
mechanisms, and to substantiate possible directions for their improvement. The
research methodology is based on a systemic and structural analysis of international
legal norms, the safety principles and standards developed by the International Atomic
Energy Agency, as well as a comparative analysis of precedent cases involving the impact
of armed hostilities on nuclear infrastructure. As a result of the study, critical gaps in
the current system of physical protection of nuclear installations under conditions of
armed conflict are identified, and a set of legal and policy-oriented recommendations
aimed at the strengthening of international nuclear safety mechanisms is proposed. The
scientific novelty of the research lies in the integration of legal, security, and technical
perspectives to formulate a coherent approach to ensuring nuclear safety during military
hostilities. The practical significance of the obtained results consists in the possibility
of their application in the activities of national nuclear regulatory authorities, operators
of nuclear power plants, and international organizations involved in the development
and adaptation of physical protection standards to modern conflict-related threats. The
proposed conceptual framework may contribute to enhancing international cooperation
and improving the resilience of nuclear safety systems in crisis and wartime conditions.

Introduction

ate a fundamentally new dimension of threats related to
the possibility of nuclear and radiation safety breaches.

Armed conflicts are traditionally considered by in-
ternational law and security systems as factors that create
increased risks for the civilian population and critical in-
frastructure. At the same time, full-scale military actions
against states with nuclear facilities on their territory cre-

Damage, occupation, or militarization of nuclear facilities
can lead to consequences that extend beyond the conflict
zone and have a transboundary and global nature.

The current international nuclear security system
was developed mainly in peacetime and was focused on
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preventing man-made accidents and countering threats
from non-state actors, such as terrorist groups, organized
criminal networks, and other entites not acting on behalf
of a state. At the same time, scenarios of high-intensi-
ty interstate armed conflicts, in which nuclear facilities
could be used as elements of military strategy or politi-
cal pressure, remained outside the focus of the practical
application of most international mechanisms. This has
resulted in significant gaps in the legal and institutional
framework for the protection of nuclear facilities during
military operations.

The International Atomic Energy Agency (IAEA)
plays a special role in the global nuclear security architec-
ture, promoting the peaceful use of nuclear technologies,
developing safety standards, and providing technical as-
sistance to states. However, the IAEA’s mandate is limited
mainly to advisory and monitoring functions and does
not provide for instruments to enforce compliance with
nuclear safety requirements in the context of armed con-
flict. The absence of an international body capable of en-
suring the implementation of measures to protect nuclear
facilities during wartime highlights the need to rethink the
existing system of international regulation.

In this context, it is particularly important to analyze
the impact of armed conflicts on nuclear safety and to as-
sess the capacity of international humanitarian and inter-
national nuclear law to respond to new types of threats.
The purpose of this article is to examine contemporary
challenges in the field of nuclear security in the context
of military operations, identify key legal and institutional
gaps, and justify possible directions for improving interna-
tional mechanisms for the protection of nuclear facilities.

Analysis of literature data and problem statement

The current array of publications and international
documents emphasizes the multidimensional nature of
nuclear safety issues: accident prevention and mitigation
as well as prevention of unlawful acts, including terror-
ism and sabotage. The Treaty on the Non-Proliferation
of Nuclear Weapons (NPT) forms a three-pronged basis
(non-proliferation, disarmament, and peaceful use), while
the practical instruments of the IAEA — safeguards, in-
spections, guidance documents — detail the requirements
for physical integrity, operational safety systems, reliable
off-site power supply, logistics, radiation monitoring, and
communication with regulatory authorities.

At the same time, international humanitarian law
(Article 56 of Additional Protocol I to the Geneva Con-
ventions) prohibits attacks on facilities whose release of

dangerous forces could have large-scale consequences, but
it contains exceptions and does not cover a number of
elements of the fuel cycle [1]. The experience of combat
operations, particularly around the Zaporizhzhia NPP,
has revealed the vulnerability of external power supplies,
the criticality of cooling systems, and the limitations of
existing enforcement mechanisms and rapid international
response.

Among the key gaps, the following can be highlighted:

1) limited TAEA mandate in the field of security
(as opposed to safeguards): lack of legally binding deci-
sions and rapid access tools during the active phase of
the conflict;

2) massive strikes on energy facilities raise the ques-
tion of integrating air defense and electronic warfare ca-
pabilities into the security system of nuclear facilities;

3) lack of universal, politically stable mechanisms
for demilitarizing nuclear power plant sites and guaran-
tees that they will not be used as military bases.

Given the identified gaps, the scientific and practical
problem lies in developing a comprehensive model for en-
suring the nuclear and energy security of critical infra-
structure facilities during armed conflicts, which:

a) extends the protective regime to all links in the
nuclear fuel cycle and critical elements of the energy
system,

b) ensures operational international monitoring
and access for inspections with minimal dependence on
political agreement between the parties,

¢) supports the demilitarization of nuclear power
plant zones and creates legal safeguards against the use
of nuclear sites for military purposes.

The novelty lies in combining engineering criteria
for the stability of energy systems with legal mechanisms
for international access and demilitarization, as well as in
incorporating countermeasures against UAVs into the de-
sign of physical protection and emergency preparedness.
The practical result is a set of parameterized requirements
and procedures suitable for implementation by operators,
regulators, and international institutions.

Research objectives and tasks

The purpose of the study is to analyze the threats
currently facing critical infrastructure facilities — nuclear
power grids in Ukraine. Finding ways to ensure nuclear
safety in a state of martial law, as well as involving inter-
national institutions in the process of resolving such sit-
uations and developing ways to obtain safety guarantees,
is a key issue today.
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The scientific novelty of the study lies in a compre-
hensive analysis of nuclear and radiation safety issues in
the context of interstate armed conflict, taking into ac-
count modern military threats, in particular the use of
unmanned aerial vehicles and the militarization of nu-
clear facilities. The article substantiates the inadequacy
of the current international physical protection regime
to counter threats from the regular armed forces of states
and identifies areas for its possible improvement, taking
into account wartime conditions.

Global nuclear security and threats

Global nuclear security is shaped by a combination of
international rules, institutional mechanisms, and tech-
nical practices designed to minimize the risks of nuclear
incidents, limit the proliferation of nuclear materials, and
reduce the likelihood of deliberate interference with nu-
clear facilities. In the “classical” model, this system works
best when the basic prerequisites for controllability are
in place: predictable access for inspectors, continuity of
oversight bodies, a controlled operating environment, and
the ability to implement standard safety procedures. It is
under such conditions that international approaches to
risk assessment have historically been designed, with an
emphasis on technological failures, human factors, and
countering non-state threats.

However, high-intensity armed conflicts dramati-
cally change the risk structure: individual violations of
regulations are no longer the key issue, but systemic fail-
ures of the operating environment — the destruction of
critical infrastructure, restrictions on access to resources
and personnel, pressure on operators, loss of stable power
supply and communications, and the inability to conduct
full-fledged international monitoring. In wartime, “secu-
rity conditions” are critically important: the physical in-
tegrity of the facility, the operability of security systems,
stable control, and the availability of a channel for deci-
sion-making without coercion. That is why the IAEA, in
its crisis assessments, separately emphasizes a set of basic
principles (the so-called “indispensable pillars”) that must
be maintained even during hostilities — otherwise, the le-
vel of risk increases regardless of formal compliance with
procedures [2].

At the same time, legal restrictions on the use of force
against dangerous facilities in international humanitarian
law, in particular the special protection regime for nucle-
ar power plants as facilities containing dangerous forces,
create an important benchmark, but do not provide an au-
tomatic mechanism for implementation in practice. Even

with prohibitions in place, real security requires preven-
tion, control, and accountability tools that can act quick-
ly, including in situations of limited access, information
uncertainty, and political escalation [3]. This means that
the gap between the regulatory model and operational ca-
pacity is becoming one of the main sources of vulnerabil-
ity in the global nuclear security system during wartime.

An additional factor in contemporary threats is tech-
nological asymmetry: the widespread use of unmanned
aerial vehicles and remote strike capabilities allows crit-
ical infrastructure elements to be targeted “below the
threshold” of classic military scenarios. This is particu-
larly dangerous for the nuclear sector due to the possibil-
ity of attacks not only on the facility itself, but also on its
auxiliary systems (power supply, substations, communi-
cations, logistics, and support systems), which indirectly
undermines the ability to maintain safe operating condi-
tions. As a result, nuclear safety in a state of war takes on
a systemic character: it depends not only on engineering
barriers at the site, but also on the stability of the pow-
er system, the security of infrastructure nodes, and the
availability of effective international control and response
mechanisms.

Thus, contemporary challenges demonstrate the need
to move from a “peaceful” logic of nuclear safety to an
approach that directly takes into account military risks:
infrastructure degradation, restrictions on internation-
al control, coercion of personnel, scenarios of prolonged
failures, and new types of technological threats. This pro-
vides a basis for further analysis of specific incidents and
the development of integrated solutions focused on the
resilience and manageability of the security system, even
in crisis conditions.

Key principles of nuclear safety

The key principles of nuclear safety are based on
IAEA international standards and national regulato-
ry documents. They are aimed at preventing accidents,
minimizing the consequences of possible incidents, and
protecting people and the environment. However, ensur-
ing nuclear safety is multidimensional and covers not
only the technical aspects of the safe operation of nu-
clear facilities, but also the global dimension of nuclear
non-proliferation [4]. In the context of growing geopo-
litical instability, the combination of these tasks is of
particular importance.

Under the NPT, participating states are obliged to use
nuclear materials and technologies exclusively for peace-
ful purposes. The key role in this regard belongs to oper-
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ating organizations, which ensure strict compliance with
TAEA safety and safeguards requirements.

The culture of nuclear safety prioritizes transparen-
cy and accountability. Regular reporting to international
bodies, inspections, and the exchange of information on
the status of nuclear materials create an atmosphere of
trust between states and minimize the risk of covert mil-
itary activities.

The concept of defense in depth is aimed not only at
preventing accidents, but also at preventing unauthorized
access to nuclear materials. Security systems, access con-
trol, accounting, and transportation of nuclear fuel are
important tools for countering possible theft or sabotage.

Every unit of nuclear fuel is strictly accounted for.
The TAEA applies a system of safeguards that makes it
impossible for materials suitable for weapons to disap-
pear. IAEA inspectors conduct independent inspections
of facilities using modern monitoring technologies, from
remote cameras and sensors to satellite surveillance sys-
tems. This ensures the objectivity of the assessment and
reduces the risk of non-compliance.

Armed conflicts create a new dimension of risk for
nuclear security. The seizure of nuclear power plants
could lead to the use of their resources for military pur-
poses or to nuclear terrorism. That is why the interna-
tional community insists on the demilitarization of areas
where nuclear facilities are located and on strengthening
their protection.

International cooperation in the field
of nuclear safety

Since the advent of nuclear technology, nuclear safety
has become one of the key factors in shaping the interna-
tional security system. It is viewed not only as a technical
issue of safe operation of nuclear facilities, but also as a
component of global policy that combines elements of de-
terrence, international control, and mutual responsibility
of states. In this context, international cooperation is a
fundamental tool for reducing the risks associated with
the use of nuclear energy, as the potential consequences of
nuclear incidents are transboundary in nature and cannot
be limited to the territory of a single state.

The TAEA plays a central role in the system of inter-
national cooperation in the field of nuclear safety, whose
activities are aimed at ensuring a balance between the
development of the peaceful use of nuclear energy and
preventing its use for military purposes. Through a sys-
tem of safeguards, inspections, expert missions, and the
development of guidance documents, the IAEA forms

the institutional basis for international trust and trans-
parency in the nuclear field. At the same time, scientific
research and analytical publications emphasize that the
Agency’s mandate in the field of nuclear security is mainly
advisory in nature and largely depends on the political
will of member states, which limits its ability to act in
times of crisis and armed conflict [5].

Nuclear safety issues are also on the agenda of the
United Nations and the UN Security Council, which,
in accordance with the UN Charter, are empowered to
maintain international peace and security. It is the Secu-
rity Council that has the power to adopt decisions that are
binding on all states, including sanctions or the deploy-
ment of peacekeeping missions. However, current prac-
tice shows that the application of these mechanisms in
the field of nuclear security is significantly complicated in
cases where a state possessing nuclear weapons is a party
to an armed conflict, which reduces the effectiveness of
collective response measures [6].

Multilateral treaties and conventions that form the le-
gal basis of the global non-proliferation regime are an im-
portant element of international cooperation in the field
of nuclear safety. The Treaty on the Non-Proliferation of
Nuclear Weapons enshrines the fundamental principles
of non-proliferation, disarmament, and the peaceful use
of nuclear energy, creating a framework of obligations for
participating states. It is supplemented by specialized in-
ternational conventions aimed at the physical protection
of nuclear materials and facilities, as well as technical as-
sistance and experience-sharing programs that contribute
to enhancing national security capabilities [7].

Recent events related to military influence on nuclear
facilities, particularly in Ukraine, have demonstrated the
limitations of traditional formats of international cooper-
ation, which are primarily focused on stable political con-
ditions. Scientific and expert publications emphasize that
in conditions of armed conflict, there is a gap between
formal international obligations and the actual ability
of international institutions to ensure the protection of
nuclear facilities, the safety of personnel, and continu-
ous international monitoring. This highlights the need
to develop new approaches to international cooperation
that combine legal, political, and technical instruments
for responding to nuclear risks in wartime [8].

Thus, international cooperation in the field of nuclear
safety remains a key condition for reducing global nuclear
risks, but modern armed conflicts require its adaptation
to new realities. Strengthening coordination between in-
ternational organizations, improving legal mechanisms
of accountability, and expanding the capabilities for
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rapid international response are necessary prerequisites
for improving the effectiveness of the nuclear safety sys-
tem in a state of war.

The challenges of today

The Russian Federation’s armed aggression against
Ukraine, which has been ongoing since 2014, has had a
significant impact on the functioning of the international
security system and has called into question the effective-
ness of existing mechanisms for maintaining internation-
al law and order. The peculiarity of this aggression lies in
the fact that it is being carried out by a state that is a per-
manent member of the United Nations Security Council
and possesses significant nuclear potential. Under such
conditions, nuclear weapons cease to be exclusively an
element of strategic deterrence and are used as an instru-
ment of political pressure, creating a fundamentally new
range of risks for international security.

The full-scale invasion in 2022 led to a sharp escala-
tion of threats in the field of nuclear and radiation safety.
For the first time in modern history, military actions di-
rectly affected facilities related to the use of nuclear ener-
gy and the handling of radioactive materials. The seizure
of the Chornobyl exclusion zone and spent nuclear fuel
storage infrastructure, violations of physical protection
regimes, the theft of ionizing radiation sources, the occu-
pation of the Zaporizhzhia nuclear power plant (ZNPP)
along with the satellite city of Enerhodar, as well as the
shelling of the Neutron Source research facility demon-
strated the vulnerability of the existing system of interna-
tional control and response to crisis situations.

These events have not only regional but also global
implications, as nuclear and radiation risks are by their
nature not confined within national borders. They have
demonstrated that existing international nuclear safety
mechanisms are largely geared to peacetime conditions
and do not take into account scenarios of high-intensity
interstate armed conflict. In such conditions, formal com-
pliance with international treaties and recommendations
does not guarantee the actual safety of nuclear facilities
and personnel.

The issue of physical protection of nuclear facilities re-
quires special attention. Traditionally, physical protection
systems are designed to address threats from non-state ac-
tors and are aimed at preventing, detecting, and respond-
ing to unauthorized actions. However, military actions by a
state’s regular armed forces go beyond these scenarios and
create a situation in which existing approaches to physical
protection prove insufficient. This creates a need to rethink

the role and tasks of physical protection of nuclear facilities
in the context of armed conflicts.

In addition, attacks on nuclear facilities and relat-
ed infrastructure can be considered violations of inter-
national humanitarian law and the principles of inter-
national nuclear law aimed at preventing the release of
dangerous forces and protecting the civilian population.
However, the lack of effective mechanisms to enforce
compliance with these norms in wartime significantly
limits their practical effectiveness.

Thus, the current challenges in the field of nuclear
security lie not only in the growing number of threats, but
also in the mismatch between the nature of these threats
and the capabilities of the existing international response
system. The military impact on nuclear facilities requires
a review of approaches to ensuring nuclear and radiation
safety, taking into account the realities of armed conflicts,
which determines the relevance of further scientific anal-
ysis of this issue.

Nuclear facilities in the combat zone

The targeting of nuclear facilities in the context of
military operations is not an unprecedented development.
Historical practice demonstrates that nuclear infrastruc-
ture has repeatedly been perceived as possessing strategic
value, both in situations of declared armed conflict and
in periods formally characterized as peace. These inci-
dents reveal a persistent tension between military con-
siderations and the emerging norm of special protection
for nuclear installations.

During the Second World War, Allied operations
against the Norsk Hydro heavy water plant in Norway
were aimed at disrupting Germany’s nuclear research
program, reflecting the strategic importance attributed to
nuclear-related industrial facilities. Subsequent conflicts
further illustrated this pattern. In 1980, the Iranian Air
Force struck the Osirak research reactor in Iraq, while
in 1981 the Israeli Air Force conducted a separate opera-
tion that destroyed the same reactor prior to its commis-
sioning. During the Iran-Iraq War, the Bushehr nuclear
power plant, then under construction, was subjected to
multiple Iraqi air strikes, resulting in significant damage
and long-term delays, though not complete destruction.

Similarly, during the 1991 Gulf War, coalition forc-
es targeted elements of Iraq’s nuclear program, including
facilities associated with research and uranium enrich-
ment. Later incidents, such as the 2007 air strike against
a suspected undeclared nuclear facility in Syria, further
demonstrate that nuclear installations have been regarded
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as legitimate strategic objectives under certain security
rationales.

Taken together, these cases indicate that the use of
force against nuclear infrastructure has historical prece-
dent. However, they also underscore the absence of a fully
coherent and operationalized international legal regime
capable of reconciling military necessity with the impera-
tive of preventing radiological catastrophe. This historical
experience highlights structural ambiguities in the pro-
tection framework applicable to nuclear facilities during
armed conflict.

The full-scale invasion of Ukraine by the Russian
Federation in 2022 differs fundamentally from previous
precedents in terms of its scale, duration, and the system-
atic nature of its military impact on nuclear facilities. On
the first day of the aggression, February 24, 2022, Russian
troops seized the industrial site of the Chornobyl Nucle-
ar Power Plant, which was subsequently used as a mili-
tary base. The occupation was accompanied by damage to
equipment, mining of the territory, fires, and a complete
loss of control by regulatory authorities over nuclear and
radiation safety, as well as the accounting of nuclear ma-
terials in the exclusion zone. The active military presence
in the radioactively contaminated territory created ad-
ditional risks of repeated radiation contamination with
potentially catastrophic consequences.

Since March 4, 2022, the ZNPP, the largest in Europe
and one of the largest in the world in terms of installed
capacity, has been under the control of Russian troops.
During the occupation, the ZNPP industrial site was con-
verted into a military facility housing equipment, ammu-
nition, and personnel. Constant shelling and damage to
energy infrastructure elements have led to repeated losses
of external power supply, directly threatening the ability
to maintain reactor cooling systems and remove residual
heat. The prolonged operation of equipment in non-stan-
dard conditions, the degradation of safety systems, and
limited access for personnel increased the risks of nuclear
and radiation hazards.

In March 2022, the Neutron Source research facility,
located at the Kharkiv Institute of Physics and Technology,
was also shelled. Damage to this facility, which is not de-
signed for operation in combat conditions, posed a threat
of serious radiation and environmental consequences.

A new and particularly dangerous stage of escalation
was the use of unmanned aerial vehicles against nuclear
infrastructure facilities. On February 14, 2025, a strike
drone with a high-explosive warhead hit the New Safe
Confinement (NSC) over the destroyed fourth power unit
of the Chornobyl Nuclear Power Plant. The attack dam-

aged elements of the outer and inner cladding of the pro-
tective arch, as well as crane system equipment. Although
no increase in radiation levels was recorded, the very fact
that the operating conditions of the NSC were violated
requires further assessment from the point of view of the
long-term safety of the facility.

The massive nature of the attacks on Ukraine’s ener-
gy infrastructure significantly increased nuclear risks. The
loss of external power supply and disruption of power lines
created the threat of so-called station blackout scenarios,
in which even shut-down nuclear power plants require sig-
nificant amounts of electricity and water to remove residu-
al heat from nuclear fuel. The events of 2022, in particular
the automatic shutdowns of the Rivne, South Ukraine, and
Khmelnytskyi nuclear power plants as a result of missile
strikes on the power grid, clearly demonstrated the inter-
dependence of nuclear and energy security.

Thus, the Russian Federation’s armed aggression
against Ukraine and systematic attacks on nuclear facil-
ities have created unprecedented challenges in the areas
of nuclear safety, physical protection, and personnel safe-
ty guarantees [9]. These events are likely to have a long-
term impact on the further development of the interna-
tional physical protection regime and require a thorough
rethinking, taking into account military threats and the
interconnection between nuclear safety and other com-
ponents of global security.

Use of unmanned systems to attack energy
infrastructure

Since the start of the full-scale invasion, the terrorist
state has been systematically using unmanned aerial ve-
hicles (UAVs) to attack critical infrastructure in Ukraine.
The greatest pressure is being exerted on the energy sec-
tor, which is of strategic importance for the economy, de-
fense, and the lives of the civilian population. The goal of
these strikes is to weaken not only the Ukrainian econo-
my but also the morale of its population.

Drone attacks are a complex and growing threat to
the internal security of the state and international sta-
bility. UAV strikes can target any number of targets, in-
cluding military facilities, government buildings, power
plants, airports, and the civilian population. The wide
range of UAVs available, from small and modified com-
mercial drones to military ones equipped with weapons
and powerful surveillance systems, enables individuals,
non-state actors, and states to carry out remote attacks.

When it comes to conducting precision strikes against
specific targets, including infrastructure and personnel,
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the military often uses armed UAVs. Drone attacks carried
out by terrorists and insurgents may be accompanied by
the use of improvised explosive devices, adding another
layer of complexity to security challenges. A significant
number of recent UAV strikes have targeted energy in-
frastructure, raising concerns about the vulnerability of
such systems. Protecting critical infrastructure from the
threat of drone attacks will require coordinated action by
government agencies and critical infrastructure operators.

Drone strikes on energy infrastructure can dis-
rupt the supply of electricity, heat, and fuel to homes
and businesses. Power plants, electrical grids, oil and
gas facilities, energy transportation infrastructure, fuel
storage facilities, control centers, and communications
infrastructure are all vulnerable to drone attacks. UAV
strikes can cause significant damage to all types of pow-
er plants, whether thermal, nuclear, hydroelectric, or re-
newable energy facilities. Disruption of energy facilities
can cause large-scale power outages, which in turn will
affect residential, industrial, and commercial consumers
and critical infrastructure. Power line towers, substa-
tions, and transmission lines that make up the power
grid are critical components that, if attacked, can lead to
power outages, equipment damage, and potential safety
issues.

Oil refineries, natural gas processing plants, pipe-
lines, and storage terminals are other potential targets
for attacks. Sabotage of oil and gas infrastructure can
cause supply shortages, fires, explosions, and environ-
mental damage. Drone attacks can disrupt coal trans-
portation, natural gas and oil at ports, airports, railways,
and highways, which would affect energy supply chains
and disrupt economic activity. If a UAV strike damages
a critical facility such as a control center, substation, fuel
depot, or emergency response center, it could pose a threat
to safety and operational integrity. Potential targets for
drone attacks include telecommunications towers, satel-
lite facilities, and data centers that support the operation
of energy infrastructure. Disruptions to communication
networks can hinder emergency response and stakeholder
coordination.

When drones target energy infrastructure, many
moral and legal questions arise regarding the safety of
energy infrastructure and the people who depend on it:
civilian safety, humanitarian crises, environmental im-
pacts, disruption of key services, and more. Addressing
these issues requires a comprehensive approach that up-
holds justice, accountability, and human rights while pro-
tecting the critical infrastructure necessary for sustain-
able growth and prosperity.

Attacks by unmanned systems on energy infrastruc-
ture will continue to be a tactic, especially in times of war
and confrontation. Government and local authorities, as
well as public and private owners and operators of critical
energy facilities, must take steps to protect vital infra-
structure from such attacks. Protecting the resilience of
the power system and improving the security of energy
supply are two of the most important issues during mas-
sive UAV strikes.

Nuclear security risks as a consequence
of nuclear terrorism

More than three years have passed since the world was
shocked by Russia’s occupation of the ZNPP in Ukraine.
Fighting near the plant is causing serious concern among
experts and increasing risks. Currently, the ZNPP is pow-
ered by only one external power line, which poses serious
risks. All six reactors are in cold shutdown mode, and none
of them can be safely restarted. In addition, the water lev-
el in the cooling pond has dropped to 13.4 meters, close
to the critical threshold of 12 meters, beyond which the
cooling systems will fail. Despite the passage of time, the
harsh reality remains: a terrorist state retains control of the
plant, and this situation is a constant reminder of the seri-
ous threats to current nuclear safety standards.

In these new conditions, effective nuclear safety re-
quires a reassessment of priorities, as the occupation has
revealed a completely new type of risk: a state possessing
nuclear weapons continues to attack, shell, mine, and op-
erate a Ukrainian nuclear facility as part of its so-called
“special military operation.”

Traditionally, nuclear safety has been centered on
the physical protection of facilities against diverse threat
vectors. Currently, the main threat remains the same:
deliberate hostile actions by state actors against facilities
where nuclear materials are stored, such as nuclear reac-
tors, which could lead to radiation leaks.

Nuclear reactors seized by state authorities may be
intentionally operated in breach of applicable interna-
tional nuclear safety standards and binding requlatory
requirements. The potential consequences are serious:
from melting the core to compromising containment,
leading to death and disease, contamination of agricul-
tural land and water supplies, and disruption of transport
and communication networks, not to mention undermin-
ing confidence in nuclear energy. And this is not purely a
theoretical scenario.

The invasion of Ukraine and the seizure of the Zapo-
rizhzhia NPP create a risk that could lead to the leakage of
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radioactive materials outside the country. Moreover, the
threat of such actions turns the plant into an instrument
of coercion that can be used as leverage to secure military
and political advantages.

Thus, the occupation of the ZNPP since March 2022
reveals an unprecedented gap in nuclear safety. However,
it is difficult to assess the nature, likelihood, and potential
consequences of the risks arising in this situation. There
is no single agreed terminology to describe this situation,
and it has been framed in different ways in legal and se-
curity discourse.

International law and nuclear safety during
military operations

Armed conflict significantly increases risks to nuclear
and radiation safety, as damage to, seizure, or militariza-
tion of nuclear facilities can have large-scale humanitar-
ian and environmental consequences. In such situations,
the conduct of states is governed by international human-
itarian law in conjunction with international nuclear law,
which establishes special protection regimes for facilities
related to the use of nuclear energy.

The basic rules of warfare regarding civilian facilities,
including nuclear installations, are enshrined in the 1949
Geneva Conventions and the 1977 Additional Protocols.
In particular, international humanitarian law prohibits
attacks on civilian objects if such actions could cause ex-
cessive loss of civilian life or release dangerous forces. Nu-
clear facilities are subject to a special protection regime
precisely because of the potential scale of the consequenc-
es of their damage.

Certain provisions of international humanitarian law
regulate the defense and occupation of nuclear facilities.
Parties to an armed conflict are required to exercise ex-
treme caution when conducting military operations in
close proximity to nuclear power plants and other nu-
clear facilities. The permissibility of deploying military
units near such facilities is limited solely to the purposes
of their protection and does not give the nuclear facility
the status of a legitimate military target, as directly fol-
lows from interpretations of the norms of international
humanitarian law [10].

According to the official comments of the Interna-
tional Committee of the Red Cross on Article 56 of Addi-
tional Protocol I, the parties to the conflict may in certain
cases be obliged to refrain even from actively defending a
nuclear power plant if there is a real threat of the release
of dangerous forces. In the event of the occupation of a
nuclear facility, responsibility for ensuring its safety rests

with the occupying party, which is obliged to take all pos-
sible measures to prevent incidents that could harm the
civilian population or the environment.

The shelling and occupation of nuclear facilities and
sites where radioactive materials and sources of ionizing
radiation are used by the Russian Federation violate both
international humanitarian law and the basic principles
of international nuclear law. Such actions not only pose
a direct threat to nuclear and radiation safety, but also
effectively make it impossible for Ukraine to fulfill its
international obligations under the Convention on Nu-
clear Safety, the Joint Convention on the Safety of Spent
Fuel Management and on the Safety of Radioactive Waste
Management, and the Agreement with the IAEA on the
Application of Safeguards.

The key role of the IAEA in addressing
the nuclear threat

The Russian Federation’s full-scale armed aggression
against Ukraine has created unprecedented risks to global
nuclear security that extend far beyond the national con-
text. The seizure and militarization of nuclear facilities, in
particular the Chornobyl and Zaporizhzhia nuclear pow-
er plants, have caused serious concern among the interna-
tional community, given that these facilities are intended
exclusively for the peaceful use of nuclear energy. Military
influence on such facilities significantly increases the like-
lihood of nuclear or radiation accidents, the consequences
of which can be transboundary and global in nature.

The attacks on nuclear facilities and their subse-
quent capture on the territory of Ukraine indicate a vio-
lation by the Russian Federation of a set of international
legal norms. This refers, in particular, to the provisions
of Additional Protocols I and II to the 1949 Geneva Con-
ventions, The International Convention for the Suppres-
sion of Acts of Nuclear Terrorism, the Convention on
the Physical Protection of Nuclear Material and Nuclear
Facilities, and the Amendment to this Convention. To-
gether, these documents form a legal regime that prohib-
its the use of force against nuclear facilities and obliges
states to ensure their protection even in conditions of
armed conflict.

In accordance with international law and IAEA re-
quirements, nuclear power plants and other nuclear fa-
cilities have the status of facilities for the peaceful use
of nuclear energy and cannot be considered legitimate
military targets. The actions of the Russian Federation
contradict not only the Geneva Conventions and their
additional protocols, but also the Charter and basic prin-
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ciples of the United Nations, as well as the fundamental
principles of nuclear safety developed and enshrined in
IAEA documents. This indicates a systematic nature of
violations of international obligations in the field of nu-
clear and radiation safety.

In March 2022, during a meeting of the IAEA Board
of Governors, the Agency’s Director General Rafael
Grossi formulated the concept of the “Seven Indispens-
able Pillars of Nuclear Safety”, which became the ba-
sis for an international approach to protecting nuclear
facilities in crisis situations. These principles cover the
physical integrity of nuclear facilities, the uninterrupted
operation of safety and security systems, the profession-
al independence of personnel, a stable external power
supply, reliable logistics chains, effective radiation mon-
itoring and emergency preparedness, and robust com-
munication between operators, the national regulator,
and the IAEA. Together, they represent the minimum
conditions without which the safe operation of nuclear
facilities is impossible.

The practical implementation of these principles has
taken on particular significance in connection with the
situation at the ZNPP. On September 1, 2022, the IAEA
Director General personally crossed the line of combat
operations to ensure the Agency’s permanent presence at
the ZNPP site. Since then, dozens of IAEA staff have been
sent to the plant on rotational missions, an unprecedented
step in the organization’s history that underscores its key
role in efforts to reduce nuclear risks in wartime.

This approach was further developed on May 30,
2023, at a meeting of the UN Security Council, where
five specific principles were presented aimed at prevent-
ing a nuclear accident and preserving the integrity of the
Zaporizhzhia Nuclear Power Plant. These principles in-
clude prohibiting any attacks on the plant or from its ter-
ritory, preventing the use of the nuclear power plant as a
military base, ensuring a stable power supply, protecting
all systems and components necessary for safe operation,
and refraining from actions that undermine the imple-
mentation of these requirements.

Despite the principles formulated and the constant
presence of international observers, the situation at the
ZNPP remains unstable. The militarization of the site,
shelling of infrastructure facilities that ensure the oper-
ation of the plant, mining of the territory, restriction of
personnel access, and disruption of radiation monitoring
systems indicate a systematic disregard for the approach-
es established by the IAEA. Under these conditions, the
Agency’s activities are objectively limited by its mandate,
which focuses primarily on technical assistance and mon-

itoring rather than on enforcing compliance with inter-
national standards.

Thus, the role of the IAEA in addressing nuclear
threats in the context of military operations is decisive,
but at the same time structurally limited. Ukraine’s ex-
perience has shown that even the existence of clearly
formulated principles of nuclear safety and international
presence does not guarantee the elimination of risks in
the absence of a cessation of hostilities. This highlights
the need for further development of international nucle-
ar security mechanisms, taking into account scenarios
of armed conflict and strengthening the role of interna-
tional institutions in the protection of nuclear facilities.

Shortcomings of the existing nuclear
safety system

The above-mentioned international instruments con-
stitute an important system aimed at protecting the status
of nuclear facilities during armed conflict, but they have
some shortcomings. The scope of Article 56 is limited to
nuclear power plants, leaving research reactors, the trans-
port of nuclear materials, uranium processing and enrich-
ment facilities, and spent fuel pools outside the scope of
the Protocol. In addition, paragraph 2 provides for an ex-
ception, terminating special protection from attack on nu-
clear facilities if they provide electricity on a regular, sub-
stantial, and direct basis in support of military operations.

Furthermore, customary international humanitarian
law does not prohibit attacks on nuclear power plants, but
calls on states to exercise “special caution” when attacking
them as legitimate military targets.

It should also be noted that the IAEA has limited
powers with regard to nuclear safety, unlike nuclear safe-
guards, as responsibility for nuclear safety rests entirely
with each member state. The ITAEA General Conference
does not have the legal authority to adopt legally binding
resolutions, as this authority rests solely with the UN Se-
curity Council, acting under Chapter VII of the Charter.
Similarly, the “Seven Pillars of Nuclear Safety and Secu-
rity” are complementary framework that builds on exist-
ing IAEA nuclear safety standards and nuclear security
guidelines and does not impose legally binding obliga-
tions on member states.

A clear lesson to be learned from the current Rus-
sian-Ukrainian war, especially for the rapid potential ex-
pansion of peaceful uses of nuclear technology, including
new modular reactors, to new nuclear states located in
regions prone to armed conflict, military action, civil war,
or insurgency, is that the international community needs
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a mechanism for international safeguards to prevent and
protect against the loss of international oversight of nucle-
ar safeguards and to prevent the impact of armed action
occurring at or near nuclear facilities.

This will help the IAEA overcome the difficulty of
obtaining the consent of warring states or states experi-
encing civil conflict to send a technical mission at the very
beginning of military action. Under this new Protocol, the
TAEA will only need to inform the parties to the conflict,
rather than obtain their permission, before visiting nucle-
ar facilities under UN military protection. This Protocol
will allow the TAEA to fulfill its role in promoting the
peaceful use of nuclear technology without infringing on
the sovereign rights of member states.

Possible ways to eliminate political gaps
in nuclear security during armed conflicts

Recent events in the field of international nuclear se-
curity have revealed significant political and legal gaps in
the mechanisms for protecting nuclear facilities in armed
conflicts. Eliminating these gaps requires not only techni-
cal solutions, but above all the coordinated political will of
states and the development of international legal instru-
ments adapted to modern military threats.

One possible way to improve the international nucle-
ar security regime is to conclude a special international
agreement that would explicitly prohibit armed attacks on
nuclear facilities and nuclear fuel cycle installations. Such
an agreement could cover not only nuclear power plants,
but also research reactors, small and advanced modular
reactors (SMR, AMR), nuclear material enrichment and
reprocessing facilities, as well as related activities, includ-
ing the transport and management of radioactive waste.
Formalizing such prohibitions in a treaty would create a
clear legal basis for classifying attacks on nuclear facilities
as international offenses and would contribute to increas-
ing the level of international responsibility of states [11].

Another possible approach is to grant nuclear power
plants and key nuclear facilities the status of demilitarized
zones during armed conflicts. Although the physical pro-
tection systems of nuclear facilities are designed to take
into account increased threats, such facilities remain, by
their nature, civilian structures intended for the peaceful
use of nuclear energy. The introduction of a demilitarized
zone regime could reduce the risks of military impact on
nuclear infrastructure, while affirming the right of states
to the peaceful use of nuclear energy and strengthening
the protection of the civilian population from potential
radiation effects.

A limited United Nations peacekeeping presence in
areas where nuclear facilities are located could play a spe-
cial role in reducing risks. Such a presence could take the
form of intervention at the invitation of a state whose nu-
clear facilities are threatened by armed conflict, provided
that the principles of impartiality are observed and force
is used exclusively within the limits of a defensive man-
date. At the same time, the practical implementation of
this mechanism is significantly limited by the UN Secu-
rity Council’s decision-making procedure, in particular
the veto power of permanent members, which reduces the
effectiveness of peacekeeping instruments in situations
where one of these members is a party to the conflict [12].

An additional area for improving the international
nuclear security system could be the development of rec-
ommendations for the conclusion of temporary bilater-
al or multilateral agreements between the parties to the
conflict under the auspices of the UN and the IAEA. Such
agreements could define algorithms for operational ac-
tions to minimize the risks associated with military im-
pact on nuclear facilities and contribute to maintaining
basic nuclear and radiation safety conditions [13].

In the long term, the growth in the number of nuclear
facilities in regions prone to armed conflict, particularly
in connection with the spread of SMR and AMR technol-
ogies, reinforces the need to develop a more robust and
flexible international nuclear safety system. Such a system
should combine preventive mechanisms, crisis response
tools, and political and legal guarantees capable of func-
tioning even in conditions of military action [14].

Conclusions

The analysis presented in this article shows that the
use of nuclear energy and the operation of nuclear fa-
cilities in the current context of armed conflicts go be-
yond traditional notions of nuclear safety as an exclu-
sively technical or regulatory category. Military actions
against nuclear facilities demonstrate the possibility of
transforming nuclear infrastructure into an instrument
of political and military pressure, which significantly in-
creases the level of nuclear and radiation risks.

The article shows that the existing norms of inter-
national humanitarian and international nuclear law,
although they contain important prohibitions and re-
strictions on the protection of nuclear installations,
are insufficiently adapted to scenarios of high-intensi-
ty interstate armed conflicts. The full-scale invasion of
the Russian Federation into Ukraine for the first time
demonstrated the practice of using nuclear power plants
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as elements of a military strategy, in particular through
their occupation and militarization, which creates fun-
damentally new challenges for the international nuclear
security system.

The results obtained indicate that the international re-
gime for the physical protection of nuclear facilities, which
has been developed over decades, is primarily focused on
countering threats from non-state actors and does not
provide for effective mechanisms to respond to actions
by regular armed forces of states. Revising this approach
would require a comprehensive transformation of the in-
ternational physical protection system, which is unlikely in
the short term given political and institutional constraints.

The article also argues that responsibility for ensur-
ing nuclear safety lies primarily with the state on whose
territory nuclear facilities are located, while the inter-
national nuclear safety regime plays a supporting and
coordinating role. At the same time, in the event of an
armed conflict, the consequences of a breach of nuclear
and radiation safety are transboundary in nature, which
necessitates increased international attention to this issue
and the development of collective response mechanisms.

Overall, the findings of the study confirm the ur-
gent need to improve international legal and political
instruments for the protection of nuclear facilities in
wartime, as well as to intensify international cooper-
ation in the field of nuclear security. The lack of timely
and decisive action by key international actors creates
the risk of further normalization of military influence
on nuclear infrastructure, which could have long-term
negative consequences for global security. That is why
clarifying the procedures for competent authorities and
nuclear facility operators in crisis situations should be
considered a priority area for further scientific and prac-
tical research.

The practical value of the results obtained lies in the
possibility of their use in the development and improve-
ment of physical protection systems for nuclear facilities,
the preparation of decisions by regulatory authorities in
the field of nuclear and radiation safety, as well as in the
activities of nuclear power plant operators in conditions
of crisis and military threats. The research materials can
be used in scientific and analytical work and in the edu-
cational process.
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HasuanvHo-Hayxosuil incmumym amomHoi ma meniosoi
enepeemuxu, Hayionanvruil mexuiunutl ynisepcumem Yxkpainu
“Kuiscokuii nonimexwiunuii incmumym imeni leopst Cikopcvkoeo”,
npocn. bepecmeiicoxuii, 37, m. Kuis, 03056, Yxpaina

besneka 06’ekTiB KpuTn4HOi iHdpacTpyKkrypn
NATNBHO-eHePIeTUYHOTO CEKTOPY B YMOBaX
BOEHHOTO CTaHY

YV crarTi IpoBeieHO KOMITTIEKCHE TOCTiKEHHS IIpobiie-
MU Qi3SMYHOTO 3aXUCTY AAEPHNX YCTAHOBOK B YMOBaX MiX-
Jiep>KaBHOTO 30pOITHOTO KOHGIIKTY 3 ypaxXyBaHHAM Cy4acHUX
BiJICPKOBMX 3arp03. AKTYa/IbHICTb TeMU NOJIATAE Y 3POCTAIO-
9iit posti BilICbKOBUX [il 6e31mocepeHbO 00 AAEPHUX 06°€ek-
TiB, 1[0 CTBOPIOE HOBMII CIIEKTP PUSNKIB, fKi He 6y mpepme-
TOM CHCTEMHOTO aHa/li3y y KJIaCUMYHMX IiZIX0fax [0 AePHOI
Oe3mexy Ta MXXHapOZHOTrO ryMaHITapHOro mpaBa. MeTowo
TOCiJI)XEHHA € BCTAHOBJIEHHA CYTHOCTI Cy9aCHMUX BUK/INKiB
y cdepi saxucty spepHnx 06 €KTiB 1if| 9ac BiliHY, aHATI3 ic-
HY0YMX MI>)KHApOZHO-IIPAaBOBUX MEXaHi3MiB, a TAKOX ¢op-

MYTIOBaHHA PEKOMEHJALi I[0J0 IXHbOTO YJOCKOHAIEHHA.

Mertopororist mocmifKeHHss 6a3yeTbCcsi Ha CHUCTEM-
HO-CTPYKTYPHOMY aHa/i3i Mi>KHapOJHMX NIPAaBOBUX HOPM,
CTaH/IapTU30BaHMUX NPUHLINUIIB Mi>)XHapOJHOIO areHTCTBa
3 aromHoOi eHeprii (MATATE), a TakoX Ha IOPiBHANBHO-
My aHai3i nIpeLeflecHTHUX CUTYaliil BIVINBY 30pOMHUX Hilt
Ha sifflepHy iHppacTpykTypy. Y pesynbrari poboTu ifenTudi-
KOBaHO KJIIOYOBi IIPOTa/IMHY YMHHUX MeXaHi3MiB ¢isnuHOro
3aXMCTY ANEPHNUX YCTAHOBOK y KOHTEKCTi BOEHHUX KOHITIK-
TiB Ta 3alIPONIOHOBAHO HANPAMMU IOPUAMYHMX i TOMITUYHNUX
YIOOCKOHaJIeHb Mi>KHapOJHOI cYcTeMN Oe3IeKL.

HaykoBa HOBM3HA NOCHiJ)KEHHA IONATAE B iHTErpanii
IIPaBOBOTO, 6€3I1eKOBOTO I TEXHIYHOTO BUMIpPiB Ast popmy-
JIFOBAHHS Y3TOJ)KEHOTO HifXOAY H0 3abe3ledeHHs AAepHOL
6esmexnu B ymoBax 60itoBux mift. [TpakTudHe 3HAYEHHs pe-
3y/IbTaTiB MTONIATAE B MOXK/IMBOCTi 3aCTOCYBaHHA BUCHOBKIB
i pexoMeHpanil py po3pobIeHH] OMITHUK HALIIOHAIBHAX pe-
TY/ISITOPIB siepHOI Oe3IeKy, perlaMeHTiB OllepaiitHOI Aisiib-
HOCTi aTOMHMX €/IeKTPOCTaHIIill Ta Mi>KHapOJHMUX CTaHJap-
TiB pisuuHOro 3axmcry. OTXe, IpefcTaBIeHa KOHLIEIITyaIbHA
MOJIe/Ib MOXKe CIIPYATH IifIBUIIEHHIO e()eKTUBHOCTI Mi>KHa-
PORHOrO CIiBpOGITHMIITBA Ta afalTALil IPOLERYP 3aXUCTY
ADEPHUX 06 €KTiB 10 Cy4YaCHUX BUKJIMKIB.

Knwuosi cnosa: sijepHa 6e3mexa, 30poitHMi KOHQIIIKT,
disnyHMit 3aXUCT, Mi>KHapOJgHe I'yMaHiTapHe IIPaBo,
MATATE.
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CucreMa OBroTpmMBaJIoOro BiBeIeHH TelIa BiJ repMO0OOTOHKM
st enepro6mokiB AEC i3 BBEP-1000. OHoB/IeHa KOHITeNIist
i mepuri pe3ynbTaTu po3paxyHKiB

Knrouosi cnosa:

Ba)KKa aBapi,

peaxrop BBEP-1000,
TOBrOTPUBAJIE Bi[BeIeHHA TeIlIa

3 TepMOOOOIOHK,

YIPaBJIiHHA BaXXKMMMI aBapiamu,
MTO3aKOPITyCHA CTafid,

KopiyMm,

HAKOIIMYeHHA PaJioaKTNBHOI BOAN

[Tpobnema HaKOIMYEHHS i1 TIOBOMYKEHHS 31 3HAYHMMM O6CATaMM PafioaKTUBHOI BOTU
B yMOBax BaXKKux aBapiil (BA) mos’s3ana 3 HEOOXifHICTIO MOCTIiTHOTO OXOJIOMKEHHS
SIIEPHOTO Ta/IMBa HE3a/IeXKHO Bifj CTaHy J10r0 MOLIKOAKeHHsI. 30epiraHHs pafioakTuBs-
HOI BOIM y MOFATKOBUX €MHOCTAX Ha MaiifgaHunkKy AEC «Dyxycima-/laigi» mokasamo
3HAYHi PU3MKM 11 HEJOMIKM TaKOTO METOAY. YTPMMAHHSA pajliocaKTMBHOI BOJY Ha I103a-
KopITycHiit cranii BA B mexax repmoo6ononku (I'O) exepro6moxy AEC i oxonomkeHHs
KOpPiyMy IIPOEKTHMMM CUCTEMaMI IPU3BEJE JO BUMMBAHHA BMCOKOAKTVBHYX ITaTNBO-
BMICHMX YaCTMHOK KOPiyMy 1 HaKOIM4YeHHA 1X y IpoekTHOMY obnafgHanHi. Ile Hece pu-
3VKM BiJIMOB IPOEKTHUX CUCTEM, HEMOXK/IMBOCTI iX PEMOHTY 11 BUTOKY Pajji0aKTMBHOTO
TEeIUIOHOCiA. IIpONOHYEThCA anbTepHATMBHA KOHIIEMIiA CUCTEMM JOBrOTPUBAJIOTO Bifi-
BepeHHA Terta (CIBT) Big I'O 3 BUkoprcTaHHAM Y KOHTYPi OXONIOfKEeHH IapOra3oBoi
cymii, o yrBoproeThcs B ['O 3a paxyHOK 3aTOIUIEHH A KOPiyMy Ha IT03aKOPITyCHili cTa-
nii BA. Taxwmit miaxin Mae 6inbiny e eKTHBHICTD TEIIOBiBEIEHH 32 PAXYHOK KUITIHHS,
3abesrevye BiCYyTHICTh BUXOLY PIAKOrO pafioaKTMBHOIO TEIUIOHOCIs, 06MeXye BiHe-
CeHH: ITa/IMBOBMICHUX YaCTMHOK Kopiymy 3a Mexi 'O i BinmoBigHo mo3Boinse 3anobiratu
36i/1bIIeHHIO 00’ EMY PafjioaKTHBHOI BOAM i dac yrpasninas BA. OcHOBHOIO GyHKIIIED
CIBT pnst enepro6noxis AEC i3 peaxropamu BBEP-1000 € 36epexents nimicaocti 'O 3a
PaxyHOK 3MeHIIIEHHsI HETaTUBHOTO BIUIMBY KOpiyMy Ha omopHy winty 'O, 3amobiranus
NIepeBNIIeHHA IOMYCTYMMX MeX 3a TUCKOM i TeMmmepaTyporo B I'O nursaxom opranisamii
TEIUIOBifIBefieHHA Bifi kopiymy. KoHIernnisa 6a3yeTbcs Ha oprasisaliii mpoliecy TeIioBif-
BeJleHHI 3 BUKOPUCTAHHSM TeIIO0OMIHHIKA Ta TYpOOIPNBIFHOTO HACOCY, PO3TAIIOBA-
Hux 30BHI IO B 0606y70Bi peaxropHoro Bigginexus. IlonepenHi po3paxyHKy IoKa3ann
edexTuBHICTD 3anpornonoBanoi KoHmenuii CIIBT s enepro6mokis AEC i3 BBEP-1000.

Bcryn JDKEHHS1 HOBUX ITIXO/IB i TEXHIYHMX 3aC006iB, CPSIMOBAHMX
Ha 3a0e31eyeHHs e(eKTVBHOTO YIIPAaB/LAHHSA TaKMX aBapiit.
PesynpraTy aHamisy Ipy4yH i HACTiIKiB BaXKKIX aBa- Hapasi ogHuM i3 Hait6inbur o6ropoproBaHuX Ha-

piit (BA) na AEC crionykaioTb 1o po3po6ku Ta BpoBa-  cmifkis aBapii Ha AEC «®Pyxkycima-Jlaidi» € mpobrema
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Cucrema JOBrOTPUBAIOTO BiiBeeHHs TeIl/Ia Bifi rTepMOOOOTOHKN

HAKONMYEHHS | MOBOM>KeHH: 31 3HAYHUMU 0bCsAraMu
pagioakTuBHOI Bogu B ymMoBax BA. Ha mpukmani AEC
«Pyxycima-/laidi» BkaszaHa mpo6ema MoKe CTaTy KJTI0-
9YOBOIO 32 IOBTOTPYBAJIOr0 YNpaBaiHHA BA i 3anunaers-
cs1 aktyanbHoIo Ayt AEC i3 peakTopamu tuiry BBEP, mo
eKCIITYaTyIOThCA.

[Micna aBapii Ha AEC «Dyxkycima-[aigi» 6ynn pe-
a/i30BaHi JOJATKOBI 3axou 3 MifBUILEHHA 6e3leKu
AEC Vkpainn. I1i 3axonu 3a6e3neuyoTs 36epexxeHH
CTabiIPHOTO CTaHy eHepro6Io0Ky, 30KpeMa 6e3IeYHOr0o
crany repmoo6ononku (I'O), muire IpOTATrOM MepUINX
72 TOp Bifi IOYAaTKy BMHMKHEHHA BUXiZHOI ITOAii aBa-
pii. OgHaxk 114 BUpilIeHHS NMTaHHA JOBIOCTPOKOBO-
ro 36epesxenHs ninicuocrti I'O B ymoBax BA HeobxigHa
peanisarisi JOLATKOBUX TEXHIYHMX 3aC00iB /151 0X0JTO-
mxenHs 'O i kopiymy. [Torpe6a y BpoBafi>KeHHI TaKuX
3ac006iB 3yMOB/IeHa TAKOXX TUM, 1[0 Ha CbOTOAHI, 3 ypa-
XyBaHHAM HasABHUX Pe3y/IbTaTiB JOCTi)KeHb, BiICyT-
Hi OJHO3HAYHi BUCHOBKM LOJIO0 TaPaHTOBAHOIO yTPH-
MaHH:A PO3IIaBy aKTMBHOI 30HUM B KOPIIYCi peakTopa
BBEP-1000. Kpim ToOro, 3rifHO 3 BMUMOTaMy HOPMAaTVB-
Horo gokymenta HII 306.2.218-2018 [1] Ha eHepro6o-
kax AEC marorp 6yTi nepep6adeni rexHiuHi sacobu s
3anobiranus nomkopxeHHo 'O B pasi nepeBuIeHHs
BU3HAYEHUX IPOEKTOM MeX Oe3IeuHoi eKcITyaralii 3a
THCKOM 1 TEMIIEPATYPOIO, /11 YTPUMaHHA PO3IIIaBIIe-
HOTO IIajJIMBa BCepeIUHI 30HU NOoKanisalii aBapiii, 06-
MeXXeHH I BUKI/IiB pafjioaKTUBHUX PEYOBUH Yy HABKO-
TUIIHE IPUPONHE CEPEIOBUILE.

IIponionyeThbcA anbTepHATUBHA KOHLIEMIis CUCTEMMA
mosrorpusanoro BifsenenHs temna (CIBT) Big 'O, mwo
nepen6avae BUKOPUCTAHHS B KOHTY Pi OXO/TOM>KEHH I1a-
porasoBoi cyminri, ika yrBoproeTbcaA B I'O BHacmimox 3a-
TOIICHHA KOPiyMy Ha No3akopuycHii crafii BA. Taknii
mifxin Mae 6inpiny e eKTUBHICTD TEIIOBiIBeIeHHS 3a
PaxyHOK KUITiHHA, 3a6e3Iedye BiICyTHICTb BUXOLY Pifl-
KOTO PajlioaKTMBHOTO TENJIOHOCi A, 00Me)Ky€e BTHECEHH A
Ha/IMBOBMICHUX YaCTMHOK KopiyMy 3a Mexxi 'O i, Bigmo-
BifIHO, Ja€ 3MOTy 3a106iraTu 36i/1bIIeHHI0 06’ €MY pafiio-
aKTMBHOI BOIM Ml 4ac ynpaBaiHHA BA.

IIpo6r1ema HaKONMYeHH S PaZioaKTMBHOI BOXK
B yMOBax ynpasliHHA BA

O6’eMu pafiioakTMBHOI BOZM, HAKOIIMYEHOI B IIPO-
eci ynpasriHHa BA, 3a/exars Bifi IpoeKTHUX 0co6n-
BOCTel eHepro6/IoKiB, 06paHoi cTparerii ynpapminusa BA
Ta XapaKTepUCTUK Maligan4duka AEC.

HeoOxinnicTp peanmisanii 3axofisB 3 ynpaBiiHHA
BE/IMKMMM 00’ €MaMu pafioaKTUBHOI BOAY B pe3y/bTa-

Ti BA BusHaueHa €BpONENiCHKOIO IPYTIOK PETYTIOIUNX
oprauis 3 sitepHoi 6esnekt ENSREG (European Nuclear
Safety Regulators Group) 3a pe3ypraTaMu CTpec-TecTiB
3 ypaxyBaHHAM ypokiB aBapii Ha AEC «Dykycima-/lai-
gi». 3aranpHui nepeinik pekomenganin ENSREG nHase-
JIeHO y BijmoBigHOMY 3BiTi [2].

Mi>xxHaponHi JOCTiA>XKeHH I II0fI0 MOBOJ>)KEHHS 3 Be-
MUKUMU 06’€eMaMu pafiioaKTUBHOI BOJY, sIKa HAKOIIN-
4y€eThCA IifJ 9ac BA, yMOBHO BUJINAIOTH [Ba MigXOmu:
36epiraHHs pagioakTHBHOI Boxu 3a Mexxamu 'O B cre-
1jiayizoBaHMX 6aKax Ta JOBrOTpYUBaAJle yTPUMAHHA paji-
0akTuBHOI Boy B Mexkax ['O 3 moganbmnM NoCTyIOBUM
11 OYUIIEHHAM.

Heponiku 36epiranHs pajioakTMBHOI BOgU
B EMHOCTAX 3a Mexxamu I'O

Ha spyitHoBaniit AEC «®ykycima-Jlaiui» HaKom4eHO
noHay 1,34 M/IH T paiioaKTMBHOI BOZY 32 PAaXyHOK po60-
TV CYICTEM OXOJIOJ[)KEHHA 32 PO3iIMKHYTUM KOHTYpOM [3]
(puc. 1). [oganpuie 36epiraHHs pagioaKTUBHOI BOLK
B JOZATKOBUX EMHOCTAX Ha MaitgaHunKy AEC «Dyxyci-
Ma-Jlaidi» BMABU/IO HEOMKM TAKOTO METOAY B YaCTUHI
06Me>xeHb 10 06’eMy 0aKiB, pU3MKiB BUTIKaHHS i pafiio-
aKTUBHOTO 3a0py/IHEHH HAaBKO/IMIITHBOTO CEpeOBNUIIA.

3arazoM KOHIenlliss 36epiraHHs pafioaKTUBHOI
BOJIY B EMHOCTAX 3a Mexkamu I'O € HeonTMMaIbHOIO 3 OT-
AAY HA TaKi YMHHYUKI:

HeOOXiIHICTb 06/IaIITyBaHHA CIelliaTbHUX TepH-
TOPIit 3 BEJIMKOIO Ki/IbKICTIO EMHOCTeIT /151 30epiraHHs
panioaKTUBHOI BOAY;

HeoOXi/JHICTh po3raay»XeHol CHCTeMM TeXHOJIOT d-
HUX 3B AI3KiB;

PUSUKM IIPOTiKaHb i pajjioaKTMBHOTO 3a0pyJHEHH A
HaBKOJIMITHBOTO CEPEIOBUINA;

PU3MKY OIIPOMiHEHHsI IepCOHAITY IIif Yac 30epiraH-
Hs Bopu 3a mexkamu ['O;

HOTEHI[i/THO 3HaYHi piHAHCOBI BUTPATH 3 ypaxXyBaH-
HM yCix eTamiB po6ir (3aKymiBi, BUTPOOYBaHHs, HOB-
TOTPUBAJIOro 30epiraHHs, TeXHIYHOrO 0OC/TyTOByBaHHS);

HOCTiiiHe PO3IIMPEHH MicIb 36epiraHH.

JoBrorpusaine yrpMMaHHA paji0aKTUBHOI
Boau B Mexxax I'O 3 moganpmmnm nocTynoBum
i1 OUNIeHHAM

3HaYHMII BIUIVB HAa 00'€M HaKOIIMYeHOi B yMOBax BA
panioaKTMBHOI BOAY Ma€ TUI UMPKYIALIl TEMIOHOCIA
B KOHTYPi OXO/TO>KEHHA aKTUBHOI 30HI: PO3IMKHY TUII
(Ha AEC «®Dykycima-Jlaiyi») i 3saMKHYTHIA.
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Puc. 1. PesepByapu ais 36epiranus pafioakTuBHO 3a6pynHenol Bogu Ha AEC «Dykycima-aidi» [4]

3aMKHYTUIt KOHTYP OVPKY/IALIL, peanisoBaHmii Ipo-
€KTHUMM CUCTEMAMY aBapifiHOTO OXONOM>KEHHA aKTUB-
Hoi 30HU (CAO3) Ha enepro6mokax AEC i3 BBEP-1000,
MO>Ke 3MEHIIUTH KiJIbKICTb PaJlioaKTUBHOI BOAY HI/IAXOM
6araropasoBoi upkyaLii rernonocis B [O. OpHax Bu-
KOPMCTaHHA MiIXOAY 3 yTPUMaHHs palioaKTVBHOI BOAU
Ha I03aKOpIYCHiit crafii BA y mexxax 'O eHepro6moxy
AEC i 0X0nmofi>keHHA KOpiyMy 3 BUKOPUCTaHHAM IIPO€EK-
THUX cucteM CAO3 npusBefie 10 BUMMBAHHS BICOKOAK-
TUBHMX Na/JMBOBMICHUX YaCTMHOK KOPiyMy 3 ITOfla/ib-
VM HaKONMMYEHHSM X Y HIPOEKTHOMY 00/IaTHAaHHi.

ITpoextHi cuctemu CAO3 eneprob6mokis AEC i3
BBEP-1000 ne xBamidikoBaHi Ha ymoBu BA. Tomy ix 3a-
CTOCyBaHHA MiJj yac BA cynpoBOmXy€eThCs HU3KOIO TO-
TEHI[I/IHNX PU3KKIB i 0OMeXeHb, 30KpeMa:

3a0py/HEHHsI KOHTYPY OXOIO/)KEHHS pafioaKTUB-
HUMU 9aCTMHKaMU KOPiyMy BHAC/IiIOK IPAMOTO KOHTaK-
TY TeIJIOHOCiA (BOM) 3 KOPiyMOM;

3abuBaHHA QiNbTPiB Ha BCMOKTYBaHHI HacoCiB
CAQ3, nomkopmxeHHs yuinbHeHb HacociB CAO3 mexa-
HIYHUMU YaCTUHKaAMIU;

HarpiBaHHs 1 JOZATKOBA Herpajanis obmagHaHHs
CAO3 yHacmiioK 3aJIMIIKOBOTO €HeProBUAi/IEHHS Bif
MaJIMBOBMICHMX YaCTMHOK KOPiyMy;

BiZICYTHICTb MOXX/IMBOCTI 0OCITyrOBYBaHHs 00/1a]-
HaHHA CAO3 uepes 3HauHe pafioaKTUBHE 3a0py/JHEHHS.

YHacmigok 1boro MoXxanusi Bigmosu HacociB CAO3,
AKi 6epyThb y4acTh B OXONMOMKEHHI KopiyMy mij gac BA,
B/HMKHEHHA Tedi paliocaKTVBHOI BOAY B HET€PMETUYHIIl
YACTMHI peaKTOPHOTO Bififli/IeHHA TOILO.

[l nooBxeHH: yacy poboru obmagHanus CAO3
B yMoBax BA MO)XHa BUKOPUCTATV BOZOOOMIH TEI/IOHO-
Cist 60 OUYMIIIEHHS 3aMKHYTOTO KOHTYPY OXOTO[KEHH L.
OpHak TaKuil pe>XXMM TaKOXK Ma€ IeBHi 3acTepeXXeHH I:

OYMILIEHH s TEMIOHOCIS IIISIXOM BOOOOMIHY Ipu-
3Befie O HAKOIMYEeHH A IOJATKOBOI Pafii0aKTMBHOI BOAK
6mu3bko 240-720 m*/noby;

MPOEKTHI CUCTEMU BOJOOUNIIEHH S He IPU3HAYEHI
IJ1S1 OYMINEeHHA BICOKOPalioaKTVBHOI BOJY 3 YaCTMHKA-
MM KOpiyMYy, IO 3 9aCOM Ipu3Be[ie 0 BTpaTH iX mpares-
JATHOCTI i HEMOXK/IMBOCTi 0OC/TyrOByBaHH;

YTBOPEHHA BUCOKOAaKTVBHMUX BiIXOZiB, 1[0 MiCTATH
YaCTUMHKU KOPiyMy.

3a pesynbraTaMy po3paxyHKiB, y pasi BojooOMiHy
Bci moreHuiitHo BinbHi eMHOCTi AEC 6yAyTh OBHICTIO
3aII0BHeHi IpoTAroM 9-34 fi6 (111 pisHuX eHepro6/IoKiB
AEC i3 BBEP-1000, 3 po3paxyHKY BOfOOOMIiHY /nIie /s
OJJHOTO aBapilfHOro eHepro6moKy). IIpu npomy:

cyMapHuit 06’eM 6aKiB peaKTOPHOTO Bifii/IeHH Off-
HOro eHepro61oky 3anopispkoi AEC cranoButs 1900 M

cyMapHuit 06’eM 6akiB MaijaH9MKa 3anOpi3pKol
AEC (crrenxopmycu Ne 1, 2 Ta aBapiitHMit eHepro61ok) —
10 667 M

cymapHuit 06’eM 6akiB 1-1 yepru IliBgeHHOYKpaiH-
cpkoi AEC (crerikopryc Ta aBapiitHIit eHepro6aoK) —
7400 M°.

36inblIeHHs pecypCy A IpUIIMaHHs, epepo6-
KU Ta yTU/Ii3allil palioaKTMBHOI BOAY IIOHAJ IPOEKTHI
00’eMu He BUPIMINTD IPOOIEMY BifiBeleHHs TeIlIa Bif
KOpiyMy B JOBTOCTPOKOBIiIi lepcreKTuBi. binpim ontn-
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Puc. 2. Tuck (a) i remneparypa (6) B 'O #/1s cuieHapiio 3 HOBHUM 3HECTPYMJIEHHM eHepro6oky mif yac po6otu CIICT

Ma/IbHUM LIISIXOM € pO3pO6JIeHHs Ta BIPOBA/I>KEeHH
TOJATKOBMX 3aXOfliB, [0 BUK/IIOYaTMYTbh HaJ XOMI>KEH-
H BeNMKOI Ki/IbKOCTi pafjioakTuBHOI Bogu 3a Mexxi I'O.

Konnenuis cucremn JoBroTrpuBaaoro
BigBegenHs Temna Big I'O misa eHepro61okis
AEC i3 BBEP-1000

Criiikictp ykpaincbkux AEC 10 30BHIIIHIX BI/INBIB
i po3LIMpeHNX IPOEKTHNX YMOB Oy/1a 3HAYHO Iif|BUIIeHA
B pe3y/IbTaTi BIPOBA/I>)KeHHsI 3aXO/1B MifBUIIEHHS 6e3-
ek, po3pobnenux micns aBapii Ha AEC «®yxkycima-JJa-
iqi». OTHAK 3a/MMIIAIOTHCS HEBUPIIIEHNMY B3a€MOIIOB -
3aHi IpOOIeMHi MUTaHHs, SIKi BIVIMBAIOTh Ha 3aTHICTD
ynpaBiiHHA BA:

HaJIe)KHe IOBOJI>KEHH S 3 BEIMKIMM 06 eMaMut pafio-
aKTUBHOI BOJ!, sIKa YTBOPIOEThCA IIifl 9ac BA, xonu 3a-
CTOCOBYETbCA CTpaTerii ynpasninHA BA 3 mogadero Bogn
B 'O Ta BuBemeHHsM i1 Ha30BHi.

3abesneyeHHs TPUBAIOrO (IIOHAJ, 72 TOf Bifi TOYATKy
aBapii) BijBe[leHH TeIlIa, 3HIDKEHHA TUCKY Ta TeMIlepa-
typu B 'O Ha mosakopmycHii crapii BA 3 meTolo Here-
PEBMUIIEHHS TPOEKTHNX MEX Ta 3a1100iraHH s IIOTEHIiil-
Horo Buxony 'O 3 nany;

OXOJIOJKEHH A KOpiyMy Ha IT03aKOPITyCHii cTafiii BA.

Ha enepro6nokax AEC i3 BBEP-1000 Bxe BIpoBa-
I’KeHa cucTeMa mpumycosoro ckupganss Tucky (CIICT)
3T'O, Axa sanobirae pyitnysanHio I'O mig ac BA miaxom
IIaCMBHOTO CIIpAIfoBaHHs pu 36inbuieHHi Tucky B ['O 0
5,0 krc/cm? (abc.) (MpOEKTHA MeKa), 3 HOJA/IbIIVIM YIIPaB-
TiHHSM OIepaTUBHUM IepcoHanoM (puc. 2) [5].

Opnax mig gac po6oru CIICT He 3ab6esnedyeTbcs
BifiBelleHH TellIa Bif cepemoBuia 'O, mo 3a yac moHapg
72 1o IPpU3BOAUTD [0 IIOCTYIIOBOIO 3pPOCTAHHA TEMIIE-
parypu B I'O fo 250 °C (o6mesxeHHs A1t yMoB BA), 110
BifjoOpaskeHO HMXKYe.

ToMy IpONOHYETHCS 1O BIIPOBAJKEHH a/IbTepHA-
TUBHMII BapiaHT 3aMKHYTOTO KOHTYPY OXOJIOfI>)K€HH S —
BMKOPUCTAHHS B KOHTYPI OXO/NOMKEHHA Mapora3oBoi
cyMimii, fika yrBoproeTbca B I'O B 30Hi 3aTonIeHHsA KO-
piymy. IlepeBaru Takoro BapiaHTa:

6inbina epeKTUBHICTD TEIIOBIABEIEHH 3a PAaXyHOK
KUIIHHS;

BiICYTHICTb BUXOJY PiZKOro pafioaKTMBHOTO Te-
IJIOHOCiA 3 YaCTMHKaMM Kopiymy 3a Mexi 'O i moxu-
BiCTb 0OCTTyTOBYBaHHS CUCTEM;

TOBTOTpMBaje yTPUMAaHHA pafioaKTMBHOI BOZU
B Mexxax 'O 6e3 momanpuioro 36i1pnieHHA 06’ €MiB BOLIL

Taxum unHOM, BripoBamxeHHs cuctemu CIBT Ha
enepro6okax AEC i3 BBEP-1000 1o3Bo/muTh BUPILINTI

HomycTumi mapameTpu cepefosuiia B repmo6ononni enepro6nokis AEC i3 BBEP-1000

ITapameTp IIpoexTHa aBapis «Bennka teda» BA
Temmneparypa, °C 150 250
Tuck (abc.), krc/cm?® 5,0 5,0
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BKa3aHi BUIle IpOOIeMHi TUTaHHs 6e3meky. AHamoriqHe
obnmagHaHHs 3actocoByeThest B CIIBT, po3pobreniit Ha
ocHoBi marenTtiB Westinghouse [6, 7], ixa BmpoBamxy-
€Tbcs Ha eHepro6mokax Ne 1 i 2 PiBnencokoi AEC i3 pe-
akTopamMy BBEP-440.

3aranpHa cxema CIIBT ps enepro6mokis AEC i3
BBEP-1000 naBefeHa Ha puc. 3.

Kounenist po6orn CIIBT s enepro6nokis AEC
i3 BBEP-1000 mepen6avae:

3anobiraHHA 30iNblIeHHI0 06’€My PaflioaKTMBHOI
BozM 3a paxyHOK po6oru CJ/IBT 3a 3aMKHYTNM KOHTY-
POM LMPKYIALII 3 BUXOHOM JIMIIE IapOra3oBol CyMilli
3I'0;

He3aJIeXKHICTD BiJl iHIINMX CUCTEM Iif 9ac yIpaB/liH-
HA BA;

MOX/MBICTH mapanenbHoi pobotn 3 CIICT;

3anyck y pobory CIIBT Ha mosakopmycHiit crapii BA.

Ocnosna ¢yukuis CIIBT gns enepro6mokis AEC
i3 BBEP-1000 — 36epexxenns nimicHocti 'O 3a paxyHOK
3MEHIIeHHs HeraTMBHOTO BIUIMBY KOPiyMy Ha OIIOpHY
mnty 'O, a TakoxX 3amo6iraHHs IMepeBUIIeHHIO TOIY-
CTUMOTO TUCKY 11 Temmeparypu B ['O 3a paxyHok opra-
Hi3allil TeN/IOBifBeNEeHHA BiJj KOpiyMy.

KoMnonyBaHH: i NpUHIUI pO6OTH CHCTEMH
CIBT pnsa enepro6nokis AEC i3 BBEP-1000

CIBT pns enepro6nokis AEC i3 BBEP-1000 cka-
MAETHCA 3 IBOX KOHTYpiB (AUB. puc. 3).

ITepuinit KOHTYp He NOTPeOY€E eNeKTPOKMBIEHH
i mpalro€ 3 BUKOPMCTAaHHAM HACOCHOTO arperary 3 rifi-
PaBIIivHOIO IPUBOLHOIO TypbiHoIO (puc. 4). Typbonpu-
BiIHMIT HACOC i TEIIOOOMIHHMK PO3TAIIOBAHI 32 MEXXaMU
I'O B 066yn0Bi peakTopHOro BigfineHHsA. Ha moszakop-
IIycHil cTafii BA Bofia, fika IOKpUBae posIIaB/eH] Ma-
JIMBHI Macy 32 Me>XXKaMy KOPITyCy peaKTOpa, HarpiBaeThCsA
Ta BUIIAPOBYEThCs BeepenuHi ['O. 3a paxyHOK HamInmI-
KoBoro Tucky B I'O mapa cripAMOBYy€eTbCA IO IIEpHIOMY
koHTYypy CIBT Ha TemnmooOMiHHUK [/Is KOHAeHcaIii
Ta oxo/ofKeHHA. KOoHJeHcaT IpUIIMaeTbCA y MPOMiXK-
HUIt 6aK i gajii 3a JOMoMOroo TypOonpuBifHOro Hacoca
nosepraeTbeA o I'O. Taka cxema 3abe3nedye 3aMKHY TUI
OUPKYIALIHUI KOHTYP IapOBOJAHOTO TEMJIOHOCIA i 3a-
nobirae norpamnsHHI B o6nagHanus CIBT mexaniv-
HUX JOMIIIOK 3 BUCOKOAKTVBHMMM YaCTMHKAMI KOPiyMy
i cmirTa. CyninbHe IOKPUTTA KOPiyMy BOJIOIO 3a paxy-
HOK CTBOpeHHsI «baceitHy» Ha HIDKHIN mmti ['O 3a6e3-
nevye piBHOMipHE OXO/IOJDKEHHA KOPiyMY B YCiX MicIIsAX
JI0TO pO3TiKaHHA NMOPiBHAHO 3 BapiaHTOM 3pOLITyBaHHA
CHPMHK/IEPHOIO CYCTEMOIO.

Tepsoodonmn
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Puc. 3. 3aranpHa cxema CIIBT
nns enepro6mokis AEC i3 BBEP-1000

Puc. 4. 3D-ecki3 TypbonpusifHoro Hacoca Kommasii KSB [8]

Hpyruit koutyp CIBT € «ancTum» KOHTypOM Tex-
HIYHO{ BOAY, SIKMII He Ma€ IMPSIMOTO KOHTAKTY 3 IPOAYK-
TaMM PaJioOaKTMBHOTrO NOAiny. [l mogadi Bogy Zpyroro
KOHTYPY Iepef6ayaeThCsi BUKOPUCTOBYBATU OKPeMi MO-
6impHi HacocHi ycTaHOBKM. CIIOYaTKy TeXHiuHa BOjia BU-
KOPUCTOBYEThCA K po60Ya pifiyHa, 10 IPUBOJUTD Y PYX
Typ6iHy TypbonpuBifHOTro Hacoca [8]. [lani TexHiuHa Bofa
nopgaerbesa B TermoobMinuuk CIBT m1a oxonomKkeHHs
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napy, mo HagxoguTsb i3 I'O. Tuck f[pyroro KOHTypy Bu-
OypaeTbcs OiMBIINM, HiX TUCK HepIIOro KOHTYpy. Takum
YI[HOM 3aII06ira€ThCsA MO>K/IMBICTD BUTOKY PaiioaKTMBHOI
Bozin yepe3 obnmagHanHa CIBT, morpamisnus ii B 060y-
TOBY PEaKTOPHOTO BifiIi/IeHHA i a7l B HABKOMMILHE Cepe-
moBulle. BinBeneHe TemIo B KiHIIEBOMY MiJICYMKY PO3Cio-
€TbCS Y BifKpuTiit BogoriMi mo6musy enepro6moxy AEC.

PesynbraTn nomnepegHix pospaxyHkiB

PospaxyHkoBe MopentoBaHHsa pob6oru CJIBT
0y/710 IpOBefieHO 3 BUKOPUCTAHHIM PO3PaXyHKOBOTO
kogy MELCOR [9] Ha Mogeni peakTOpHOI yCTaHOBKM
BBEP-1000 (B-320) [5] g cuenapito «IloBHe 3HEeCTpyM-
JIeHHs1 eHepro6/oKy». ITif yac MoJen0BaHH BUKOPUC-
TOBYBAa/IUCA 3HAa4eHHA TemnoBoi noryxHocTi CIBT
B fianasoHi 10—-15 MBr. Ilepe6ir ocHOBHUX MOAi po3-
PaxyHKOBOTO CIIeHapio:

BIIKPUTTS 3aM001KHOrO K/IalaHa KOMIIEHCATOpa
Ticky — 10000 ¢;

PYIIHYBaHHA KOPITYCY peaKTopa, pO3/IiB KOpiyMy —
34000 c;

aBToMarmyHe BigkputTa ckupy 3 'O uepes CIICT,
tuck B ['O > 5 krc/em? — 35500 ¢;

sakpurta ckupy 3 'O ugepes CIICT, tuck y I'O
< 3 krc/em® — 70000 ¢

migkmouenHs CIIBT — 75000 c.

[Tepen mouatkom pobotu CIIBT 6ymo smozmenbo-
BaHO OJJHOPa30Be JofaTKoBe HifkuBeHHA ['O Bogoro
61u3bKo 650 M> 1151 3a6e3neUeHH s MOKPUTTS LIapy KO-

piymy.

—— CVH-P_620, with LTCCS, 10MWt
o—o CVH-P_620, No LTCCS
o—o CVH-P_620, with LTCCS, 15MWt
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I3 HaBefieHMX Ha puC. 5 JaHUX BUHO, IO pobOTa
CIBT pae 3Mory 3MeHIINTY Ta CTabiTi3yBaTH TUCK i TeM-
neparypy B 'O HIbK4e IPOEKTHMX MeXX B yMOBax BA.

[Tpu boMy 3MeHIIYEThCA HeOOXiTHA KiNbKicTh -
k1B po6oru CIICT — y cujenapii 3 mory>xnictio CIIBT
10 MBt ymoBu s po6otu CIICT micnsa migkaodeHH
CIBT pocsaratoTbes nuite opuH pas. O6uasa 11i pakropn
TO3BOJIATD 3MEHIINTY BUKIT PafioaKTUBHMX IIPOLYKTIB
Y HaBKOJIMIITHE CepefiOBUIILE Yepe3 IPOEKTHI HELiMbHOC-
Ti ['O i TpaxT CIICT.

3a/leXXHO Biff XapaKTepUCTUK CUCTEMHU BXKe depes
3-5 mi6 noryxHicte CIIBT Moxe 3piBHATHCA 3 3a/IM1I-
KOBMMU €HEPTOBUIiNIEHHSMY aKTUBHOI 30HU (puc. 6).
Po3paxyHKku Tako)X IOKasaniu, 0 3a YMOB ¢ikcoBa-
HUX XapaKTEePUCTUK OOTaJHAHHS CUCTEMY MOTYXXHICTh
CIBT moxxe perynoBaTucsa BeINYNHOIO 31yBaHHS He-
KOH/IEHCOBAHX I'a3iB MiC/Is TeI/IO0OMiHHMKA (3[[yBaHH
B CKpy0ep).

Beepmenus B po6ory CIIBT Bukiodae mopanbiie
cupaubosysBaHHA CIICT i3 piskuM 3MeHIIEeHHSIM THUC-
Ky B I'O Ta ogHOUacHMM Bukugom cepeposuia ['O 3a
itoro Mexxi. OCckinbpKu TeMnepaTypa Bogu 6aceitHy Bu-
tpuMku (BB), siknit MOfeTI0ETHCS 3araIbHUM 06 €EMOM
6e3 po3zmineHH: Ha BifCiKy, BifIIIOBi/ja€ CTaHy HaCUYeH-
HA 3a TOTOYHOTo TUCKY B 'O, TO B pe3ynbraTi 3HAUYHO
YIOBIIbPHIOETbCA 3MEHIIEHHA PiBHA B BB 3a paxyHOK
BUKMIaHHA (puc. 7).

3a Takoro po3BUTKY aBapii B yMOBax 3araabHOi
notyxHocti B BB 2,6 MBT [5] piBenb B BB crabinisy-
€TbCs Ta IOBIIBHO 3MeHIIYeThcsA. Lle 3abe3neuye fo-
TATKOBUII 3a11ac 9acy 0 MOXK/IMBOTO MiJKuBaeHHA bB,

L o 0 0 0 0 0 I I 00 0
—— CVH-TLIQ_606, CNT floor, GA308, with LTCCS
%0 F|o—o CVH-TLIQ_606, CNT floor, GA308, No LTCCS
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Puc. 5. Tuck (a) i remnepatypa (6) B 'O (with LTCCS — 3 po6otoro CIIBT, No LTCCS — 6e3 CIIBT)
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Puc. 7. PiBens (a) i Temmeparypa (6) Bogu B BB (with LTCCS — 3 po6ororo CIIBT, No LTCCS — 6e3 C[IBT)

0 6yze 6inblI eTaIbHO OLIiHIOBATHCH Y IMOJA/TBIINX
pO3paxyHKax.

Po6ora CIOBT Ha nisHix cragiax BA He BIiMBac Ha
BOJHEBY 0e3IIeKy, OCKi/lIbKYM 3HaYHA Ki/IbKiCTb BOXHIO
B I'O B ueit mepiof Bxe peKOMOiHOBaHa TACUBHUMU aB-
TOKaTaIITUYHUMU peKoMbiHatopamy, a CIIBT He koH-
JieHCYe Tapy 6esnocepenHbo B 06’emax I'O.

BucnoBku

Brposamxkenns CIIBT pns enepro6nokis AEC i3
BBEP-1000 sHa4HO pO3IIMPIOE MOXKIMBOCTI Ta HaZiil-
HicTh cTabinisauii Ta npuBeneHHs B 6e3meynnit cran ['O
B yMOBax BA.

3a paXyHOK YTPUMAaHHs OiJbII HU3BKOTO TUCKY
B I'O mip vac crabinizanii mapameTpiB BUKIJ pafiioak-
TUBHUX PEYOBNH y HABKONNIIHE CepeflOBUIIle 3MEHIIY-
€TbCSA. Y JOBrOTPUBAIiil MepCIeKTUBi caM ¢pakT 36e-
pexxenHs uinicHocTi 'O € BaXIMBuUM 17151 0OMeXXeHH s
BUKMWJY.

Po6ota Bxe BrupoBamxenoi CIICT Ha enepro6so-
kax BBEP-1000 e 3aBaxae dynknionysannio CJIBT
i HaBmakm. 3a HEOOXiJHOCTI MOXK/IMBA CIIi/IbHA po6oTa
CIICT ra CJIBT, mo 3a6e3neunTsb 6ibIIy THYYKICTH
CTpareriit ynpasminasa BA.

Y ninomy 3amponoHosaHa KoHnennisa COBT mnsa
enepro6okiB AEC i3 BBEP-1000 mae HaBefjeHi HIDKYe
HepeBarn.

28 ISSN 2311-8253 Nuclear Power and the Environment Ne 1 (34) 2026



Cucrema JOBrOTPUBAIOTO BiiBeeHHs TeIl/Ia Bifi rTepMOOOOTOHKN

L. ITig 9ac ynpasninua BA:

BOBrOTpUBAJIe OXOJIOM KEHHA 1 3amo6iranusa pyit-
HyBaHHIO ['O;

BuBeleHHA 3a MexXi ['O nuie maporasosoi cyminri
¥ BiICYyTHICTDh BMHECEHHSI Ta HAKONIMYEHH B 00/1ajHaHi
CIIBT BUCOKOAKTMBHMX 4aCTMHOK KOPiyMy;

HesanexHictb CIIBT Bip inmmnx cucrem AEC.

2. Ilig yac moBOJ KEHHSI 31 3HAYHUMU 0O’ EMaMu pa-
Ii0aKTUBHOI BOMI:

3anmobiraHHsA 30i/1bIIeHHI0 00’€MY pajjioaKTUBHOI
BOZIM 3a paxyHOK po6oru C/IBT 3a 3aMKHYTUM KOHTY-
POM UMPKYIALII if yTPMMaHHSA HasABHOI paflioaKTUBHOI
Boxu BcepennHi ['O;

BiICYTHICTb IOTPeOU B ZOAATKOBMX EMHOCTSX AJIS
36epiraHHs pagioakTMBHOI BOLY;

MO>KJIMBICTD JOBTOCTPOKOBOTO TOBOIKEHHA 3 pafii-
OaKTMBHOIO BOJOIO Ha Oi/IbII Mi3HIX eTamax AiKBiganii
HAacC/IifKiB aBapii.

3. Ilig yac BpoBagxenHs CHBT:

MO>X/IVBICTh BUKOPUCTAHHS YHi(iKOBaHIX KOMIIO-
HYBaJIbHMX pillleHb Ha cepiitHux eHepro6mokax AEC i3
BBEP-1000 (B-320);

THYYKICTb /1A peasisaliii 3 ypaxyBaHHIM 0CO0/N-
BocTeit icHylounx enepro6nokis AEC i3 BBEP-1000, cty-
IeHs iX MOJepHi3allill, HAsIBHOCTI IOZaTKOBO BIIpOBa-
I>KEHMX CUCTEM, sIKi BIUTMBAIOTDh Ha mepebir BA.

Konkpertni xapakrepuctuxu obnagaanusa CIIBT 6y-
IYTb BI3Ha4Y€eH] Ha BiINOBIJHMX €TallaX BIIPOBA/I>)KEHH .

Ilna enepro6bmokis AEC i3 BBEP-1000 mpoekty
B-302 (ITAEC-1) Ta B-338 (ITAEC-2) kounenuis CIBT
MO>Ke OyTI 3aCTOCOBaHa aHanorivuo go BBEP-1000 mpo-
exty B-320. Ilpu niboMy crifi BpaXOBYBaTM BiIMiHHOCTI
B KOMIIOHYBaHHi 0O/alHaHHS.
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Long-term Containment Cooling System
for VVER-1000 Nuclear Power Units.
Updated Concept and Preliminary Calculation Results

Severe nuclear accidents (SA) require continu-
ous cooling of nuclear fuel, regardless of its condition,
and thus generate large volumes of radioactive water.
At Fukushima Daiichi NPP, storing this water in tanks
proved problematic due to limited capacity, leakage risks,
and environmental contamination.
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A more effective approach is to manage radioactive
water within the containment (CTMT) during SA ex-ves-
sel phase. Cooling corium with design systems, however,
washes out highly active particles that accumulate in equip-
ment. Since VVER-1000 heat removal systems are not de-
signed for such conditions, this can lead to system failure,
loss of repair capability, and release of radioactive coolant.

Following the Fukushima accident, Ukrainian NPPs
introduced safety upgrades to stabilize CTMT conditions
during the first 72 hours after an initiating event. How-
ever, for long-term CTMT integrity, additional technical
measures for CTMT and corium cooling are required.

This paper proposes a Long-Term Containment Cooling
System (LTCCS) that condenses steam formed after ex-ves-
sel corium flooding. This concept was created and patented
through a partnership between Westinghouse and its sub-
contractor, ES Group. The system ensures efficient heat re-
moval through boiling and condensation, prevents radioac-
tive coolant leakage and spread of corium particles outside
the CTMT, and avoids excessive accumulation of radioactive
water by returning condensate to the CTMT. It also secures
long-term CTMT integrity under SA conditions.

For VVER-1000 reactors, the LTCCS mitigates the
impact of corium on the CTMT base plate and preserves
containment integrity by maintaining pressure and tem-
perature within safe limits. The concept uses a heat ex-
changer (condenser unit) and, if necessary, a turbo-driven
pump (so-called RTS Pump™ by KSB) both located outside
the CTMT. When possible, condensate flows back to the
CTMT by gravity. Comparable systems, based on West-
inghouse patents, are being implemented at Rivne NPP
VVER-440 Units 1 and 2.

Preliminary calculations confirm the effectiveness of
the proposed LTCCS concept for VVER-1000 reactors.

Keywords: severe accident, VVER-1000 reactor, heat removal,
long term containment cooling system, severe accident
management, ex-vessel phase, accumulation of radioactive water.
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HelipomepexxeBi mporpaMHi 3aco6u a1 aBTOMaTUIHOL
TiarHOCTUKM €JIeMEHTiB 00/TaJJHAHH A ATOMHUX €1eKTPOCTAHIIIN

Knrouosi cnosa:

LITYYHi HEMIPOHHI Mepexi,

KapTa caMOOpraHisauii,

aNropuTM caMoHaBYaHHA KoxoHeHa,
CTOXACTUYHI IMHAMIYHI CUCTEMU,
caMoajanTarlris,

aBTOMAaTHYHa JiarHOCTUKA,
006maTHAHHA ATOMHIX
€/IeKTPOCTAHLIl

3aIponoOHOBAHO BJJOCKOHA/IEHY MOZENb HaBYAaHHA KapTM CaMOOpraHisalii, mo mae
3MOT'y BUKOPYICTOBYBAT! OOMe)XeHi MacMBI allpiOpHMX JaHUX AJIA peanizauii eramy
HaBYaHHs HEIIPOHHOI Mepexxi. PO3po6/IeHO aIropuT™ eBOIOLiIIHOTO HABYAHHS KapT
caMoopraHsisauii, 110 3a6esmnedye MOXX/IMBICTh HOZABAHHS HOBUX, AIIPIOPHO HEBifo-
MMX Ha [IOYaTKOBOMY eTalli HABYaHHA, KJIaCiB 1iarHOCTMYHMX 0O €KTiB 3 METOIO €BO-
JIIOLITHOTO CAMOHAaBYaHHA HEMIPOMEPEXXEBOI 1iarHOCTUYHOL CTPYKTYPU. YJOCKOHaJIe-
HO MOJIe/Ib IIPOlleCy HaBYaHHA KapTU CaMOOpraHisallil, o BMKOPUCTOBYE 0OMeKeHi
MAacHUBIU aIPiOPHUX JAHNUX Ta CKOPOUYE Leit mporec. PospobieHo anroputMu aBroma-
TUYIHOTO BU3HAYEHH I MOMEHTIB M>KK/IACOBUX II€PEXOMIB JiarHOCTMYHOTO 00’€KTA, 1110
HaJal0Th NiaTHOCTUYHIi HellpoMepeXXeBiil CTPYKTypi 34aTHOCTI 1o ii caMmoajanTanii
B yMOBax aIlpiopHOI HeBM3HA4eHOCTI KaciB. CTBOpEHO HelipoMepesKeBi IPUKIAgHI
IpOorpaMHi 3aco61 [Is1 aBTOMaTUYHOIO PO3Mi3HABAHHS PEXMMIB eKCIUTyaTanii ere-
MEHTIB TOJIOBHOrO OOJafHAHHS SIEPHNUX €HEProOIOKiB, KPUTUYHO BAXIUBUX /IS

eKCIUTyaTanifiHoI 6e3IeKy aTOMHIX eeKTPOCTAHIiIL.

Beryn

CyuacHi mporpaMHO-TeXHI4YHI KOMIIIEKCH iiarHOC-
TUKM obmagHaHHS aTOMHuX enexkrpocranuin (AEC)
YkpaiHu Ta iHINUX KpaiH CBiTy 3a0e3mevyloTh nuiie
HaJaHHS eKCIUIyaTalliiflHUX JaHUX AJIs1 OIePAaTUBHOTO
HIepCOHAY, AKUIT eBPUCTUYHO POPMYE HiaTHOCTUYH] pi-
LIEHHA IIOf0 MOTOYHOTO TEXHIYHOIO CTaHy €7IEMEHTIB
TOJIOBHOTO O0/IaJHAHHS SIIEPHOTO €HEePro6/IoKy. Y 6ib-
IIOCTi BUMA/IKiB MOXK/IMBUX HeOe3IIeUHNX ITOIIKOI)KEeHb
11bOTO0 00/Ia/fHAHHS, 30KpeMa, PyJTHaIlil TBe/IiB AepHOTO
peakTopa (fIP), Mo)XHa YHMKHYTM 3aBYaCHUM IIOIEpe-
I>KeHHAM IMX aBapill 3aBJAKM PAHHbOMY aBTOMAaTU4-
HOMY BMABJIEHHIO BiITOBilHMX HEMITATHUX €KCII/Iya-
TaIlifHUX PEeXUMIB y TOTOBHOMY 00/aiHaHHi AepHO]
eneproycraHoBku (IEY). [lna aBromatusanii mpomecy
¢dbopMyBaHH: [JilaTHOCTUYHUX pillleHb HEOOXiTHO CTBO-
pUTHU IIpOrpaMHi 3aco6u, sIKi Jal0Th 3MOry: 1) po3mi3Ha-
BaTU peXXUMM eKcIuTyaranii oomagnanasa AEC sa crex-

TPaJbHMMU MapaMeTpaMU HiaTHOCTMYHMUX CUTHAJIIB;
2) inenTUdikyBaT MOYaTKOBi a3y Imepexoxy Ao He-
IITATHUX PEXMMIB eKCIUTyaTanii 1boro obmagHauusA [1].

Peanisanis nepiuoi i3 3a3HadeHuX QyHKIii YCKIa -
HIOETBCS 0OMEXEeHUM 00CATOM HaBYa/JIbHUX JaHUX,
CTOXAaCTUYHOIO IPUPOJOIO JiaTHOCTUYHNX CUTHA/IIB Ta
BMCOKMM PiBHEM iXHBOI 3aIIyM/IEHOCTI MaCKyIO49UMMI
TeXHOJIOTIYHMMY IIyMaMMu. 3 OINAAY Ha ILie BUKOPU-
CTaHHS BiJOMUX METOJ[iB CTaTMCTUYHOTO, T€OMEeTpIY-
HOTO Ta CTPYKTYPHOTO pO3Mi3HaBaHHA TaKUX JiarHOC-
TUYHMX 00 €KTiB CyTTEBO YCKIAJHIOETHCA 260 B3arali €
HEMO>X/IMBUM. Y TOJ JKe yac HelipoMepexXeBUil MifXif 1o
ixHbOi imeHTUdiKanii Ha OCHOBI caMoopranisanii mryy-
Hux HeitpoHHUX Mepex (IIIHM) mpuHIunoso gae samory
3abesneunTy QyHKIIIOHYBaHHA TaKOI CHCTEMU PO3IIi3-
HaBaHHS 3 BUKOPUCTAHHAM OOMEXEHIX HaBYaIbHUX
[AHUX Ta B peaJIbHOMY Yaci [2].

BukopucraHHsa KapT caMOOpraHisalii B CTPyKTy-
pi ITHM 3 Tononoriero KoxoHeHa 3arasnoM BifnoBifae
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xapakTepy copMy/IbOBaHOI BUIIe 3a/adi aBTOMATU Y-
HOI OIIePaTUBHOI [IATHOCTUKY BaXK/IMBUX JI/Is1 Oe31eKn
efieMeHTiB romoBHOro obnaguanusa AEC. Meropu HaB-
yanHA [[IHM nporo tuny pocnimxysanuch T. Koxone-
HoM, P. X. CaguxoBum, M. €. BarkiHum Ta iHmmMu Hay-
KoBLAMIU. [IpoTe 3anponoHOBaHI UMMU JOCTiZHUKAMU
anroputMu GyHKIIIOHYBaHHS KapT CaMOOpraHisanii He
Ti/IbKM He 3a0€311eYyIoTh BUCOKOI HafilfHOCTi po3mi3Ha-
BaHH;I, aJie i1 He JAI0Th TAKOXX 3MOTH 3a0€3MeYnTI CaMo-
aganraniio ITHM B ymMoBax anpiopHOi HeBU3Ha4Y€HOCTI
KJIaCiB, [0 MiJIsAraoTh ifeHTudikarii. Yrim came taki
anpiopHi iHpopMaliitHi 0OMeXXeHHs BifiMOBIAAIOTH pe-
aTIbHUM yMOBaM (PyHKIIIOHYBaHHSA CUCTEM pO3Ii3Ha-
BaHHJ Hif Jac izeHTUdikanii aHOManbHKX Ta Mepena-
BapilfHUX peXXMMiB eKkcIuryaTanii B enemenTax SAEY [1,
2]. Opnax anroputmu camoapanranii [IIHM B ymoBax
aIlpiopHOI HEBM3HAYEHOCTI K/IACiB [0 TENEPIIIHbOTO Yacy
€ pakTyHO HeBijoMMUMU [2].

OTxe, po3pobKa TaKUX HelPOMepeXeBUX a/ro-
PMTMIB Ta CTBOPEHMX Ha IXHill OCHOBi NMPUKIaAZHUX
MPOTPaMHUX 3ac00iB [T aBTOMAaTUYHOI IiarHOCTUKMA
obmagHanHA AEC y peaqbHOMY 4Yaci € aKTyaIbHUM Ha-
YKOBO-T€XHIYHVM 3aBJJaHHAM, BUPILIEHHA AKOTO CTBO-
pIo€ HeoOXifiHi Tepe;yMOBM /151 CYTTEBOTO MiBUIEHHS
eKCIUTyaTaliilHOI 6e3MeKy AAePHUX eHeProOIOKiB.

ITpo6neMHi nUTaHHA aBTOMAaTUIHOL
BiarHOCTMKI HeperTaMeHTHIX PeKIMiB
eKcIuryatanii romoBHoro o6nagHanas AEC

Ak Bimomo (3], cy4acHi mporpaMHO-TeXHIYHI KOMII-
JIeKCY MOHITOpUHTY Ta AiarHocTuky obmagHanus AEC
HAJal0Th CYyTTEBO OOMeXXeHy iH(opMaliiiHy mifTPUMKY
olepaTopaM O/I0YHOTO IIMTA YIIPABIiHHA i He 3a6e3meuy-
I0Tb peasisalii GyHKIill aBTOMAaTNYHOTO PO3Ii3sHaABAHHSA
Hebe3MeyHIIX aHOMA/IbHIX Ta IlepefjaBapilfHNX PeXXIMiB
eKCIUTyaTalii y Bignosifganpaux eneMenTax AEY. Ilokaso-
BO, LI0 B HASIBHUX O0YMCTIOBAIBHIX 3aC00aX OMEPaTUB-
HOTO KOHTPOJTIO sJIEPHUX eHepro6/IoKiB mporec popmy-
BaHH 1iaTHOCTMYHYX pillleHb NOK/IaZieHO Oe3IocepefHbO
Ha OIIepPaTOPIB 11X KOMITIOTEPHIX CHCTEM, 1110, 3BIYAITHO,
3yYMOBJIIO€ IXHE CYyTTeBe iH(opMalliliHe TepeHaBaHTaKeH-
H1, 0COO/IMBO B HEIITATHUX eKCIUTyaTalliiiHIX yMoBax. [3
IVIX MO3MUIIil1 IOLi/IBHO PO3I/ISIHYTH XapaKTepHi 06 €KTn
IiarHOCTMKM 3 KOMIUIEKCY iHTe/IEKTyaTbHMX 1iaTHOCTI Y-
HUX 3aBJIaHb, IO MiIATAI0Th BUPILIEHHIO B 1ilt po60Ti
IS BOX TUIIOBKX eleMeHTiB obnmaguanusa AEC: 1) ocbo-
BOTO Ii/JIIMITHMKA By3/la KOB3aHHsI TApPOBOTO Typboarpe-
raty (IIT) AEY; 2) TBeniB, AKi po3TamoBaHi B aKTUBHI
30Hi (AK3) peaKTOPHOI yCTaHOBKIL.

3 mosuir MeToxosorii cyJacHoi Teopii posnisHaBaH-
Hs1 00pasiB CIOYATKY AOLI/IBHO POSI/IAHYTU MaTeMaTUd-
Hy opmarisanito 3agadi aBToMaTN4HOI ifeHTNDiKamil
TUX K/IacCiB eKCIITyaTallilHNX PeXXKMMiB BUIe3a3HAYE€HNX
enemenTiB SIEY, 1m0 MaroTh posrisigatucs sik 06 €Kt [i-
AarHOCTMKM. 3TiZHO 3 UM IiJXOJOM PeXMMH eKCITya-
Talii 3a3HaYeHNX OO'EKTIB MIaTHOCTUKM, AKi HeoOXimHO
ineHTM(iKyBaTH, CTAHOBIATH MHOKMHY KJIaciB 06pasis
A={A A, .., A, .., A } e A — eaKnii pexxXuM ekcrrya-
Talii [bOro obasiHaHHA; M — 3arajibHa KiZIbKiCTh BU3Ha-
YEHNX PEXXIMIiB; i — IIOTOYHUITI HOMEP K/Iacy BifJIIOBiJHO-
IO eKCITyaTaliifHOro pe>xkuMy. MHO>XXIHA CIIEKTpanbHUX
peanisauii fiarHOCTMYHUX CUTHAJIiB Bi[IIIOBiHO 1O BU-
I[e3a3HaYeHNX K/T1aciB 06pa3iB CTAHOBUTD iHITY MHOXU-
Hy BUITQIKOBUX 00°€xTiB: B = {B, B, ..., Bj, ..., B}, me
Bj— sKach KOHKpeTHa peanisanis; T — 3arajabHe 4MCIo
HEOJHAKOBUX pearisallili; j— MOTOYHMIT HOMED pearisa-
1ii; Ipy LIbOMY BUKOHY€ETbCA HepiBHICTD T > M. Cykyn-
HICTb IIJarHOCTUYHUX O3HAaK, 30KpeMa CIeKTPa/TbHUX,
JII KOYKHOTO 3 e/IeMeHTiB MHOKVMHU B yTBOpIoe iHmry
MHOKMHY X = {x, X, ..., X, ..., X}, Ie X, — MesKa KOH-
KpeTHa 03HaKa; N — 3arajibHa KiJIbKiCTb 03HaK; k— I10-
TOYHMII HOMep o3HaKM. 111 MHOXXWMHA PpopMye BinmoBia-
HUII BXiZHNIT J1arHOCTUYHII 6araTOMipHMIT BEKTOP, IO
Mae O6yTu ineHTndikoBaHMIL. Y CBOIO Yepry KOXHY 3 I{UX
03HaK popMye iHIma MHOKIHA X, ={ X, X}, .. X', X2}, e
X; — AKECh KOHKPETHE 3HAYCHH O3HAKM X, R —3aranb-
He YNCIO TPAjialliit O3HAKY X3 |— noTounnit Homep rpa-
Jalii crieKTpaabHOI O3HAKIU.

Y xoHTeKcTi 11iei popmanisauii BupinryBaHoi sagadi
HeoOXiHO TaKOX IPOaHalTi3yBaTy iCHYI04i METOHOIO-
rivHi MiZXOAM KO po3mi3HABaHHS BUIAKOBUX 00 EKTIB
i3 BUKOPUCTaHHAM CTaTUCTUYHOI TeOpii po3NisHaBaHHA
06pasiB, a caMe: BiToMOro 6araTOBMMipHOTO FeOMeTPUY-
HOTO MiJIXOAy Ta CTPYKTYPHUX METOZiB aBTOMaTUYHOI
imenTudikanii, sKi Ha TemepilHii 9ac € HaO1I/IbII PO3-
BuHeHnMu. [Ipu iboMy aHamisi cmif BigsHaumTy: 1) Big-
CYTHICTb Qi3MYHMX 0OMEKEeHb CTOCOBHO HAaOYTTA MacH-
BiB allpiOPHUX HaBYa/IbHUX JAaHUX JJIS1 KOXKHOTO 3 KJIaciB
MHOXVHU A BU3HAaYa/IbHUM YMHOM BIUIMBAE HA HAJil-
HICTb PO3Mi3HaBaHHS, IO 3a6e3neqyeTbc;{ Ha OCHOBI Bi-
TOMMX CTaTUCTUYHUX, TEOMETPUYHUX Ta iHIIUX MOJeeil
pO3Ii3HaBaHHSA; 2) 3aCTOCYBaHHA I[UIX MOJIe/Iell BIMarae
IJIsI CBOET peastizaiii 3HAYHUX 00’€MiB HaBYAIbHUX JIa-
HUX; 3) HAABHICTD (i3MYHOTO YMHHMKA PU3MKY ITOIIKO-
I KeHHA BigmoBifanbHuX eneMeHTiB AEY, Hacamnepep
TBEJIiB, Y IPOIeCi OTpMMaHHSA VX HaBYaJIbHUX JaHUX
IiJ] 9ac BifTBOPEHHA NepeflaBapifiHNX PEXXUMIB CyTTe-
BO 00Me)X Y€ MOXX/IMBOCTI 3aCTOCYBaHH S BiJOMUX MOfie-
neit posnisHaBaHHs1; 4) ITHM npuHIKMIIOBO € 3TaTHUMMU
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1o edpeKTUBHOI peanizauii mpouesyp HaBUaHHSA 3 BUKO-
PUCTaHHSAM CYTTEBO OOMEXKEHVX HaBYa/IbHNX TAHX, IO
CTBOPIOE HEOOXiHI IIepefyMOBH J/Is1 OfJONAaHH: 0OMe-
’K€Hb, IPUTAMaHHUX BiJOMUM MOJIE/IAM PO3Ii3HaBaHHS.
3 nux nmosnuin sanponoxnosaHa T. KoxoneHoM Tomosoris
IIIHM (ITHMK) [4] € 3maTHOO 0 aBTOMaTMYHOTO K/Iac-
Tep-aHasi3y, TOOTO 10 caMoopraHisanii HelipoMepeskeBoi
crpykrypu. Ll Bractusicts ITHMK cTBoproe HeoOxinHi
nepeayMoBH A1 11 3aCTOCYBaHHA Mifl Yac PO3BsI3aHHA
copmynboBaHOI BUIIE JiaTHOCTUYHOI 3a/1a4i. 3 OT/IALy
Ha 11e B po60Ti [2] mpecTaBieHo gaHi OO BiTOMMX TO-
nojorint HITHM, ixHix ¢YHKHiOHaHbHMX 0CcobIMBOCTEI,
a TAaKOX BiJOMMX IPOTrpaMHMX MAaKeTiB /1A peanisanii
HNIHMK.

Kpim Toro, mae 6yTu BigsHaueHo, IO BiiMOBITHO 10
peanbHuX yMoB ekcrtyaranii AEC 0co611Boro sHa4eHHs
HabyBae 3[]aTHICTb CTBOPIOBAHOI B 11iiT POOOTI ImepcIeK-
TUBHOI HEIPOMEPEXKeBOI [JiarHOCTUYHOI CTPYKTYPH [0
caMooprasisaliii Ta eBOMIOLIIHOTO caMOHaBYaHHs. IIpo-
Te BuIe3asHavyeHa Tonoyoris ITHMK nux ¢pynkuionans-
HUX MOXXJIMBOCTEN He Ma€. TakuM 4MHOM, [JIsI PO3Bs-
3aHHs IPOO/IeMN aBTOMATUIHOI {IaTHOCTHKY e/IEMEHTIB
ronoBHoro o6nagHanHa AEC y niit po6oti Matotb 6yt
BUKOHAHi HAYKOBO-JOCTiTHI pO3pOOKY 3i CTBOpeHHS ITpO-
TpaMHIUX 3ac00iB /s peaisauii fiarHOCTUYHOL HelIpo-
MepeXXeBOi CTPYKTYPH i3 3a3HAYEHNMY MOXKIMBOCTAMIL.

CrpykTypHi Ta QpyHKIiOHaNBHi 0COOMNBOCTI
IITyYHOI HeIIPOHHOI MepeXi i3 camoopranisaniero

Ha puc. 1 HaBeeHO apXiTeKTypHi 0COOIMBOCTI Hell-
poMepexeBoi CTPYKTYPH, SIKY aJalITOBAHO 10 BUpilIeH-
HA 3aB/IaHb PO3Mi3HaBaHHS peaji3allill aBTOCIEKTPaslb-
Hoi noBHOCTi (ACII) mIyMOBMX [1iaTHOCTUYHNX CUTHAIIB
B €JIeMEHTaX roioBHOro obnaguanug AEC.

BusHauanpHOI0 0CO6MMBICTIO L€l HelipoMepexe-
BOI CTPYKTypy NIPMHIIUIIOBO € CAMOOPraHi3allisl Ha eTa-
i HaBYaHHA. 114 QyHKIiA aBTOMaTNYHO BUKOHYETHCS
B XOJi polLecy KnacTepusalii KapTu caMoopraHisaii
Ha OCHOBI ITONIEpeIHbO HEBNOPALKOBAaHOTO HaBYa/IbHO-
r0 MacMBY BUIIafIKOBUX BXiIHUX BeKTOpiB. IIpn npomy
MIOC/TiOBHICTh CaMOOpPraHi3alii Ha OCHOBI aITOPUTMY
KSOM (Kohonen self organizing map) taka: 1) popmy-
BaHH [IOYATKOBOTO HelipoHHoro nosns NE; iHinianisanisa
IIOYAaTKOBMX CMHANTUYHMX BaT BXiJHOTO HEIIPOHHOTO
HIapy Ma/jTMMM 3Ha4eHHAMI; 2) BU3HAYeHHA 03HAKOBIX
ITapaMeTpiB BXiHOro BeKTopa X HEBilOMOI pMHAIEX-
HOCTI; 3) 004MC/IeHHS eBKITi/[OBOI METPUKMA dj BXiZgHOTO
BeKTOpa X 3a KOXXHUM BUXiJHNMM BY3/IOM j; 4) BU3Ha-
9YEeHHS BUXiJTHOTO BY3/Ia j 3 MiHIMa/JIbHOIO METPUKOIO dj;

Puc. 1. Apxitektypa ITHMK, ne: X, - ciekTpanbHa MOBHICTh
i-TOI CIIEKTPa/IbHOI KOMIIOHEHTY aBTOCIIEKTPaNbHO]
nosHocTi (ACII); Wi].— CMHAIITMYHA Bara i-KOMIIOHEHTH /IS
j-Hettpona IITHMK; n — 3aranbHa KiZbKiCTb CHIEKTpanbHUX
o3Hak peanizanii ACII giarHOCTMYHOTO CUTHATY

5) KOPUTYBaHHS CHHANITUYHUX Bar MITYYHNUX HENpPO-
HiB, 1[I0 3HAXOAATbCA B HEMPOHHOMY IO NEj(t) BYy37/1a
j; 6) KOPUTYBAaHHSA IPUPOCTY 1), L0 3HAXOAUTHCA B Me-
*Kax 0 < n(t) < 1 i Mae 3MeHIIYBaTHUCh 31 3pOCTAHHAM I;
7) nepesipka 36iHOCTI mponecy HaBuaHHA. [Ipy ibomy
361>KHICTb BBaXKa€ThCS JOCATHYTOIO, AKIIO 8) CUHAITIY-
ui Baru W, cTabinisyBanuce; 6) BUsHaYeHMit Ha KPOLi 5
KOPUT'YIOUMIT IPUPICT cTaHOBUTH 1) = 0. SIKI1[0 301KHICTD
BiICYTHS, TO BifOyBa€eThCs HOBEpHEHHS [0 eTamy 2.

@DakTNYHA CYTb IIbOTO AJITOPUTMY — KOMII IOTEp-
He MOJEII0BAHHS IPOLEeCY «KOHKYPEHI[iI» OKpeMuX
HITYYHUX HelipoHiB mapy KoxoHeHa mif yac peamisanii
K/IacTep-aHajli3y BXiJHOTO HEBIIOPAZKOBAHOIO MAaCUBY
BUIIAJIKOBO OOpaHMX 3 HABYAIbHOI BUOIPKY CIIEKTPasIb-
HUX peaji3aliil BifNOBIHNX JiaTHOCTUYHIX CUTHAIIB.
KinnesnM pesynbTaToM LbOTO IPOLECY € BU3HAYEHH
IIPMHAIEXXHOCTI S-peanisanii BXifHOTO BUIaJIKOBOTO
BekTOpa X* = {X1, X2, ..., X}, ..., X }; Jlo opmHiei 3 M kmac-
TepHUX IPYTL, 10 IpeACTaB/lIeHi BEKTOPHUMM LeHTPaMU
Wj = {ij Wos oo ij},jz 1, 2, ..., N. Ikmo gna gesaxo-
rO MOMEHTY 4acy ¢ ClleKTpa/IbHa CKIafloBa i-IO BXiTHOTO
BEeKTOpa X CTAHOBUTH X, (t), TO CMHATITMYHA Bara BiJIoBi-
HO i BXOJY CTAHOBUTD w, (#). 3rigHo 3 anroputmom KSOM
6araTomipHuit BekTop X € IPMHATKHNIM IO j-K/IacTepa
3a yMOBI, SIKIIIO €BK/Tifl0BA BifICTaHb d. IO 10T0 BEKTOP-
HOTO LIEHTPY W, CTAHOBITD dj < dk, k # j, xonu us merpu-
Ka € MiHiMabpHOI. IlonepenHbo BUSHAYEHMIT OTOYYIOUMIA
IPOCTip KOXXHOTO BuXigHOro By3na SOM dopmye Binmo-
BifHe HelipoHHe nojie NE, IpOCTip AKOTO B XOfii BUKOHAH-
Hs eTamniB aaroputMy KSOM Mae 3MeHITyBaTHCh.
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Orxe, HaByaHHA SOM, BIIOBITHO O PO3T/IAHYTO-
ro Buie Bigomoro anroputmy KSOM, € ogHuM 3 etamis
¢dbopmyBaHHA 1i€l Mepexi B pexxuMi HaBYaHHA. 3a pe-
3y/IbTaTaMy IIbOTO €TAIly MA€ BUPIIIyBaTUCh 3aBAAHHA
KacTepisanii orpumanoro mapy Koxonena. Ha Bigminy
Bif uporo Bigomoro aaroputmy KSOM y miit po6orTi 3a-
IPONOHOBAHO iHIIy cxeMy ¢popmyBaHHA SOM, 3a AKOIO
Ha eTalli HABYaHH:A NOIEPEeJHbO BUKOHYEThCA iHiNia-
misanis neHTpiB kaacrepis. I[lopiBHAHHA cxeM dpopMy-
BaHHA KapTy SOM BifIIOBiIHO KO BiJOMOT0 aITOPUTMY
KSOM ra 3anponoHoBaHoi aBTOPOM JaHOI po6OTHI MO-
nu¢ikamii 1bOro aNTOPUTMY HaBefleHO Ha puc. 2. Bepx-
HA TiIKa 1ji€l cXeMU BiflloBifa€ BifOMOMY anrOpUTMY
KSOM, HM>XH# rifka — 3aIpOIIOHOBAaHIl y HaBeJeHil
pobori Mopudikaii IbOTo aIrOPUTMY.

Ha miit cxemi 306pa>keHo TaKoX cTafil popMyBaH-
Hs1 SOM 1ic/s KOXKHOTO 0641C/TI0BaIbHOTO eTamy. JIis
LIbOTO B IpaBill YaCTUHIi puUcC. 2 HaBeJeHO BifANIOBifAHI
TpuBUMipHi Bifobpaxxenus SOM, oTpuMaHi 3a JaHNMU
Bisyasisalii i€l CTPyKTypu Mif Yac BUPILIEHHS TECTO-
BOI 3a/1a4i po3Ni3HaBaHHSA YOTHPUETEMEHTHOI MHOXN-
HM KJIaciB. 3 imocTpanii BUIIMBAE, 10 BifJIIOBIHO [0
3anponoHosaHoi Mopngikanii anropurmy KSOM micns
eTaly HaBYaHHA KapTy caMOopraHisanii ii cTpyKTypa
€ HepiBHOMIpHOIO. Y TOI1 JKe Yac peasisaliis BijoMOro
anroputMy Kinacrepusanii Boponoro y [5] dopmye reo-
METPUYHO HEPIBHOLIIHHI KJacTepH, 10 IPU3BOAUTD [0
HEJTOCTaTHBO e()eKTUBHOTO BUKOPYCTAHHA HEVIPOHHOTO
o151, CPOPMOBAHOTO 32 KITaCUYHUM anroputmom SOM.
A 32 BIICYTHOCTI TpoLefly py K/IacTepM3allii 3allpOIIOHO-
BaHa Mofudikalisa anropuTMy 3abesnedye piBHOMipHe
¢dbopMyBaHHS KapTu caMoOpraHisanii ta egeKTUBHOTO
BUKOPMCTAaHHS BCbOTO HEJIPOHHOTO IO/ Li€l KapTiu.

Hasuansna
subipia

Kpim Toro, BusHauanbHa 0co6muBicTh Mopudiko-
BaHoro anroputmy KSOM nonsArae came B momnepepHiit
&iznyHil iHiniaTisaii eKCrepToM BiJIIOBIIHMX LIEHTPIiB
K1acTepHux rpyn kaptyu SOM. 3 11i€1o MeTOx0 Ha Miir0TOB-
JOMY eTalli (PyHKIIIOHYBaHHS aITOPUTMY, AKUIT IIepefye
IpoLieflypi HaBYAHHS, eKCIepT GOpMYe LIabIOH MaitbyT-
Hboi SOM, po3TaIIOBYIOYM B Hill €TaJIOHHI 3pasKu KOXK-
HOTO 3 K/IaCiB MHOXXVHU A, 10 HifI/IATal0Th PO3MIi3HABaH-
H10. [T0Ka30Bo, 1110 TOOY0Ba IITYYHOI HEIIPOHHOI Mepexxi
KoxoHeHa BMKOHY€ETbCA 3a IPYHIMIAMY 00 €KTHO-Opi€H-
TOBAHOTO IporpaMyBaHHA. CrIiff 3a3HaYNTY, 110 IIepeBa-
raMI 3aIIpolIoHOBaHoi Mopudikanii anropurmy KSOM e:
1) sHayHe cKOpoYeHHA Yacy popmyBaHHA SOM Ha erami
HaBYaHHA 3aBJAKY BiICYyTHOCTI eTaIry 361KHOCTI (11 301k-
HICTb JJOCATAETbCA BXXe Ha NIEPLUIOMY eTalli yIOPAAKYBaH-
Hs1 HeJIPOHIB); 2) MifABUIIIEHH S HA[[iTHOCTi pO3ITi3HaBaHHS
HEBiIOMOr0 BXiIHOTO BEKTOPa 32 PaXyHOK i BUIIEHHSA
eeKTUBHOCTI BUKOPUCTAHHSA HEIPOHHOTO Moy, Takum
YIHOM, 3aBJISIKM ITOTlepenHit GpisuyHiit ininiamisanii ieH-
TPiB K/IACTEPHUX I'PYII 3a0€31e9yEThCS MOXK/IUBICTD eeK-
TUBHOTO HACTYIIHOTO po3mupeHHA Kaptu SOM, mo fae
3MOTY peasisalii IpoLeaypu €eBOMIOLiIHOTO HaBYaHHA
CTBOPIOBAHOI B POOOTI /IiarHOCTUYHOI HellpoMepexXeBoi
CTPYKTYPM. Y pe3y/bTari peasisaliis pospo6neHoro auro-
PUTMY BKJIIOYA€ TaKi 0OUNCTIOBAIbHI eTamm:

1. Iniyianizayis. 11 BUXiGHUX BEKTOPiB CUHAI-
TUYHIX BaT W, (0) BMOMpar0ThCsl BUMTATKOBI 3HAYEHHS,
AKi GOpMYIOTh BifTIOBimHMIT (pa3oBMit MpOCTip Mepexxi
(puB. puc. 2, r). I[Ipn boMy BU3HaYaTbHOIO BUMOTOIO €
PO3XOJ)KeHHA BXiJJHUX BEKTOPiB, SIKi BiANIOBial0Th Pi3-
HVM 00/1aCTAM KapTU CaMOOpTaHi3aii, 110 MiCTATD Hell-
pounj=1,2, ..., I, e |- 3aranbHa KiNbKicTh HeNPOHiB

Y CTPYKTyPi.

Bidomuii anzopumm KSOM @ @

eKcnepit l

L |

| eKcnepm T
Hasuansna
eubipra @

Modudinosanui
anzopumm KSOM

f
&)

E > Knacmepizayin |
= 5.
&x . gl
§ Y — g
" =8 - B3
= -2- AT omycricmn ‘;( )
TE Mnoxcunn = = Ingropmanin npo
Hasuanwna B kot 25 20mi0GHICH
subipra 2 ga' s do posnisnacanns
g 23 2
XE T = 3
g Iniyianizayis =3
= HEHMPIE
Kacmepie

©

Puc. 2. I[lopiBHAHHA cXeM HaBYaHHA KapT caMOOpraHisalii: a, r — mouatkosuii etan ¢popmysansasa SOM;
6 — crpykrypa SOM micist HaBYaHHs; B — CTpyKTypa SOM mic/st KimacTepusanii;
I — ¢isnuHa ininiamisanis eHTPiB KIacTepiB; € — pesynbraT popmMyBaHHs MopgudikoBanoi kapTu SOM
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2. Mapxkysannsa netiponie. [l ininianisanii kKaptu
caMOOpraHisanii y BiflIOBiJHMX MiCLIIX IOKPUTTS BCTa-
HOBJIIOIOTBHCS IIeHTPU BiJIIOBITHIX KJIACTEPHUX I'PYTI, IO
IIpefiCcTaB/IeH] eIeMEHTOM CXeMU Ha puC. 2.

3. Kouxypenuyis netiponis. 13 BXiJHOI HEBIIOPATKO-
BaHOI MHO)XVHJ BUIIaJIKOBVX BEKTOPIB OBI/TbHO BUOU-
PaEeTbCA BEKTOP X 32 YMOBH, L]0 BEKTOP CUMHANITUIHUX
Bar KOXKHOTO 3 HEMIPOHiB MepeXXi Ma€ Ty caMy po3Mip-
HiCTb, O ¥ X = [X, X,, ..., X, ], le n — posmipHicTh BXiz-
HOTO BEKTOPA.

4. Towyx maxcumanvroi nodo6u. Ha ocHOBi kpuTe-
pifo MiHIMYMY 3 BUKOPUCTAaHHAM €BK/IilOBOI METPUKHA
BU3HAYAETHCS TOMIHAHTHMIL HEMIPOH 7, TOOTO TaKuIi, 1[0

d(xw) =|x-w]| =

ne d (x, w) BimoBiflae BificTaHi MiXX BeKTOpamMu X i w,
a N € Ki/IbKiCTIO HEelIpOHiB.

5. Tenepauis H068020 knacmepa. SIKII0 BiCTaHb Bifl-
oBifae HepiBHOCTI d (X, w) = A (K110 BXiHMIT BEKTOP
He HaJIeXUTD /10 )KOJHOTO 3 BiJOMUX KJIaCiB), TO TeHepy-
€TbCSl HOBUI K/IacTep i3 BiNOBIIHMM KJIACTE€PHUM LI€H-
TPOM, L0 NIpeJCTaBIeH NIl CXeMOIO Ha puc. 3, a.

6. Ilpouec koonepayii. BusHaya€TbcA TOMONMOTiYHA
OKOJIMIIHICTD h],’,. i3 IEHTPOM y OMiHAaHTHOMY HEJIPOHi
i, IO CK/IaJIa€ThCS i3 MHOXXVHU HEJIPOHIB, sKi KOOIIepY-
OTBHCS:

d’
_ _ ji _
hj)i(x)— exp 2\/(;1)2 ,n=0.12.3..., )
e dj ,— JlaTepajbpHa BifICTaHb Mi>X JJOMiHAHTHUM I Ta

BApyre 30yI>KeHUM j HelipoHaMu; 0 — epeKTUBHA
MIMPUHA TOIONOTIYHOTO OKOJY, KMl OOUNCITIOETBCS
3a popMyII0I0

o(n)=o0,exp _r , n=0,1,2.., 3)
1

7ie 0, GYHKIIisA OKONMMIIHOCTi IOPiBHIOE PAJIiyCy CTPYKTY-
pu, a T, — IOAATKOBMIT KOeillieHT, AKMIT 06UMCTIOEThCA
Ak T, = 1000/log o,

ITpu npomy Q)YHKH.iH OKOJIMIIHOCTI h} i(x) MA€E 0XO-
IIJIIOBATY MPAKTUYHO BCi HEPOHM MepeXi I MaTy LIeHTP
y JOMiHAaHTHOMY HelipoHi. 3rogoM 1 QyHKIIisg Ma€ Io-
CTYIIOBO 3BY>KYBaTWCb, OXOIUTIOIOYY Ti/IbKV HaOMMXK-
YMX CyCifjiB JOMiHAaHTHOTO HelipoHa (fuB. puc. 3, 6).

7. Cunanmuuna adanmauyis. KopekTyloTbcs BeKTO-
PY CMHAIITUYHUX Bar yCiX HepOHiB, 1[0 IepeOyBalOTh

Y TOmonoriYHOMy oKomi h, ,

w;(n+1)=w,(n)+n(n)h;, , (n)(x—w;(n), @

e wj(n); wj(n+1) — BEKTOPU CMHANITMYHKX Bar HellpoHa
Ha MOMEHTH 4acy BifNoBifHO 1 Ta (n+1); n(n) mapamerp
IIBUAIKOCTI HAaBYAHHS BU3HAYAETHCA 32 (POPMYIIOI0

n(n) =n, exp _n , n=0,1,2 ... 5)
Tl
[TapaMeTp LIBUAKOCTI HaBYaHHA 1)(11) BUOMPAETHCS
61mm3bkuM 1o 3HadeHHA 0,1. I3 vacoMm BiH OGyze 3MeHIITyBa-
TICB, aJIe Ma€ 3ammiaTycs Oimbiumm 3a 0,01. Lle 3a6e3neuy-
€THCSI 3aCTOCYBAHHAM TaKMX KOHCTAHT: 1 = 0,1; T,= 1000.
8. IlosepHenHs [o eTaly 2 3a YMOBU HasABHOCTI IIO-
MITHMX 3MiH y CTPYKTypi KapTu SOM.
¥ Toi1 e 4ac 3amporoHoBaHa Mofudikais anro-
putmy T. KoxoHeHa flae 3MoOry: a) mo€gHATH KIacTep-
He CTPYKTypyBaHHA cTpyKTypu SOM i3 nporuenyporo
30BHIIIIHBOTO HaBYaHHS; 0) peanisyBaTtu eBosoOLiliHe
HaB4yaHHA SOM 3a pe3ynbTraTaMy BU3HAYEHNX y Ipolie-
ci pynkuionysanna IIHMK HoBux kmacis.

Puc. 3. T'padiuna inTeprnperaris o64ncIoBaaIbHNX eTaniB MoangikoBaHoro anropurmy KSOM:
a — reHepallisi HOBOTO Kj1acTepa; 6 — MOYaTKOBMII CTaH (YHKI[ii OKOJMITHOCT] JOMiHAHTHOTO HEPOHa;
B — KiHI|eBMII CTaH (YHKI[ii OKOJIMIIHOCT] JOMiHAHTHOTO HellpoHa
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I. I. IlTapaeBcbkumit

IIpore y 3B’A3Ky 3 BuIle3a3HAYEHMMM OCOOTMBOC-
TAMI peajtizanii iarHOCTMYHNX QYHKIIN y pearbHUX
ymoBax ekcruryatanii AEC oco6nmBe 3HadeHHA Haby-
Ba€ MPUHIINIIOBA 3/IaTHICTh PO3pOOMTIOBAHOI CUCTEMU
miarHoctuky Ha ocHoBi IITHMK mo ii camoapgarrrairii.
IIpy nbOoMy BM3Ha4Ya/IbHOIO PUCOIO LIi€l caMoafanTalii
Ma€ CTaTy MOXK/IMBICTb aBTOMaTUYHOTO (TOOTO Oe3 yua-
CTi eKcIlepTa) BU3HAYeHHA MeX MiXK OKpeMIMU KTacaMy
PEeXMMIB eKCIUTyaTalii 3 MeTOI MOJIa/IbIIOro HaOyTTA
aIpiOpHMX HABYAIbHUX JAaHUX.

AnropurmivyHe 3a6e3nedeHHs QYHKIiN
caMoajanTaiii Ta eBOIIOIifiTHOTO CAaMOHABYaHHA

PosrnsiHyTO 3aIpONOHOBaHI aBTOPOM MifXOAM [0
CTBOPEHH aJITOPUTMIYHOTO Ta IPOrpaMHOTO 3abesIe-
YeHHs /11 HaJJaHHSA CTBOPIOBaHil giarnoctuysin IIHM
¢dyHKIi caMoafianTanii Ta eBO/IOLifIHOTO CAMOHABYAH-
Hi. [Toka3oBo, 10 3a3HavYeHi QYHKIIiI MAIOTh BUKOHY-
BAaTUCh B aBTOMATUMYHOMY PEXMMi CIeliali3oBaHuM
npernpouecopoM MoaudikoBaHOI HEIPOHHOI Mepexi
KoxoneHa 3a yMOB BificyTHOCTI anpiopHoi indopmanii
Iid nonepenHboro HaBuaHHA 1iei ITHM. BignosigHo
10 Takux iHOopMaLiTHIX 0OMeXKeHb 3aIPOTOHOBAHMIA
aBTOPOM MifxXin o peamisanii pyHkIiN camoaganTamii
nepen6adae MOCTIJOBHY peanizalilo TaKuX 004nCIoBa-
HUX MopmyniB. Ilepuiuii MORynb Nepef6adae BUABICHHA
3MiH CTaTUCTUYHOI CTPYKTYpPU BUIaZKOBOTO 9aCOBOTO
pAny, mo GOopMyeTbCs 3a JAHNMM OIIEPaTUBHOTO MO-
HitopuHTy ACII 1iarHOCTMYHOTO CUTHANY Y BifiIOBIz-
Hill K/TI0YOBill CTIEKTpa/IbHill O3HAlll, IKa XapaKTepU3ye
KOHKPeTHMIT TUII MI>XKK/TaCOBOTO IepeX0ofy 00'€KTa Jjia-
THOCTUKM. Pe3ynbTaToM IMX 004MC/IeHb € BU3HAYCHHS
(bakTy nepexofy IibOro AiarHOCTMYHOTO 00’ €KTa 0 HO-
BOTO, IONEPESHbO HEBIIOMOTO, PEXXUMY JIOTO €KCIITya-
tauii. PesyipTaToM QyHKIIiOHYBaHHS 0py2020 MOLYIIA €
¢isnyna iHkpeMeHTaLis B MoaudikoBaHiit kapti SOM
BM3HAYEHMX TAaKMM YMHOM JIiarHOCTUYHUX K/IaciB. Tpe-
miti MORY/Ib Ma€ 3a0e3Ie4NTH TOfIa/Iblile JONATKOBE HaB-
YaHHS iHKPEeMEeHTOBAHOTO KJIacTepa, Mo chOpMOBaHNIT
y Mopudikosanint SOM.

BigmoBigHO [0 QYHKIiOHA/NBHOTO NpU3HAYEHHS
HepIIOro 064MC/TIOBATBHOTO MOAY/ISL aBTOPOM 3aIpO-
IIOHOBAHO KOMIIJIEKC aJITOPUTMIB, IO 3a0€3IeYyI0Th
aBTOMaTM4YHe BU3HAYEHH A MiI>KK/TaCOBMX MEX Y IIpoIieci
IVHAMIYHOI 3MiHM PEeXMMIB eKCIUTyaTallii JiarHOCTNY-
HOro 06’ekTa. OCHOBY pO3pOOKM I]bOTO aJITOPUTMIiU-
HOro 3abe3Ie4yeHHsa CTAHOBIATh MaTeMaTUYHI MOJei
BM3HAYE€HHA MOMEHTY 3MiHM CTaTUCTUYHYX BIaCTUBOC-
Tell CTOXaCTUYHOTO YaCOBOTO PAARY, AKMUII cHOPMOBAHO

MIOCITiIOBHICTIO PiBHIB CIIEKTPabHOI IOBHOCTI y KO-
YOBIli CIIEKTPaJIbHi O3Halli BifJIOBITHOTO [iaTHOCTNY-
HOTO curHany. B ocHoBy maremarnunoi dpopmarisanii
iei 3a/ja4i MOK/IaZleHo MiAXif 10 aHa/Mi3y CTaTUCTUYIHOL
CTPYKTYp¥ BifmoBigHOTo Yacosoro paay { X, }, N — o,
IO € CTaljiOHApHOI0 BUIIAJKOBOIO NMOCIifoBHicTIO. [Ipn
IIbOMY BM3HAYaJIbHUM € T€, IO B JeSAKNIT MOMEHT Jacy
t, ueit paj cTpM6KOM 3MiHIOE CBOI CTaTUCTUYHI B/la-
CTMBOCTI, AKi BU3HAYAIOTbCsA BEKTOPOM MapaMeTpis 0,
dim{6} = . Taxa 3miHa 03Hauae, 110 1O MOMEHTY ¢ -1
BK/IIOYHO BEKTOP MapaMeTpis cranosus O = 0, a moun-
HAI04M 3 MOMEHTY t, 11eit BekTop crae 6 = 6,. Ha ocHoBi
anamisy {X,"}, N — 0 Tpe6a BUSHATNTY MOMEHT £, IO
BIJIIIOBiZla€ CTaHY 3MiHM CTaTUCTUYIHUX BIACTUBOCTEI!
IIbOTO YaCOBOTO PSIY, TOOTO MOMEHTY JIOTO PO3NIafiKIL.
[IpynHIMNIOBMM € TOTI (PaKT, IO IIPY IOCTiIZOBHOMY BU-
SIBIeHH IIbOTO MOMeHTY B wacoBomy pami{ X, }, N —> oo
BU3HAYEHHSI [ Ma€e BifbyBaTuCA B TeMII, 1110 € BifjIIOBif-
HVIM 0 BUHMKHEHHS HaCTYITHOTO BUMipy Tpaektopii XV
IIbOTO BUIIAZKOBOrO IIpoLecy. TakuM 4MHOM, BU3HAUEH-
Hs MOMEHTY PO3nafikut t, Ma€ 6y Tu 3abe3redene B pexxu-
Mi peanpHOro 4acy. fIK BifloMo, iCHYIOTb TaKi migxonu
IO BU3Ha4Y€HH:A MOMEHTY PO3/IaJKU TaKOI CTalliOHapHOi
BUIIAJIKOBOI YaCOBOI IOC/iJOBHOCTI. Bifomuit anroputm
kymynatuBHux cym (AKC), sanpononosannit E. Page
y [5], BUKOPUCTOBYE ITOCTiJOBHMIT KPUTEPil BiTHOIIEH-
s imosiprocteit (ITKBI), mo 6ys po3po6bmennit A. Wald.
IIpn upomy BigmosigHo no AKC mae 6yTu peanizoBane
BUpilIyooJe npaBuso. s rinoresu H, , KO HeMae pos-
TaJKI, XapaKTepUCTUYHNI BEKTOP MapaMeTpiB 4aCOBOTO
pAxy cTanoBUTD 0 = 0. 3a yMOBY BUHMKHEHHS PO3Ta/IKN
nie rimotesa H,, skiii Bigmosigae 6 = 0,. Busnavanpanm
IpM ITbOMY € TO¥ (aKT, 0 BeKTOp mapameTpis 6 = 0,
nepenbavyaeThbCs MONepesHbO BitoMuM. BigmosigHo o
icayrouoi knmacudikanii AKC 3asHadyeHnit anroputm
E. Page Binnosinae nepwiiti Mofeni po3naiku i mo3Hava-
erbcst AK AKC-1. ITapamerp 0 € mapaMeTpoM IIiTbHOC-
Ti itMoBipHOCTeit w(x, | 6) posmoxiny sHaveHb YacoBOTroO
psany { XIN} , N — 00, a kymynsaTuBHa cyma 1poro pamy
BU3HAYAETHCA AK

S, =S, +In[@(x]|II,)/®(x|II,)]. (6)

Tak, HanpuKIa, AKIIO HA MOMEHT 4acy f I cyMa
BinoBigae S, > hl, TO Mae micle rinoresa H, . Hasmaku,
KO/I B MOMEHT £ i1 CyMa CTaHOBUTH S, < —¢€, TO IpUiiMa-
eTbca rimotesa H,. 3a ymoBu —¢ < S, < h BUKOHYETbCA
HactynHuil kpok AKC-1, mo BifnoBizae MOMEHTy 4acy
(t + 1). Axumo na xpoui (t - 1) mpuitaaTO Tinoresy H,, To
KYMY/IATMBHA CyMa IpUIIMae Hy/IbOBE 3Ha4eHHA. Y IMX
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. k
yMOBaxX IpPUIIMAETbCA St = 0(k = 0). Takum unHOM,
AKIO ) € MOMEHTOM 3MiHu rinores 3 H Ha H,, T0 mae
MiCIle MaTeMaTNYHe OYiKyBaHHSA

RECIUE

7)
x|IT)

Axwmo, BignosigHo mo migxony A.H. Illupsaesa ta
G. Lorden [7], npuitHsaTK piBeHb «BiJOMBAIOYIOrO €Kpa-
Ha» € = 0, To AKC-1 i3 piBHAHHA (6) HabyBae BUIIARY
BUpinIyoJoi GyHKIii

w(%11,)

Ag,=1n ,
S oL

=g, +0g)" ®)

nie (x)* = max(0, x); g, = 0.
ITpu 11bOMy MOMEHT BU3HaYeHH (aKTy pO3TagKy,
ofi6HO 10 piBHAHHA (6), Ma€ BUIIISL,

w(X")8) = f(0:0€0,). ©)

Bumesasnaueni ocobnusocti anropurmy AKC-1
imocTpye puc. 4.

xr
a) 0
1 R
h
6 0 o/ Silla |
“*ﬂ“x‘;“‘ﬂ\wkxf\x/’ t
_8 - - . —
B) b,h -
gr l
0 P - =
rU f” ¢

Puc. 4. BusnayeHHsA MOMEHTY 3MiHM CTATUCTUYIHAX
BJIACTMBOCTEN YaCOBOTO PsANY Ha OCHOBi BUKOPUCTAaHHA
AKC: a— posmagka cTaIjioHapHOTO BUIIAZKOBOTO
TIpolieCy B MOMEHT 4acy t; 6 — peanizanis AKC-1 E. Page
3 sukopuctanHAM [IKBL B — peamisania migxomy
A.H. lInpsesa ta G. Lorden no Busnauennst AKC Ha ocHOBI
O6YMCTIEHHS CTATUCTUKM g, 3 «BiIOMBAIOYMM eKPaHOM»

Y 1bOMY KOHTEKCTi TaKOX MalTbh OyTU IpoaHa-
ni3oBaHi Bigomi migxonu no peanisanii AKC, 3okpema
A.H. lllnpsesa [7], i3 BukopucTaHHAM Kputepito He-
iimaHa-IlipcoHa, AKi TakoXx 3a6e3neqy10Tb BU3HAYEHH

MOMEHTY pO3/IaIkil BUIIafIKoBoro mpomnecy. IIpote Buie-
3a3HaueHi MeTOAY BU3HAYEHH PO3/IAfKI 3aTaJIOM TaKOXK
BipnosinaioTs nepiuiit mogeni AKC-1. Tomy, mogi6Ho 0
1iei Mozesi, BOHM TaKO>X He MOXKYTb Oy TH 3aCTOCOBaHi
1 BUpilIeHHA ¢hOPMY/IbOBAHNX BMIIE JIialrHOCTUY-
HMX 3aBIaHb. L4 HEBIANOBIZHICTD iCHYIOUMX METOAIB
AKC Ta iHmmx Bupimyro4unx QyHKIi peani3oBaHNM
y it po6OTi 3aBIaHHAM 3yMOBJ/IEHA TAKMMI YMHHIKA-
MIL: ) iHOpMaIis CTOCOBHO CTAaTUCTUYHOTO ITapaMeTpa
0 =0, mpu t > t, € bakTM4HO BifICyTHDHOIO Yepe3 HEMOXK-
NMUBICTb BU3HA4YEHHA LIbOTO IIapaMeTpa B YMOBAaX poO3-
BUTKY aBapiitHOI cutyanii B oonagHanni AEC, sokpema
Ha [IOBepXHi TBeJIiB; 6) Y pea/IbHMX yMOBaX BUHMKHEHH I
HEIITaTHOTO PEeXMMY, TOOTO IePeXOAy O HOBOTO KJIacy
eKCIUTyaTallilfHOrO CTaHy 00’ €KTa AiarHOCTUKM, HATIPU-
KJIaJl TBeJIa, JOC/iKyBaHmii 9acoBuit ps { X IN} , N—>
He € cTal[ioHapHuM; B) yacosuii psig { X, } anpiopro He
MOJKe BBa’KaTICS HE3ATIEKHOIO OCTIIOBHICTIO €3 1o-
IIepefHbOrO BU3HAYEHHA JIOTO CTaTUCTUYHMX BIIACTH-
BocTell. TakuM 4MHOM, iCHYIOUi MiJXOAM 10 BUABJIEH-
Hs pO3/IaIky Ha OCHOBI neputoi modeni, T06To AKC-1,
BUIIE3a3HAYeHNM 0OMEXKEHHAM HE BIIIOBIMAOTh. Aje
BpaxXyBaHHS LMX 0OMeXeHb 3abesnedye iHIIMIT mifxin
IO BU3HAYEHHA PO3TaIKM CTATUCTUYHNX BIaCTUBOCTEN
i3 BUKOPVICTAaHHAM MaTeMaTMYHNX MOJieNell aBToperpe-
cii (AP) Ta cToXacTMYHOTO IPOiHTErPOBAHOTO 3MiHHOTO
cepepnboro (I13C). Leit migxix B ocTanHi poku pospo-
6nsBcs B poboTtax M. Basseville, A. Benveniste, 1. B. Hi-
Kk1dopoBa, sK Iie Bifj3Ha4a€eThCs B poboTax [6, 7). Ha oc-
HOBI aHaJIi3y TEOPETUIHMX PO3POOOK LIMX aBTOPIB fjai
B Iy6ikanii mpoaHanisoBaHo 0pyzy ma mpemio mooesi
BJ3HAYEHHI MOMEHTY 3MiHM CTaTUCTMYHMX BIACTUBOC-
Tel 3a/1e>KHOI BUIaKOBOI YaCOBOI ITOC/TiTOBHOCTI.

BigmoBigHO 1O Opyzoi modeni B MOMEHTU 4acy
t <t -1, WO mepeAyrTh BMHUKHEHHIO PO3/TaJKI,
Ma€ MicClje TaKa Mi/IbHICTh PO3MOAiNy IMOBIPHOCTE
o(X| 9) f(@ 6eb ). sAka BifmoBimae rimore-
3iH :0 69 [lpu t > {; Mae micle 3MiHa CTaTUCTUY-
HUX BIACTUBOCTEI 4aCOBOTO PSAY {X }, sKmit mae
BKe iHIIy CymicHy minpHicTs posmoginy o (XN L) 0), ne
0= 0,. BignosigHo 10 niei Mogeni 3aBgaHHs anplopH01
1H(1)opMau11 po BekTOp mapameTpis O onucyerscs Ta-
KUM piBHAHHAM:

6=6,+\¢, (10)
ne 0,— monepeaHbO BCTaHOB/IEHA MeXXa y IIPOCTOPI Ia-
paMeTpiB XapaKTePUCTIIHOTO BEKTOPA; ¢ — OfMHUIHMIL
BEKTOpP ”E” =] HanpaMky y npocropi 0 3 posmipHicTio
dimc =r.
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BipmosigHo go piBHAHHA (10) Bupimryrode mpasuio
nns imenTngikanii pakTy 3MiHU BIACTMBOCTE 9aCOBO-
rO pAAY Iifl YaC BUHMKHEHHA PO3NIA/IKVM MA€ BUSHAYUTH
MOMEHT I1epexony Mexi 0, B HapSMKY OBMHUYHOTO BeK-
Topa ¢ . TaKUM YUHOM, AKIIO 10 po3naaku (¢ < t,— 1) mae
micrie rimoresa H, 3 Bektopom napametpis A < 0, To mic-
JIsL pO3NIafiKu ¢ >t MpuiiMaeTbes rimoresa H, sikiit Bin-
noBigae A > 0. 3 ypaXyBaHHAM 3a3HauYeHUX 0COOTMBOC-
Tell 1iei Mopeni i 3acTocyBaHHA [Ja€ 3MOT'Y BUSHAUUTH
MOMEHT 3MiHU CTATUCTUYHUX BIACTUBOCTEN YaCOBOTO
pAnYy 3a yMOBM IIONEPENHDBO BiJOMOTO HAIPAMKY 3MiHN
BekTOpa mapametpis 0, mo xapakrepusye ueii pap. Tax,
HAIIPUKJIAf, 3 OISy Ha 00YMC/TI0OBaNIbHI 0COOMMBOCTI
miei momeni (ii
HS CTOXaCTUYHOTO PiBHA CIEKTPanbHOI iHTEHCMBHOC-
Ti B meAKii inopmanifiHO 3HAUYIIiil CEeKTPa/IbHIN
o3Haui Moxe 6yTu ifentTndikoBane Ha ocHoBi AKC-2,
0 posrnApaerbea fani. @isuvyHo Uit Mofeni pos3nag-
KI BiZiTIOBifla€ BMHMKHEHH aHOMAJIbHOTO PEXXIMY I10-
YaTKy KUITIHHA TEIJIOHOCIiA Ha MOBEPXHi TBeiB B AK3
peakropa BBEP.

[HIIMM Pi3SHOBMIOM TOTEHI[iiTHO Hebe3IeaHOro pe-
JKMMY eKCIITyaTallil TBeJIiB € epejaBapiliHNII PeXXVM He-
CTabi/IbHOTO IIIIBKOBOTO KUITIHHS TEIIOHOCIA Ha 110ro
MOBEPXHi. ¥ IbOMY peXXMMi 3MiHa CIIEKTPa/lIbHOI iHTEH-
CUBHOCTI B iHIIIiJi XapaKTepHili CIeKTpabHili O3Halli fiia-
THOCTVMYHOTO CUTHATy (HacaMIepes, Hei TPOHHOTO IIyMy
B Ak3 SIP) croxacTuuHO BifOyBa€eThCs B 000X HALIPSM-
Kax. Bupimenns sajjadi aBTOMaTMYHOTrO BUABJIEHHS Ta-
KOTO IlepelaBapilfHOTO Pe>KMMY 3yMOB/IIOE HEOOXiTHICTD
BUKOPMCTAaHHA iHIIOL, mpemboi, MOFeNi PO3NTagKIN.

AnropurmivyHe 3a6esnedeHHs 3amayi
aBTOMAaTHMYHOTO BUAB/ICHHA KPU3U TeIUIOBifAmadi
Ha MOBEPXHi 000/IOHOK TBeIiB

3rifiHoO 3 Mpemvoo0 MOLIETIII0 PO3NagKI BUIALKO-
BOI ITOC/TIJOBHOCTI, 10 MOMEHTY 3MiHM ii BIaCTUBOCTEN
t <t -1 Bexrop mapamerpis 6 = 0, e Bigomum, mo Bigmo-
Bifjae rinoresi H . Ilicis posnanxu ¢ > £ Mae Miclye rimno-
Te3a H , KOy B mapaMeTpUIHOMY IPOCTOPI 1€l BEKTOP
0 BuxoauTh 32 MeXi IeAKOro eincoiza, 1o YTBOPEHUIA
inpopmarirtnoro marpureio @imepa y po6oti [6]. 3 ypa-
XyBaHHAM 11boro dakTy rinoresa H nmpuitMaeTbcs 3a
TaKoi yMOBIL:
H;:(6-6)"x F(6,)0-0,)>X\, 1)
ne F (él) - indopmaniitna marpuus Piuepa NOPAXKY 73
}\21 — TpaHNYHe 3HaYeHH ITapaMeTpa HelleHTPaJTbHOCTI.

IIpu uboMy felo 3sMiHeHMIT BapiaHT Ljiei MOfeni Bifno-
Bizae TakuM ymoBaM opMyBanHs rinotes H ta H,:

H:(0-6,)"x F(6,)06-6,)>X\, (12)

H;:(6-6,)"xF(6)(©0-6)>X,, (13)
e \J, \} — TpaHMYHI 3HA4YEHHA TApaMeTpiB HeleH-
TPaIbHOCTI enincoinis y mpoctopi 0. 3 ornsany Ha Buie-
3a3HadeHe 114 MOfie/Tb Ha OCHOBI 3acTocyBaHHs AKC-3
ZIa€ 3MOTY BU3HAUUTY PAKT PanToBoi 3MiHN (36iTbLIeHHSA
a60 3MeHIIeHH) iHOpMalilfHO 3HAYYI[Oi CIeKTPaIbHOI
KoMIoHeHTU B cTpYKTypi ACII giarHocTM4HOTrO CUTHATY
caMe B YMOBaX BUHIKHEHHA IepefaBapiliHOTO peXumy
miBKkoBoro kuniHeA B Ak3 BBEP.

3 ornAny Ha BUIIle3a3HaueHe CIIifi PO3IIAHYTH TaKOX
CTPYKTYPHi Ta 00YNMC/TIOBa/IbHI 0COOMMBOCTI Bif3Haye-
Hux suie anroputmis AKC-2 ta AKC-3 Ha ocHOBIi Buko-
PUCTaHHA MOfie/IeNl aBTOperpecii Ta IpOiHTErpoOBaHOTO
aminHoro cepepnuboro (APII3C) mopsaxy (p, d, q) [7]. Li
Mofie/li IPUHIIUIIOBO 3a6e3Me4y0Th eheKTUBHY peanisa-
11110 0OYVICTTIOBAHNUX IIPOLIEAY P, IO /JA€ 3MOTY BU3HAYEHH S
MOMeHTY t, sKuii pospinse api vactuan ({ X'} ra {X tIOV})
BUIIA/IKOBJX YaCOBMX ITOCTJOBHOCTEI! i3 pi3HMMM Xapak-
tepuctuaanmy Bekropamu 0. Tak, 17151 ogHOMipHOI Buma-
KOBOI nocmigoBHoCTI Mofenb APII3C Mae Takmit BUTTIAL:

d

gi,  LZ¥Bo. oY BT B
X =
" 1-®B-..-®, B -0, B

e+ E, (14

ned, ..., <DP — koedinienTn aBroperpecii (AP); ¥, ..., ‘I’q
koedinieHTy 3MinHoOrO cepenuboro (3C); B™ — oneparop
spBury Hasan (B"x, = x, | ); €, — He3aJ/ieXXHa raycCiBCbKa
nocrifosHicTh 3 E(e) = 0; E(€?) = 0; E(e})=0]; E—ma-
TeMaTMYHe O4iKyBaHH.

Y BUIanKy 3acToCyBaHHA Mogierti (14) /11 BU3HaueH-
HsI pO3TajKy MapKiBCbKuX, To0T0 AP mpouecis, migxin
1o BusiBneHHs ¢, i wactun{ X° '} ta {X ::}{X Z:} Jaco-
Boro psiay { X IN } cipomyerbcs i nepen6avae obuncnieHHs
koediLieHTiB cuctemu piBHsAHB FOma-Yokepa [7] o njiei
BUIAJIKOBOI YaCOBOI ITOCTIIOBHOCTI

x,=0"x +.+DVx,_+e, (15)
e Dy, ..., D, koedinientn AP (p)-mponecy mo (i = 1)
i micna (i = 2) posmazgku, mo MalTb 6yTu 064MCTIeHi; €,
raycciscbka mocifosHicTs E(e ) = 0; E(g})=0;.

Kpim TOro, Ha OCHOBI BUKOPMCTaHHA BUIE3a3Ha-
gyeHux mogpeneit APII3C maoTh 6yTu po3risHyTi 0co-
ONMMBOCTI KOMITIOTEpHOI peajisalii BuIlje3a3HaYeHUX
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anroputmiB AKC-2 ta AKC-3. Tak, 30kpeMa, B OCHOBY
MIepIUIOTO 3 HUX JOLi/IbHO MTOK/IACTY IPOLefypy BUAB-
NeHHA 3MiHU (p + 1)-BUMIpHOTO BeKTOpa ImapaMeTpiB
0" =@, ..., <DP o) APII-mporiecy. [Ipu 1ipomy BuxigHa
indopwmariist ta monepenni obuncienus AKC-2 (ixHio
CTPYKTYpYy HaBefIeHO Ha puUC. 5) BK/IIOYAIOTD: a) KOM-
MeHCAllil0 MOXK/INBOTO TPEHY {x'}, mo 3abesmneuy-
€TbCA 3aCTOCYBaHHAM omeparopa V/W,= x, 3 mopsamkom
d < 1; 6) po3MillleHHs B OI€paTUBHI MaMATi OCTaHHIX
(p + 1) — cmocTepexxeHb X, IO CTAHOB/IATH YACOBUIA
pan {x,'}. lipu pomy bynxuionysanns AKC sxmodae
Taki 00uNMCII0OBaIbHI eTany: 1) 06UnCIeHHS TapaMeTpiB
CTATUCTUYHOI MOJesi BifIOBifHO fo piBHAHHA (14);
2) yCTaHOBKY IapaMeTpiB Bupimyrouoi ¢pyukuii GT, mo
BifmoBigae ymoBi (8); 3) obuncnenns napametpis GT 3a
[JAHMMY OCTAaHHIX (p + 1)-CrIOCTepesKeHb 3 pAny {X," };
4) nepesipky Bupimyiodoi pynkuii: 3a ymosu GT =0 nna
voro aaroputm AKC-2 nepenbadae BCTAaHOB/IEHHS 1jio-
9MCENbHUX iHMIEKCIB [ = 0, 7, = 1, IO BiATIOBIAIOTH CTaHy
BizicyTHOCTI posmagku y pagi {x,"}. Ilpu upomy smina
BeKTOpa mapametpiB 0 yepes BUHMKHEHHs pO3TafgKu
IIPU3BOANTD [0 TeHepalii ingexcy I = 1; 5) nopiBHAH-
Hs Ha KOXXHOMY 00UYNCTIOBa/IBHOMY KPOILIi JOCATHYTOTO
3HayeHHA Bupimytodoi pynkuii GT 3 ToporosuM piBHeM,
10 peasisyeTbCs TAKUM YMHOM: IIYU/IbHUK 71, BUSHAYAE
Ki/IbKiCTb BUMIipIOBaHb IiC/ISA IOIEPEJHbOTO 3HAYeHH A
GT = 0. 3a ymosu GT < h focATHYTH piBeHb 1, 36i/b-
IIYETbCSA HA ONVHUIIO.

Kpim Toro, BifIOBiJHO IO TPeTbOI MOJe/i pO3/IaKI
MaIoTb Oy TH JOCTI/PKeHI TAKOXK CTPYKTYPHI Ta 004MCITIo-
BanbHi ocobmBocri anroputmy AKC-3. OcranHiit Mae
3abesnedyBaTy KOMITIOTEPHY peasisaliilo QyHKIi A1
cTBOpIOBaHOI B pobori aiarnoctuynoi IITHM, a came:
1) camoaganranio IITHMK; 2) epomroniiine caMOHaB-
yaHHA MopudikosaHoi kaptu SOM 3a pesynbraTamMu
niei camoamanTanii. JIx 3a3HadeHo Buie, i QyHKIII
MalOTb BUKOHYBaTUCh CIlelliaNi30BaHUM MIPENPOLIECO-
POM Y CTPYKTYpi CTBOPIOBAHOTO B IIill poOoTi Aiarnoc-
TUYHOTO KOMIIIEKCY, 1[0 Ma€ 3abe3IedyBaTy MO>K/INBO-
CTi po3MisHaBaHH:A HEJIPOHHOIO MepeKel0 BUIAaJKOBMUX
00’€KTiB B yMOBaX CyTTEBUX iHPOPMALIITHNX OOMEKEHb.

IIpakTyHe 3aCTOCYBaHHA KOMIIIEKCY
NporpaMHUX 3aco0iB /151 aBTOMAaTHYHOI
HelipoMeperKeBOi NiarHOCTUKY eJIeMEeHTiB
ronoBHoro oonaguauusa AEC

Y 3a3HaueHOMY KOHTEKCTi HaBefleHa iHdopMalisd
CTOCOBHO: 1) BUKOHaHMX y POOOTi IiarHOCTMYHMX Ta 00-
YNCTIOBA/IPHUX eKCIIEPVMEHTIB, a TAKOXX BUKOPMCTAHUX
y IpolLeci OUX eKCIIEpMMEHTIB JOCTiZHULBKAX CTEHIB
Ta BUMIpPIOBaJIbHOTO 00/IaHAHHST; 2) Pe3y/IbTaTiB KOMIT10-
TepHOI peajiiallii 3aIpONOHOBAHNX aBTOPOM MaTeMaTuy-
HUX Moperneit MmogudikoBanoi kaptu SOM, a TaKOX asnro-
PUTMiB caMoaamnTaliii Ta eBOIOLifIHOIO CAMOHABYAHHS
IiarHOCTMYHOI HEIPOMePEXeBOI CTPYKTYPH, BK/IIOYAI04N

MovaTok

¥

OBGYUCNEHHA_
BUpIWANbHOI

dyHKUiT GT

N =N+ 1

h 4

KiHeub

Puc. 5. Cxema anroputmy AKC-2
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pO3po6rieHi Ha OCHOBI IIUX MOfie/Iel AiarHOCTUYHI IIPo-
rpaMHi KOMIUTEKCH; 3) paKTUIHMX JaHUX LIOA0 KOCAT-
HYTOI Ha OCHOBI KOMITI0TE€PHOI peartisaLii po3pob1eHoro
HeJIPOMEPEXXeBOT0 MPOrPaMHOT0 KOMIITIEKCY HafilfHOCTi
pO3MisHaBaHHS BifJIIOBiAHO O pea/bHUX K/IaCiB fAiarHOC-
TUYHUX CUTHAIB, SKi MicTATh iHpOpManio mpo mraT-
Hi, aHOMaJIbHi Ta IepefaBapiliHi peXXMMU eKCITyaTanii
B HATYPHUX 3pa3Kax HOCIIIKYBaHUX €/IeMEHTiB rO/IOB-
HOTO 00/1a/JHaHHS SIIEPHOTO eHepro6/1oKy. BinmosifHo 0
copMynbOBaHUX paHillle HelIpOMepPeXKeBIUX HiarHOCTIY-
HMX 3aja4 K BUIle3a3Ha4YeHi JiarHoCcTuyHi 06 eKTH fia-
THOCTUKM JOC/TII>KEHO: a) OCbOBUII ITIIIIMITHUK KOB3aH-
Hs BaJIOIIPOBOJY CYy4YacHOI BOJIOTONapoBoi TypOiHu THITY
K-1000 enepro6moxy BBEP-1000; 6) HaTypHY TeloBU-
ninbHy 36ipKy (TB3) peakropa BBEP-440 3 ycraHOBIIE-
HVIMU B 11ii1 36ip1ii peabHUMM TBe/laMu 11b0ro SP.
CTpyKTypy Ta GyHKIIIOHA/IBHY CXeMY pO3pOO/IeHOro
B pOOOTi HEIIPOKOMIT IOTEPHOTO IIPOTPAMHOTO KOMIIIEK-
Cy A/IS1 aBTOMATMYHOI J1aTHOCTUKY eleMEeHTiB 06/1aTHaH-
Ha AEC HaBefieHO Ha puc. 6. Lleit KoMIiekc peanizoBaHo

B IHTEIPOBAHOMY IIPOIPaMHOMY CEPefIOBUILi pO3pOOKY
Microsoft Visual Studio 2022.

[IporpaMHMIT KOMIIEKC, 300pakeHMit Ha puc. 6,
BK/TIOYA€E TaKi 00YMCTIOBa/IbHI MOAYIIi, o 3abe3eyy-
I0Th: a) GOPMYBaHHS IiarHOCTUYHOTO BEKTOPa; 0) BU-
3HaYeHHA MOMEHTY MIXKK/TaCOBOTO ITePeXOfy; B) PYHKIIi-
OHYBaHH: HellpoHHOI Mepexi KoxoHeHa; r) 36epexxeHHs
HaB4aJIbHOI iH(popMallii; 1) Bisyamizalio JiarHOCTUIHNX
naHuX. [Ipy npomy HelipoMepeXKeBuil JiaTHOCTUIHU
KOMIIZIEKC Ma€ GYHKIIIOHYBATH Y JBOX peXXMMaXx:

1) posmi3HaBaHHA BMIAJAKOBUX [AiaTHOCTUYHUX
CUTHAJIiB B yMOBAaX BiICyTHOCTi 06Me)XeHb CTOCOBHO Ha-
OyTTs anpiOpHMX HaBYATBHUX HAHUX (Leil PeXXVUM Bif-
noBifae KoH}irypanii kommnrekcy «Heiipocucrema-1»);

2) camoapanTanii HelipOHHOI MepeXi 32 HasABHOCTI
CyTTeBUX iHOpMaLiiIHIX 0OMeXXeHb Ta 38 YMOB €BOJIIO-
IifTHOTO caMOHaB4YaHHA KapTy SOM 3 MeTo10 IofanbIoi
aBTOMAaTUYHOI ineHTU(iKa1lii BUTaTKOBUX BXiIHMX BeK-
TOpiB HEBiZOMOI IpMHAJIEXKHOCTI (KOH(irypamisa xoMr-
nexcy «Heitpocucrema-2»).

3depescenna HasuanbHol inpopmanii

Excnepm { [

; ., Buxioni “(opaosarni
Hiaenocmuvnuii HaGLaLHi Cn{'wﬂmbmt
GQK”?OP AACTLGTL MACTLGIL
L
a,@opﬂ-:ymnuu Busnauenna momenmny DyHKUIOHYSAHHA HEPOHHOT
1aAcHOCMUIHOZ0 . .
pirafoss opa MIHCKACOB020 11epexoly mepedici Koxonerna
[———~~—~FF~F~~F~~—~~"1\u-— - - - - - - 77— - - - - - - - - == 1
I Criexmp ansHuri I : : |
| Karan 1 [
| . Baok N1 | - I |
[ ( CuSum) I 2 [
| = Cnexm tm.bmuil o i I gl s I
| S 5 I Sa | [ngs)| §
i %S Kanan 2 " 8273 |5 21 = [
S Baok Ne 2 | =2 B IR
I § ] - = g Il %% &5 |
o - -
] &8 i ( CuSum) N § 3 I TE| L8 |
s 3 2 = S 2
' &8 28 | £ | u £8 '
1| &5 } = | 58 i '
3 m ’ 28 8§ = |BC S B |
| 2= . . B R xR ] X %
= B I S s P LY I
Il £ T . 25 | =R u s &
S = 8 2 g < 32 I
| = Crexmp ansur = 5 N Il - X
I Kauaan | z § Kaac Xe m |
Baoxk Nen E I
| - &l JI1Z II I
| ( CuSum) I Busnaueni xuacu onnarianux|
; = l !_ I {T diaeHocmtHHIY 06'exmic |

CrnermpansHiii 6exmop

Puc. 6. Ctpykrypa Ta QyHKLIOHAIbHA CXeMa HellpOMepPe)XXeBOro JiarHOCTUYHOTO KOMIITIEKCY
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Ax Tunosi mpuxmagu giarHocTraHOI iHpopMarii,
1110 HaJXOUTh Ha BXiJ] HEJIPOMEPEKEBOTO MPOIrPaMHOTO
KOMIUTEKCY B KoHirypauii «Heitpocucrema-1» Ta mipnsa-
ra€ aBTOMaTMYHOMY PO3IIisHaBaHHIO, Ha PVIC. 7 IPEeJCTaB-
neno HopmoBaHi ACII curnasniB aKyCcTU4IHOI eMicii mapu
TepTsa ocboBoro nigmumnHuka [IT K-1000 BignosigHO 0
OCHOBHMX PEXMMIiB JI0r0 3MalllyBaHHA B YMOBaX ITOCTIi-
TNOBHOI pyJiHalii riZpogMHaMiYHOTO 3MallyBaabHOIO
KnuHa. Bumnesasnadeni Bumipropanna ACII akyctudnoi
eMicii 3a3Ha4YeHOi Iapy TePTsA BUKOHAHO i3 BUKOPUCTAH-
HsM BUMipIOBa/IbHOTr0 KoMmIiekcy «Mamaxut AC-12A» Ha
€KCIIEpMMEHTAIbHOMY CTEHJI1 3 BUKOPUCTAaHHAM HaTyp-
HOTO 3pasKa ocboBoro nipmunHuka IIT K-1000.

Ha puc. 8 HaBeneHo iHTepdeiicHi HpopMu OCHOBHMX
eTaniB QyHKI[IOHYBaHHS po3p0oOIeHOro B po6OTi Hell-
pOMepeXeBOro IIPOrpaMHOT0 KOMIIEKCY B KOHGIrypaii
«Heripocucrema-1».

Pesynbratu nepeBipky pyHKIIIOHYBaHHS KOMIIIEK-
cy «Heitpocucrema-1» 3acBigumnmy, mo cepefHs Hafili-
HICTb IpPaBMIbHOI ifeHTM(diKaLil YOTHpHUEeTeMeHTHOI
MHO>XMHM K/IaciB, HaBeJleHa Ha PUC. 7, 3 BUKOPUCTaH-
HsM KOHTPO/IbHOI Bubipku y 400 peanisauiit craHOBU-
na 94,5 %. Ilomganpuii OCHif>)KeHH HelIpOMePeXeBOro
[iaTHOCTMYHOTO KOMILIEKCY B KOHQirypamii «Heltpocu-

x

xR Aldg
075—
0,50—

0,25—

1
son bl

1 1
200 400 600

B

cTeMa-2» IoKasawy, o Iiell KOMIIEKC BUPIIIy€e 3aB/laH-
Hs BUABJIEHHA alIPiOPHO HEBiTOMMX HEIITATHUX PeXMN-
MiB eKCIUTyaTanii. 3 OIIsAAY Ha Ije B poOOTi BupileHO
3aB/IaHHA BU3HaY€HH aHOMAJIbHOTO PEXXVMY TEII03110-
My 3 noBepxHi TBeniB B Ak3 SIP tuny BBEP-440. IIpu
LbOMY YOTHpMe/TeMeHTHY MHOKMHY K/IaciB JilaTHOCTIY-
HMX BEKTOPIiB Bi[IIOBiTHO CTAHOBM/IN: CTAH KOHBEKTUB-
HOTO TEIIO3ii0MY 3 TI0BepXHi TBenma (To6To Kmac A ), mo-
9aTOK KMITiHHSA TENNIOHOCisA (kmac A ), 10ro mysupKoBuii
pexxum (kmac A,), peXxnM HeCTabiTbHIX MapOBUX MTiBOK
(kmac A).

Ha puc. 9 HaBeneHo Tnmosi intepdericHi popmmu Ta
pesynbpTaTyt 004YNC/IeHb TapaMeTpiB CTOXaCTUYHOTO Ya-
COBOTO PAQY, a TAKOX CTPYKTYPY BifllIOBIJHMX BUIIA[IKO-
BUX ITPOIIECiB Ta AMHAMIKY BMpinTyodoi GyHKIii BuIe-
posrasanyToro anroputMy AKC-3 B yMoBax BUsHa4eHHS
MOMEHTY Mi>XKK/IaCOBOTO II€PEXOAY BiIMOBIJHO O PO3-
IJIAHYTUX BuUlle 0OYMCII0Ba/IbBHNX Npouenyp. Ak mia-
THOCTUYHMI CUTHAJI BUKOPUCTOBYBAaBCA HEMTPOHHUII
HIyM B ekcriepuMeHTanbHilt TB3 peakropa BBEP-440 mig
Jac Mi>KHapopHoro excriepumeHTy Ha AEC «Paitacbepr»
(Himewunna). [Tig yac BupilieHHs IIbOTO 3aBAaHHA BXifi-
HUJI [iarHOCTUYHMIT BeKTOP MaB MipHicTb N = 242 i ¢pop-
MyBaBCsI Ha 0cHOBI YacToTHUX 03HaK ACII HelITpoHHOTO

1 1 1
200 400 600

Puc. 7. Hopmosani ACII curranis akycTu4HOi emicii ocboBoro mipmmnauka IIT K-1000
BiJITIOBiZTHO 10 OCHOBHMX PEXXMMIiB JIOTO TEPTA: @ — IITATHUI PeXXMM PiIMHHOTO TEPTA
(xmac A)); 6 — aHOMa/IbHUII PeXXMM HOYATKY PyilHaLil 3MaI[yBaIbHOTO K/IMHa (Ky1ac A
B — IlepeflaBapiiiHuii pexxum pyiiHanii 3MalyBaabHOro KnmHa (Kmac A));

T — aBapiitHuit pexxum cyxoro Tepts (kmac A,)
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Puc. 8. Tunosi intepdericHi popmu 0CHOBHMX eTamiB QyHKI[IOHYBaHHS HelipOMePeXXeBOTr0 IIPOrPaMHOTO
KOMIITIEKCY B KoHirypanii «Heitpocucrema-1»: a — mani Bisyanisanii ¢pparmenTa npoiecy agantanii
¢dasoBoro mpocTopy cuHanTuuHMX Bar Mopudikosanoi ITHMK; 6 — mani Bisyanisanii mporecy
posmnisHaBaHH:A HeBigoMoi peanisanii ACII curnany akycTM4YHOI eMicii MiAIIMITHMKOBOTO By3/1a
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Puc. 9. Tunosi inTepdericHi popmu etammy camoafamralii HeifpoMepe>KeBOro IPOrPaMHOr0 KOMIIIEKCY
B KoHirypanii «Heitpocucrema-2» BiiloBifHO KO YMOB BUHMKHEHH S IIepeaBapiliHOroO peXXuMy
HecTabi/IbHOTO IIIBKOBOTO KMITIHHA Ha IIOBEPXHI TBeJIa: a BiICYTHICTh PO3TaiKM CTOXaCTUIHOTO

9acoBOTO PAMY B CIEKTPanbHOMY KaHari f,= 0,1 ['; 6 BUABIEHHSA CTATUCTUYHOI PO3TAJKN B K/TKOUOBiit
CIeKTpasIbHiil 03HaIli MiXK/TaCOBOTO MIEPEXO/TY, IO BiflOBi/Ia€ clieKTpanbHOMy Kanany f= 3,0 Iy

LIYMY, IO PEECTPYBABCs BUMIPIOBaIbBHUM KOMIIIEKCOM
MIK, 1o € nifcucremoro ACY TII siepHOro eHepro6/oKy.

ITokasoBo, o BuABIeHNIT KoMInekcoM «Heltpocu-
cTeMa-2» i HaBefleHMII Ha puc. 9, 6 Mi>KK/IaCOBUII ITepexif
o IIepefaBapilfiHOrO peXXMMY KUIIIHHA BiJIIOBifla€ came
CTaHY 3MiHM XapaKTepy NMPOLieCy KUITIHHA Ha MOBEPX-
Hi pea/JIbHUX TBEJiB Bifi pO3BMHEHOI TEILIOTipaBIiqHOl
aHoMarii B Ak3 (Iy3upKkoBe KUIIiHHA) [0 IepefaBapiii-
HOTO CTaHy TeII03/10MY, 1[0 6e3IocepelHbO Iepefye
pyJiHaLii MOBePXHi KMIIiHHA.

Pesynpratu mepeBipku QyHKILIOHYBaHHs KOMII-
nekcy «Heripocucrema-2» 3acBif4mIn: mif, 4ac BUKOPU-

CTaHH: KOHTPO/IbHOI BubipKu y 400 pearnisaniit cepegHs
Ha/[iiIHICTh TpaBUIbHOI ineHTUdIKaLii BUIle3a3HaYeHO1
YOTMPMENEMEHTHOI MHOXKIHM K/IaciB CTaHOBUTD 96 %.
Y pesynbTaTi Ha OCHOBI PO3pOOKM aITOPUTMIYHOT
6a3y Ta MpOrpaMHOro 3abe3nedeHHs /I HellpoMepe-
>Ke€BOI aBTOMATUYHOI TiarHOCTUKM e/IeMEHTIiB TOJTOBHO-
ro obnmaguanus AEC y mpepcraBieHiit po6orTi BupimeHo
aKTyaJ/IbHe HaAyKOBO-Te€XHiYHe 3aBIaHHS, LIJ0 CTOCY€EThCA
AKICHOTO BJJOCKOHA/IEHH I KOMIT I0TEPHIX KOMILIEKCIB MO-
HITOPUHTIY Ta AiaTHOCTUKY TOJIOBHOTO O0O/IaTHAHHS sIfiep-
HIX eHepro6/mokis 3 peakropamu tuny BBEP. Pospo6neni
aJITOPUTMIYHI Ta IpOrpaMHi 3aco6u 3a6e3MedyoTh aBTO-
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HeripomepeskeBi mporpamHi 3aco6u Aj1s1 aBTOMAaTUYHOI 1aTrHOCTUKY e/IeMEeHTiB 06/IaTHAHH A

MaTM4He pO3Mi3HaBaHHS aHOMAJIbHUX Ta NepefaBapiii-
HIX PEXUMIB eKCIUTyaTalil y KpUTUIHO BaXKIMBUX /A
excrutyaraniiiHoi 6esneku AEC enemeHTax i cucremax
SJIEPHOTO eHepro6/IoKy B YMOBAX allpiOpHOI HeBU3HAYe-
HOCTi TeXHIYHOTO CTaHY /{iarHOCTUYHOTO 0O €KTa.

BucHoBkmu

1. IndopmaniitHa migTpUMKa, AKY HaJaloTh HUHI
omnepaTuBHOMY nepcoHany cydacHux AEC ichyroui
KOMITTOTePHI KOMIUIEKCU MOHITOPUHTY Ta HiarHOCTH-
KJi TOTOBHOTO OO/TaTHAHHSI sIIePHIX eHeProO/IOKiB, € Ha
CbOTOJ[Hi CYTTEBO HEJOCTATHBOIO 3 TOYKM 30py 3abe3Ie-
YeHHS eKCIUTyaTaliliHoI 6e3IeKy IIbOT0 BiTIOBiaIbHO-
ro obJagHaHHA.

2. Icuywoue anroputMmiuHe Ta mporpaMHe 3abesre-
YeHHS, 1[0 BUKOPUCTOBYETHCA B Cy4aCHUX IMPOTpaM-
Ho-TexHiYHMX 3acobax ACY TII AEC, He 3a6e3neuye
aBTOMATMYHOTO pPO3Mi3sHaBaHHA aHOMAJIbHUX Ta Iepe-
TaBapillHMX PeXXMMIB eKCIUTyaTallii BiIIOBiJaTbHNX e7Ie-
MEHTIB TOJIOBHOTO OO/IaJHAHHA.

3. IloTeHIiiiHO HeGe3MeYHI PeXXMMM eKCIITyaTalii
Y KPUTUYHO BaXK/IMBYX JJIs 3a0e31edeHHs (PisnaHOI 6e3-
neku AEC enemeHTax 06/1aHaHHS s1[JePHOTO eHepro6yo-
KY, BK/TIOYa104y 0OOJIOHKM TBEJIIB, € paKTUIHO HEKOHTP-
ONIbOBAaHVMIL.

4. Y HaBefieHiiT poOOTi 3aIIpOIIOHOBAHO y/JOCKOHA-
TIEHYy MOZie/Ib HaBYaHH:A HEJIPOHHOI MepeXXi 3 TOIOMOTi-
ero KoxoHeHa, 110 nepegbayae nonepenHio iHiriamisarito
LIeHTPiB KTACTEPiB 3 METOIO CYTTEBOTO (HA /1Ba HOPAKIL)
3MEHILIEHHA Ki/IbKOCTI iTepalliii Ha eTaIli HAaBYaHHs Heli-
POKOMITIOTEPHOI 1ialrHOCTUYHOI CUCTEMIA.

5. PospobieHe anropuTMidHe Ta IpOrpaMHe 3a-
Oe3nedenHs 1A MoaudikoBaHOI B Ijiit poOOTi KapTu
caMoopraHisaiii HeilpoMepexeBoi CTPYKTypu 3abes-
Ievye MOXK/IMBICTD i1 €BOMIOLIITHOIO cCaMOHAaBYaHHA Ta
MiABUIIEHHA HAJifIHOCTi pO3Ni3HaBaHHS BUMAAKOBUX
IiarHOCTUYHUX OO'EKTIB.

6. Ha ocHOBi MaTeMaTMYHUX MOJIe/iel BUSHAYEHH S
CTaHy 3MiHM CTaTMCTMYHMX BIaCTMBOCTEN BUIAIKOBUX
JaCOBMX PARIB pO3pOO/IEHO aITOPUTMIYHE Ta IPOrpaMHe
3a0e3nedeHHs I caMOoafanTalii JiarHoCTUYHOL Hell-
poMepeXeBOI CTPYKTYpH B YMOBaX HaABHOCTI (isMIHMX
06MeXXeHb CTOCOBHO HabyTTs anpiopHoi iHpopmaii s
1i oIepesHbOTO HAaBYAHHS.

7. I3 BUKOpMCTaHHAM 3alIpOIIOHOBAHOI aBTOPOM
HelipoMepeXeBOoi JiarHOCTUYHOI MOfie/Ti Ta pO3pobIeHNX
AJITOPUTMIB caMOaJjallTallii Ta €BOMIOLIJIHOrO HABYaHH A
CTBOPEHO HEeJPOKOMIT 0TEPHMIT TPOrPaMHIIT KOMIIIEKC
IJIs1 aBTOMaTUYHOTO pO3IlisHaBaHHA aHOMaJIbHIUX Ta I1e-

pemaBapiiiHUX peXXMMiB eKCITyaTallil B e/leMeHTaXx ro-
noBHoro oomagHanHa AEC.

8. Ha ocHOBi BUKOPUCTaHHSA pealbHMUX JAiaTHOCTUY-
HIUX CUTHAJIiB, 1[0 OTPMMaHi B HAaTyPHMX €KCIIepMMEHTaX
3 JOCTIiIKYBaHVMI elleMeHTaMI TOIOBHOTO O0/Ia/{HAHHA
AEPHOTO eHepro6/10Ky (0CbOBNII IMiAIINITHNKOBMIL B30/
napoBoro Typ6oarperary Ta TB3 peakropa BBEP) anpo-
60BaHO eeKTUBHICTh CTBOPEHNX IIPOrPaMHUX 3aCO0iB
IiJ] 4ac BUPpillleHHA 3a/1la4 ABTOMAaTUYHOTO PO3IIi3HaBaHHA
HOTEHI[i/IHO HeOe3IeYHIX PeXXVMIB eKCIITyaTalil iuX Jii-
arHOCTUYHMX 00’ €KTiB. CepefHs HaiiiHICTD pO3IIi3HaBaH-
Hs JOCTTIIPKEHNX PeXXUMIB eKCIITyaTallii BUIe3asHadeHNX
e/leMeHTiB 00/1a/fHaHHS AIEPHOTO €HepProb/IOKyY Iif 4ac BU-
KOPUCTaHHS KOHTPO/IBHOI BUOIPKY 3ara/ibHUM 00CATOM
y 400 peamisaniit cCraHOBUTbD BifIOBigHO 94,5 Ta 96,0 %.
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In this work, the state of existing automated systems
for the management of technological processes at nuclear
power plants was analyzed, and use of neurocomputing
approach to recognition of spectral implementations of
stochastic diagnostic signals was proved, which defines
actual technical condition of certain NPP equipment.

As it is known, the essence of the problem lies in the
fact that modern NPP monitoring and control systems,
which are the part of computer-aided manufacturing
control systems (CAMCS), are based on a deterministic
approach to the logical analysis of equipment operating
conditions to prevent controlled parameters from exceed-
ing predefined safe limits. It is obviously not enough for
reliable prevention of damage that may occur in the main
equipment of nuclear power units. In fact, some NPP pa-
rameters that are not directly controlled by CAMCS,
particularly temperature conditions of reactor heat-ex-
change devices, may significantly exceed permissible
values during operation that can lead to severe damage,
for example, heat-exchange crisis causing burnout that
may spread throughout the entire nuclear core. To prevent
such catastrophic events, it would be necessary to mea-
sure local temperature of fuel elements (in reactor about
40,000 practically uncontrolled fuel elements are located).
This would require hundreds of thousands of thermocou-
ples on their surfaces, which is technologically impossible.
Therefore, the problem of diagnosing abnormal heat-ex-
change regimes can be solved not by direct temperature
measurements of the coolant at the nuclear core inlet as it
is now, but by recognizing the spectral characteristics of
dynamic components of certain reactor parameters. These
include, first of all, signals of dynamic coolant pressure
and signals from neutron flux detectors located directly
within the reactor core.

In this work the approach to building SOM-neural
networks regarding the tasks of accidental objects recog-
nition is reviewed. Modified learning algorithm for the
SOM-neural structure recognition is proposed in condi-

tion of no a priori information on the number of classes
to be recognized. This approach is implemented based on
the determination of disorder moment in random time
series using the autoregressive model.

Keywords: Artificial Neural Networks, self-organizing map,
learning algorithm of Kohonen, stochastic dynamical systems,
self-adaptive, automatic diagnosis, equipment of NPP.
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OnTumisanisa yacToTu BUNPoOyBaHb 3aM00iKHMX KIAaNaHiB
KOMIIeHcaTopa TUCKY BBEP

Knrouosi cnosa:
BUIPOOYBaHHS,
aBapis,

3aro6KHNII K/IallaH,
KOMIIEHCATOP THCKY,
METOJVKa,

4acToTa,

€Hepro6IoK

PospobneHo MeTopuky omTmmisarii 4acToTy (PyHKI[iOHaTBHUX BUIIPOOYBaHb CIC-
TeMU 3aI00DKHOrO KIalaHa KOMIIEHCATOPA THCKY B IEPIOf; PEMOHTY eHepro6/IoKy 3a
HaBaHTa)XeHb, IO Bi[IIIOBiAI0Th YMOBaM aBapill Ta aBapifiHMX CUTYallill, 3 ypaxyBaH-
HsIM HeoOXiHOI HaiITHOCTI KOHTPOITIO MPALe3AaTHOCTI Ta HOPMATUBHUX BYMOT IJOf{0
YMOB MiIJHOCTi IIpM UMK/IIYHMX TEPMOAMHAMIYHMX Ta MEXaHIYHMX HaBaHTa>KeHHAX.
Ha ocHoOBi po3po6/eHOi METOAMKY 3aIPOIIOHOBAHO Y BIACTYII Biff IIOJI0OXKEHb TOJATKIB
TexHomoriuHOro pernaMenTy OesnevdHol eKkcITyaranii 3-ro eHepro6/10Ky PiBHeHCbKOI
AEC onrtuManbHy CTpaTeriio BUIPOOYBaHb CHCTEMM 3alOOIXHOrO KIallaHa KOMIIEH-
catopa Trcky. Yacrora BUnpoOyBaHb, [IOB¥3aHNX i3 IepeBiPKOIO CIIPAI}bOBYBAHHSI iM-
Iy/IbCHO-3aI061KHOTO IIPUCTPOI0 KOMIIEHCATOPA TUCKY PeabHIM ITifIBUIEHH M TVIC-
Ky B 1-My KOHTYpi, cTaHOBUTS 1 pa3 Ha 8 pokiB. YacTrora BUIpOOyBaHb, IOBSI3AHNUX i3
nepeBipkaMM IiTbHOCTI 3aTBOPiB IMITy/IbCHO-3a11061>KHOrO IPUCTPOI0 KOMIICHCATOPa
TUCKY, HaJalITyBaHHA MPY>KUH Ta CIIPpallbOByBaHHSA TOJIOBHOTO KJIallaHa 3a JJOIIOMO-
rOI0 ITHeBMaTUYHOT'O BUIIPOOYBA/JIBHOTO CTEH/Y Ta BYMipIOBaJIbHOTO BaXKeld, CTAHO-
BUTb 1 pa3 Ha 4 poxu. IlepeBipku cucremu 3amo6i>K HOro K/IalaHa KOMIIEHCATOPA TUCKY,
[OB’I3aHi 3 KOHTPO/IEM CXeM aBTOMATVKU Ta YIIPAB/IiHH, BiAIIOBIZAIOTh YaCTOTi, ycTa-
HOB/IeHilT TeXHONMOTiYHUM permaMeHTOM Oe3ledHOi eKCITyaTarii 3-T0 eHeprobIoKy
Pisuencokoi AEC. Tlicns sakindeHHs 8 pokiB ekcruryaranii abo BUHMKHEHHs aBapiii,
aBapifiHMX CUTYyallili, IOPyLIeHb HOPMa/JIbHUX YMOB €KCIITyaTallii IPOBOJUTHCA B TIOB-
HOMY 0065131 TEXHIYHIIT OITIAL CUCTEMU 3aII061KHOTO K/TallaHa KOMITEHCATOpa TUCKY Ta,
y pasi motrpebu, KOPUIyeThCS CTpaTerist BUIPOOYBaHb Y IePiof; PEMOHTHIX KaMITaHIIL.

Bcryn. Cran nmpo6memMu

Ypoku inuupenty 2009 p. Ha PiBrencokiit AEC i3
He3aKPUTTAM 3aII001>KHOTO KJIallaHa KOMIIEHCATOpPa TIC-
Ky (3K KT) BusHaumam HeoOXifHICTb He nuIle IMifBU-
IIeHHA AKOCTi IPOBEEeHHA PEMOHTHMX KaMIIaHil, a i
onTtuMisanii yacroru Bunpobysans 3K KT.

HeobxipgHicTp ontuMisanii yacroru Bunpo6ysanb 3K
KT BusHayaeThcst TakuMy OCHOBHUMY dakTopamu [1-3]:

4acTOTa BUIPOOYBaHb Ma€ OYTI JOCTATHHOIO AJIS
HNigTBepAXeHHA HafilHOCTI Ta Mpale3laTHOCTI CUC-
TeMU;

koxxHe Bunpo6ysanus 3K KT y pexxuMi «rapsi4oi»
3YNMHKY BiZiIOBifla€ yMOBaM aBapiil 3 MaIMMM TedaMu
P€aKTOpHOTO KOHTYDY;

HajMipHa Ki/IbKiCTh BUIIPOOYBaHb IPU3BOAUTD JIO
nepelYacHOTO 3HOCY/Ierpajiallii Ta SHVD>KEHH A 3a/IMII-
KOBOTO Pecypcy.

© B.I. Ckanosy6os, 0. 0. Komapos, 0. C. Kanapceknii,
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Heo6xiguicTh onTuMisanii yacTotu BUIpoOyBaHb
3K KT € 0co6n1BO aKTyanbHOIO B MiC/IAINPOEKTHI Tep-
MiHM eKcruTyarariii eHepro6okis AEC.

AHasi3 peraMeHTHUX BUMOT JI0 YaCTOTY BULIPOOY-
BaHb 3K iMmnynbcHo-3ano6i>xkHoro npucrporo (I3IT) KT
I03BOJIAAE 3pOONTY HaBefieHi HIDK4Ye BIICHOBKIL.

1. PermameHTOM BM3HAYeHO LIICTb MOpiYHUX (Y IIe-
piox IIaHOBO-IOIIEepe/I>)KYBaTbHUX PEMOHTIB) (QYHKITi-
oHa/bHNUX NepeBipok npanesgatHocTi I3I1 KT i ctany
3aco0iB/cXeM aBTOMAaTUKM Ta yIPaBIiHHA Ta OJHE BU-
npoOyBaHHA 3 pea/IbHIM CIPallbOBYBaHHAM IIPY Ii/iBU-
I[eHOMY TUCKY (Y IIepiofi KaIliTa/bHOTO PEMOHTY).

2. TigpoBumpoOyBaHHs Ha L[iITBHICTD Ta MIiLTHICTH
(y Tomy uncni i gna 3K KT), a Takoxx pernmaMeHTHi Bu-
npo6ysanHa 3K KT BusHaueHi AK peXXMM HOpMaIbHOI
excrryaranii. OgHak aKkTMYHI HABaHTa)KeHH Ha efle-
menTy 3K KT y nmpoueci unx sunpo6yBaHb Bifmosifa-
I0Th YMOBaM aBapiit Ta aBapiitanx curyanin (AC). Tak,
B YMOBaX I'ifpoBUIpoOyBaHb Ha III/IbHICTD (IIi/TiCHICTD)
Hepernaj TUCKY CTaHOBUTD 180 kr/cM?, a Ha MiLIHiCTD —
250 xr/cM?; a I pernaMeHTHUX QYHKITIOHaTbHUX BU-
npoOyBaHb y fianasoHi aBapiliHOTO BiAKPUTTA/3aKPUTTS
KnamaHiB — Bixg 170 go 196 kr/cm?2.

3. Insa rigpoBunpoOyBaHb Ha IIiTBHICTD Ta MiIl-
HICTb BM3HAYEHO [JONYCTMMi LMK/IM HaBaHTAXXeHHA
(100 Ta 60 nukIiB BifmoBifHO), a A1 GYHKIIOHATBHUX
BUNpo6yBaHb BOHU (PaKTUYHO He cPOpMyIbOBaHI.
Ockinpku 3a GyHKIIiOHA/IBHUX BUIPOOYBAaHDb e/IeMeH-
11 3K KT 3HaxopATbCcA B yMOBax, O/MIM3bKUX O aBapiii-
HIX, TO AK JOIYCTUMY KilTbKiCTh IMK/IiB HABaHTa >KEHHA
OUX PEXMMIB C/IiJi 3aCTOCYBaTU PErTaMEHTHY OLIiHKY
30 yuxtiB (CyMapHO BOIMyCTMMA Ki/lbKiCTh aBapiliHUX
PEeXMMiB).

TakyuM YnHOM, ONITMMIi3a1lif YACTOTY BUIPOOYBaHb
3K KT € akTya/IpHUM OUTAaHHAM 3abe3IedeHHs Oe3meKn
ANEePHOI eHepreTUKM YKpaiHM.

OCHOBHIi IOTOKEHH I METOTMIHOTO
3a0e3nedYeHH s

OCHOBHI ITO/I0O>KE€HHSI METORMYHOTO 3a0e3IedeHHs
TexHiYHUX 06rpyHTyBanb onTtuMiszanii 3K KT nasepe-
HO HIDKYe.

1. Y npboMy BUIIaZKy Iifi ONITUMi3alli€l0 YaCTOTH BU-
npo6ysanb 3K KT mMaeTbcst Ha yBasi 3MiHa peraMeHT-
HUX cTpareriit Bunpo6ysanb cucremu 3K KT as 3abes-
HMeYeHH:

HeoOXiHOI HafliiTHOCTI KOHTPOJTIO 3a Ipalle3gaTHi-
CTIO CUCTEMMU J/151 BUKOHAHHA IPU3HAYEHNX IIPOEKTOM
¢byHK1ii 6esmexy;

HOPMaTHBHMX BMMOT IJOJIO YMOB MiIlHOCTi KOH-
CTPYKIIili CMCTeMM IPOLMKIIYHUX TEPMOAVHAMIYHNAX
Ta MEXaHIYHMX HaBaHTa>KeHb.

[Tepumnii i3 3a3HaYeHuX (PaKTOpiB BU3HAYAE HEOO-
XifHICTD AKHANYACTIIIOTO MpOBefeHHA QYHKIiOHAb-
HUX BUIPOOYBaHb J/Is1 MifiTBEPI>KEHHS Ipalle3AaTHO-
cti cucremnu 3K KT. [Ipyruit ¢pakrop crpssMoBaHuUit Ha
3HIDKEHHSA KiJIbKOCTI HaJ/IMIIKOBMX IIMK/IIYHMX HaBaH-
taxeHb Ha 3K KT, Buknmnkauux 6e3nocepesHpo BUIPO-
OyBaHHAMM. BpaxyBaHHsA 000X (aKkTOpiB i BU3HaUaE
OITYMA/IbHY YaCTOTY BUIIPOOYBaHb.

2. BiinoBigHO 10 HOPM pO3paxyHKY Ha MiLIHICTb
[4] ymoBamMu HeoOxigHOI MiIfHOCTI Ta LiiCHOCTI MeTany
KOHCTPYKIili IpY OVK/IIYHNX HABAaHTAKEHH X, BUKJIN-
KaHUX [epexifHuMM Ta/abo aBapilfiHUMU POLeCaMH, €

kN,
_<o=[a.], 4))
=N :
mej=1, ..., k— rpymnu pexxumis, 10 MaTb OHAKOBI

(6rm3pKi) aMIUTiTYyAM HAIpyT (0), CIpUYMHEH] TepMOANK-
HaMIYHMMU Ta MEXaHIYHUMU HUKTIYHMMU HaBaHTa)XKeH-
HAMU; NJ — (daxTMYHA KiNBKICTh IIMK/TiB HaBaHTaXKeH-
Hs; [Nu]j — JJONIYCTMMa KiZIbKiCTh IIVIK/IiB HABaHTa>KEHHA
j-X pe>KUMIiB, 10 3a7IeKNUTh, Y 3aTaIbHOMY BUIIAAKY, Bif
BIACTMBOCTEN MeTajTy Ta XapaKT€PHMX aMIIIITY ] HaIIpyT
j-ro mpouecy; [a | — xpurepiit HagiitHOCT (1A 06Maz-
HaHHA K/1acy B 3a BuMoramu fo 6esmnekn ekcIryararii
aTOMHUX €HeprOyCTAaHOBOK [5], O SKOTO B TOMY YMCITi
Hanexutb 3K KT, snauenns 0,4).

HomycTuma KibKiCTh IIMK/IiB HABaHTa>K€HHA [Nu]
BU3HAYAETHCA BifIIOBIMHO [O METOOUYHOIO 3abesIe-
yeHHA [4]. OfHaK y IbOMY BUIIA/IKY Yepe3 BiICYTHICTD
moctaTHbOI iHpopmanii 3aBopy-Bupo6buuka 3K KT
Sempell AG npo ckap Ta ¢pisuko-TexHiYHI XapakTepu-
CTUKM MeTaly KOHCTPYKIil JOYCTUMY KiJIbKiCTh LIM-
KJIiB HaBaHTa>keHH MO>KHa BU3HAYaTy BiJIOBITHO IO
peraMeHTHIX BUMOT TeXHOJIOTiYHOTO per/laMeHTy 6e3-
neyHoi ekcrnyaranii (TPBE) sa ymoBy nmpumyimenss, mo
xapakrepuctuku mirtHocti Metany 3K KT Sempell AG ne
ripuii 3a IpOEKTHI.

3. Bigmosiguo go TPBE 3-ro enepro6moky PiBHeH-
cpkoi AEC [6], Bunpo6ysanusa 3K KT nanexxars mo
peXMMiB HOpMaabHOI €KCIITyaTallii, IpOTe TepPMOJ K-
HaMiuHi Ta MeXaHIYHI HAaBaHTa>XeHHA MiJl Yac BUIIPO-
OyBaHb (1OB’A3aHi 3 epeBipKolo criparboByBaHHs 1311
(immynbcuoro xnanana) KT peanpHuM migsuijeHnM
THCKOM y 1-Mmy koHTYpi (I1), mepeBipkoro miinbHOCTI 3a-
tBopiB I3I1 KT (I2), mepeBipkoro HajamITyBaHHA NPY-
KVH BiJi BUMIipIOBaJIbHOTO Baskessi a0 MTHEBMAaTUIYHOTO
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crerny Sempell (I3), mepeBipkoro pyHKLIOHATBHOI 31aT-
HocTi I3IT KT 3i cnpaniboByBaHHAM IOTIOBHOTO K/IallaHA
3a JIOIIOMOT 010 ITHEBMATVYHOTO BUIIPOOYBATbHOTO IIPH-
cTpoio abo BuMiproBanbHOro Baxkens (I4)) BigmoBigawoTh
ymoBaMm cnpanboByBanHa 3K KT mig yac aBapiit/AC,
st sxkux BigmosigHo mo TPBE [6] MakcuMainbHa Kifb-
KiCTh IIMKJIiB aBapiflHOrO HaBaHTa)KeHH: He TIOBMHHA
nepesnmyBaty 30 IMKITiB.

PospaxyHKoBO-aHaTiTMYHi OLiHKM
Ta pe3yIbTaTu

3 ypaxyBaHHAM IPUIHATUX MIOIOKEHDb Ta IPUITY-
meHb ymoBa MinHoCTi gy 3K KT mae Taknit Burnan:

I t+ It + It + 11t N z": N, (t)i N z”: Nﬂ(t)i +
[Nm] i=1 [NJIA]i i=1 [NI[H]i
) . @
S T,y (D)t + Vi(2) <04,
i=1 [NHHYE]i

ne I1, — vacroTa BUMpo6yBaHb, OB A3aHMX i3 TepeBip-
koto cpanpoBysanH: I3I1 (immynbcHoro kmamana) KT
peasbHMM TiJBUIEHHAM TUCKY B 1-My KOHTYpi, pik';
I1,, — 4acToTa BUnmpo6yBaHb, HOBA3AHNX i3 IepeBiPKOIO
winbHOCTi 3aTBopiB I3I1 KT, pix’; IT,, — 9acToTa BUIpO-
OyBaHb, TOBI3aHNUX 13 ePEBIPKOIO HA/TAIITYBAaHH IIPY-
KMH Bifl BUMipIOBasIbHOTO Baxkens, pik’; IT, — vacTora
BUIIPOOYBaHb, OB SI3aHIX i3 IIepeBipKOI0 QYHKI[iOHATIb-
Hoi 3gatHOCTI I3I1 KT 3i cnpaniboByBaHHAM I'OJIOBHOTO
K/IaIIaHa 33 OIIOMOT 010 THEBMATIYHOTO BUITPOOYBa/IbHO-
O IIPUCTPOIO 260 BUMIpIOBa/IbHOTO BasKe/is, pik'; t — dac
eKCIUTyaTanil, pik; [Nm] — JIOTIyCTMMA KiNbKIiCTh IIUK/IiB
HaBaHTA)XeHH NPV BULIPOOYBaHHAX 3 HABAHTa)KEHH -
M1, L0 BifTIOBINAIOTh aBapillHUM yMOBaM; [NH A),— mo-
ITyCTVIMA per/laMeHTHA Ki/IbKiCTh IIMKIIiB HaBaHTa>KeHHS
min yac i-x aBapiit/AC; N, (f), — dbaxTuyna KimbKicTb i-X
aBapiit/AC; a — 3aranbHa KinbKicTb i-X BUfiB aBapiit/AC;
N (t),— baxTuyHa KiNbKiCTh i-X HOpyILIIeHb HOPMATbHUX
ymoB excriryaranii (ITHYE); [NHH]I, — JIOIIyCTMMA pera-
MEHTHA KiJIbKiCTb IVK/IiB HAaBaHTa)XeHHS B i-X HOAifAX,
nos’s3anux i3 [IHYE; n — 3arasmpHa KilbKiCTh pe>XumiB
i3 [IHYE; [T, .. — YacToTa per/laMeHTHOrO i-T0 PEXXUMY
B HOpMa/bHMX yMoBax ekcrnyaranii (HYE); V, — kinb-
KiCTb [T03aIJIAHOBYX ITYCKiB Ta 3yNIMHOK €Heprob/IoKy;
m — 3arajibHa KifbKicTh pexxnmiB i3 HYE; [NHHYE]I, — J0-
IIyCTVMa KiJIbKiCTh UMKB i-ro pexxumy B HYE.

Topni ymoBa (2) onTuMabHOI 4acTOTY BUIIPOOYBaHb,
[OB’I3aHNX i3 HABaHTa )KeHHAMM, O7IM3bKIMH 10 aBapiii-
HUX PeXVMiB, Ma€ TaKWI1 BUTTIAL;

D <D,
— HII+HIZ+HIS+H
: [Ny ]

LV &

=N,

(o) LY (3)

N, (1), _Z": E\Il\?(t;i ’
i=1 IoH i

@2: 0’4 _z HYEi
i=1 [NJIHYE ]i

nie @, — bakTop BUYepHaHHA PeCyPCHUX LIMK/IiB HaBaH-
Ta>KeHHs B pe3y/IbTaTi PyHKI[iOHAIbHUX BUIIPOOYBaHb;
O, — dakTOp 3HMKEHH 3aMacy UMK/IiB HaBAHTA)KEHH A
B pesynbTati paxTranux pexxumis 3 HYE, [IHYE ta AC.

AxicHa nosepiinka dakropis @ i O, Biff yacy npesn-
CTaB/IeHa Ha PUCYHKY.

[pu t < T, (rapanTOBaHMII TEPMiH pecypcy 3a Iu-
KJIaMM HaBaHTa)XeHH:) yMoBa MinHOCTi (3) BMKOHY-
€rbest; a ipu ¢ > T ymMOBa Mil[HOCT 3a IMK/TaM¥ HaBaH-
Ta)KeHHs He BUKOHYEThbcA Ta ekcrnyarania 3K KT ne
00rpyHTOBaHa (He rapaHTOBAaHA).

3 orpuMaHOi yMOBN (3) BUIITIBA€ HACTYIIHE.

Hasits 3a BificyTHOCTI (a60 He3HAYHOTO BIIMBY) Ij-
K/IiB HaBaHTa)XeHHs1, moBs3anux i3 [IHYE a6o AC, rapas-
ToBaHMIi TepMiH pecypcy T, ne mepesuurye 8—10 pokis.

Y pasi BigmMoBu Ha 3akpuTTA (mmicna BigkpurTs) 1311
KT ([N,,] = 1) rapanToBaHuii TepMiH pecypcy Budepiry-
€TbCsA 3a OY/Ib-AKUX YMOB. Y IIbOMY BUIIA[IKy HeOOXigHa
3amina I3I1 KT a60 moBHMI TEXHIYHMII OIJIAN, TIOHAIbIIOL
Ipane3faTHOCTI Ta HafiTHOCTi.

IIpuitaATe NpUNyLeHHA PO HOMiHATbHY Ki/IbKiCTh
IVIK/IiB HaBaHTa>KeHHS IpU QYHKIIIOHAIbHIX BUIIPOOY-
BaHHAX (30 UMK/TiB) He BIUIMBA€ Ha OTPMMAHI pe3yyIbTa-
i, ockiibky TPBE BusHavae aHaoriyHi HyKan Ha Iie-
pioj IpU3HAUYEHOTO TePMiHY eKCIITyaTalil eHepro6/IoKy.

Jlns1 BUSHAaYeHHs ONTUMAJIbHOI YaCTOTU BUIIPOOY-
BaHb cucremu 3K KT y nepios peMOHTHMX KaMIIaHiii

D,
D,

[of]

D,

T'apanmosanuii pecypc Hezapanmosanuti pecypc

=

AxicHa nosesiinka daxropis @, Ta @, Bin yacy
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3 JOCBifly eKcIUTyaTanii HpuiiMaeTbCs JOGATKOBA YMO-
Ba IIPO Te, 1[0 BUNPOOYBaHHs, IOBsI3aHi 3 IepeBipKa-
MM IIiZIBHOCTIi 3aTBOPiB, Ha/TAIITYBaHHAM INPY>XMHU Ta
CIpaljbOBYBaHHAM IOJIOBHOTO KJIaIlaHA 32 IOIIOMOTOI0
ITHEBMATMYHOTO BUNPOOYBATbHOTO IPUCTPOIO 260 BU-
MipI0OBa/IbHOTO BaXKeTlsd, IPOBOJATHCA JacTillle, HiX IIe-
peBipku cipanboByBaHHsA I3I1 KT peanpanum migsuies-
HSM TUCKY 3a KaIliTa/IbHOTO PEMOHTY:

II,=2I1,; TII,=2I1,; II,=2II,. 4)

Topi, 6e3 ypaxysannsa By pexxumis 3 [IHYE ta AC,
a TAaKOX IT03AIVIAHOBUX 3YIMHOK €HeproOlIoKy, OITH-
MajIbHa YaCTOTa (PYHKLIOHAIBHUX BUIPOOYBAaHb CUCTe-
mu 3K KT Bunusae 3 pimenns (3) i (4) 3 ypaxyBaHHAM
peT/IaMeHTHOI YacTOTH Ta JOMYCTUMMX IIVK/IiB HaBaHTa-
JKeHHA B pexxnmax 3 HYE:

I, = 0,125 (1 pas na 8 pokiB);
I, =11, = I, = 0,25 (1 pas Ha 4 pokmu).

OTpumaHi pesynbTaTy JAalOTh 3MOTY OOIPYHTYBaTK
(y Bigxunenus Bix nonoxxedb TPBE 3-ro enepro6moky
PiBnencrkoi AEC) HaBefileHYy HIDK4Ye CTpaTerilo BUMPO-
oysanb cucremu 3K KT.

1. YacToTa BUnpo6yBaHb, HOBA3aHIX i3 IepeBipPKOIO
cnpanposyBanHA I3I1 (immynbcHOro xmamana) KT pe-
aIbHMM Mi[IBUIIEHHAM TUCKY B 1-My KOHTYPi CTAaHOBUTD
1 pas Ha 8 pokis.

2. Yacrora BUIpo6yBaHb, IIOBA3aHUX 3 IIepeBipKa-
mu minpHOCTI 3atBopis I3I1 KT, HalamTyBaHHA IPY>XNH
Ta CIIpallbOBYBaHH: rOJIOBHOTO K/IallaHa 32 JOIIOMOTOI0
ITHeBMATMYHOTO BUIIPOOYBATbHOTO CTEH/LY Ta BUMIpIO-
BaJIbHOTO Ba)ke/dA, CTAHOBUTD 1 pas Ha 4 poKu.

3. Ilepesipku cucremu 3K KT, mos’si3ani 3 KOHTp-
0JIeM CXe€M aBTOMATMKU Ta yIpaBJliHHs, BiATIOBiZalOTh
vacrori, BctaHOB/eHiT TPBE 3-ro eHepro6noky PiBHeH-
cpkoi AEC.

4. ITicna sakiHueHHA 8 POKiB eKcIUTyarariii abo Bu-
HukHeHHA aBapiit, AC, [IHYE nposoguTbcs B moBHOMY
06c¢sa3i rexniunmit ornay cucrtemn 3K KT Ta, y pasi mo-
Tpebu, KOPUT'YETHCS CTpaTeris BUIIpoOyBaHb y mepiof
PEMOHTHMX KaMIIaHiil.

BucnoBku

1. Po3spo6ieHO MeTORMKY ONTUMIi3anii 4acToTH
¢yukiionansHux Bunpo6bysaup cuctemu 3K KT y me-
piofi peMOHTY eHepro6/I0Ky 3a HaBaHTaXKeHb, IO BifiIO-
BifjaloTh yMoBaM aBapiit/AC, 3 ypaxyBaHHAM HeOOXiTHOI

HaJi/IHOCTi KOHTPOJIIO Mpalle3faTHOCTI Ta HOPMaTUBHUX
BMMOT IIOfI0 YMOB MIiITHOCTI Mifl 9ac GUK/IIYHIX T€PMO-
OVIHAMIYHMX Ta MEXaHIYHMX HaBaHTa>KeHb.

2. Ha ocHOBi po3po6/1eHOI MeTOAMKY 3allPOIIOHO-
BaHO y BifcTyn Big gomarkiB TPBE 3-ro enepro6moky
PiBnencpkoi AEC onTrManpHy cTpaTerito BUIIPOOyBaHb
cucremu 3K KT:

4acTOTa BUNPOOYBaHb, IOBA3aHNX i3 IepPeBipKOIO
cupanboByBaHHs I3I1 KT peanbHuM nigsuineHHAM THC-
Ky B 1-My KOHTyPi cTaHOBUTb 1 pa3 Ha 8 poKiB;

9acTOTa BUIIPOOYBaHb, IOBA3aHUX i3 IepeBipKaMu
minpHOCTI 3aTBOPiB I3I1 KT, HamamryBaHHA NPy>XUH
Ta CIIPallbOBYBaHHA TOJIOBHOTO KJIAllaHA 3a IOIIOMOT 00
ITHEBMATUYHOTO BUIIPOOYBATbHOTO CTEH/IY Ta BUMIipIO-
Baj/IBHOTO Ba’KeJIsl, CTAHOBUTD 1 pas3 Ha 4 pOKuy;

nepesipku cucremu 3K KT, nos’3aHi 3 KoHTponem
CX€M aBTOMaTMKH Ta YIIpaBJIiHHs, BilTIOBiAI0Th YaCcTOTi,
ycranosneHiit TPBE 3-ro enepro6noky PiBaencpkoi AEC;

mic/A 3aKiH4eHHA 8 POKiB eKcIyaranrii a6o BMHUK-
HeHHs aBapiit, AC, mopyleHb HOpPMa/JIbHUX YMOB €KC-
I/TyaTalii IpOBOAKUTHCA B IOBHOMY 00Cs31 TeXHIUHMIT
OIJIAJ CUCTeMM 3amo00iKHOro KjIamaHa KOMIIEHCaTopa
tucky 3K KT Ta, y pasi morpe6u, Kopuryerbcs cTpaTerisa
BUIIPOOYBaHb y IIepioJ; peMOHTHUX KaMIaHiIL.
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Optimization of the Test Frequency of Pressurizer
Safety Valves in VVER Reactors

A methodology has been developed to optimize the
frequency of functional tests of the pressurizer safety
valve system during the power unit maintenance period
under loads corresponding to the conditions of accidents/
emergency, taking into account the required reliability of
operability monitoring and regulatory requirements for
strength conditions under cyclic thermodynamic and me-
chanical loads.

Based on the developed methodology, an optimal
strategy for testing the pressurizer safety valve system is
proposed as a deviation from the Annexes to the Tech-
nological Regulations for the Safe Operation of the Unit
3 of the Rivne NPP:

The test frequency related to checking the operation
of the pilot operated safety valve of the pressurizer with
a real increase in primary circuit pressure is once every
8 years;

The test frequency related to checking the tightness of
the locks of the pilot operated safety valve of the pressur-
izer, adjustment of the springs and activation of the main
valve using a pneumatic test stand and a measuring lever
is once every 4 years;

Tests of the safety valve system of the pressurizer,
related to monitoring automation and control schemes,

correspond to the frequency established in the Techno-
logical Regulations for the Safe Operation of the Unit 3
of the Rivne NPP;

After 8 years of operation or the accidents, emergen-
cy situations, violations of normal operating conditions,
a full technical inspection of the pressurizer safety valve
system is performed and, if necessary, the test strategy is
adjusted during the maintenance campaigns.

Keywords: test, accident, safety valve, pressurizer, frequency,
methodology, power unit.
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The article is devoted to the problem of handling irradiated graphite (IG) from nuclear
installations (NI). Reactor graphite (or nuclear-grade graphite) has been used as a neu-
tron moderator or reflector in more than 100 nuclear reactors and is a structural and
functional material in Generation IV nuclear power systems, in particular in high-tem-
perature gas-cooled reactors (HTGR, HTR, VHTR) and molten salt reactors (MSR).
Therefore, the problem of handling IG from nuclear power plants is a pressing scientific
issue. For some possible options for the utilization of IG, in particular, incineration,
burial, and treatment with ion exchange resins, the issue of crushing and sorting IG
is relevant. Based on the analysis of the physical properties of graphite after long-term
exposure to high temperatures and neutron irradiation, the authors propose ways to
improve the methods of IG crushing and sorting using artificial intelligence (AI). The
article describes a method for crushing IG using a ball mill with discharge through a
grid and a developed algorithm for separating IG using Al which includes processing
and control cycles using neural networks. Future improvements in the use of a ball mill
with discharge through a grid and the separation algorithm should be aimed at reduc-
ing energy consumption and adapting to remote control conditions.

Introduction

and long-term storage, as well as potential disposal
methods, remains extremely high. Methods for short-

According to the General Safety Provisions for the
Decommissioning of Nuclear Facilities (Order No. 440
of the State Nuclear Regulatory Inspectorate of Ukraine
dated October 28, 2020 “On Approval of the General
Safety Provisions for the Decommissioning of Nuclear
Facilities”) [1], the term “decommissioning of a nuclear
facility” is defined as the stage in the life cycle of a nucle-
ar installation (NI) that begins after final shutdown of a
NI and during which the site of the NI is completely or
partially released from regulatory control. The relevance
of improving methods for the management of radioactive
waste (RW), including processing, conditioning, short-

and long-term storage also need improvement. The adopt-
ed strategy for RW management is aimed at containment
and isolation from the environment and people for the
period of its potential hazard. To this end, RW is collected
and sorted according to its radiological characteristics [2].

Nuclear graphite is a high-purity polygranular
graphite used as a neutron moderator or reflector in nu-
clear reactors and also as a structural material.

First- and second-generation graphite-moderated
nuclear reactors (including military designs) were con-
structed in numerous countries, including the former
USSR, the USA, the United Kingdom, Germany, France,

© O.Yu. Dorman, K. V. Simeiko, 2025. License CC BY 4.0

50

ISSN 2311-8253 Nuclear Power and the Environment Ne 1 (34) 2026


http://doi.org/10.31717/2311-8253.26.1.5
https://orcid.org/0009-0005-3894-7333
https://orcid.org/0000-0002-1590-6281

Identification of ways to improve the methods for crushing and sorting irradiated graphite

Japan, Lithuania, China, etc. Reactor graphite has been
used in more than 100 nuclear reactors as a neutron mod-
erator or reflector and remains an important structural
and functional material in Generation IV nuclear power
systems, including high-temperature gas-cooled reactors
(HTR, HTGR, VHTR) and molten salt reactors (MSR) [3].
At the Chornobyl Nuclear Power Plant alone, more than
5.4 thousand tons of irradiated graphite (IG), containing
total activity of approximately 1.2 x 10* Ci and a thermal
load of about 2 x 10° GJ will require dismantling in the
near future, posing potential hazard to personnel and the
environment [4]. When planning measures for the man-
agement of IG, it is necessary to consider the reactor type,
the characteristics of the graphite, and specifics of its op-
eration and storage [5].

The management of irradiated reactor graphite af-
ter the decommissioning of uranium-graphite reactors is
a complex scientific problem and requires practical and
technically feasible solutions.

State of the problem and analysis of literature data

The extensive use of graphite in nuclear reactors as
a neutron moderator and reflector is due to its unique
properties, including:

high thermal and corrosion resistance: allowing
graphite to remain stable at very high temperatures;

high neutron-moderating efficiency and low neutron
absorption: graphite effectively moderates fast neutrons,
converting them into thermal neutrons necessary to sus-
tain a chain reaction, while absorbing a minimal amount
of them;

high mechanical strength and low thermal expan-
sion coefficient: ensure the reliability and durability of
the material;

high purity and low porosity: purity levels of up to
99.9% are achieved, which affects reactor performance
(6, 7].

Since 1942, more than 100 designs of graphite-mod-
erated reactors have been developed. Most urani-
um-graphite reactors have been decommissioned or are
subject to decommissioning [8].

The International Atomic Energy Agency (IAEA) has
initiated several consultations and technical meetings on
the disposal of IG. The conclusion of the first ITAEA techni-
cal meeting on the life cycle of graphite moderators at the
University of Bath (UK) [9] highlighted the need to cre-
ate an international database on the properties of nuclear
graphite in order to preserve knowledge for the develop-
ment of future graphite-moderated reactors and their sub-

sequent decommissioning and disposal. The Electric Pow-
er Research Institute (EPRI, USA) has created a “graphite
reactor decommissioning network” and published a series
of review articles [10-16] on this topic. Other publications
[16—-23] cover options for graphite disposal, including con-
siderations of the socio-economic aspects of this issue.

Given the numerous ongoing research programs,
the TAEA proposed a network aimed at promoting the
practical application of knowledge related to IG to fa-
cilitate current and future decommissioning/disposal
programs. This led to the creation of the Global Project
on Approaches to the Treatment of Irradiated Graphite
(GRAPA) network [24].

The technologies for removing IG components from
reactors (mainly the moderator and reflector) depend on
the design of the NI. Dismantling such components may
involve the extraction of individual components or the
crushing of IG. For some possible options for IG man-
agement, including incineration, disposal, and treatment
using ion-exchange resins, the issue of crushing and sort-
ing IG is relevant.

Research objectives: based on the use of open neu-
ral network libraries, propose improvements to crushing
methods and develop an algorithm for IG segregation.

Description of research methods: computer vision
neural networks based on free open source libraries such
as OpenCYV, TensorFlow, and Keras were applied. Visual-
ization of IG fragments was performed using free gener-
ative artificial intelligence (AI) Adobe Firefly.

Computer vision is a technology that enables com-
puters and other devices interpret and analyze visual in-
formation from the environment. In industry, computer
vision is used for process automation, quality control, se-
curity, and other operational tasks.

Key industrial applications of computer vision include:

quality control: computer vision systems can au-
tomatically detect defects with high inspection accuracy
and speed;

object identification: using cameras and image pro-
cessing algorithms to identify different components or
products on conveyor lines;

process automation: computer vision can be integrat-
ed into robotic systems to perform tasks such as packag-
ing, assembly, or object manipulation;

security: video surveillance systems with computer
vision elements can be used to monitor safety in produc-
tion, detect dangerous situations, or unauthorized access;

data analysis: images and videos can be stored and
analyzed to get useful data on what’s going on, which
helps with decision-making;
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issues to consider when implementing computer vi-
sion: in the real world, complex scenes with many ob-
jects are common, and lighting can significantly affect
image quality.

The visualization of IG debris was performed using
the free generative AI Adobe Firefly.

The effect of operation on the strength
of reactor graphite

The strength of reactor graphite initially increas-
es with low neutron fluence, but subsequently decreas-
es. Closer to the surface of the block, the graphite swells,
its porosity increases, and the concentration and energy
of neutrons are significantly higher there. The strength
of the IG decreases due to changes in the crystal lattice
and high temperatures. The greatest changes occur in the
surface layer. Uneven swelling creates internal stresses,
which leads to changes in the shape of the blocks and the
formation of longitudinal cracks [25].

Separation of the graphite block into parts
with subsequent sorting

The choice of crushing method depends on the initial
size of the graphite pieces, the requirements for the final
fraction, and the presence of radioactive contamination
(for reactor graphite). A typical ball mill (BM) design with
grid discharge (Fig. 1) can be used for this purpose, which
is a drum with balls that crush the material.

The ball mill with central discharge (Fig. 1) consists
of a cylindrical drum (1) with end covers (2, 14)

The drum and covers are lined on the inside with
steel plates (8, 10). The end covers have hollow trunnions
(3, 13), with support the drum on the main bearings (6,
11). The rotation of the drum is driven byan electric motor
through the ring gear (9), which is fixed on the drum. The
drum or combined type feeder (5) is attached to the load-
ing trunnion. The hollow trunnions are equipped with re-
movable loading and discharge funnels (4, 12). Small mills
have hatches (7, 15) for inserting lining into the drums.
In large mills, this operation is performed through the
discharge trunnion. The discharge trunnion has a slightly
larger diameter than the loading trunnion, which causes
the pulp mirror to tilt towards the discharge side of the
mill. Steel or cast iron balls of various diameters (typically
40-150 mm) are loaded into the drum. The volume of the
balls is approximately half the volume of the mill. When
the drum rotates, the balls slide, roll or fall and crush
the grains of the mineral. The ore is crushed mainly by
the impact of the crushing bodies and partly by abrasion
and crushing. The feed material is loaded into the mill
through the feed trunnion, and the crushed product is
discharged from the mill through the discharge trunnion
[26, 27]. The initial data for calculating the experimental
parameters of the BM are given in the table.

Load factor y represents the percentage of drum vol-
ume and is used in formula (2). For the initial stage of the
studyy was set to 3%. Using the data below, the number
of balls was calculated for illustration purposes.

-
preresy

SRS

Fig. 1. BM with discharge through a grate: 1 — drum, 2, 6 — end covers,
3, 15 — bearings, 4 — loading trunnion, 5 — feeder, 7 — hatches, 8 — armored plates,
9 —bolts, 10 — grate, 11 — crown gear, 12 — lifters, 13 — throat, 14 — discharge trunnion
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Proposed data for calculating the experimental parameters of the BM

Drum diameter, Mill drum Recommended Selected ball Drum volume | Load factor v, Selected
d, m length, L, m ballidlameter, diameter, mm m? 3% kg quantity, pcs
K, mm
1 1.45 25 30 1.13 109.61 856
1 1.5 28 30 117 113.49 886
1 1.6 33 40 1.25 119 404
1 1.65 36 40 1.29 125.13 417
1 1.7 39 40 1.33 126.616 430
1 1.75 42 40 1.37 130.424 443
1 2.05 58 60 1.61 149.73 152
1 2.1 61 60 1.64 152.52 155
1 2.15 64 60 1.68 156.24 159

The following data show the characteristics of balls
for BM provided by the manufacturer. Various formu-
las, mainly empirical, used by BM manufacturers were
applied to calculate the dimensions of the balls and the
drum for the experimental setup, which is smalled and
may be adjusted during testing. The 3% load is the initial
value, subject to refinement during the experiment.

Ball diameter, mm .......... Mass of 1 cubic meter

of metal balls, ¢
30, e e 4.85
A0, e e 4.76
50, e 4.7
60, . e e 4.65
8. i e 4.6
100. .o e 4.56
125, e 4.52
Ball diameter, mm.............. Weight of 1 ball, kg
2 e 0.064
30, e e 0.128
B e 0.199
A0, e 0.294
T 0.413
50, e 0.58
10 T 0.761
60, . e e 0.98
3 T 1.291
80, i e 2.35
120 oo e 8.03

d, = (L_d) Q)
18

The diameter of the grinding balls required for IG
crushing was estimated using the empirical relation (For-
mula 1), where d, is the ball diameter (mm), L is the length
of the mill drum (m), and d is the drum diameter (m).

The maximum effective rotation speed Nmax is deter-
mined by the following formula:

N =42,3y/D, @

where v is the drum filling coefficient, D is the internal
diameter of the drum (m), and Nmax is the number of
revolutions per minute [28].

Experimental studies with different rotation speeds
and ball sizes will allow determination of the optimal drum
filling coefficient KM and the mode that will be more gentle
for low irradiated graphite (LIG) and more effective for the
destruction of highly irradiated graphite (HIG). Moderately
IG is classified as LIG, and it is not separated.

Preliminary measurements and analysis of radioac-
tivity in the reactor area, as well as the possible application
of a contrast agent that adheres to active graphite surfaces
and can be detected by cameras, may support the use of
computer vision in cyclic IG crushing and segregation. This
will automate the process and limit the need for human
intervention. The BM, traditionally used for grinding sol-
id materials, is proposed as a means of dosed destruction,
dividing the blocks into parts with potentially high and
low levels of irradiation. During the processing cycle, var-
ious (combined) effects occur: impact, friction, pressure,
depending on the speed of rotation and filling of the drum.

The use of a BM with periodic unloading through a
grate will enables removal of fine fractions from the grinding
zone, preventing them from being ground into dust, which
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should be classified as hazardous waste. Very fine particles
may be removed using liquid or air, which also provides
cooling of the graphite. The discharge of crushed graphite
can be carried out through a hatch or a spigot, where metal
balls will be retained or returned to the drum with the help
of an electromagnet, since graphite has diamagnetic proper-
ties, unlike iron for balls, which is ferromagnetic.

The crushed IG must be evaluated, sorted, separat-
ed from marked fragments, with additional processing if
necessary. Appropriate selection of ball size and material,
as well as mill operating parameters, increases the likeli-
hood of primarily affecting the weaker and more porous
areas of the blocks.

Sorting methods include mechanical processes such
as extraction and fractionation by radioactivity level. It
is important to note that physical separation does not
always allow for complete separation of different frac-
tions. It is important to note that complete separation of
fractions using only physical methods is a difficult task.
Partial mixing of crushed LIG with HIG is possible. To
improve recognition accuracy;, it is proposed to use sev-
eral video cameras, with repeated control of recognized
debris in each processing cycle. Equipment error must be
minimized. It is expected that the size of LIG fragments
will exceed the size of HIG fragments. This is the main
criterion for sorting IG. The objective is to minimize the
mass of unclassified graphite.

Mg = Mhig + Mlig + Mns, Mns - min, 3

where Mns is the mass of fragments, kg, that could not
be separated (they will have sufficiently large areas of
painted and unpainted fragments), Mg is the mass of all
graphite, Mhig and Mlig are the masses of HIG and LIG
that will be obtained during separation.

Mcalc <= Mhig <= Mcalc + Mperm. @)

With appropriate material accounting approach, it
is possible to introduce preliminary weighing of graphite
and make a quantitative assessment of the yield of HIG
Mcalc. Mhig >= Mcalc. In this case, the size of the LIG
fragments is equal to the size of the KM grid holes. On the
other hand, Mhig <= Mcalc + Mperm, where Mperm is
the maximum permissible deviation. It is also necessary
to minimize energy consumption and excessive grinding.

The proposed irradiated-graphite (IG) separation al-
gorithm is shown schematically in Fig. 2.

According to the algorithm, IG blocks are loaded
into the BM and processed for a specified time. Fine frac-
tions — primarily HIG particles — are discharged through
the grate. The remaining graphite is assessed to determine
whether additional processing cycles are required.

IG samples emit a-, B-, and y-radiation. Therefore,
initial dosimetric monitoring should be performed to

Loading graphite into
the installation

Processing for T(Mns)

Unloading of HIG
throughthe grid
and OG research

No

IG sorting

Yes

Successful
separation

Unloading LIG

Packaging of LIG
Packaging of HIG

Fig. 2. IG separation algorithm diagram
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characterize activity levels. Subsequently, video cameras
positioned at a safe distance (2-3 m) can acquire images
for automated processing. Based on these data, it is pos-
sible to estimate the amount of debris and the probable
amount of incompletely separated graphite.

An example visualization of IG debris is shown in
Fig. 3, generated using a generative-AI tool. Visual analy-
sis of sequential images shows improved graphite separa-
tion: the number of red-colored fragments decreases with
each subsequent stage. The quality of processing can be
evaluated using a neural network (classification or cluster-
ing) after unloading or directly inside the BM after it has
stopped by means of photo recording. Machine learning
methods can be applied to such images.

Processing optimization based on photographs

Based on the images provided, the following recom-
mendations for further processing can be made:

Case 1: Continue processing at time 1, and speed N,.

Cases 2 and 3: Continue processing at 1, < 1, and
T, < T,, and corresponding speeds N, and N..

Case 4: Processing may be stopped and the LIG dis-
charged if the estimated mass of the HIG reaches Mcalc
within acceptable deviation.

In general, fragments could be sorted according to
the degree of coloration during intermediate stages of sep-

Fig. 3. IG after processing (generated using Adobe Firefly — free generative AI)

aration. Although this approach could improve the pro-
cess quality, it would increase complexity of its implemen-
tation and require additional automated lines. Therefore,
at this stage, a more acceptable option is to process all
fragments to the desired degree of separation.

Conclusions

1. The proposed method of IG crushing has a
number of significant advantages. It is relatively simple
to implement and may guarantee a high safety level of
process. In addition, it can be extensively automated facil-
itating implementation and subsequent operation.

2. Separation of IG into different categories (low,
medium, and high) can significantly reduce the volume of
high-level waste requiring decontaminated or disposed.

3. Graphite is chemically stable under normal
conditions, and the proposed method does not alter its
chemical composition through aggressive substances,
thereby avoiding additional hazards. Graphite is insolu-
ble in water and does not release hazardous compounds.
This method minimizes generation of gaseous emissions,
active aerosols, and secondary waste. The rate of radio-
nuclides leaching from graphite blocks is low and com-
parable to the rate of leaching from vitrified radioactive
waste. After separation, established treatment methods
may be applied.
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4. An algorithm for separating IG using special
equipment has been developed, which includes pro-
cessing and control cycles using neural networks and has
a high level of safety.

5. Future refinement of the BM-based crushing
method and the Al-supported separation algorithm
should focus on reducing energy consumption and en-
hancing compatibility with remote-control conditions.
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BusHauyeHHA MIAXiB YZOCKOHAIEHHA METO/iB
NoApiOHEeHHA Ta COPTYBaHHA ONPOMiHeHOro rpadiry
A7 ePHUX YCTAaHOBOK

CrarTs npucBsAYeHa Ipo6IeMi ITOBOIKEHH 3 OII-
pomineHuM rpadirom (OI') simepHUX eHeproyCTaHOBOK.
PeakropHuit rpadit (abo rpadit aaepHOI YUCTOTH) BUKO-
PUCTOBYBABCA SIK CIIOBI/IBHIOBAY 4N Bifj0MBaY HEMITPOHIB
y 6inbir HiXK 100 AAZepHUX peaKTOpax Ta € KOHCTPYKIIili-
HUM i QpyHKI[IOHATBHMM MaTepiasoM y s/jepHUX eHep-
TeTUYHUX cucTeMax IV ITOKONiHHSA, 30KpeMa y BUCOKO-
TeMIepaTypHux razooxonomxysanpanux (HTR, HTGR,
VHTR) i pigko-conboBux peakropax (MSR). Tomy npo-
6nema noBomxeHHs 3 OI' AflepHUX eHeprOyCTaHOBOK €
aKTya/IbHOI0 HayKOBOIO IIPO6/IEMOIO.

s meakux MOXIMBUX BapiaHTiB yruaisanii OI,
30KpeMa, CIIa/lTI0BaHHS, 3aXOpPOHEHH s, 00pOOKY 10Hi3Y-
I0YMMM CMOJIAMM aKTYa/IbHUM € IIUTAHH:A MOAPiOHeHH A
ta copryBanHs OI. Ha ocHoBi aHani3y ¢isn4Hux Bractu-
BocTelt rpagiTy mic/is TpuBanoi il BUCOKMX TeMIepa-
Typ Ta HEHTPOHHOTO ONIPOMiHEHH I aBTOPaMI IIPOIIOHY-
I0ThCS LIJISIXY BIOCKOHA/IEHHSI METO/iB ITOIpiOHeHH Ta
coprysaHH:A OI' 3 BUKOPMCTaHHSAM IITYYHOTO iHTENEKTY
(IIT). Onmmucano metop fpobenHst OI 3 BUKOPUCTAHHAM
KY/ZIbOBOTO M/IMHA 3 PO3BAHTA)KEHHSM 4Yepe3 pelIiTKy
Ta po3pobennit anroputm posginents OI 3 Bukopuc-
taraMm [, 1o BK/I09a€ UKIN 06pOOKY Ta KOHTPOITIO
3 JJOIIOMOT0I0 HEMIPOHHUX Mepex. MaitOyTHe BIOCKO-
Ha/IeHHS BUKOPNMCTAHHA Ky/IbOBOTO M/IMHA 3 PO3BaHTA-
JKEHHSM 4epe3 PelIiTKY Ta aJITOPUTMY pO3JiNIeHHA Ma€
Oy TV HaIIpaB/IeHO HA 3MEHIIEHH A eHePreTUYHIX BUTPAT
Ta afjallTalii 0 YMOB IMCTaHIIITHOTO KEPYBaHHA.

Kniouosi cnosa: aToMHa eHepreTMKa, 3HATTA 3 eKCIITyaTarii
AEC, pagioakTuBHIi BifXomu, onpoMiHeHuit rpadit, Ty IHuI
IHTEJIeKT.
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Konuennia posnoninenoi ROS-cucremn gjist apromarm3anii
BUCTAHIIITHNX ONepaliii 3 MAJIMBOBMiCHIMI MaTepiataMu
Ha 00’€KTi «YKpUTTH»

Knrouosi cnosa:

06’eKT «YKpUTTsI»,
JIABOIIOZiOH]I Ma/IMBOBMICHI
MaTepianmy,

ROS,

poboTusoBaHi crucremn,
nUQpoBMIt ABIHIK,
SLAM,

JVICTaHLifiHe KePYBaHHA

IMpobrema BuIydeHHs JTABOMOAIOHMX MAIMBOBMICHMX MaTepiamiB i3 o6exra «YKpur-
TS» XapaKTepU3yeTbCA eKCTpeMaIbHUMU pafiialiitHuMy ymosamu (o 10°-10* P/rox) Ta
CKJIAJIHOI0 TeoMeTpielo mpuMimenp. Tpajguiiiine TeleyIpaBliHHA POOOTU30BAHMMI
KOMIIZIEKCAaMM CYIPOBOKYETCSA Mpo6/IeMaMy HU3bKOI CUTYaLiiiHOI 06i3HAHOCTI OIte-
paTopa, BUCOKMM KOTHITVIBHMM HaBaHTa)KEHHAM Ta PU3VKOM IOMM/IOK. 3aKpUTi IIpoIIpi-
€TapHIi CUCTeMM YCKIAZHIOITD iHTErpaliio Ta afanTaniio. 3alPOIIOHOBAHO KOHIIEMIII0
HOBOI PO3IOAINEHOI apXiTeKTypy AjIs1 aBTOMATM3aLil AUCTAHLIITHNX OIepariiii, 1o 6asy-
€TbCs Ha BigkpuroMy ¢peitMBopky Robot Operating System (ROS2). Cucrema nepenadae
PO3JiIeHH 06YICTIOBA/IBHIIX PiBHIB: BUCOKOIIPORYKTUBHNIL LIEHTPA/IbHUIL CepBep Y be3-
edHiil 30Hi A/Is1 3ajad IIaHyBaHHs, HaBirauii Ta 06pOOKN JAaHNX, a TAKOXK pajiaLiiiHo
CTifiki MikpoKoHTpOIepu (3 BrkopucranHsaM micro-ROS) 6e3nocepesHbO Ha BUKOHABYNX
MOZY/ISIX. 3aIIPOIIOHOBAHO TiOPUAHMIT HABIraUiiHII TIAXIA, w0 moegHye MeTofu SLAM,
AMCL, insrpanito EKF/UKF Ta iHHOBaIijiHNiT MeXaHi3M KOpeKIiil nmo3uiiii BiTHOCHO
nugposoro gsiitanka (Digital Twin Alignment). HaBezeHo pesy/ibraTut IpOMiKHOI eKCIte-
PUMeHTa/IbHOI arpobariii KOHLennii Ha yHKI[iOHaTBHOMY [IPOTOTHIL, IO MifTBEPANIN
JKUTTE3ATHICTD apXiTeKTypH Ta HafiitHicTh koMyHiKamiitHoro creky (micro-ROS).

Beryn

HICTh TPafguLIiHUX JEeMOHTa)XHUX onepanin. IcHyo-
Yya IMPaKTUKA BUKOPUCTAHHSA AUCTAHIIIIHO KEPOBAaHOI

[Tpobnema BUTydYeHHs TaBONOIOHNX MaTMBOBMIC-
Hux MarepianiB (JITIBM) B 06’exti «Ykputtsi» YopHo-
6unbcpkoi AEC € oMM i3 HaliCKIafHIIINX Ta HAKPU-
TUYHIMINX BUK/IMKIB y Cy9acHill AfepHil iHXeHepii.
Y nigpeakTOpHUX NMPUMIileHHAX 00'€KTA, 3a Pi3HUMU
OIIiHKaMy, HaKOMM4eHo 6113bko 180 T onmpomMiHeHO-
ro ImajauBa, [0 BXOAUTH 10 CKIALy HpI/I6JII/ISHO 1250 T
JIIIBM. PiBHi papgianii y MicIiax iXHboI T0Kamisanjii cAra-
10Tb 10°-10* P/Tog, 1110 MOBHICTIO BUK/IIOYAE MOXK/IMBICTD
nepeOyBaHHS TIOAVHA

JKopcTki papianifini yMOBU, CK/IaJjHa TeOMETPiA
3aBaJliB Ta IPUMillleHb CYTTEBO OOMEXYIOTh e(peKTUB-

TeXHIKM (Te/IeyIpaB/IiHHA) CINPAETHCA BUKIIOYHO Ha
BisyanpHy iHpopMmaniro 3 kamep. Lle cTBoproe HU3KY
¢dyHzaMeHTaIbHUX HPO6IeM: HU3bKY CUTYALiiHY HO-
indpopMOBaHiCcTh OnepaTopa, CKJIAHICTD Yy CIIPUITHATTI
TPUBUMIiPHOTO IIPOCTOPY, OL}iHIIi BiZlcCTaHEl Ta B3a€MHO-
o po3TallyBaHHA 00’ €KTiB. SIK HACMiOK, Lie TPU3BOANUTD
IO 30i/bplIeHHA TPUBA/IOCTi BUKOHAHHA ollepallil, BU-
COKOT'0 KOTHITMBHOTO HaBaHTa)X€HHA Ha OIlepaTopa Ta
HiJBUILEHOTO PUSUKY MOMUIIOK.

Binbuie Toro, 3HayHa YacTHa poOOTU30BAHUX Pi-
IIEHb, 1110 3aCTOCOBYIOTbCA B ANEPHIli Tanmysi, IpalllTh
Ha OCHOBI IIPOIPIETAPHOr0 IPOTPAMHOT0 3a0e3eYeHH.
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IxHi 3akpuTi iHTEpdeiicu yCKIaIHIOIOTH iHTETpaLiio 3 iH-
LIIMMMJ CEHCOPaMU, YHEMOXK/TUB/IIOIOTh MIBUKY aflallTa-
1LIi10 O MiH/IMBUX YMOB CE€PeJOBUINA Ta BIPOBaI KEHHA
CYy4YaCHMUX aJITOPUTMiB aBTOMaTM3alii.

TakuM 4MHOM, TOCTAE HarajabHa MOTPeda B PO3p0o0-
1Ii MPMHUIUIIOBO HOBUX MifIXOfiB JO aBTOMaTU3alii guc-
TaHIIHKMX onepaniit. Taki migxogu MaoTh MiHiMi3yBa-
TU y4acTb JTIOfVHY, 3a0e3IeqyBaTy BUCOKY TOYHICTD Ta
HaMIiJIHiCTh, @ TAKOXX MAaTH THYYKY, BiIKPUTY Ta MacIIITa-
6oBaHy apXiTeKTypy. Bukopucranus cydacHux ¢peim-
BOPKiB, Takux sk Robot Operating System (ROS), y noep-
HaHHi 3 KOHIemn1ieo Iudposoro asiitHuKa (Digital Twin),
Bi/IKpMBa€E MepCIEKTUBM /IS CTBOPEHHS POOOTU30BaHNX
CHICTeM HOBOTO ITOKO/TiHHA, 3laTHNX BUKOHYBaTY 3aBaH-
Hs B €KCTPEMaIbHNUX YMOBaX 00€KTa «YKPUTTS».

CraH npo6neMmu

Ilepexin Bif MpAMOro TeneyNnpaBaiHHA [0 CyIep-
Bi30pHOro (HaIiBaBTOHOMHOTO) KOHTPOJIIO € CBITOBUM
TPEHZOM Y POOOTOTEXHiIi /11 HeOe3IMeYHNX Ccepefio-
Buil. OCHOBOIO [IsI TAKUX CHUCTeM Jie-pakTo cTaB dpe-
itMmBopk ROS, a sromom jtoro HoBa itepanis — ROS2. Ak
3azHaveHo B [1], ROS2 6yB pospobneHnii 3 ypaxyBaHHAM
BUMOT JI0 HafjiifHOCTI, 6e3Ieky Ta po6OTU B peabHOMY
qaci, o € KPUTUYHUM J/I IPOMUCIOBAX Ta SANEPHUX
3acTocyBaHb. [Ipo6emarnka HaBiranii po6oTiB y paji-
aliiiHO 3a0pyJHEHNX 30HAaX aKTUBHO JJOCTIKYETHCS.
A. West [2] mponoHye BUKOPUCTAaHHS 6araTomapoBux
Kapt BuTpart (layered costmaps) mnsa yHuKHeHHA ioHi3y-
090TO BUIIPOMiHIOBAHHS, IHTETPYIOUM NO3MMETPUIHI
maHi 6e3nocepenHbO B HaBiraninnuui crek ROS, 30kpema
4yepes peasizalilo, IPOLEeMOHCTPOBAHY B HOCTiIKEHHI
K. Groves [3]. Lle mocnimkeHHs JeMOHCTPYE MigXOAN IO
aBTOHOMHOI PO3BiIKM HEBIJOMOTO fJIePHOTO CEPeJOBUINA
3 BUKOPUCTaHHAM paJialliifiHO Opi€eHTOBaHOI HaBiranmii,
IO /103BOJISIE POOOTY aBTOHOMHO OY[yBaTI KapTy paji-
aIitHoro QoHy.

BopgHouac K1I090BOIO TEXHOOTIEIO OIS MiIBUIIEH-
Hs CUTYaliliHOI 06i3HaHOCTI Ta Ge3IeKy CTae KOHIIEII-
nis nudposoro asitanka (Digital Twin, DT). ¥V apep-
Hift ranysi DT pgosBornsfe mpoBoAUTH MOMETIOBAHHS,
IUTaHyBaHH: Ollepalliil Ta TPeHyBaHHS IepCOHaIy 6e3
pusuKxy [4]. ¥ [5] aHanmi3y1oTh MOX/IMBOCTI Ta BUK/INKI
3acrocyBaHHs DT y KpUTMYHO Ba>K/IMBUX A/ Ge3neKn
pPOOOTOTEXHIUYHNUX AOAATKAX, IiJKPECTIOIYN JI0TO PONIb
y Bepudikanii Ta Banifanii moBegiHKM cucTeMim.

Ha Bigminy Big migxopis [5], mo BUKOpPUCTOBY-
10Tb DT nepeBakHo A14 Bepudikauii niaHis, HaBefe-
Ha po6oTa IPOIOHYE MeXaHi3M /IS MPAMOI KOpeKIyii

HaBiraniifHoOi HOXMOKM B peaTbHOMY 4aci IIIAXOM 3i-
CTaBJIEHHS 3 €TaJIOHHOI0 MOe/Iio aBitHuKa. Ile mocri-
I>KEHHS CIIPAMOBaHe Ha IOUIYK KOMIIIEKCHOTO pillleH-
H4, siKe 6 00’eIHyBaIO:

1) posnopineny apxitekrypy (ROS2 Ha cepBepi Ta
micro-ROS Ha pajianiifHO CTiIKMX KOHTpONIepax);

2) ribpugHMIT HaBiraliffHUI CTeK, IO MOEHYE
SLAM/AMCL i3 KopeK1i€lo BiZTHOCHO €TaTOHHOTO In-
posoro asiitanka (DT Alignment);

3) BigKpUTY Ta MORY/IbHY IIAaT(OpMYy, CHeI(iTHO
aflaliToBaHy Ai/14 3aBaHb 3 BuiIydeHHA JIIIBM B ymoBax
ob’exra «YKpuTTsi». Halte gocmimkeHHst (6] € ofHMM i3 Kpo-
KiB Y HaIIpAAMKY CTBOPEHH: TaKOi iIHTeTPOBaHOI CICTEMIA.

ITocTaHOBKa 3aBHaHb MOCTiT>KeHH

Mertoro 11i€l po60TH € po3p0o6Ka Ta OOIPYHTYBaHHSA
KOHIIEM[il po3mo/i/ieHol po60TOTeXHIYHOI CCTeMM Ha
6a3i ROS2 pnsa aBromMarmsanii JUCTaHIIITHNX Omepariit
i3 JITIBM y Me>xax o6’ekta «YKpUTTs». 7151 ZOCATHEHHA
IIOCTaB/IeHOI MeTH Oy/I0 BI3HAUEHO TaKi 3aBJaHH:

1) po3poburu iepapxiuHy mporpaMHo-amnapaTHy
apXiTeKTypy, IO PO3JiNsAe BUCOKO- Ta HU3bKOPiBHEBI
0064MC/IeHH [/ poOOTY B yMOBaX MifABMIIEHOI pafiaril;

2) po3pobutu ribpugHUIT HaBirauitHUI CTeK, 1[0
inrerpye merogu SLAM, AMCL Ta MexaHi3M BUpiBHIO-
BaHHA BiffHOCHO nndposoro asiitHuka (DT Alignment);

3) iHTerpysaTu MOZYII cucteMn (cepBep, KOHTpOJIe-
PY, CEHCOpM) 3 BUKOPUCTAHHAM BiJKPUTUX IIPOTOKOTIB
ROS2 ta micro-ROS;

4) TpOBECTU eKCIIepVMEHTAIbHY Bajlifallilo KIII0-
YOBMX KOMIIOHEHTIB apXiTeKTypU, 30KpeMa HaJilfHOCTi
3B’3Ky micro-ROS, Ha pyHKIIi0OHaTBHOMY IPOTOTHUII.

ApxiTekTypa cucreMu

3ampornoHoBaHa crcTeMa (puc. 1) Mae iepapxidny pos-
HOJIi/IeHy apXiTeKTypy, oOyoBaHy Ha 6a3i GpeitMBOPKY
ROS2. ®ynpgamentanbHo ocHOBOI0 ROS2 € cranpapr
npomucnosoro piBHsa DDS (Data Distribution Service). Le
3abesIievye JelleHTpalizoBaHy KOMYHiKalifo peer-to-peer
(P2P) mi>x ycima KOMITIOHEHTaMM CUCTeMH (By3/1aMM), @ He
JKOPCTKY KJIIEHT-CEpBEPHY MOZE/b. APXiTEKTypa JIOTiYHO
posmineHa Ha [1Ba PiBHi.

1. Bucokuii pisenv (06uucniosanvri 8y3nu). le Habip
By3niB ROS2, mo MoXyTb 6yTH pO3IOiieHi Ha OffHO-
My ab0 IZeKiTbKOX KOMITIoTepax y 6e3neuHiit 3oHi. ¥ mo-
TOYHIII peasisalii Ile OfMH cepBep, L0 BUKOHYE CKIaHi
obuncnenus: SLAM, noxanisauiio (AMCL), nianyBaHHs
tpaekropiit (Nav2 Stack, Movelt 2), dinprpanito (EKF/
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Puc. 1. Crpyxrypa posnoginenoi ROS-cucremn

UKEF), Bisyanisamnito (RViz) Ta B3aemopito 3 undposum
nBiitHNKOM. 3aBpaky DDS Taka apxitekTypa € mMacui-
TaOOBAHOIO: OJATKOBI BMCOKOPiBHEBI KOHTpPOIEPU
(HampuxiIaj, okpemuil Byson ais Al-aHanisy, cranmisa
olepaTopa) MOXYTb OyTU JIETKO JOfaHi 1O Mepexi Ta
B3a€EMOJiATH 3 IHIIMMY By3/1aMy HaIIpAMY.

2. Husvkuii pisenv (konmponepu). PapianiiiHo criit-
Ki MikpokoHTponepu (Hanpuknazg, ATmega64; y mporo-
tuni — ESP32), posramoBani 6e3nocepenHbo Ha pobOTi.
BoHy BMKOHYIOTD 3aBlaHHA B peaJIbHOMY 4aci: mpsMe
yIpaBIiHHA BUKOHABYMMM MeXaHi3MaMu (fpaiiBepu
[BUTYHiB, CepBONpPUBOAM) Ta 30ip «CUpUX» HaHMX i3
matuukiB (LiDAR, IMU, enkopepn).

3. Komynikauitinuii micm (micro-ROS). 3B’130K Mix
BUCOKMM Ta HM3BKUM PiBHAMU 3abe3ledyeTbcs depes
micro-ROS agent. Lleit areHT i€ sIK MICT, 1IJ0 TPAHCIIIOE
nosigomneHHs DDS y nporokon micro-ROS RTPS (Real-
Time Publish-Subscribe) nis mixpokonTponepis. Lle gae
3MOTy HI3bKOPiBHEBMM KOHTPOJIEPAM «HATUBHO» IyOIi-
kyBaru (publish) fani cencopis y saranpay Mepexxy DDS
Ta mignucysaTucs (subscribe) Ha Tomiky KOMaH,.

AmnaparHa KoH}irypariis poboTa onucyerscs y pop-
mati URDF (Unified Robot Description Format), mo ciy-

rye «1udpoBuM nacnoprom» mwiarpopmu. URDF BusHa-
9a€ KiHEMaTUIHY MOJIe/Ib, Bi3ya/IbHi Ta KOMi3iiiHi Mopjei
TTAHOK, a TAKOX IOJIOXKEHH A ceHcopiB. e mosBonse Bys-
1y robot_state_publisher aBromaTu4HO po3paxoByBaTn
ta my6nikysaru Tpancopmaii (TF) mix ycima komio-
HeHTaMu po6oTta. KiHemarnuHa KoHiryparis onucy-
€TbCsI TOMOTEHHOI0 MaTpulelo Tpancdopmanii Tt

T=II 4 (ei)’ )

ne A, — MaTpuia TpaHchopMallii A7 i-TO 3ENHAHHS;
0, — moTouHe sHaueHHs KyTa a60 3MillleHH .
Bsaemopis BucokopiBHeBUX BY3/iB (puc. 2) Bifgoy-
Ba€TbCA MOBHICTIO yepe3 P2P-mexanismu DDS (Tomi-
K11, cepBicu, Tpancdopmanii TF). Hanpukiazn, Byson
robot_state_publisher Bukopucrosye mogens URDF ta
[aHi Ipo cTaH 3'€{HaHb (1I0 HAAXOAATH Bijj Bys/Ia micro-
ROS agent) g my6mikauii gepesa Tpancpopmaiit (TF).
Ha e TF-pgepeBo mipnmucytoTbes iHIIi He3aiesKHi By3/n:
Nav2 Stack Ta Movelt 2. Nav2 Stack mignucyerbcs Ha fani
ceHCOpiB (Hampukiaf, Tomik /pointcloud2) Ta gani mpo
omoMeTpilo (Bif Bysna robot_localization) fist mo6ymo-
BM KapTty nepemkoy (Costmap). Bin my6nikye koMaHau
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URDF - onuc poGora l ‘
\{Poﬁcrr: joints, links, sensors)

MikpokoHTponep ATmega64\others
| (Hu3bKui pieeHb, apaiieepu, LIDAR, 1MU1

-3

‘: Lindbpoeuia agiiHuK (3D Mogens
NpUMILLIEHHA, pafiauiiiHa Mana)

l robot_state_publisher

.

Micro-ROS Bridge
UPD/WiFi
ROS2 Nodes/Packages (custom_pkg, nav2,
slam_toolbox etc.)

Import Gazebo\ROS
SDF\DAE file

|

ROS topics / image_raw

ROS2 Middleware
DDS, Topics, TF (ros2 launch)

l

publish / detections

costmap layers
A J

&\l-mo,qyni: CV, CNN/YOLO,

| micro_ros_agent |

feedback to Nav2, publish

r
- (" Nav2 Stack, Global Planner, | :
' : ‘ Costmap BT Navigator detections)
" robot_state_publisher | | (robot_localization EKF/UKE) |
SoRi e ROS bridge
Y 2

Movelt 2 ‘
(/joint_trajectory)

h 4

Simulated data ‘ l

IHWi Nodes

| (manipulator_control ets) |

Gazebo Simulator -Physics,'i
sensors, digital twin

| RViz - Simulation,
visualization, digital twin

™ s
“«

IHTepenc onepatopa ]
(cynepsi3ia, Kopekuia)

Puc. 2. Cxema apxiTexTypu posnoginenoi cucremu ROS2

KepyBaHHs WBHAKicTIO (Tomik /cmd_vel), Ha sk mignu-
canmit micro-ROS agent. Ananoriuno Movelt 2 nnanye
TpaeKTopii Ay MaHinynATOpa (TOIiK /joint_trajectory).

TiopupHmMit HaBiranifiHMit cTeK

Ilist HaBirauii B CKJIafHUX yMOBax 06’ €Kkta «YKpUT-
TS1» 3AIPOIOHOBAHO ribpuaHMIt minxix (puc. 3), o Kom-
OiHye fieKiibKa aJITOPUTMIB /IS JOCATHEHHS POOACTHO-
CTi Ta TOYHOCTI.

SLAM (Simultaneous Localization and Mapping).
BMKOPUCTOBYETbCS Ha eTami PO3BiAKM [I/I CTBOPEHHA
puHaMiuHKX 2D/3D-KapT npuMinieHs y mpoueci pyxy
(mampuxiag, makeru slam_toolbox a6o Cartographer).

AMCL (Adaptive Monte Carlo Localization). Buxo-
PUCTOBYETBCA [ MOKaIi3allil Ha BXXe HasBHIl CTaTU4-
Hill kapTi. lle agjanTuBHMIT YaCTMHKOBUI QinbTp, Wo
HOCTITHO KOPUTYE OLIIHKY 03U poboTa.

Sensor Fusion (EKF/UKF). [lnst oTpuMaHHs T1aj-
Koi Ta cTabi/IbHOI OL[iIHKY OffOMeTpii BUKOPUCTOBYETD-
cst maket robot_localization, mo peanisye posmupennit
¢inpTp Kanmana (EKF). Bin nmoengHye maHi 3 pisHuX
mxepen (omoMeTpis konic, IMU, BisyanbHa ogoMeTpis,
mani SLAM/AMCL). Cucrema onmcyeTbCs HeNiHITHUMUI
byHKIIiAMM cTaHy fTa clocTepeXKeHHA h:

xk=f(xk_1,uk)+(ok,zkzh(xk)+vt, )

Jie X, — BEKTOp CTaHy (mono>keHHs1, OpieHTaLlisn); u, —
Kepyio4a KOMaH/Ia; Z,— BUMIPIOBaHHS; W,, V, — TAYCCOBI
mrymn. EKF nineapusye i gpyHkmii 1y orpuMaHHA OLiH-
KIf CTaHy.

Digital Twin Alignment (supisniosanms no DT). [Ins
60poTb6M 3 HaKONMMYeHHAM TOXUOKM (fpeiidom) SLAM
ta EKF 3ampoBaj keHO MeXaHi3M KOpeKIii BigHOC-
HO eTanoHHOI CAD-Mopeni npuMimenHs (uudposoro
nBilTHMKaA). XMapa TOYOK p Bif morouHux ganux LiDAR

Digital Twin | | ||

Kamepa ‘| [ IMU ] to.nome'rpin] [ LIiDAR ||
3D mogens || fimage_raw | fimu fodom /pointcloud?
NPHMILEHHA

| assers || rawbara
A J

Human-in-the-loop
KOPEryBaHHA KapTu

loop closures ; I

et ity

SLAM Toolbox / Cartographer
nokanbHa Kapra (/map)
OUiHKa no3uuii (/slam_pose) )

[ AMCL (2D Occupancy Grid ]

[ localization
Digital Twin AT (= l :
Alightment | correction) | | Fusion (robot_localization EKF;UKF)]
ICP/NDT/ J“ 7| crabineHa noza /odometry/filtered J“"’
Map_mathching l

L» Nav2 Stack, Global Planner, Costmap
BT Navigator (robot_localization
EKF/UKF)

o —

Puc. 3. Cxema popMyBaHHs HaBiraliifHOTO CTEKY
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3iCTaB/IAETHCSA 3 €TAJIOHHOI MOJEII ¢ 3a JLOIOMO-
roio anroputmiB ICP (Iterative Closest Point) abo NDT
(Normal Distributions Transform). IllykaeTrbcst >kopcTka
Tpanchopmanis, T = {R, t}, mo mMiHimMi3ye cepefHbOKBa-

IPaTUYHY BiICTaHb:

2

N
T"=argmin) _|Rp, +1 - Di(maren)

i=1

L1 xopekuis (AT) nepiogMuHO «BUIIPABIIAE» IIO3U-

1jifo poboTa Ha I71006a/1bHil KapTi.

Human-in-the-loop. CucTeMa Hafjae OIEPaTOPY MOX-
nuBicTh Yepes iHTepdeiic RViz KopekTyBaTu IOMMUIKK
3aMyuKaHHA neTenb SLAM a6o aHOTYBaTM ceMaHTUYHi

obnacrti (Hanpukiaz, JINIBM) Ha KapTi.

InTepnperanisa Ta anpo6ainisa pesynbraTis

Ha mpomi>kHOMY eTaIti JOCTiKeHH: 610 poBefie-
HO po3po0OKy Ta anpobariio GyHKIIiOHATBHOTO IPOTOTH-
Iy [/ Bajifanii KJII0Y0BUX acleKTiB 3alIpOIIOHOBAHOI

apXiTeKTypu.

Byro 3i6pano npoTtoTu (puc. 4), 110 CKJ1afa€ThCs 3:
MOO6ibHOI ITaTPOPMU Ha TYCEHUYHOMY XOAY;
BIUCOKOPiBHEBOTO cepBepa (MiKpOKOMITI0Tep Steam

cencoproro kommexcy (LiDAR RPLIDAR A1MS8)
Ta MaHINyIATOpA.

PesynbraTu TecTyBaHHA IpeACTaBIeHO HIDKYE.

1. Bepudixauis apximexmypu ROS/micro-ROS.
ITpoBeneHo TeCcTyBaHHA HafliifHOCTI 3B’13Ky MiX ESP32
(arenT) Ta Steam Deck (cepsep) uepe3 Wi-Fi. Excnepn-
MEHTH TI0Ka3anu CTabilbHY Nepefady JaHNUX 3 €JHAHHSL.
Ile migTBepA>Ky€e BUCOKY HAZIi/THICTb OOPAHOTO MiAXOAY
IJ1s1 KOMYHiKallii MiXX pO3IOfiiIeHNMM By3/IaMIL.

2. Inmeepauis cerncopie ma npusodis. [lani 3 LIDAR
KOPeKTHO Imy6ikyBamica B ROS2 Tomikuy, 1o € mepegymo-
BOIO 77151 pob6oTy SLAM-ayiroputMmiB. YIIpaB/IiHHA PyX0OBOIO
yCTaHOBKOIO (4epe3 gpaiiBepu BTS7960) ta manimynaro-
POM (CepBOIIPMBOAN) YCIILITHO 371i/ICHIOBA/IOCA Yepe3 CTaH-
mapTHi oBifommenHsa ROS2 (/cmd_vel, /joint_trajectory).

3. Bisyanizauyis ma yugposuti ositinux. Mopeni
1aT¢opmMu Ta MaHinyaATopa 6y KOpeKTHO OMNCaHi
B URDF-daitnax, mo fano 3MOTy HalalTyBaTy ixX Bisy-
anmizanito B RViz ta cumynanino B Gazebo.

[TpomiXHi pe3ynbTaT NEMOHCTPYIOTH YCIIiLIIHE
PO3B’I3aHHsI [TOCTABIEHNX 3aBJJaHb I[OJ0 PO3pOOKM Ta
Bamiganii posnopinenoi ROS-cucremu. CrBopeHo Ta
IPOTECTOBAHO (PYHKI[IOHA/IBHMII IIPOTOTUI, IO MHif-
TBEPKYE XUTTE3NATHICTD 3alIPOIIOHOBAHOI apXiTeKTY-
P¥ Ta HafifiHiCTh IPOrPaMHO-allapPaTHOTO CTEKY.

®)

Deck 3 Ubuntu 24.04 ta ROS2 Noble), 1110 BukoHye ponb

LIeHTPa/IbHOTO CepBepa;

BucHoBkmu

HU3bKOpiBHeBUX KoHTponepis (ESP32), mio migen-

HYyI0TbCA Yepe3 micro-ROS agent gs ynpasrines npu-

BOaMU Ta 300py AaHUX;

Bucoxui piseHs

3anponoHOBaHO Ta OOIPYHTOBAHO KOHIIEMI[i0 PO3-
nofineHoi pobororexHiuHoI cuctemu Ha 6a3i ROS2 ta

Hagirauma (SLAM, Path
planing)

KoHTponk (komaHau
femd_vel, fjoint_states)

‘ ‘ IHTepdelic (RViz)

ROS Nodes T ! ROS Nodes

l Micro-ROS Bridge

—
R pRes [Espsz (micro-ROS Ager@

RPLIDAR A1M8

BTS7960

-

Y.

S

DC motor
A5882- 45

Cepsep. Steam deck
(Ubuntu 24.04 ROS2
Noble)
Micro-ROS Bndge
Huabkmii piseHs r
ESP32 (micro-ROS Agen ESP32 CAM
(micro-RO
l l l Agenl)

%

[L298NG RD83235@’?DSS1150¢ ‘
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Konuenia posnoginenoi ROS-cucremn 111 aBToMaTu3allii AMCTaHIiMHUX oNlepallil

micro-ROS, ska € epeKTUBHUM pillleHHAM JJIs1 aBTOMa-
THU3aLii fucTaHniniux onepariit 3 JINNBM B ekcTpemanb-
HIX yMOBax 00’ekta «YKpuTTsi». Po3pobeHa iepapxiuna
apXiTeKTypa, 10 po3finsge 064ncIoBaNbHi piBHi, 703-
BOJIsI€ BUHECTM CK/IaJHI 00UNCTIeHHA Y 6e3NeYHy 30HY,
3a/IMIIAI0Yy Ha 6OPTY /ulle pajialliffHo CTilKi HU3bKO-
piBHEBi KOHTponepu. EKcliepuMeHTaNbHO MifTBEpAKe-
HO IIpalle3[aTHICTh apXiTeKTypHOI KOHIeNIIil Ha pyHK-
LIIOHaJIBHOMY IIPOTOTMUII; 30KpPeMa NOCATHYTO HU3BKOI
3aTpMMKM KOMYHIKaIilffHoro ka"amy micro-ROS, mo €
KPUTUYHOIO NTEPeyMOBOIO [/ CICTEM P€anTbHOTO Yacy.
Kpim TOro, BUKopucTaHHS TiOpMAHOro HaBiraminHo-
IO CTEKY, JOIIOBHEHOTO M€XaHi3MOM BMPiBHIOBaHHS IO
nudposomy asirtHuKy (Digital Twin Alignment), 3HauHO
HifiBUIIye CUTYaLiliHy 06i3HaHICTb OIlepaTopa Ta CTBO-
PIO€ OCHOBY MI/IA peasti3alii HaliBaBTOHOMHOTO (CyTep-
Bi30pPHOT0) BUKOHAHHA 3aBJJaHb. MOAY/IbHICTD Ta BUKO-
pucTanHs Bigkputux crangapris (ROS2) 3abesneuyiors
THYYKiCTb, MacIITabOBaHICTh Ta JIETKiCTh iHTerpariii Ho-
BOTO OOTaTHAHHA, 110 € ITePeBarolo HaJ| 3aKPUTVIMU IPO-
Npi€eTapHIMM CUCTEMAMM.

[Mopanbuii gocmimxeHHs OyAyTb 30cepefyKeHi Ha
KOMIIJIEKCHIJ1 Bajifalii HaBiranifHUX ajaropuTMiB
(SLAM/AMCL) Ha mpoToTui 3 inTerposanum IMU-cen-
COpOM, a TaKOXX Ha KiJbKIiCHiil OIiHIIi TOYHOCTI TOKa-
misanii mipg yac BukopuctanHa metopy Digital Twin
Alignment.
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The Distributed ROS-Based System Concept
for Automation of Remote Operations
with Fuel-Containing Materials at the Shelter Object

The problem of extracting lava-like fuel-containing
materials (LFCM) from the Shelter object is characterized
by extreme radiation conditions (up to 10°-10* R/h) and
complex facility geometry. Traditional teleoperation of ro-
botic systems faces challenges of low operator situation-
al awareness, high cognitive load, and a significant risk
of error. Closed, proprietary systems further complicate
integration and adaptation.This paper proposes a novel
distributed architecture concept for automating remote
operations, based on the open-source Robot Operating
System (ROS2) framework. The system features a separa-
tion of computational levels: a high-performance central
server in a safe zone for planning, navigation, and data
processing tasks, and radiation-hardened microcontrol-
lers (utilizing micro-ROS) directly on the actuator mod-
ules. A hybrid navigation approach is proposed, combin-
ing SLAM and AMCL methods, EKF/UKE filtering, and
an innovative position correction mechanism based on
Digital Twin Alignment. The results of an intermediate
experimental validation of the concept on a functional
prototype are presented, confirming the architecture’s
viability and the reliability of the communication stack
(micro-ROS).

Keywords: Shelter object, LFCM, ROS, robotic systems, digital
twin, SLAM, remote operation.
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Incmumym npobnem 6esnexu AEC HAH Yxpainu, eyn. /lucozipcoxa, 12, Kuis, 03028, Yxpaina

OniHKa Ta MOPiBHAIBHUI aHATi3 MOXKEKHOI Hebe3meKn
3 BUKOPUCTAaHHAM MOTOTHUX iHIEKCiB MOKeKHOT HeOe3meKkn

Kntouosi cnosa:

MIPUPOJIHI OXKeXi,
TIOTOAHMI iHAEKC ITOXKEXKHOT
HebesIeK,

CTATUCTUIHUIT aHAJTi3
XapaKTePUCTUK IIOXKEXi,
KJIiMaTU4HI MOfieti,
CYIlyTHUKOBA iHpopManisa

Hocmifi)keHo Ta CTaTUMCTUYHO IPOAHATi30BaHO BMKOPMCTAHHS Pi3HUX METOHiB po3pa-
XYHKY IOTOJHMX iHIeKCiB noxe>xHoi Hebesnmekn (FWI, ITITH), sKi BUKOPUCTOBYIOTHCS
B Ykpaini Ta €EBponeiicbkomy Co03i 1714 OLIIHKM Ta TPOTHO3Y YMOB BUHMKHEHHA TOXKEX-
HOI He6e3IeKy 3a MPOTHO3HMMM Ta IIOTOYHUMI METEOPOIOTIYHNMM JAaHVMU BiIKPUTOTO
nocryny (mpoext COPERNICUS, CORDEX, ERA5 ta NASA). 3po6eHo nopiBHIHHSA
po3paxyHkiB infiekcy FWI 3 BukopuctaHHAM JaHux KiiMatnuHux Mogeneit: CNRM-CM5
(Opannisn), MPI (HimeyunHa) ta nmokasuukis I1ITH B.T. HecrepoBa Ta ixHix Mopudika-
11ilf, pO3pax0oBaHUX aBTOPCHKOIO IIporpaMolo Ha repiof, 2006—2035 pp. 3a ZOIIOMOT010 I10-
FOJHOTO iHfIeKCy noKe>kHOI Hebesnekyt FWI, mo 6yB pospo6meHnit Ta BUKOPUCTOBYETb-
cs1 B Kanajcpkiit Ta €Bpomnerichkiit cucremax nporHosysanHs noxexx (CFFWIS, EFFIS),
0y10 06paHO Ta CTATUCTUYHO IiATBEPKEHO HAlOIbII afleKBAaTHNUII BapiaHT I7106a1bHOT
kniMaTnyHOI Mopeni nmpoekty CORDEX mis mepiogy 2006—2035 pp. IIpoBeneno Bubip
Haii0iIbIII YCITINIHOI MeTORMKY po3paxyHKy Mopudikaniit metony B.I. Hecreposa. Y pe-
3y/IbTaTi TAKOTO IOPiBHAHHA 6y/10 06paHO MeTOAMKY YKpaiHCBbKOTO TijpoMeTeopoIori-
Horo iHctutyTy (aBTop B.O. banabyx), Aka odiniiiHo npuitHATa B YKpaiHCbKOMY Tifipo-
MeTeolleHTpi Ta Oy/1a BUKOpMCTaHA HAMM HafasIi /s HOPIBHAIBHOI OLiHKY 3 iHZEKCOM
noxxexHoi Hebesneku FWI i3 3actocyBanHAM pisHux HabopiB manux. IIpoananisoBano
Ta CTaTUCTMYHO OIpPallbOBAHO BCi MiITOTOBJIEHI JaHi 3a piYHOI0 Ki/IbKiCTIO BUIAJKiB
3 IOKa3HMKaMy KJaciB IMOXXeXXHOI Hebe3mekyn /I TPboX perioHiB 3a 30 pokiB 3a gBOMa
MeTOJaMM: METOLOM YKPaiHCBbKOIO Ii[pOMeTe0pOJIOriYHOrO IHCTUTYTY Ta MeTofioM Ka-
HaJcbKoi cmyx6u nporHosis noxexx (CFFWIS). PesynbraTu mopiBHANLHOIO aHamIi3y Io-
KasyloTb, o HpotsaroM 30-pivnoro mepioxy (2006—2035 pp.) 3a yMOBU BUKOPUCTAHHA
IPOTHOCTMYHNX METEOPONOriYHMX HaHux rinobanphoi Mogeni MPI (OPH) cnocrepira-
€TbCA IOCTYIIOBE 3POCTAHHA PiYHOI KiTbKOCTi BUMA/IKiB i3 HAABHICTIO MepiofiiB piskoro ii
36i/pIIeHHsT 00 3MEHIIEHHs, BUSHAYEHNX 3a Pe3y/IbTaTaMy PO3PaxyHKiB JBOMa MeTOfa-
mu. 3a jaHumu nokasuuka FWI Haii6inbii 3MiHM 04iKyI0TbCs B KITbKOCTI /1i6 ToMipHOTO
K/acy 3 moxxexxHoi Hebesmnekn ta Buire — o 15-17 xib.

Beryn

1[0 iZleaqIbHO BifoOpakaB 61 PpaKTUUHI YMOBY BUHUK-
HEHHsI [TOXKeX, He BIAETHCS: MO-TepIle, Yepe3 Pi3Ho-

Po3po6koI0 Ta yTOUHEHHAM KPUTepiiB, IO Bifobpa- MaHITHICTb YMOB, BIaCTMBMX BUHUKHEHHIO BOTHAHOI
JKaIOTb iMOBIPHICTh BUHMKHEHHS MTOXKEX, 3aJIMAIOTbCA  CTUXil, Ta HO€THAHb Pi3HUX (AKTOPIB, IO BKIIOYAE aH-
6araTo gocmifHuKiB [1-6]. OfHaK CTBOPUTY IIOKAa3HMUK, TPOIOTEHHUI; O-pyTe, Yepe3 Opak i BeIMKy JUCKpPeT-
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HiCTbh MOYaTKOBMX IAHMX CIIOCTEPEXKEHDb Pi3HUX IpPU-
ponHKX napaMeTpiB. MeTeopoIOriYHi yMOBM HajeXXaTh
JI0 KTI04OBMX (aKTOPiB iMOBIPHOCTI MOXKeX y IPUPOSI.
BrnmB 1jux yMOB IOXKeXKHOI HeOe3IeKy OLIHIOEThCA 3a
TOIIOMOTOX0 METE€OPOJIOTiYHMX ITapaMeTPiB, 30KpeMa: iH-
nexcy FWI (Fire Weather Index) — crangapTuszoBanoro
iHfIeKCy moXKe)XXHOI HeOe3IeK 1 3a OTOHUMY YMOBaMI,
o 06’eHye iHdoOpMaIilo IPo MiCleBy TeMIIEpaTypy,
HIBUJKICTD BiTPY, BiTHOCHY BOJIOTiCTb MOBITp:A, ONafMu,
CTaH Ia/NNBa Ta MOBEAIHKY MOXexXi [3]; a Takoxx morop-
HOTIO ITOKa3HMKa NoKexXHoi Hebesnexkn (ITITH) B.T. He-
CTepoBa, 110 BigoOpakae 6amaHc mNOrogHux GakTopis
BUCYIIYBaHHS Ta 3BONOXKeHHA [6, 7]. OdiniitHo mpu-
JMHATUM B YKPaiHCBKOMY TiJpOMeTEOPONIOriYHOMY IIeH-
TPi € KOMIIIEKCHUII MTOKa3HNUK IMOXKEXHOI Hebe3neKkn
(KITHY, aBtop B.O. banabyx), B 0OCHOBY pO3paxyHKY
SKOTO IIOK/IaJIeHO MeTORMKY, po3pobieny B.I. Hecrepo-
BIM, 3 YPaXyBaHHAM YTOYHEHb LIOMIO KiJIbKOCTi OMafiiB
Ta IIBUKOCTI BITPY, XapaKTe€PHUX IS PISHUX PETrioHiB
Ykpainu [8, 9].

3a pe3y/nIbTaTaMu JOCTI/KeHb OXKe>KHOI Hebe3meKkn
B YkpaiHcpkomy Ilomicci 3a mepiom 2006-2022 pp. [10]
HaO1/IbII NI BiICOTOK ITOXKeX CIIOCTEPITaEThCs HA arpo-
naHpmapTHUX TepuTopiax (Bix 60 go 90 %) y BecHsAHO-
ociHHiit epiox (To6TO B epiofyu IepexXoay Bifi 3UMM [0
BECHMU Ta Bijj JIiTa O OCEHi, 10 XapaKTepU3YIOThCA He-
CTiMIKMMU OrofHUMH yMoBamu). Lle moB’3aHO TaKoX
i3 TUM, 110 Nepef, IOYATKOM i MicC/IsA CiTbChbKOTOCHOAApP-
CBKUX POOIT 3[iICHIOETHCS BUIIATIOBAHHS CTapoi abo
B)Xe HemoTpibHo1 mificoxoi Tpasu. IToxexHa Hebe3meka
BiJf TPaB’IHOI POCIMHHOCTI BU3HAYAEThHCS SIK BIACTUBOC-
TAMU CaMOi TpaBl, TaK i yMOBaMI IIOTOAIY, AKi B II€BHI
nepiofiy BiflirpaloTh BUpillaJbHY pO/Ib B iHillilOBaHHI
T€PMiHOBOTO PO3BUTKY NoXexX. IIpu mpoMy poinb 1mo-
TOOHUX YMOB 3POCTA€, OCKi/IbKYM BOHY BIIMBAIOTh Ha
CTYIiHb BUCYIIYBaHHA POCINH, 1[0 BETETYIOTh, a Ta-
KO Ha IIBUIKICTh NOIIMPEHHA BETUKMMI pPO3MipaMu
IoKepes rOpiHHs, 3[[aTHICTIO 3MiHIOBaTU HAaIpPAMOK Ta
TOJIaTH TaKi MePEIKOAN, AK JOPOTH, BOJZOTOKM Ta MPO-
TUTIOXKeXXHi MiHepani3oBaHi cmyru. Tpasa, K NpoBif-
HMK TOPiHHA, IIBYJLIE 33 iHIIY pPOCIVHHICTD pearye Ha
3MiHy KJIIIMaTMYHUX, CE30HHMX Ta IIOIEHHNX ITOTOJHNX
yMOB (HacaMIlepes; TeMIIepaTypy HOBITPA Ta MIBUKOCTI
BiTpY). SIK 0cO61MMBMIT BUJ| Ta/IVBa BOHA € JOCTYITHILIIOI
/1 3aliMaHHA OPiBHAHO 3 TOPIOYMMMY MaTepiaaMy, Xa-
PaKTepHUMM JJIsI TICOBOI, YarapHMKOBOI a60 3MilIaHol
POCIMHHOCTI [1].

MerToro 1i€i cTaTTi € HOPiBHANBHMIL aHATIi3 Pe3yIlb-
TaTiB METOJIiB PO3PaXyHKY NOTOFHUX iHJEKCIB IIOXKeX-
Hoi He6e3nekn (FWI Ta MmopndikoBaHMX MOKa3HUKIB

B.T. Hecreposa IITTH ta KITHY); oninka tenpeHii B 6a-
TaTOPiYHil [MHAMIiLi XOAY IMX iH/JEKCiB i3 BUKOPUCTaH-
HaAM apxiBHNX faHux ERA5 npoexty Copernicus, JaHux
npoekty NASA Ta fjaHuX I7100aNbHMX 1 perioHaIbHUX
IPOTHOCTUYHMX Mogienelt knimary (mpoext CORDEX -
Coordinated Regional Climate Downscaling Experiment)
3 OLJIHKOI0 MeTeomnapaMeTpiB o 2035 p. Ha TepuTOpii
Ykpaincekoro Ilomices.

3 1ieo MeTow B poboTi OyaMm mocTaBleHi Taki
3aBJJaHHS:

HOPiBHATU Ta BUAIINTY HalO1/IbII TOYHY /A Te-
puropii Ilomiccst KMiMaTU4YHYy MOfIeTb PO3PAXYHKY iH-
nexcy FWI sa BenmunmHO0O pisHMIII MiXK PO3paXOBaHM-
MM 3HaYE€HHSAMM IOTOHUX iHJIeKCiB 3a KIIIMaTUYHUMHU
mogensimu (CORDEX/GCM) ta 3a faHMMY TOBTOPHOTO
aHanisy ERA5 3a nepiox 2006-2020 pp. BiANOBifHO #O
metomuku [3];

pospaxyBatyu MopudikoBanuii ingexc IIITH Ta
KITHY 3a meteomauumuy NASA Ta 3a KIIMaTUIHUMMA
mogenamu npoexty CORDEX na nepion 2006-2035 pp.
i3 BUKOPMCTaHHAM aBTOPCbKUX IIPOrpaM;

NIPOBECTM CTATUCTUYHUIA aHAJi3 iHJEKCiB MOXeX-
HOI HeOe3IeKy, BUSHAYUTY OCOONMMBOCTI iXHiX 3MiH Ha
mocnigyKyBaHil Teputopii Ilomicesa 3a Kn1iMaTUYHUMHA
¢dakropamu.

Koporkuii onnc 1a inpopmaniiine 3abesneyeHH
METOAiB pO3pPaxXyHKy IOTOFHIX iHAEKCiB
noxkexHoi Hebesneku — FWI, ITITH 1ta KITHY

CTaHZapTU30BaHMII iH/IEKC TTOXKEXXHOI Hebe3IeKn
FWI 3a noroganumMu ymoBamy, 110 6yB pospo6biennit Ka-
HaJIChKOIO C/TY>K00I0 IIPOTHO3yBaHH IOXEX, IIPU3Hayue-
HMIL 111 HalaHHA €VHOI YMC/IOBOI OL[iHKM BiJHOCHOTO
HOTEeHIIia/Ty MOXKeX] IIISIXOM AMHAMIYHOTO 00 €THAaHHS
indopmarii mpo MiclieBy TeMIiepaTypy, IIBUAKICTD BiT-
PY, BIZTHOCHY BOJIOTiCTb MOBITPA, O/ Ta JaHi PO BO-
norictp manusa [3]. [IporxosHi gani FWI Bukopucrosy-
I0TbCS WOAIHA (2 B IeAKMX BUMAJIKAX i IIOTOAMHM) yciMa
KaHa/ICbKMMU IOXE>KHIUMM ar€HTCTBAM, ii pe3y/nbTaTu
(bOpMYIOTh OCHOBY Ji/IsI OIIICY MOXKEXKHOI 00CTaHOBKI, I1J0
3MiHIO€TBbCA. CrcTeMa TaKOXK BUKOPUCTOBYETBCS B Kpai-
Hax i perioHax sa Me>xxamu KaHanu, BKIodaroun €spomy,
Hosy 3enangiro, Kuraii, CIHA Ta in. [Ina po3paxyHKy
iHflekcy HeoOXifiHi MMONy/ieHHI 3HaUeHHs TeMIlepaTypu
MIOBITp, BifHOCHOI BOJIOTOCTI, INIBUJKOCTI BITPy Ta HAKO-
nYeHnx 3a 24 rox onapis. Lli BxifHi maHi 06 €AHYI0TbCS
3a JOIIOMOTOI0 PAZlY EMITIPMYHNX PiBHAHD, 110 OLIIHIOIOTh
BIUIVB BOJIOTOCTI ITa/IMBa Ta BITPY Ha OCHOBI pi3HUX (ak-
TOPpiB, IIOB AA3aHUX 13 NOTEHIIITHOIO NMOBENiHKOI IIOXKe-
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xi [1, 11, 12]. 30kpema, BpaXOBY€ETbCS BOIOTICTDb Pi3HNX
IIapiB IalMBa, BIUIVMB BiTPY Ha IMOLIVPEHHS MOXKEXi Ta
OIliHKa 3arajIbHOI Ki/IbKOCTI MaJINBa, AKEe JOCTYIIHE I
CITa/TIOBAHHS.

CxeMa kaHaJ[CbKOi cucTeMu nporrosysanusa FWI s
micy (puc. 1) cky1afjaeThes 3 MeCT KOMIIOHEHTIB, 110 Bpa-
XOBYIOTb BIIIVB BOJIOTOCTI ITajIXBa Ta IOTOAHUX YMOB Ha
MOBefIiHKY Mmoxexi [11, 12].

Fire Temperature, Wind Temperature, Temperature,
weather relative hurmnicity, relative humidity, rain
observations wind, rain
rain i
......... i .- o % RPN R —
Fuel Fine Fuel Duff Moisture Drought
moisture Moisture Code Code Code
codes (FFMC) (DMC) (<)
A 4 I
Initial Spread Buildup.
Indles Indlex
(sh (BU)
Fire T T
behavior
indices +
Fire Weather
Index
(GL2)]

Puc. 1. Cxema kaHa/icbKoi cucTeMy Tporuo3yBanus FWI [3]

[Mepmi Tpu xomnonenTu (FFMC, DMC, DC) € ko-
ZaMM BOJIOTOCTI majuBa, o ifeHTHdikoBaHi yepes
YJC/IOBI OLJiHKM BMICTY BOJIOTY B JIiCOBill MifICTU/ILI Ta
IHIIMX MEPTBUX OPTaHiYHUX pedYOBUHAX, OTPUMAHUX
Ha OCHOBI €MIIIpMYHOTrO Ta eKCIIEPUMEHTAIBHOIO MaTe-
piany 3 BUKOPMCTaHHAM OCHOBHMX ME€TE€OPONOTIYHMX
MOKA3HUKIB. [I711 KOXXHOTO 3 TPbOX BUAiB ManuBa, o0
BUKOPUCTOBYIOTbCA B cucteMi FWI, 6yB po3pobnennit
IOTIOMiXXHUI NifliHAeKC i3 7BOMa da3aMu: OfHA JI/Is 3MO-
qyBaHH JIOLEM Ta OffHa /1A BucuxaHHA. i miginpexcy,
SIKi Ha3MBAIOTbCS KOLaMy BOJIOTOCTI ManyuBa, GaKTUIHO
€ cucTeMaM OO/IiKy — JJOAI0Th BOIOTICTb HIiC/IS AOLLY
1 BifHIMAIOTb [eAKYy YaCTUHY [/1d BUCUXaHHSA IIOAHA.
KoskHe manuBoO BBa>Ka€ThCS BUCOXINM €KCIIOHEHITITHO,
TOMY JI0TO MUTTEBA MIBUKICTh BUCUXaHHA IPONOPLili-
Ha JI0TO MOTOYHOMY BMICTY BibHOI Bonoru. IIpasuib-
HOI0 MipOI0 HIBUAKOCTI BUCUXAHHS € 200 TUMYACOBUIL
nar (To6To Yac BTpaTy BilIbHOI BOJIOTH BMIIE PiBHOBaXX-
HOTO 3Ha4YeHHsI), 800 HaXWJI eKCIIOHEeHI[i/{HOI KPUBOI 3Mi-
HI BMICTY Bi/IbHOI BOJIOTY 3a YacOM, KU HA3MBAEThCA
«IIBUAKICTIO CYMiHHA norapudmy». OnuuemMo CTUCIO
IIpefcTaB/IeHi XapaKTePUCTUKM:

Kop; Bonorocti ToHkogucnepcHoro nanusa (FFMC)
BizmoOpa’kae BMICT BOJIOTH B MiACTUIIL Ta fPiOHO3epHN-

croMy nanusi ToBmKHOW 1-2 cM; FEFMC uytnusuii go
LIOfIeHHVIX 3MiH TeMIIepaTypM, KiIbKOCTi OllafiiB, BiTHOC-
HOI BOJIOTOCTI Ta IIBUAIKOCTI BiTPY;

koz BonorocTi Jadda (DMC) € moxasHMKOM BMIcCTy
BOJIOTY B IIyXKill OpraHi4Hill p€4OBMHI, [0 PO3KIa/ia-
€Tbcs, posmipom 5-10 cm; DMC uyTnmBuii go Temuepa-
TyPU, ONaJiiB Ta BiTHOCHOI BO/IOTOCTI;

kopt ocyxu (DC) € I/IMOMHHNM IapoM YIIiTbHEHO]
OpraHiuHOI pe4oBMHY, 10-20 cM, 1110 BU3HAYAE CTiMKICTD
o racinuA. Kog nocyxu DC gy TnmBuii o TeMnepaTypu
Ta omazis. BigcraBanus 3a yacom 52 go6m.

Irmi Tpu xomnonentn (ISI, BUI, FWI) xapakrepu-
3YIOTb IIPOLIeC MOXKEXKi — MIBUJKICTh MOMMPEHH BOTI-
HIO, JOCTYIIHE /1 FOPiHHA Ma/JMBO Ta iIHTEHCUBHICTD
($poHTaNTBHOI OXKEeXI:

ingexc noyarkoBoro nomupeHHs (ISI) e uncnosoro
OIIiHKOIO MOIUVPEHHA BOTHIO Bifjpa3y MicC/Is 3aTOPAHHA
6e3 ypaxyBaHHs BIUIMBY 3MiHHOI Ki/IbKOCTI ITajBa. 3Ha-
gyeHHs ISI 3amexxaThb Bif MIBUAKOCTI BITPY Ta yacy go6u.
Inpekc € kombinaniero FFMC i BiTpy;

inmexc HakonuuenHs (BUI) € mokasHMKOM 3arajb-
HOI Ki/IbKOCTi IIa/INBa, JOCTYITHOTO /71 CIIa/I0BaHHA. 3a
BifcyTHOCTI fomy BUI sMiHI0OETBCA Maio IPOTATOM SHA.
BUI € kom6inaniero DMC i DC;

MOTOJHMIT iHAeKC moxexxHoi Hebesneku (FWI) Bi-
nobpaskae iIHTEHCUBHICTD MoUIMpeHHs moxexi. FWI e
kombOinariiero ISI i BUI.

Ockinbku KaHafICbKa CUCTeMa MPOTHO3yBaHHS I10-
Ka3HUKIB NOXXe>xxHOI Hebesneku FWI sabesneuye 6e3-
PO3MipHY YMC/IOBY OLIiHKY ITOTEHIIiamy IOXexXi, 1o
I'PYHTY€ETbCS BUK/IIOYHO Ha METEOPOJIOTiYHIX YMOBAX,
COPUATINBUX [/Ig 3alIMaHHS, IOUMPEHH Ta HigTpu-
MaHHsI II0XKeXKHOI He6e3IeK 1, TO BOHa MOXKe 6y TI BUKO-
PpUCTaHa He Ti/IbKY [IA IOTOYHUX, a i IPOTHO30BaHUX
HOTOHUX YMOB.

Iorogumuii ingexc noxexxHoi Hebesnexkn B.T. Hecre-
posa [1ITH (KTIO,) siBnsie c06010 KyMynATUBHY CyMY JIO-
OyTKiB TeMIepaTypy HOBITps Ha Pi3HNUINIO MK TeMIIepa-
TYPOIO MOBITPS Ta TOUKOI0 pocH [6], 1[0 0OUNCTIOETHCS
JUIS1 OKPEMOTO ITYHKTY Ta KOHKPETHOTO 4acy 3a (JOpMYIIOL0

KTO,, = KIO,,, - K.+ [ (¢ -1) ] , (1)

ne KI10,, — snavenns KIIO, mo pospaxoByeTbcs Ha mo-
Tounnii ienb, °C; KI10 | — snavenna KIIO, mo pospaxo-
BYETbCA 3a TonepeHiit nenb, KIIO =t (t-£), "G K —
KoedillieHT nompaBKy Ha onaay (piBHUI OMHMNLI, SKILO
KiZIbKiCTb OnafiiB MeHIe 3 MM, JJOPiBHIOE HYIIIO, IKIIO
Ki/nbKicTh omaziB 6isbire a6o JOPiBHIOE 3 MM); f —TeM-
neparypa noBiTps o 12—15 rop MiclieBOro 4acy 4m Haii-
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OMVDKYMIL IO HPOTO CTPOK CMHXPOHHUX METEOPOJIOTiy-
HUX CIIOCTepexKeHb, °C; {, — TOYKa pocK 3a TOV caMuii
CTPOK, °C; (t -t d) — pedinuT ToukM pocy, °C.
OcnouuM HeponikoM KIIO e rpy6a monpaBka Ha
onaan. Y 383Ky 3 iuM y 1976 p. JIeHiHTpaficCbKIM HayKO-
BO-ZIOCIIiIIHNM iHCTUTYTOM JTicoBOTO rocnofapcraa (Jlen-
HJIIT) yBeeHO MOKa3HUK BOIOTOCTI HAAIPYHTOBOTO
nokpusy (I1B1) 3 nudepenniroBaHnMy nonpaBKaMu Ha
OITajiy, a TAKOXX ITOKa3HMK BOIOTOCTI JIiCOBOI MiICTUIKN
(IIB2) [6, 7]. O6uucneHHs MX TOKa3HUKIB IIOYMHAIOTH
3 OHA CTiNKOTO CXOAly CHIrOBOTO IOKPUBY (y Lieil feHb
3Ha4YeHH: [IOKAa3HMKIB JOPIBHIOIOTD HYITIO) 32 (POPMYIIOI0

(HBI)N - {(HBI)N—I + [t(t_ td)]N—l} : Kocmn)N , @

ne (I1B1) , — snauenns (I1B1), 1mo po3paxoByeThcs Ha MO-
TO4HMIA fienb, °C; (I1B1), , — sHavenns (I1B1), mo pospa-
XOBYETBCA Ha MOIepefHil feHs, °C; A KoedirieHT
TONpaBKM Ha onaju. 3HaveHHsa K BusHayaroThCA B [4].

Y 1990 p. M. A. Cadponos Ta A.B. Bonokirina mo-
nudikysanu KIIO, fomoBHMBLIN 110TO IOIPABKOIO Ha
FirpOCKOMIYHICTh MOXIiB, TMINAMHNUKIB, OMafy Ta iHIINX
nicoroprounx MarepianiB (JITM). YoockoHaneHuit iHgekc
OTpUMAaB Ha3BY IMIOKa3HMKA BOIIOTOCTi 3 ypaXyBaHHAM Ti-
rpockomivHocTi (IIBI).

Pospaxynox IIBI [7] 3piticHIo€TbCA 32 popMyIOIO

(TIBI) =[(TIBD) ,_ + (£ +10),, (¢ -1, - 5) ] (K ,,)y> @

ne (IIBI'),,— snauenns [1BI mo pospaxoByeTbcs Ha MO~
TouHMII fienp, °C; (I1BI),  — snavenns I1BI, mo pospa-
XOBYETbCs Ha OIEPeNiHiit feub, °C; K — koedinieHT
MO PaBKM Ha TiIrPOCKOMIYHICTb.

s pospaxyHKy Kocnfr BUKOPUCTOBYEMO METONMKY
3 ypaxXyBaHHAM CYMapHOI Ki/IbKOCTi OIajiiB, IKa HaBe-
nenay [7].

B Vxpaini koMnnekcHa MeTOMKA OLLiHKY IPUPOS-
HOI IIOXKeXXHOI Hebe3IeKn, 1110 BKII0YaE B cebe OLIiHKY
HAIPY>XeHOCTI NPUPORHOI MOXKEXKHOI Hebe3ImeKu Te-
puTopii Ta OIiHKY K/Iacy MOXeXXHOI HebesIeKn 3a pe-
riOHaJIBHMMH IIKaJIaMU, MOXKe Oy TV BUKOPUCTAHA [/
BUABJIEHHA TEPUTOPIlI IOCTiTHOI KOHLIEHTpaLii TicOBUX
MOXKEXX Ta ONTMMi3allil cCMCTeMIU IPOTUIIOXKEKHOTO MO-
HiTopuHry [8]. OLiHKY IpUpPOFHOI TOXKE>KHOI Hebe3IeKn
3a YMOB IIOTOZ}/1 3aIIPOIIOHOBAHO IIPOBOANTY 3a YTOYHE-
HyM B. O. Banabyx KOMIIIEKCHUM ITIOKa3HIKOM IIPUPOJ-
HOI ITo>Ke)xHOI Hebe3mekn 3a ymos norogu (KITHY) [9],
AKUI 00UNCTIOETHCS 32 POPMYTIO0

KIIHY =KIIHY . Kom +Kv [t  (t .—td )], (4)

OCIIBT

ne KITHY ,— snavenns KIIHY 3a notoyHuii nexs n
B i-Mmy nyHKTi, °C; KIITHY(n - 1), i - sHavenna KITHY 3sa
nonepexHii fens (n-1) B i-my nyHnkri; Kon |, — xopury-
1ounit KoeQillieHT Ha Ki/lIbKiCTh ONaZiB B i-My IYHKTI;
Kv, .- xopurywounii koedillieHT Ha MAKCUMa/IbHY UIBU/I-
KiCTb BITPY B i-My IIYHKTI; {, ,— TeMIepaTypa MOBITPs
o 15 rop MicueBOro 4acy 3a MOTOYHMUIA [IEHb 1 B i-MY
nynkTi, °C; td, - TemmepaTypa TOYKM POCH 3a TOJI e
cTpoK, °C; (t, ,— td ) — nmedinut TouKM pocu 3a HOTOY-
HUII IeHDb 1 B i-My TYHKTI, °C.

Kopurytoun xoedinienTn Ha KinbKicTb omafiiB Ta Ha
MaKCUMaJbHy WIBUAKICTD BiTPYy 3a 100y B i-My IYHKTI
BU3HA4YaIOTbCA popmynamu B [9].

Teputopia gocmigkeHH: Ta AKepena iHdpopmanii

HocnigKeHHsa YMOB BUHMKHEHH A IPYPOAHUX TicO-
BIX MOXKEXX IIPOBOJATHCA /1 TEPUTOPil paflioaKTUBHO-
ro 3abpynHeHHs Ykpaincpkoro Ilomices, y Mexxax sKoi
BIJiZIEHO LIiCTh PETiOHIB BiINIOBiIJHO 10 PO3TalllyBaHHA
MeTEeOCTaHIijl Ha3eMHOI MePEeXXi CTIoCTepesKeHb YKPTifi-
poMety: perion MeteoctaHuii M. CapHu PiBHeHCBKOI 00-
nacti; perionn M. Kopoctenn, m. OBpy4 Ta M. OneBcbk
Kutomupcekoi obnacri; perionn M. YopHoOunap Ta
M. TerepiB KuiBcpkoi obmacti (puc. 2).

3a TUIIOM MiICTIIBPHOI IOBEPXHI HA TePUTOPIl JOCTI-
IPKeHHSA arpo/IaHAImad Ty nepeBaXalTh Y YOTUPbOX pe-
rionax: M. Kopocrens (85 % Tepuropii arponanauradry
i mumte 14 % mnicy), m. Capau (60 % Tepuropii arponang-
madTy i 36 % micy), M. OneBcok (58 % Tepuropii arpo-
maupuadTy i41 % nicy) i m. Tetepis (51 % Tepuropii arpo-
maupuadTy i 34 % micy). Tinbkn B perioHax MeTeoCTaHIii
M. HopHOoO6WMIb i M. OBpYY IUIOIIA JTICOBUX MacKBiB € 6i/b-
IIIOIO, CITiBBiTHOIIEHH arpo/IaHAAQTy Ta TEPUTOPIit 3 11i-
COM BiAmoBinHO y BigcoTkax 40/51 Ta 42/56 [10].

I>xepena indpopmanii

[l71s1 BupillleHHS TOCTaB/IeHNX 3aBJaHb OY/IN BUKO-
pUCTaHi HaBefleHi HIDKYe XKepesia TOCTYIHOI iHdop-
Malii, ki opranisoBaHi 10 apxiBHUX a60 MOTOYHMX 6a3
TAHUX 32 IPOEKTAMML.

Copernicus — KOMIOHEHT CIIOCTepEXeHH I 3eMIi
B paMKaxX KOcMiuHOI nporpamu €spomnericbkoro Coro-
3y, [0 Hafla€ JaHi: 1) 3HaYeHHA NOKAa3HUKIB IOXeXXHOI
Hebesnekn FWI (FWI_GCM, nepion 20062035 pp.),
pPO3paxoBaHUX 3a II0OAIBHUMM KIIMaTUYHUMMU MO-
pensamu (GCM — Global Climatic Model) ta 3a apxiB-
HuMu fanumu peananisy ERA5 (FWI_ERAS, nepion
2006-2020 pp.); 2) MPOTHOCTUYHI MeTEOPONOTiYHi FaHi,
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Puc. 2. Tepuropis focnifykeHHA 3 IPOCTOPOBUM PO3IOAi/IOM THIIIB MiCTU/IbHOI TOBEPXHi

OTpuMaHi 3a TppOMa III0OATBHUMY KITIMATUIHUMU MO-
pensamu (EURO-CORDEX — Coordinated Downscaling
Experiment — European Domain) g ananisy Bnnusy
KJiMaTUYHMX YMOB Ha XapaKTe€PUCTUKY JTiCOBUX IO-
Xex [13-15].

FIRMS — cucrema inpopmanii npo moxexi mas
ynpasninas pecypcamu NASA (https://earthdata.nasa.
gov/firms), sfika € 4YaCTMHOW CUCTEMU JJaHUX Ta iHPOP-
MaI[ifiHOI CHCTeMM CIOCTepeXeHb 3a 3emieo NASA
(EOSDIS). Bona 3a6esneuye apxiBHUMU faHUMU Y $HOp-
matax ['IC (*.shp) Ta Excel mjomo daxriB moxesx (oce-
pe/KiB 3aiiMaHH:) 3 JAaHVMU IIPO MOTY>KHICTD TETIJIOBOTO
BunpominoBanHsA BorHio (FRP) y meraBarax Ta Temmepa-
TYPY ACKPaBOCTi KaHaTy BOrHAHOrO mikcens (Brightness
temperature) y kenbBiHax [16].

POWER (The Prediction of Worldwide Energy
Resources — «IIporuos cBiTOBMX eHEpreTUYHUX PeCyp-
CiB») Hafla€ COHSIYHI Ta METEOPOJIOTIYHi JaHi JOCTiKeHb
NASA p14 nigTpUMKM BiTHOB/IIOBAHUX JIKEPeT eHeprii
Ta MiCTUTb IOTOYHI Ji apXiBHi JaHi METEOPOJIOTIYHNX Ta
arpoMeTeOpOIOriYHMX CIOCTEepeXeHb Ha pery/spHiit
citi (1 x 1 kM) y popmarax Excel Ta NetCDF [17].

TakyuM unHOM, HOoCcTymnHa iHpopManis Oyna cdop-
MOBaHa y TPyIIM Ta HaBeleHa B TaOJL. 1:

1) Hab6ip garnx (FWI_GCM, nepiox 2006-2035 pp.),
MICTUTD IIPOTHO3M IOKa3HMKIB MOXEXHOI HeOe3neKn
FWI nna €pponn B MaiiOyTHIX KIiMaTHYHUX yMOBAxX
(B[] Projections);

2) Habip ganux (FWI_ERAS, nepiog 20062022 pp.)
3abe3Ievye MOBHY iCTOPUYHY PEKOHCTPYKIIil0 METeopo-
JIOTIYHMX YMOB, COPUATIVBYX JJ151 BUHMKHEHHA, TTOLIN-
PEHHs Ta CTIMIKOCTI OXKeXK; IHIEKCH IOXKEKHOI HeOesmeKn

PpO3paxoBaHi 3a I0IIOMOTOI0 IPOTrHO3y IOTOAY HA OCHOBI
ICTOpMYHOTO MOJIe/TIOBAHH A, HaflaHOTO peaHanisom ERAS5
ECMWE;

3) Habip mereoponoriunux gaunx (MeteoCordex,
nepiox 2006-2035 pp.), o MoO6yOBaHMIT Ha KOMOiHa-
L1 1BOX KIiMaTu4dHKUX Mogeneir — rnobanbaoi (GCM) Ta
perionanbraoi (RCM) — Ha piBHi 3eMHOI oBepxHi (2 M,
10 m);

4) Habip motouHoi (Meteo_NASA, mepiog 2006—
2020 pp.) Meteoposnoriqnoi indopmanii (Temmeparypa
MOBITPS, BiJHOCHA BOJIOTICTb, KIJIBKiCTh ONafiB, MIBUJ-
KiCTb BIiTpY), iHTepIIONIbOBAHO]I y BY3/IU PETy/IAPHOI CiTKI
(1 x 1 xM) Ta cIiBBiTHEeCEHi 3 METEOCTAHIIiIMMU PeTiOHiB;

5) Habip maHux xapakTepuctuk noxex (Fires-
NASA, nepion 2006—2023 pp.), AKi OTpMMaHi 3a JOIIOMO-
TOI0 CIIEKTPa/IbHUX PafliOMeTpiB CepefHbOI pO3/ilTbHOI
3garHOocTi (MODIS) 3 nnardopm Terra i Aqua, a TakoxX
pazioMeTpiB Bisyasnisanii BUAMMOro iHdpadepBOHOTO
pianmasony (VIIRS) (pospginbha 3gatHicTs 375 M) 3 mTart-
¢dopm Suomi NPP ta NOA A-20.

HaHi MOXYTh BUKOPUCTOBYBATUCSA JI/I aHAMi3y Ta
OILIiHKM YMOB JIiCOBiTHOB/IEHH I TEPUTOPII MiC/IA MOXKEX
(TeMIepaTypHO-BOGHUI peXMM Ha IOBEPXHi I'PYHTY Ta
3a Iapamm).

[Toropgumit iHgexc moxxesxHoi Hebe3neku FWI pos-
paxoBaHO 3 BUKOPUCTAHHAM Pi3HNMX Mofesel JaHuX —
ERAS5, NASA, MeteoCORDEX (puc. 3).

Knimarnuni mogeni npoexkty MeteoCORDEX 6ynu
pospobieni B pamkax ininiarusu EURO-CORDEX, mio
3abe3Ieyye BUCOKY PO3Ji/NbHY 3aTHICTh BUXIJHUX Jja-
HUX MOJeJIeN, Opi€EHTOBAHMX Ha €BPONIENCHKMII PeTi-
oH. ITTo6 ouinnty BIuB 3MiHM Kiaimary, Moenb GEFF
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Obpobka paHnx FWI 3a
Pi3HAMK MOAENAMK

FWI(ERAS) - calculation according
to archival data Reanalys 2006 - 2022

3T

FWI(Clim) - calculation according
to climate models 1970 - 2098

FWI(NASA) - calculation by
Daily meteodata from NASA

2006 - 2022
FWI - ERAS gl Ll FWI _ NASA
A -
EC-EARTH - Irl HadGem - UK s
rcp - 2.6; 4.5 rcp - 2.6; 4.5 s e

Puc. 3. Cxema 06po6ku ganux FWI 3a pisHuMu npoexramu

(Global ECMWE Fire Forecasting model — I'mo6anbha
MOJIe/Ib IIPOTHO3YBaHHA MOXeX EBPOIEIICHKOTO IIEHTPY
CepeHbOCTPOKOBMX IIPOTHO3iB IIOTO/[M) 3aITyCKAEThCSA
IJI1 YJOTUPbOX PiSHUX KIiIMaTMYHUX CLIeHapiiB: MOTOY-
HOTO KJIiMaTy (II03HAaYeHOTO AK «iCTOPMYHMIT») Ta TPHOX
CLIeHapiiB pelIpe3eHTaTUBHOI TPa€KTOpii KOHLEHTpalii
RCP (Representative Concentration Pathway), mo Big-
MOBiJJaI0Th ONTUMICTMYHOMY CLIEHapil0 BUKNUZiB, IpU
AKOMY BUKJJY IIOYMHAIOTD 3HIDKyBaTucA micna 2020 p.
(RCP 2.6); cuenapiii, 3a AKUM BUKUAK TOYMHAIOTD 3HU-
xyBatucs micna 2040 p. (RCP 4.5) ta necuMicTuaHMn
CIleHapiil, Y AKOMY BUKUAY IPOJOBXYIOTb 3pOCTaTH
nporarom ctormiTTa (RCP 8.5). Icropnyni cumynamii 3a
nepiop 1970-2005 pp. 3a6e31me4y0Th OCHOBY AJIs IIPO-
rHosiB ingekcy FWIL

Buxigui gani kaiMaTudHux Mopenei (gus. ta6m. 1)
nna periony €spomnn (puc. 4) y Burnaai marpuni 424 x

x 412 x 365 ocepepkib 3 kpokoMm 0,11 x 0,11° gns of-
Horo napameTpa FWI 3a koXeH #eHb IO BCiX CTaHIiAX
06po6siNCcs Ais poBefeHHsT Bi3NKO-CTaTUCTUIHO-
0 HOPiBHAIBHOTO aHaJli3y 3 METOIO BMOOPY HalbiIbII
peIpe3eHTaTNBHOI MOJIe/Ii pO3paXyHKY ITOKa3HMKA II0-
ropHol noxe>xoHe6e3neku (FWI). [Ins nopiBHsIpHOTO
aHamisy pBox morogHux ingukaropis (FWI ra IIITH)
3 BUKOPMCTAaHHAM aBTOPCHKUX IIPOr'PaM IIPOBEIEeHO TaKi
00YVIC/IeHHS:

pospaxyHok nokasHukis: IIITH sa meTeoponoriaan-
Mu flanuMu apxiBy npoekTy NASA ta FWI sa panumn
npoekTiB NASA i ERAS 3a nmepiog, 20062020 pp.;

po3paxyHOK Ha mepiopi 2006—-2035 pp. MoxkasHHK-
ka IIITH 3a ganumn krximatuaaux mogeneit METEO
CORDEX Ta mopiBHSIHHS pe3y/IbTaTiB pO3paxyHKy
3 mokasHuKoM FWI, o64nciieHuM 3a aHa/IOTIYHUMU Me-
TEOJAHVMIL.

Tabmuua 1. [Ixepena inpopmanii, o BUKOPUCTOBYIOThCA B JOCITif)KeHHi, Ha mepiog 2006-2035 pp.

1) FWIL_GCM

2) FWI_ERAS5

3) MeteoCordex

4) Meteo_NASA

5) Fires-NASA

B]I «Fire danger
indicators for Europe
from 1970 to 2098
derived from climate
projections»:

1. ICHEC-EC-
EARTH/RCA4

2. MPI-ESM-LR_
rcp2.6_fwi-daily

3. HadGem?2 rcp 2.6
fwi-daily

B]I «Fire danger
indices historical data
from the Copernicus
Emergency
Management Service»:
CFS" FWI Rating
System BUKOpUCTaHHA
IIPOTHO3Yy HOTOf M

3 peananisy ECMWF
ERA5

Bl «Regional climate
models data on single
levels»:

1. ICHEC-EC-
EARTH/RCA4

2. MPI-ESM-LR
(Germany)

3. HadGEM2-ES (UK)

BIT «Meteorological
parameters»,
OTpMMaHi 3:
https://power.larc.nasa.
gov/beta/data-access-
viewer/

b1 «NASA FIRMS»

e yactuaoio LANCE
(Land, Atmosphere
Near real-time
Capability for EOS)
(EOSDIS):

1. MODIS Collection 6.1,
2. VIIRS S-NPP,

3. VIIRS NOAA-20

"Canadian Forest Service FWI Rating System — peiitunrosa cucrema FWI Kanagacbkoi nicosoi cy»x6u
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Puc. 4. Perion €sponn (a) i TepuTOpisn ZOCTIAKEHH 3 KOOPAUHATHNMY ciTKamy TpoekTiB ERA5 ta NASA (6)

IHopiBHANbHMIT aHATIi3 TOTOFHUX NOKAa3HUKIB
no>xke>xkHoi Hebesnmexku — FWI ta ITITH,

1[0 BUKOPUCTOBYIOTBCA A1 OLiHKYU K/Iacy
MO>KeXKHOT HeOe3nmeKn

ANTOpUTM MOPiBHANIBHOIO aHa/Ni3y 3HaYeHb ITOTOf-
HUX IOKa3HMKIiB noxxe>xHoi HeOesneky FWI ta ITITH, mo
OTPUMaHi 3a PiSHMMU MOJeISAMU Ta METOAVKaMu, 6yB
IIpOBeeHNII BiJIIOBiTHO IO aITOPUTMY, AKUI HaBEIEHO
Ha pUC. 5 i BK/II0OYa€ TaKy MOCTiJOBHICTh CEMU KPOKiB:

1 — yuTaHHA i3 caiity npoekTy Copernicus JaHux
FWI 3a Tppoma Bubpauumu rio6aibHUMM KIiMAaTUIHUMU
MopensamMu (AuB. puc. 3) Ta apxiBHMMM faHNMMM Reanalysis
ERAS5; popMyBaHHS TaHNUX 32 perioHaMIU Ta IlepiofjaMis;

2 — obuucIeHHs NorogHoro nokasauka FWI sa mo-
TOYHMMM Ta apxiBHUMMK gaHnMu NASA BignosigHO A0
metoponorii GEFF [12] 3a nepiog 2006-2020 pp.;

3 — nopiBHANBHUI aHani3 3HadeHb FWI, orpu-
MaHMX 32 PiSHUMU KJIIMaTUYHUMU MOJEAAMU, 3TIHO
3 METOAMKOIO (3], /s BUOOPY HalibinblI afleKBaTHOL Ta
TOYHiImoi Mogeni pospaxynky FWI nna tepuropii go-
CITi>KEeHH

4 — obuncnenHs nmorogHoro nmokasuuka IIITH 3a
maHuMu apxiBHoi iHpopmanii ERA5 Ta o6paHoi mpo-
THOCTUYHOI KiiMaTuynol momeni MPI-ESM-LR (MPI,
Germany);

5 — oIiHKa KJ/IACiB IIOXXEXKHOI Hebe3meKu 3a 064mc-
nenumu sHadeHHAMYU FWI Ta I1ITH Ta ixHij mopiBHANDb-
HMII aHaJIi3 U1 BCiX BUITafKiB nmepiopy 2006-2020 pp.;

6 — Brbip BUIA/IKiB i3 MOXKeXKaMu /151 0OpaHMX pe-
rioHiB 3a nepioz 20062020 pp. O64ncneHHs cepefHbO-
MiCAYHOI Ta CepelHbOPIYHOI KiIbKOCTI IHIB i3 IOXKeXKa-
MU Ta KiZIbKOCTi 3aTOpsAHD (IIOL IIOXKeX) 3a perioHam;

7 — CTaTUCTUYHUII AaHAJIi3 3HaYeHb MOKa3HUKIB I10-

JKe>KHOI HeOe3MmeKn 3a BCi€o BUOIPKOIO Ta OKPeMO [1st
BUIA/IKiB i3 OXKEXXaMM; pO3MNOAiN KaciB MifABUIIEHOT
noXke>xHoi Hebe3nekn 3a apxiBHumu (ERA5, NASA) ta
3a MPOTHOCTUYHUMIY JaHUMM [7I006aIbHOI K/TiIMaTUIHOL
mopeni MPI-ESM-LR Ha niepiog mo 2035 p.

ITopiBHANbHA OLliHKa 3HaYEHDb iHIEKCY
noxxkexxonebesnexkn FWI 3a apxiBHuMu gannmun
ERAS5 i3 FWI 3a gaHMMU KTiMaTUIHNX MOIenen
(METEO_COEDEX) ta NASA (xpoxu 1-3
aJITOPUTMY Ha puc. 5)

Bigxunenns suauenb FWI 3a MmeTeogannmuy knima-
tnuHux Mopeneir GCM ta NASA Bip 3Hauenp FWI pea-
Hajisy ERA5 064mc/ioBanucs BiIOBifHO 1O METOLOMIO-
rii [3] 3a Takumu popmymamm:

AFWI,, = FWI ., - FWI 5)

ERA5

AFWI WI

NASA

= FWI 6)

NASA F ERAS’

ne FWI_  — 3HaueHHs iHZeKCYy 3a I06aTbHUMM KITi-
MaTuaHUMU Mogensimu; FWI o — sHavueHHS iHeKCy
3a gauumu NASA; FWIER a5 — 3HAYEHHs iHfIeKCy, OTpH-
MmaHe 3 peaHanisy ECMWF ERA5. Taknit meTox mopis-
HAHHA NpaBoMipHuit nume gas FWI, a He pna iHmmx
IHIMKATOpIB.

Habip meteomanux mopeni peananisy ERA5 rpyn-
TYETbCA Ha JAHUX HAa3eMHOI MepeXKi CIOoCTepeXXeHb,
10 BUKOpUCTOBYBanu infekc FWI - Juist HOpiBHAHHS
3naueHb FWI mmip vac BM60opy mporHocTMYHOI K/TiMaTny-
HOI MOJieJIi, fIKa € HaVOi/IbII IPUAATHOIO A/1sI TepPUTOPIi
[Toniccsa. CratucTudHe nopiBHAHHA y [18] Habopy Aa-
Hux peaHanisy ERA5 Ta Habopy faHMX BUMIpIOBaHb Ha
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FWI(Clim) - GCM+RCM

ERAS

NASA

<httpsJi
firms.modaps.eosdis.nasa.gov/

> ..

g :
{ KinoKicte BanIAKIB NOXEX

."’ no reputopii Kopocrencoxoro
{ periony
/ {2006 - 2020)
[ Kinokicrs BUNAOKIB NOXER I

{

[ no TepuTopii Yop bKOFO

j periony
(2006 - 2020)

=,

Kinuxicte BHnagris noxex
! no Tepuropii CapHeHcbKoro
1 periony

(2006 - 2020)

—

e

5 - Oujna knacis

FOKEKHOT HeDenern

2 - PozpaxyHok
FWI
T — "
| ECEARTH / MPLESM.LR /  HadGEM2ES Nporpaua
{  (pnangin} { (Himewumna) { (Benuka bpurania) poapaxymiy FWI
{ { { 3a mogennw GEFF
APWI = FW g0 FW ks
FWI_NASA
Databases
, NASA, MPLESALLE,
_GCM (MPLESM-LR)
(Himewunna)
4~ Pospaxynon
. PPO
{ MPLESM-LR
I | (Himewsuna)
FWI_ERASNASANPI | | = |
e . uaﬁo::::?u:‘:t}u
¢
(2006 - 2020) 32 meTogOM L nasa
YeprMI {

7-Anania ra
BHCHOBKH PE3ynbTaTH aHanizy §
KOpenayli AaHux,
posnogin knacis

\ noxexoHebemnenn
\‘ NPOTArOM POKY

PiBHAHHA KNSS|B

JNA BUNAAKIB i3

Puc. 5. Cxema anropuTmMy HOpiBHATBHOIO aHaIi3y IBOX METOAIB 00UMCIIeHHA

MOTONHIX NOKAa3HMKIB NoXXe>XHOI Hebesmexku ITITH ta FWI

178 MeTeocTaHLIiAX MO BCilt TepuTOpii YKpaiHm 3acBif-
YIMJIO iXHIO IPUHATHY BiiOBiHICTh. BUCHOBOK aBTO-

piB y [18, 19] rpyHTYy€eTbCA Ha PO3I/IANI OCHOBHMX K/TiMa-
TUYHUX OKa3HMKIB 060Boro Macutaby (atMmocdepHi

omnajy, MiHiMajIbHa, cepefiHA Ta MAKCUMaJIbHa TeMIIepa-

Crartuctuka nopiBHanasa FWI Bukonana 3a mopeH-
HUMU JaHUMU ceMu MeteocTaH1iin [lomicca 3a nmepiof,
2006-2020 pp., pe3yabTaTi HaBeAeHO B Tab. 2. [lomat-
KOBO JI/11 IOpiBHAHHA HaBefleHa craructuka FWI 3 an-

cam6mio mozeneit GCM (cepente apubmeTnyHe 3a BKa-
3aHMMU TPbOMa KIiMaTUYHUMU Mofensmu) [18-20].

Typa HOBITps) 3a Iepiof crnocTepexenb 1946-2020 pp.
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Ta6muus 2. CTaTUCTUKA MOPiBHAHHS IOJeHHNX MOKa3HUKIB moxesxonebesnexku (FWI) 3a ganumn
rmob6anpHuX KaiMaruuuux mogeneit GCM (FWIGCM) ta 3a ganumu NASA (FWINASA) i3 ganumu Mofeni peaHamisy

norogu ERA5 (FWIERAS), cepegnix mo reputopii gocnigkenus 3a nepiog 2006-2020 pp.

I'no6anpHa kaiMatuana mogpens (GCM), cienapiit RCP2.6
Iapamerp MPI-ESM-LR EC-EARTH HadGEM2-ES AncaM61b NASA
(Himeyunna) (Ipnangis) (BennxobpuraHis) GCM

JJoBxuHa pagy 38 353 38 353 37723 38 353 32874
Cepenne AFWI, P=95% -1,7+0,1 -1,5+£0,1 1,1+£0,1 -0,7+£0,1 -3,1+£0,1
MinimanbHe -57,2 -57,6 -57,6 -57,5 -55,7
MakcumanbHe 110,6 96,7 99,8 50,7 14,9
Meniana 0,0 0,0 0,0 0,0 -0,6
CraHpapTHe BigXW/I€HHSA 12,0 10,2 13,1 9,7 5,5
gﬁf}‘}’;’:fam Kopenauii 0,41 0,42 0,43 0,56 0,90

IIpumimxa. [loB>XVHa pARY JOpiBHIOE YMCTY Hi6 y epiofii X KiMbKicTh cTaHIil.

IlopiBHANBHMIT aHAJi3 MIOKa3y€ XOPOIIY Y3TOKe-
HicTb nokasHukiB FWI 3a mereoganumu mopeni peana-
nizy ERAS5 Ta ganumn cnocrepexxenb NASA — 3HaueH-
Ha Koedinienra kopenauii Crnipmena nis mapu FWI o,
1FWI, .. nopiBH1o€ 0,90, 1110 XapaKTepusye BUCOKUIA pi-
BeHb 3B713Ky M FWI 3a uuMu Habopamu gaHux. Y ce-
pegabomMy FWI 3a garumu NASA 3aHVDKYIOTb IOKa3HU-
ku FWI nopiBuano 3 ERAS.

3a yacTOoTHUM aHami3oM (puc. 6) y 93 % Bumagkxis
FWI Ma€ BiJEMHI 3HaY€HHS, a BeIMYMHA Bi[X//IEHb

NASA
AFWI y 78 % BUIA[IKiB He NMEPEBUINYE 5 OGVHUID

NASA
80
70 - 1
60
50

40

30 - 284

Kinskics ai6, %

20 17.9

10 73 |‘ﬁ°
i
o L8 U0 gy

-50 -40 -30 -20 -10 -5 0 5
Delta FWI

(mepebyBae B iHTepBasi 3HaUeHb Bif -5 10 +5) Ta y 91 %
BUIIA[IKiB He NepeBuInye 10 ofMHNLD.

Cepenni 3HauenHs Bigxuienb AFWI, o64ncneni 3a
[QHUMU TPHOX ITO6ANTBHUX KIIMATUIHNX MOJiesteit (uB.
puC. 6), IPaKTUYHO He BiIpi3HAITHCA. Y OI/IBIIOCTI BU-
nafkis (Big 55 o 65 %) BukoHyeTbcs ymoBa AFWI > 0,
a pianasoH Bigxmiensb Big FWI - Moxnmsuii Big -50
1o +90 oguunub. Haitbinbiui BifxuneHHs criocrepira-
TIVCA B OKPEMi POKM) Y CEPITHI Ta BepeCHi, KON 3HaYeHHA
FWI 3a gaanmu okpemnx GCM 6yny 3HaYHO BUIIMMI 32

FWI,, ,,» @ y KBIiTHI i TpaBHi HY>KYnMMMU. 32 POSI/IAHY THIA

DDelta=NASA-ERAS

8 Delta=MPI-ERAS

B Delta=EC-EARTH-ERAS
B Delta=HadGEM-ERAS
DDelta=GCM-ERAS

7.45_4
15
d 4 S

10 20 30 40 S50 60 70 80 90

Puc. 6. Hacroruuit (%) posmonin AFWI — Benuunnu BigminHocteit FWI 3a gannmu NASA, rnmobanbHux
KIIMaTMIHUX MOfeTIelt Ta iIxHboro ancam6io Big FWI 3a ganumu ERA5 3a nepion 2006—-2020 pp.
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nepion 20062020 pp. pisHunA Mix 3Ha4eHHAMU FWI,
O0YMCIIEHUMHM 33 JaHUMU [NTOOATbHUX KIIMaTUIHUX
Mopeneit i mogeni ERA5, y 61-66 % f1i6 He mepeBuiye
5 oguHULB, y 76—81 % — 10 opuunns FWI. BigHocHO
Halikpami pe3dynbraty oTpumano ans MPI-ESM-LR
(MPI, HimeuunHa).

Axmo pna pospaxynky nokasuuka FWI Bukopucro-
BYBATH aHCaMO/Ib ITT0OAIBHUX K/TIMaTUYHIX MOJIETIeit, TO
Jiarma3oH 3HaYeHb AFWIGCM =FWI,,~ FWI_, . 3MeH-
myeTbcs nopisHAHO 3 AFWI okpemux mMogpenerr, 3MiHIo-
I04VCh Y MeXax Bix —50 fo 60 oguuuis. lndpamu Ha
puc. 6 nosnauyeno AFWI_ ancam6rio. 3a iHmmmu mo-
Ka3HMKaMU IlepeBar BUKOPUCTAHHS aHCaMO/TI0 MofIertet
He BusBieHo. Kinpkictp 1i6 i3 AFWIy rpapamii Big 0 go
5 ogMHULb CKOPOUYEThCA 3 45 mo 21 %. KinbkicTs fi6
3 AFWI y rpagauii Big 5 o 10 oguHULb 3061/1bIIY€ETHCS
3 5-7 %, mst okpeMux mMopeneit 1o 28 % fisa ancambre-
Boro AFWI__ .

AHani3 gMHAMIKM cCepeJHbOMiCAYHNX
Ta cepefHbOpivHNX 3Ha4eHb FWI 3a nepiop,
20062020 pp.

Ha puc. 7 HaBeieHO cepeHbOOATATOPIYHMIT PIYHMIT
Xifi cepeqHbOMICAYHMX 3HAUYeHb NokasHuka FWI, pospa-
XOBaHMX 3a KniMatuaHumMu mogensmu HadGEM2-ES (Be-
nmuka bpuranis), EC-EARTH (Ipnanpis), MPI-ESM-LR
(Himeuunna), 3a apxiBHUMM JaHMMM peaHanisy ERAS
(EFFS) ta 3a mannmmu NASA.

YcepenHeHi cepegubomicssui gani FWI (muB. puc. 7)
MOKa3yIOTh:

3a ganumu mopeni HadGEM2-ES (Benuka bpura-
HifA) opiBHAHO 3i 3HaueHHAMU FWI, orpumanuMnu 3a
apxiBaumy gannmu ERAS ta 3a gaammum NASA, criocte-
piramThbcs MifBUILEH] 3HaYEeHH B OKpeMi Iepiofu, oco-

? "
6 Micaus 7 8 9 0w n 12

1 2 3 4 5

—o—AvgMFWI_MPI 8= AVgMFWI_EC —4—AvgMFWI_Had ——AvgMFWI_ERAS —— AvgMFWI_NASA

Puc. 7. Piunnii XiJy cepefHbOMICAYHNX 3HAaYEHD
FWI 3a gauumu MPI-ESM-LR, EC-EARTH,
HadGEM2-ES, ERA5, NASA

0/11BO B MaKCMMAaJIbHMII IIEPiOf MTOXKEXHOI aKTMBHOCTI
(muneHp — BepeceHb);

3a BcimMa MopensaMu MakcuMyMm FWI npunapgae na
CepIieHb, 3a BUHATKOM nokasHuka FWI sa ganumu ERAS
(MakcMMyM y 4epBHi Ta CepIiHi);

Halt6i1bIIi 3HAa4YeHH MoKasHuKa FWI BinacTuBsi msa
TE€PUTOPIii i3 TyTOBOIO Ta CiIbCHKOTOCIOAAPCHKOIO pOC-
JIMHHICTIO;

3a BeIM4YMHOI0 NoKasHuKa FWI Ta piunum xomom
cepenubomicsiaHux FWI Hai6inpm 61m3bKi Momeni —
ERAS5, NASA, MPI-ESM-LR, EC-EARTH,;

mopenb HadGEM2-ES nae 3aBumeni y 2,0-2,5 pasa
3Ha4eHHA nokasHuka FWI y mepiog MmakcuManpHOi mmo-
XKeXXHOI HeOe3IeK .

Cepennbopiuny guHamiky sHadeHb FWI Ha me-
pior 2006-2035 pp. 3a garumu MPI-ESM-LR i 3a nepiogx
2006-2020 pp. BigmosigHo o gaHnx ERAS5 i NASA Ha-
BefieHO Ha puc. 8. IIpoBefieHO po3paxyHOK MPOrHO30-
BaHMX 3HadyeHb FWI no 2030 p. i3 BUKOpUCTaHHAM ce-
penubopiunux gaunnx FWI (mxepena — ERA5 i NASA)
3a nepion 2006—2020 pp. Ta ampoOKCUMAILIil0 LIbOTO PAXY
TiHIHUM TPEeHAOM 3 MOOY[OBOI PiBHAHHS HPSIMO]
(y = 0,22x + 4,4). TounicTs ninirHOI anmpokcumanii (ce-
penHe KBafipaTYHe BifXVIeHHA GaKTMYHNX 3HAUYeHb
Biff MPOrHO30BaHMX) [i/1s1 I1i€l BUOipKu cTaHOBUTH + 1,05.
Taxum 4MHOM, IPOTrHO30BaHMII fiana3oH 3HaYeHb FWI
PO3paxoOBY€EThCA 3 ypaXyBaHHAM TOYHOCTI Mogeni. Ha
TOCTOBIpHICTh MPOTHO3Y BIUIMBAE JOBXJMHA BUXiJHOTO
PARY Ta BiiCTaHb JO IPOTrHO30BaHOTO POKy. IIporuos sa
JiHITHOIO MOZEJII0 PO3PaXOBYEThCA, SIK IPaBUIIO, Ha
TPeTUHY JOBXXVMHY BUXiTHOTO PALY.

I'padikm niniitHoi anpokcumanii (gus. puc. 8) gu-
HaMiku cepegHbopiuHMX 3HaYeHb FWI 3a nanumu MPI,
ERA5 i NASA nokasyoTb, 1110 IpOrHo3Hi sHadeHHsa FWI
3a gauumu MPI, ERA5ta NASA HaOMm>XamTbCs ONUH

y=0.22x+4.4

y=0.12x+1.8
Ri=z02

2006 2008 2010 2012 2014 2016 20138 2020 2022 20 2026 2028 2030 H32 2034

~B-AVGGFWI_ERASOG_20 e AVGGFWI_MPIOG_35 — AvpFWiProg_ERAS_06_30

== AVGGFWI_NASA06_20 — A FWIPrOE_NASA_06_30 = flnciinas (AVGGFWI_NASADS_20)

Puc. 8. Innamika cepegubopiuHux 3HadueHb FWI 3a ganumu

ERAS5, MPI-ESM-LR, NASA nHa nepiog 2006-2035 pp.
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IO OfHOTO i1 IOKa3yIOTh MiIBUIEHHA CEPEIHbOPIYHUX IIOKa3yIOTh, III0 METOAVMKA PO3PaXyHKY 3 YpaXyBaHHAM
sHagenb FWI Ha Hactymni pokn. JocTosipicTs miniitHoi  rirpockomiunoi Bonorocti moxis (IIBI',, bopmyrma 3) He
anpoxcuManii sHauenb FWI 3a ganumu ERAS € Bumoro, mipgxonuts mis repuropii Ykpaincbkoro Ioniccsa — 3Ha-
HiX m1a MPI ta NASA. YeHHs 37,e6i1bIIOro HeraTMBHI BHACIINOK JOCTaTHbOL

TakuM 4MHOM, I'PYHTYIOUNCh Ha OTPMMAHUX pe- BOJIOTOCTi aTMocdepHOro HOBiTpA Ha TepuTOpii, 1[0
3y/JbTaTax IIO0 MOPiBHANBHOTO aHAJi3y PO3paxyH- pO3INARAETbCA. TOX y HOANbINX MipKyBaHHAX MIU

kiB FWI, aBropamu 6yB oOpaHuit BapiaHT MOfie/li — BUK/IIOYMMO L0 METORMKY.
MPI-ESM-LR (HimewyunHa), pe3ynpraty AKoi OyLyTb BU- HaBenennit piuxuit nepebir cepefHbOMICAIHUX
KOPMCTaHi HaJjai Imifl Yac MOPiBHANIBHOIO aHai3y mo- 3HaveHb IIITH mokasye, mo npoTarom poky cnocrepi-
rogHux inguxkaropis — FWI ta ITITH. raloThcs fABa MaKcuMyMu 3HadeHb I1ITH — y Becaanmit
nepiox (TpaBeHb) Ta y JTITHbO-OCiHHII mepiof (cepreHb
Pospaxynoxk IIITH Ta ominka meropis Ta BepeceHb) 3a BCiMa TpboMa MeTofuKaMu. Haii6inbim
pospaxyHKy norogHoro ingexcy ITITH 67113bKi cepeHbOMICSIYHI IaHi po3paxoBaHi 3a METOI Y-
Ta BUGip ONTUMAaIbHOTO kamnu B.T. Hecreposa ta B. O. banmabyx. Takum 4mHOM,

y HOJja/Ibliiji HOPiBHSAMbHIN OLiHIli 6y/ie BUKOPUCTAHO
[TpoBefieHO po3paxyHKM MOTORHOTO iHJEKCY IO- JIVIe MOTOJHMIT ITOKa3HMUK HOXKe>KHOi Hebesmexu ITITH,
xexxnoi Hebesneku [TITH B.T. Hecreposa [5] Ta itoro Mo-  po3paxosanmit 3a MetofoM B. O. banabyx, mpuitHaTuii
mudikanii [6, 7] 3a [OIIOMOrow0 aBTOPCHKOI MPOTpaMy O ONEPAaTMBHOTO BUKOPNUCTAaHHA B YKPaiHCBKOMY Tifi-
3a nepiof, 2006—2020 pp. 3a apxiBHuMu gaHumu ERA5, pomeTeoponorivHoMy LeHTpi.
noToyHuMM gaHuMy NASA Ta gaHUMM KTiMaTYHOI MO- IlopiBHANPHA XapaKTE€PUCTHUKA PIYHOTO XOAY CEPe-
meni MPI-ESM-LR (MPI). Hamu 6y7o BifibpaHo Tpu TH- HBOMICAYHUX Ta cepefHbOpiuHMX 3HaYeHb FWI Ta ITITH
oBi perionn MeteocTanii: M. Kopocrenp —arponann- 3a mopensamu gaHux (NASA, ERAS5, MPI) naBepena Ha
ma¢THa Tepuropid, M. CapHu — yic Ta arpormangmadT, puc. 10 i moka3ye OHOTUIIHICTD XOAY CepefHbOMICAYHIX
M. YoproOunp — ic. OTpuMaHi pesynbratu 6ymo mpoa-  3Hadens I1ITH ta FWI, po3paxoBaHux pisHuMu Mope-
HaJI1i30BaHO 3a 3aIIPOIIOHOBAHMM aITOPUTMOM: AAMU. 3a3HAYAETHCA MiIBUIIIEHH IIPOTHO30BAHNX I10-
NOPiBHAHHSA CEPeJHbOMICAYHNUX i CEpeHbOPIYHUX TOSHUX iHJIEKCIB, sIKe IOYMHAETHCS 3 YETBEPTOTO MiCAILA
3HaueHb nokasHyKa I1ITH (puc. 9) nna Tppox perioniB 3a  poky (KBIiTHS) 3 MAKCMMYMOM Y CEpIIHi Ta BepecHi, 1o

JOTMpPMa MeToguKaMu 3a popmynamn (1-4); BifnoBifjae GakTUIHUM TaHUM (ZUB. puc. 9, a).
aHaJIi3 piYHOro X0y CepeSHbOMICAYHUX 3HAYEHD
ITITH 3a 30 pokis (2006—2035 pp.) 3a IPOrHOCTUIHUMU Bepudikanis zaHux mnorogHuX iHgeKcis,
manumu mopeni MPI (DPH) nisa Tppox perionis (Hopro- pO3paxoBaHNX 33 Pi3HUMU MeTOAMMU,
6unb, Kopocrenn Ta Capun); 3 paKTMYHMMYU JAHUMM PO HOKeXKi
MOpiBHAHHA XOA1y IMHAMIKY CepeIHbOPIYHMX Ta Ce-
pesuboMicssuHux fanux [IITH ta FWIL SIK110 M1 OFAaTKOBO IPOAHasi3yeMO MMPOTHOCTUYHI

PesynbraTty nmopiBHANBHOrO aHani3y cepefHboMi- pospaxyHku IIITH ta FWI sa BkasanuMu MeTomaMu Ta
CSAIYHMX 3HaUeHb 3a 15-piuHuit nepion (guB. puc. 9, a) MOAENAMU JaHKX i3 QaKTUIHUMU JAHUMU IIPO CEPETHIO
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Puc. 9. InHamika piuHOro X0y cepepHboMicAuHNX 3HadeHb [ITIH y perionax MeTeocraHmiii (a)
3a YOTMpPMa METOfIMKaMy Ta AMHaMiKa cepeflHbOpiuHuX 3HayeHb [1ITH (6)
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Puc. 10. [unamika piYHOTO XORY CepeAHbOMICAYHMX 3HAYEHD (a) Ta JMHaMiKa CepefHbOPIYHMX 3Ha4eHb ()
IIOTONHUX IIOKa3HUKIB noxkesxkHoi Hebesneky ITITH ta FWI 3a kniMaTMYHMMY MOZENAMU

KIJIBKIiCTB A1i6 i3 TTOXKeXKaMM 110 MiCALAX, TO MAKCUMYMU
KinbKocri 16 Ta Makcumymu 3HadeHb ITITH ta FWI npu-
NaJaloTh Ha TITHbO-OCIHHIN Iepiof (cepIeHb i >KOBTeHb).
DaKTUYHO MU CIIOCTEPITAEMO ABa MAaKCUMYMM TIOXKEX-
HOI cuTyanii — 6epe3eHb i KBiTeHb Ta CepIeHb i JKOBTEHb.
binblite Kopesnoe KiIbKiCTb MOXKeX BOCEHM) 3 JUHAMIKOI0
MOTONHUX IOKAa3HMKIB noXKexXHoi Hebesneku I1ITH ta
FWI_ERAS5 (0,87-0,89). 3aymexHICTb Bif TIOTOHUX YMOB
Y cepegHbOMY € JOCUTD BYCOKOIO B IIi MicAIL|.

Ha puc. 11 HaBefieHO MOPiBHANBbHMIT aHATI3 dak-
TUYHUX Ta IPOTHOCTUYHMUX (3 BUKOPUCTAHHSAM JIiHITHUX
TPEHIOBUX MOJIe/el) CepelHbOMICAYHIX Ta CepeJHbO-
piunux sHadens I[IITH Ta FWI 3 pakTrunumMu ganumun
PO KiZIbKicTh 16 i3 moke>xamu. 3rifHo 3 paKTUIHNMU
[IAaHUMIU TIPO CePeHbOMICAYHY KiTbKICTb 16 i3 moxe-
»KaMu 1o tepurtopii arponanpmadris (M. Kopocrenn)
CIIOCTepiraeThes Ba MAKCUMYMU: 6epe3eHb i KBiTeHb i3
MaKCMMYMOM Y KBiTHi, a TAKOX CEPIIEHb i >KOBTEHD i3
MaKCUMYMOM Y cepmHi (guB. puc. 11, a). MakcumanbHi
cepepnboMicauHi gani I1ITH BifgsHaveHi ansa uiei repu-
Topil y TpaBHi, cepnHi Ta BepecHi. 3a enuunHamu [1ITH
(>3000) i BmagKu HajIeXKaTh 10 K/IACiB BUCOKOI ITOXKEXK-
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HOI Hebe3IIeK 1 3a IIOTOfHMMY YMoBaMu (Tabr. 3). 3a mpo-
THOCTUYHMMU METEOSaHMMU Jifie IIOBi/IbHE 30iIbIIeHHS
3HayeHb FWI (AvgFWI_ByMod), gocsraroun Makcumy-
My B ceprHi (14,9 - rpaganis HoMipHOI ITOXKeXXHOI He-
6esmneku s norogHoro iHpnkaropa FWI). Tunamika
cepenubopiunux 3HadeHb [IITH ta FWI na puc. 11, 6 mo-
Ka3ye TpeH/[| Ha 301/IbIIIeHH BCiX TPHOX XapaKTePUCTUK
MOXKEXKHOI HeOe3IeKN — KIJIBKOCTI [i6 Ha MicALp i3 I0-
JKexkaMU Ta BemnunH noroguux ingekcis (ITITH ta FWI)
3 IPUITHATHOIO JOCTOBIpHiCTIO anmpokcuMaiiii (0,22-0,49).
JuHaMiKa cepeJHbOPIYHOr0 XO[y pO3paXxOBaHUX
FWI ra IIITH Bignosigae guHaMili piYHOTO XOAY Kifb-
KOCTI JHIB i3 MoXXexXXaMu Ha 11iii Tepurtopii. Bukopucro-
BYIOYM JIiHIIHMI TPeH[, AMHAMIK PiYHOTO X0y ITOKa3-
HukiB FWI_ERAS5 i ITIIH Ta cepefHIO Ki/lbKiCTb AHIB
i3 mMo>KerKaMu, MOYKHA BiJI3HAYMTH, IO Ki/IbKICTh JHIB
i3 mo>ke>xaMM Ha HaMOMOKYI ITSATh POKIB 3pocTaTMMe
(28 BumapkiB/pik) BiZIOBiIJHO §O 3pOCTaHHS NOTOXHUX
nokasHukiB FWI (0,22 op./pik) ta IIITH (50 ox./pik).
HacTynaum KpoKOM y MOpiBHAIBHIN OLIiHII] TOTOAI-
HUX IIOKa3HMKIB BifITOBiTHO IO a/ITOPUTMY, HaBE[IEHOTO Ha
puc. 5, € Kpoku 5 i 6 (O1iHKa K/1aciB ITOXKe)XHOT HeOe3IeKn).
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Puc. 11. Piuna guHamika cepegupomicsiunnx sHauens (CepegMIITIH) FWI_ERAS5 i IIITH ra kinpkocTi £i6 i3 moxexamu
3a MicanaMu B epiop 20062020 pp. a1 periony M. KopocTeHb (a); cepefHbOIIPOrHOCTIYHI po3paxyHku FWI
ta gaHi [1[TH 3 pakTMIHNMM TaHVMM PO CEPERHIO KIIBKICTD Ai6 13 moxkexxamu 1o pokax (6)
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IopiBH:ATbHA OLiHKA KIIACiB OXKeKHOT HeGe3mmeKn
3a moroguumu ingexcamu FWT i ITITH (kpoku 5 i 6)

IopiBHANMBHNIT aHAJTi3 TOTOJHOTO iIHIEKCY MOXKEXKHOI
He6e3nekn [TITH B. O. Bana6yx i3 Kanapcbknm ingexcom
noxe>xHol Hebesnekyt FWI mpoBoamBCs 3 BUKOPUCTaH-
HSM TaOnUIi BifOBIZHOCTI rpafaniii piBHiB HOKa3HMUKIB
Ta K/IaCy IOXKe>KHOI Hebesmeku (fuB. TaomI. 3).

Knacu moske)xxHoi Hebe3IeKu TiciB BUSHAYAIOTHCS
3aJIeXKHO BiJ| TiCOPOCIMHHMX YMOB Ta IOTOGHUX (ak-
TopiB. HasiBHi HalliOHaJ/IbHI CCTEMM OLIIHKM ITOXKEXKO-
He6esIeKu po3poO/IAINCs 3 ypaXyBaHHAM KOHKPETHUX
NIPUPOAHMUX YMOB Ta 3alIMUCTOCTi NE€BHOI TepUTOPii
i He MOXXYTb OyTU aBTOMaTMYHO IIepeHeceHi Ha OYMib-
AKy MicneBicTb [21]. B Ykpaini BUKOpUCTOBYETHCA iH-
IEeKCHA CUCTEMa OLIIHKM IOXKEKHOI HeOes3IeKu B Ticax,
AKa 6a3yeTbCsA Ha BpaXyBaHHI IOTOJHUX YMOB Ta CTaHY
POC/IMHHOCTI — CTyTIeHs IOXKeXKHOI Hebe3IeKn B Ticax
3 ypaxyBaHHAM MicLieBUX ocobmmBocTeit. KommmekcHmit
MTOKa3HMK, 10 BUSHAYAETHCA 3a JOIIOMOTOIO IIi€l cucTe-
M, Ta€ 3MOTY OIIiHMTH CTYIiHb HOXKeKHOI HeOe3IeK.
[Ins1 XapaKTepUCTUKM CTYIIEHS IOXKeXHOI Hebe3nekn
BeCh Oiama3oH 3HaveHb nmokasHuka [IITH mopmineno Ha
ITATH KJIACiB MOXKEeXHOI Hebesmeku (quB. Tabi. 3), AKi
3MIiHIOIOTbCA Bift Kimacy 1 «6e3nexu Hemae» (ITTTH < 400)
mo Kiacy 5 «Hapssu4ariHoro» (ITITH > 5000) [22].

I/ mofanpIIoro aHaji3y 3allpOIIOHOBAHUX METO-
puk pospaxyHky IIIIH i FWI nposefeMo pospaxyHOK
KiZbKOCTI 7116 i3 pi3HMMM K/TacaMy ITOXKE)XXHOI HeOe3IeKu:
BU3HAYMMO KJIaC MOXKe>KOHeOe3IeYHOCTi Ta IPOBefieMO
Mi/IpaXyHOK KiJIbKOCTi BUIIaJKiB [/ K1aciB 1-5 3 BUKO-
puctanHaM Tabs. 3 3a ;BoMa nepiogamu; 2006—2020 pp.
i 2021-2035 pp., cepenHix 1A Tpbox NyHKTIB (M. HYop-
HOOM/IB, M. Capuy, M. KopocTeHb) 3a apxiBHUMM MeTe-
oponorivaumMy gaHuMu NASA, ERAS5 ta nporHocTmy-
Humu Meteogauumu MPI. OrpumaHi pesynbratu 6ype

IIpOaHa/Ii30BaHO /i HABEIEHO Yy BUIIAMI y3arallbHEHUX
CTaTUCTUIHUX XapPAKTePUCTUK.

Po3paxoBaHO piuHy Ki/lbKiCTh Ai6 3 IOKa3HUKAMMU
noxexHoi Hebesneku inpexcy FWI, IITTH (B. O. bana-
0yX) I BCiX K/IaciB IIOXKeXXHOI Hebe3eK 3a I106ab-
HO-perioHanpHOI KriMaTnaHo© Mofenntio MPI-ESM-
LR-RCP 2.6. i 3a ganumn ERA5 i NASA. Pesynbratn
HaBeJeHO Y BUIVIAML MOPIBHATBHUX TaOMUIIb KiNMbKOCTI
KJIaciB NMOKa3HUKIB Noxxe>xHoi Hebesmexu ITITH i FWI
(y BifcoTKax Bijj 3arajibHOI KiJIbKOCTi BUIIAJKiB), 10
Oy po3paxoBaHi 3 BUKOPUCTAHHAM NPOTHOCTUYHUX
METEeOpOJIOTIYHMX JaHUX PISHUMU METOZAMU: apXiBHMU-
My faHnmu peananisy ERA5, NASA i rmo6anpHoi moperti
MPI (tabn. 41 5).

AHartis pe3ynbraris, HaBefieHUi1 y TaO1. 41 5, mokasye:

1. Kinpkictp Bumagkis (%) 3a mepui 15 pokis i3
IOKa3HMKaMU IIOXKe)XXHOI HeOe3IeKy, 110 PO3paxoBaHi
3a gBoMa mMogenamu gaunx (NASA, ERAS5), piBHoMipHO
posmofizieHo 3a Kaacamu Hebesneku iy Merony I1TTH,
a g nokasHuka FWI maiike BBidi 361/1bILIEHO YUCIO
BUNagKiB knacy 1 nopisaano 3 IIITH. Jliniiiauit Tpenp
JU/1S1 LIbOTO TIePiOfy IOKA3Ye, 110 BitOyBa€ThCs 30i/IbIIeH-
Hs1 BUNAZIKIB 13 OXKE>XHOI0 Hebe3eKolo K1acy 2 i Bulie
AK pnA nokasHuka FWI, rax i gna IIITH y cepegapomy
Ha 2-3 % mOopoKy A1 BCix perioHis. Li gaHi kopemno-
I0Th i3 JaHMMM IIPO KiJIbKiCTh BUIIAJIKiB i3 MOXKEXKaMMU
Ha IIiit TepuTopii 3a 1eit >xe nepiox 2006-2022 pp. (zuB.
puc. 11, 6).

2. Ilpotarom 30-piunoro nepiomy (2006—-2035 pp.)
IiJ] 9aCc BUKOPUCTaHHA NPOTHOCTUYHMUX METEOPOIOTid-
HUX JJaHUX, OTPUMaHMKX 32 I7106anbHO0 Mopennio MPI
(®PH), piyHa KinbKicTh BUIIAZIKIB i3 HOKa3HMKaMMU I10-
JKE>KHOI HeOesIIeK M TiHiTHO 36i/1bITyeThCs 31 MBUKICTIO
opvH i 6inblire BUIaAKiB Ha pik. Lleit BUCHOBOK 3p0o6ieHo
3rifjHO 3 HaHUMU TAOM. 4 Ta 5 1 CTOCYETbCA ABOX METO-
nis — IIITH (B. O. bana6yx) tra FWI (EFFIS).

Ta6muusa 3. Tabnui s BignmoBigHOCTI rpaganiit ingexciB mosxesxHoi HeGesmeku ITITH ta FWI

Krnac I'pamarii piBHIB TOKa3HMKA [IOXXEXKHOI Hebe3meKu
MOXKEeXXHO1
Hebesnexkn [IITH FWI
1 <400 Hebes3IeKn HeMa€e <5,2 Iy>e HU3bKUI
2 401-1000 HU3BKUIL 5,2-11,2 HU3BKUI
3 1001-3000 MOMipHMI 11,2-21,3 TIOMipHUI
4 3001-5000 BUCOKUM 21,3-38,0 BUCOKUI
38,0-50,0 Iy>Ke BUCOKMI
5 >5000 HaA3BUYaTHUI
>50,0 €KCTpeMaJIbHUI
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Tabmuus 4. CepegHs KiTbKicTh BUNAKiB K/IaciB MOKe>KHOI MOTOHOI HeGe3nmeku 3a mokasuukamu FWI ra ITITH,
3a ;anumu MPI, NASA, ERAS5 3a nepiogu 2006-2020 pp. Ta Ha 2006-2035 pp.

TTokasHmk Mogenpb Ilepion, Knac 1 Knac 2 Knac 3 Knac 4 Knac 5
FWI NASA 2006-2020 81 11 6 2 -
FWI ERA5 2006-2020 66 15 13 6 1
ITITH NASA 2006-2020 38 14 28 11
FWI MPI 2006-2035 74 13 7 4 2
IITH MPI 2006-2035 73 23 39 0.1 -

Ta6muuns 5. Posnopin xnaciB no>ke>KHoI Hebe3nmekn =2, >3, >4 + 5 noka3saukis FWI ra ITITH
3a MeTeogaHUMU norogHux Axkepen: MPI, NASA, ERA5

IToxasHuk Mogenb Iepiop, Knac 22, % Knac =23, % Knac 2445, %
FWI MPI 2006-2035 26 12 5
ITITH MPI 2006-2035 27 4 -
FWI NASA 2006-2020 18 1
IITH NASA 2006-2020 62 48 20
FWI ERA5 2006-2020 34 20 7
BucHoBKHK 36i/IblIIeHHSI IEPiOAY IPOTHO3Y 3MEHIIYE JOCTOBIp-

IIpoBemeHo NOPiBHANBHMIT aHAMi3 TOTOSHMX IIOKa3-
HUKIB moxxe>xHoi HeOesneku — FWI Tta IIITH, mo Buko-
PUCTOBYIOTHCS /IS OLIIHKM KJ/IAaCy ITOXKeXXHOI HeOe3neKn
3a pisHMMM MOZE/IAMM Ta IKepe/laMy JOCTYIHOI iHdop-
manii (Copernicus, FIRMS, POWER), sxki opranizoBani
110 apxiBHUX 260 IOTOYHMX 6a3 fauux. [IpoaHamisoBaHO
Ta CTaTUCTUYHO ONPallbOBAHO BCIi MiJJTOTOBJIEHI IaHi 3a
PIYHOIO KiZTbKiCTIO BUITA[IKiB 3 TOKAa3HMKAMM IOKEXHOI
HeOe3IeKM J/1s1 TPhOX perioHiB 3a 30 pokiB 3a fBOMa Me-
TOJaMI: METOZ, YKPaiHCBKOTO TiJpOMETEOPOIOriYHOTrO
incTuTyTy (aBTOp B. O. bamabyx), B OCHOBI IKOTO JIEXKNUTD
mertop B.I. Hecteposa, Ta meton Kanazncpkoi cnyx6mu
nporuosiB noxex (EFFIS). Pesynbrarn nopiBHAIBHOTO
aHa/Ii3y MOKa3yIoTh, o npoTArom 30-piuHoro mepiogy
(2006-2035 pp.) 32 BUKOPUCTAHHSA IPOTHOCTUYHUX Me-
TEOPOJIOTiYHNX JAHUX, OTPUMAHMKX 32 I7I06ATTBHOIO MO-
nemmio MPI (®PH), iine mocTynose 36i1blueHHs piaHO]
Ki/IBKOCTI BUITaJIKiB i3 mepiogaMu iX pi3Koro 30imbiieH-
Hs 200 3MEHIIIEHH S, PO3PaXOBaHMX ABOMa MeTofgaMu. [1o
2035 p. 3a noroguumu nokasaukamu FWI i ITITH tpu-
BaJTIiCTh MOXEXOHEeOe3IIeYHOTO Ce30HY 3a IIPOTHOCTUY-
HUMM JaHUMU T7100a/IbHOI K1iMaTnaHOoI Mozeni MPI 2.6
36impImINTHCA HA 67 [i6, y cepenubomy fo 100 ni6 Ha
piK 3 piBHeM IOXKe>KHOI Hebesmneky Kacy 2 i Buie. 3a
maHuMM okasHuka FWI Hait6inbii sMiHM O4iKYIOTbCS
B KiZIbKOCTi [1i6 K/acy 3 moxkexxHoi HeGe3Iek i Buie —
no 15-17 ni6.

HICTb pe3y/IbTaTiB, OCKi/IbKM BUXiTHUMY JaHVIMMA IS Me-
TOJIiB, 1110 BUKOPYMCTOBYIOThCS, € IPOTHOCTUYHI I7T00a/IbHI
MOfieni, AKi He alallTOBaHi I TepPUTOPIi JOCTimKeHH 1.
ba>xano BUKOpucTOBYBaTH MOAENi IPOrHO3YBaHH S, 10
aflaliTOBaHi I0 TEpUTOPii, BpaXOByBaTH JIOKaJIbHi reorpa-
¢ivHi yMOBU Ta Cy4acHi KTiMaTH4HI NOKa3HMUKU Tifipo-
TepMIYHOr0 pexxuMmy 1iei repuropii. CraTucTUYHMIT aHA-
i3 MiZTBEPAXKYE JOCTOBIPHICTb OTPUMAHMX PE3Y/IbTaTiB,
i 3aIIpONOHOBaHI METOM OLIIHKM MOXKeXXHOI HebesmeKu
3 BUKOPUCTaHHAM noroguux nokasuukis (FWI ra ITITH)
MaIOTh IIPaBO Ha iCHYBaHHA Ta Ha CIIi/IbHE BUKOPUCTaHHS,
OCKI/IbKM BUITQZIKM 3 K/TaCaM¥ HU3bKOI HeOe3IeKN 1100
pOSIOoAiNy PiYHOI KiZTBKOCTi BUIIAJKiB IPOTHO3YIOTHCA
3 He3HAYHVMM BiIMiHHOCTSIMM ITOPiBHAHO 3 KJIaCAMM MiJ-
BUILeHOI Hebe3meku. Bl eTaibHe NOPiBHAHHS HEOO-
XiJHO poBecT i3 3anmy4eHHAM GaKTUYHUX JAHUX IIPO
HOXKeXi pi3HIUX KaTeropiit Hebe3eKu.
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Assessment and Consistent Analysis of Fire Risk
Based on the FWI Weather Index

A study and statistical analysis have been conducted

on the use of various methods for calculating fire hazard
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T. [I. Jles, B. M. IlickyHs, L. II. Illegemenxo

weather indices (FWI, PPN) applied in Ukraine and the
EU to assess and forecast fire hazard conditions based on
open-access forecast and real-time meteorological data
(COPERNICUS, CORDEX, ERAS5, and NASA projects).
The calculations of the FWT index were compared using
data from climate models: CNRM-CM5 (France), MPI
(Germany) and PPN indicators by V.G. Nesterov and its
modifications, calculated by the author’s program for the
period 2006-2035. Using the fire weather index (FWI),
which was developed and is used in the Canadian and Eu-
ropean fire forecast systems (CFFWIS, EFFIS), the most
adequate global climate model version of the CORDEX
project for the period 20062035 was selected and statis-
tically confirmed. The most successful calculation meth-
odology of the V.G. Nesterov method was selected. As a
result of this comparison, the method (author V. A. Bal-
abukh) was selected, officially adopted by the Ukrainian
Hydrometeorological Center and used by us in the future
for comparative assessment with the FWI — Fire Weather
Index using different data sets. All prepared data on the
annual number of cases with fire hazard class indicators
for 3 regions for 30 years were analyzed and statistically
processed by two methods: the UkrHMI method (author
V. A. Balabukh), which is based on the V. G. Nesterov meth-
od, and the method of the Canadian Fire Forecast Service
(EF). The results of the comparative analysis show that over
a thirty-year period (2006-2035), using predictive meteo-
rological data obtained using the global MPI model (FRN),
there is a gradual increase in the annual number of cases
with periods of a sharp increase or decrease in the annual
number of cases calculated by the two methods.

Keywords: natural fires, fire hazard index, statistical analysis
of fire characteristics, climate models, satellite information.
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TonoBHi migcymku VII Miknapomuoi kondepentii NucNext-2025
«IlepcrieKTHBY BIPOBAa/i )KEHHA iHHOBALIill Y AaTOMHY €HEPreTUKYy»

25-26 BepecHsa y Bennkomy kordepenu-sani Hami-
OHa/IbHOI akafieMii Hayk Ykpainu (HAH Ykpainn) Big-
Oynacs VII Mi>kHapofiHa HayKOBO-TeXHiuHa KOH(pepeH-
nis «[lepcnekTuBY BIpoBafi>KeHH iHHOBalili B aTOMHY
eHepreTUKy», OpraHisoBaHa IHcTutyToMm mpobiem 6e3-
neku aroMHuX enektpocranuii (IINb AEC) HAH Ykpa-
iHM, TPOMaJICPKOIO OpraHisali€ero «YKpaiHCbKe AfepHe
toBapucTBo» ('O «YxpsT»), Pagoro Momogux BYeHUX
npu BignineHnHi eHepreTUKM Ta eHepreTMYHUX TEXHO-
noriit HAH Ykpainu cnisnbHO 3 aKI[iOHEPHMM TOBapu-
ctBoM «HanioHasbHa aTOMHa eHeproreHepyo4a KOMIIa-
His “Eneproatom™ (AT «HAEK “Eneproarom™).

LIporopiu koHdepeH1is OTpUMaTa OHOBJIEHY Ha3-
By — Nuclear Next, afxe iiieTbcs He NMMIle PO Mif-
CYMKI4, a J1 TPO «Maii0yTHE AfepHOI ramxysi». MeTa KoH-
dbepennii — 3pobuTH MailgaH4MK, e IIPOMUCIOBICTB,
oneparop AEC, HayKOBi ycTaHOBU Ta 3aK/Iaju BUIOL
OCBITV TOBOPATb CITi/IBHOIO MOBOIO i JOMOB/IAOTHCA PO
BIIPOBA/)KEHHS PO3POOOK B SIepHill ramysi.

IIporarom gBox fAHiB moHaf 200 y9acHUKIB — Npen-
CTaBHMKM MiHICT€PCTB, HapOAHi elyTaTy YKpainy, Ha-
ykoBui HAH Ykpaiuu Ta 3akmajfiB Buioi ocBitu, ¢a-
xiBui EneproaToMa, npuBaTHMX NiAIIPUEMCTB, €KCIIEPTH
MI>KHAapOJHMX OpraHisallill Ta CTy/IeHTY 3aK/a/liB BUIIO]
OCBIiTV — 0OTOBOPIOBA/IM K/IIOYOBi BUK/IMKY i IIepCIIeK-
TUBY PO3BUTKY sA/I€PHOI €EHEPTE€TUKIL.

CrniBopraHisaTopu 3axony: Paga momogux BueHnx
npu Bigginenni sagepHoi ¢isuku ta eneprernkn HAH
Ykpainm, Paga monmogux BueHUX IHCTUTYTY AfepHUX
nocnimxenb HAH Ykpainu (IA]] HAH Ykpainn), In-
ctutyT rasy HAH Ykpainn, JII «/lep>xaBHNiT HayKo-
BO-TEXHIUHUII LIEHTP 3 sifiepHOI Ta pajialliiiHOI Oe3meK»
(JHTI] APD).

Cepen napTHepiB i cioHcopiB — Energy Safety
Group, IPP-Centre, HBII «AToMKOMmIeKcIpu-
nam», Phoenix Contact Ukraine, Witkowiz Atomica,
CestaSynergoatom Ta Triumph (octanni Tpu KoMmaHii
- npencraBHUKM Yexii). Y4acTb mapTHepiB migTBepANIa
Ba)X/IMBICTD KOHCOMiAaLii 3ycnib 6i3Hecy, HayKM Ta Aep-
KaBM 3311 PO3BUTKY iHHOBAIIijl Ta 6e31eKy B aTOMHIlt
€HepreTUIIi.
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YuacHUKY KOH(epeHLil

Ha nnenaproMy 3aciflaHHi BUCTYIINB GUPEKTOP Je-
IMapTaMeHTy ANEPHOI eHepreTuky MiHicTepcTBa eHep-
reTuky Ykpainu (Minenepro) Irop IBaHOB, AKknii me-
penaB BiTaHH:A MEPIIOTrO 3acCTYMMHMKA MiHicTpa ApTeMa
HekpacoBa 3asHauMBIIN, IO Biff IOYAaTKy MOBHOMACII-
TaOHOTO BTOPTHEHHS €HEPreTUYHUII CEKTOP MepeXUB
«CUCTEMHI 1 6e3nperiefileHTHI BUIPOOYBaHH», OfJHAK
«3a/IMIIAETHCS He3TaMHUM» 3aBJAKY I[OleHHiT po6OTi
Tucs4 PaxiBuis. «Mu GopMyeMO KOMIITIEKCHY eHepre-
TUYHY eKOCHCTEMY, [ie aTOMHA TeHepallis BUCTYIIA€ Oa-
30BUM JIXXK€Pe/IOM, A BiTHOB/IIOBaHi Ji>XKepesa eHeprii Ta
iHHOBaIilTHi TexHOMOTii 6YyTh HOMOBHIOBATH ii THYY-
KicTb. Ha cTpareriusiit fomui — npogoB>XKeHHA pecyp-
Cy Ailounx 6710KiB, QpisuuHMIt i Kibep3axnucT KPUTUIHOL
indpacTpykTypu, nuudposi pinleHHs ynpaBaiHHA Ta
omnepanuinHoi epeKTUBHOCTI», — CKa3aB y CBOIIl Ipo-
MoBi Irop IBanoB. Bin feTanisyBaB KOHTEKCT PUSKKiB:
BTpaveHo 6113bko0 10 I'BT BCTaHOBIEHUX IOTY>KHOCTEI!

Irop IBaHOB, AUpEKTOp leNapTaMEHTY AePHOi eHepTeTUKI
MiHicTepcTBa eHepreTUKM YKpainm

Onexcanpp Konunenxo, akagemik HAH Ykpainn,
ros1oBa KOMICIi 3 pajiiallifiHOTO 3aX1CTy HaceNneHHA
Bepxosnoi Pagu Ykpainn

yepe3 MacOBaHi aTaky, TPMBAE OKyHalisa 3anopisbkoi
AEC, 6ynu iHnupeHTH HaBKOMO HOpHOOMIBCHKOTO
MajiJaH4MKa il HAyKOBUX 00’€KTiB — Bif XapKiBCbHKOTO
mkepena Heittponis o ISI HAH Vkpaiuu. Leit 6ok
3ajJ]aB TOJIOBHE 3aBIaHHs JHA: K IIOEAHATH CTiKiCTh,
TEXHOJIOTiYHe OHOBJICHHS 1 TeMII HOBUX OyJAiBHMIITB
y peanisax BiiiHN.

3akoHO#AaBYi iHimiaTMBU OKpecnMB aKaJeMik
HAH VYkpaiunu, g-p 1op. HayK, npod., ronosa Hanionans-
HOI KOMicii 3 pafjialli/fHOrO 3aXMCTy Hace/leHHA YKpaiHuy,
HapopHui fenytat BepxosHoi Pagu Ykpainu Onexcangp
Kommnenko. Bin Haragas, mo napaaMeHTChbKI AUCKYCii
TopKatTbcsA 1 6esnekn Yoprobunncokoi AEC, i 1o6y-
moBu XmenbHNIBbKOI AEC, 1 4yT/IMBuUX COLjiaIbHUX TeM
4OpHOOMIBIiB. «Peaisalisa Baumx ifeit B 3aKOHOIAB-
CTBi — Ije Jy>Ke BaXKIuBa ciipaBa. Mu HaMaraemocs 1ie
pobuty, i CiofiBaCh, W0 CIIIBHUMMU 3yCUUIAMY MU
peanisyemo Bci Halni 3aBaHHA», — CKa3aB BiH, PaKTU4-
HO 3aIIpOIIYIOYY Iay3b 0 CIiNbHOI POOOTH Haff HOP-
MOTBOPUYICTI0, 6€3 AKOI iHBeCTHIIii 3aBUCAIOTH Y MOBITPi.
J1s onepaTopiB i MiApAZHMKIB 11€Jl CUTHANI IPOCTMUIL:
3aKOHOZaBYe PEryI0BaHHA BIPOBaI KEHHA TEXHOJIOTIIN
SMR, npofoBXXeHHs pecypcy Ta IMO0Ki MofepHisaliii,
ajie Ji/Is 1[bOTO MOTPIOHI AKICHI HAYKOBi MPOEKTHI 00-
IPYHTYBaHHS, 00 MOMITYKA CIMpasIacs Ha iH)XXeHepilo,
a He HaBIAKMU.
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ITaBno KOBTOHIOK, T.B.0. TONIOBY MpaBIiHHA
AT «HAEK “Eneproatom™

BucTyn TMMYacoBO BUKOHYI0YOTO 0OOB’A3KY TO/IO-
By npasninHa AT «<HAEK «Eneproarom» IlaBma Kos-
TOHIOKA CTOCYBAaBCS TOTO, IO «YKPalHCbKi aTOMHUKMI
SHUINYIOTb POCIJICBKY MOHOIIOMIIO ¥ AM€PHIili Tamysi...
EneproaToM cTaB nepIoro y cBiTi KOMIIaHi€l0, AKa BiTMO-
BMJIACA Bifj pocilicbkoro nannusa B peakropax BBEP-1000
i BBEP-440 Ta saminmna jioro Ha manuso Westinghouse».
Y 3’31 3 1M BifOyBcs 3amyck LlenTpanisoBaHOro cxo-
BMILjA BiimpanboBaHoro sizepHoro manausa (BAIT), mo
npuHOcUTh «200 MnH gonapis CIIIA mopiyHO» eKoHOMIl.
I me opyH Ba>kMMBMUIT MapKep Mi>KHapOJHOI IOBipU [0
YKpPaiHCBKOI IIKOM eKCIUTyaTallii: «caMe YKPalHChKUX
aTOMHIMKIB 3arnpoureHo koMmmaHiero Holtec B3ty y4acTsp
Yy PO3rOpTaHHI IPOEKTA 3 MaJIMM MOAY/IbHNM P€aKTO-

Bonogumup Xonouua,
IIpesupeHT YKpaiHCHKOTO ANEPHOTO TOBAPUCTBA

pom». IHakIe KaXKyun, 6a41uMo cpOpMOBaHUIT TPUKYT-
HUK CTiJIKOCTi: fMBepcudikoBaHe IMaINBO, CBOE CXOBU-
mie BAIL Buxif y HacTyIIHe MOKO/iHHA TEXHOJIOTiI Yepes
cminbHi SMR-iHiLiaTUBH.

[Tpesunent YxpAT Bonogumup Xonoma Haragas,
1[0 KOH(QepeHIIis [[boro poKy obegHama 6araTbox ¢a-
xiBIiB ramysi, Hayku Ta ocBiT. KoHdepenIia oxomnmoe
«IIPaKTUYHO BCi cpepy BUKOPUCTAHHS AEPHOI eHeprii»,
BiJl MaTepiasosHaBCTBa i UPPOBUX CUCTEM €KCITya-
Tanii o KibepOe3neku Ta pajialiiiHOTO MOHITOPUHTY.
3’aBuBcsa Atom Slam — maiifaH4MK, fie i€l mpe3eHTy-
IOTD «IIPOCTO, ACKPaBO Ta 3 HATXHEHHAMY, /11 MONOAMX
iH>XeHepiB 1 HayKOBLiB, AKi MUCTIATh MiXIUCIUIITIHAP-
Ho. Y mifcymky npesuzienT YKpST chopmynioBas Micito
nopii, IKa KOHCOMifye ¢axiBLiB AIePHOI TalTysi «11d 1mo-
IIYKY HOBMX pillleHb Ha NIJIAXaX PO3BUTKY aTOMHO{ eHep-
TeTUKW», IOIPY YMOBY BOEHHOI'O Yacy».

Amnaroniit Hocoscbkuit, akagemik HAH Ykpainny,
pupektop IIIb AEC HAH VYkpainn, BinenpesupeHt
YkpAT 3 HayKOBO-TeXHIYHOTO PO3BUTKY NPUBITaB ycix
HNpUCYTHIX Bif imeHi HanionanpHOI akafemii Hayk YKpa-
1HM 3 BIIKPUTTAM GOPYMY Ta HMifJKpEC/INB, II]0 He3BasKa-
109V Ha BOEHHMII CTaH B YKpaiHi, NUTaHH: Ge3neyHol
eKCITyaTallii AlepHUX yCTaHOBOK, IOJOBXEHH TEPMiHY
eKCIUTyaTalii, 3HATTA 3 eKCIUTyaTalii, OyAiBHUI[TBA HO-
BUX €HEProO/IOKiB € Iy>Ke aKTyaTIbHMMIU 71 HaJI3BIYailHO
BaXK/IMBYMIU.

«ITic/st 3aKiH4YeHHs BillHM IIOYHeThCs PobOOTa 3 Bifl-
OynmoBu YKpaiHuy, a sifiepHa eHepreTuka 6y/ie po3BUBaTICS
i po3BuBaTucs BeIMKUMM TeMIaMu. Mu 6yaemo 3aiima-
THCS MiABUILEHHAM PiBHS Oe3IeKN sJePHUX YCTaHOBOK,
MPOJOBXyBaTyU TEPMiHM iX €KCIUTyaTallii, TOTyBaTUCA [0
3HATTA 3 eKCIUTyaTallil TUX eHepro6/IoKiB, AKi Bifilipario-
I0Tb CBiit pecypc. I 6ypemo 6ymyBaTyt HOBi AepHi yCTaHOB-
K. Sl He MOXXy IPOTHO3YBaTy KO/IM 3aKiHIMThCA BiliHA Ta
sAKa IoTpeba Ha Toit yac Oyfe iCHyBaTu B eHEPreTUYHUX
HOTY>KHOCTSIX, aJle AflepHa eHepreTuKa Oyzie po3BUBaTH-
cs1. Ham Tpeba 6yze O6ymyBaTy i1 BenuKi eHepro6/mokn sk
0a30Bi MOTY>XHOCTI, ajle TAKOX 3a/IMaTHCS MUTAHHAMUI
BIIPOBAJKEHHA B YKpaiHi TEXHOIOTii MaIuX MOZY/IbHIX
peakropis. ToMmy Be 3apa3 My IOBUHHI HAIIpallbOBYBaTH
TEeXHIUHi pillleHHs I TOTyBaTUCA A0 OyAiBHUIITBAa HOBUX
AJEPHUX eHepProO/IOKiB B yMOBaX IIOBOEHHOTO BiTHOB/IEH-
Hs1 Ta PO3BUTKY €KOHOMIKY, BK/TIOYHO 3 BiZI0YZOBOIO IIPO-
MIIC/IOBMX PeTiOHiB Ta MOfiepHisalieio iHdpacTpyKTypu»,
— ckasaB AHaTomiit HocoBchkuii.

Y cBoiit TpOMOBi BiH HarojI0CuB, 110 AOCBix YKpa-
THM 1[OJO0 po6OTI ATOMHOI €HEPreTUKI ITif] YacC BiltHU €
YHIKaJIbHUM Y CBiTi i iforo noTpi6bHo mpoaHasnisyBarn i
PO3poOUTH peKOMeHaIIil 00 MiABUIEeHHS TOTOBHO-
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Amnatoniit Hocoscokuii, akagemik HAH Ykpainn,
mupekrop IIIb AEC HAH Ykpainn

CTi AAlePHUX YCTAaHOBOK 3 OIIAAY 3abe3nedeHHs Oe3Ie-
KM ITif 9ac BilicbKOBOI 3arpo3u. IloBuHHI posrnagaTucs
NUTaHHA 0e3NeYHoi eKCIUTyaTalii ATepHUX YCTAaHOBOK
1 cXOBUII BifJIPallbOBAHOTO A/IEPHOrO Ma/INBa, aBaPiliHOI
TOTOBHOCTi, MOHITOPUHTY, 3aI1aciB HeoOXifHIX MaTepi-
aJIiB Jy/Is1 HafIiilHOI eKCIUTyaTalii, MOXX/IMBOCTI A7 6e3-
HeYHOI poOOTHU IepPCOHATY Ta JIOro poTamii. A /st HIbOTO
HOTpi6HO 00’efHATY 3yCUIA 6araThoxX (axiBIiiB AepHOT
rajysi Ta HAyKOBIX YCTaHOB.

3aBepuryoun cBOI NpoMoBy, AHatonili Hocos-
CBKMII NMOAAKYBaB iHO3€MHMM IapTHepaM 3a HaJa-
HY TYMaHITapHY, MaTepiaJbHy I TEXHIYHY JOIOMOTY,
36poitHuM cumaM YKpaiHi, AKi 3apas 3aXMIIAI0Th HAIITY
KpaiHy, a TAKOX YCiM aTOMHMKaM, SIKi BUKOHYIOTb Iy>Ke
Ba)K/IMBI 3aBJJaHHS 13 3a0e3edeHHs Oe3IeUHOI eKCIITY-
aTanii AZepHNUX YCTAaHOBOK.

Ynen-kopecnionpienT HAH Ykpainm, f-p TexH. Hayk,
CT. OC/L., 3aBifyBad BiffliTeHHA aTOMHOI €HepPreTUKNI
ITI6 AEC HAH Ykpaiuu Bomogumup bopucerko 3po6us
IOTIOBifb, Y SIKiil MpeAcTaBMUB iHOpMaLio MOA0 CBiTO-
BMX TEHJIEHIIill y AflepHill eHepreTnIli, AKa 3SMEHIINIIA 3a-
ra/IbHUI BHECOK Y BUPOOHMIITBO e/IeKTPOEHepril y CBiTi
3 17,5 %y 1996 p. mo maike 8,9 % y 2024 p. Tvm He MeH,
AfepHa eHepreTHKa 3aIMIIaEThCA BaXKIMBOIO i 3aliMae
IIPOBifHE Miclle y BUpOOHMIITBI e/IeKTpOeHepril y TaKMxX
Kkpainax: @pannisa — 67 %, CrosauyunHa — 61 %, Ykpa-
iHa — 52 %, Yropmuna — 47 %, benpria — 42 %, bonra-

pig — 42 %, Yexisg — 40 %. CriocTepira€Tbcs HOCTYIIOBE
361/IbIIIEHHS CepeJHbOTO BiKy eKCITyaTalii eHepro6mo-
KiB y 6inbmocri kpain: CIIIA — 43 p., ®pannis — 36 p.,
Yxpaina — 35 p., a cepefiHiit Bik eKcITyaTanii eHepro6-
TIOKiB y CBiTi CTAHOBUTD 32 POKM, 11O CBiZYUTD PO He-
3HAYHI TeMIIM BBe[JeHHsI HOBUX €HEePro6/IOKiB y 6inbIio-
CTi Kpain, mo excryaTyoTb AEC.

Unen-xopecrionienT HAH Ykpainy, o-p TexH. Hayk,
CT. HayK. CiBIIP., 3aBiffyBa4 Bifginy IHCTUTYTYy eneKTpo3-
BapropaHHA iM. €. O. ITarona HAH Yxpaiau Oner Max-
HEHKO IIpe[ICTaBMB [JOIOBi/ib PO HETaTMBHMII BIINB
JIOKaJIbHOI TepMiYHOI 0OpOOKM Ha 3a/IMIIKOBUIL HAIIPY-
>keHui cran oomagHanus AEC.

bponicmas Kynikos, romosa HariAfoBOi pagnu
Witkowitz Atomica (Yexis), cennpencTaBHUK TPYIIN
WITKOWITZ (Yexis) 3 nuTaHb CTpaTeriyHoi cribmpa-
11i Ipe/iCTaBUB IONOBib, KA Oy/Ia IPUCBIYEHA YeChKiil
iniriaTuBi Mi>XHapOHOrO CIiBPOGITHUIITBA Y CIIITBHO-
MY CTBOPEHHI YKpaiHChKMX HaIliOHa/IbHUX BUCOKOTEX-
HOJIOTiYHUX IPOAYKTIB y Tamysi AfepHOI eHePTETUKMA.

lenepanpunit gupextop TOB «Eneprobesmeka
I'pym», PhD Onexcannp Masypok po3noBiB IIpo fuBep-
cudikariiro e1eMeHTiB AKTMBHOI 30H) 32 HAYKOBO-TeX-
HiYHOI NiJTPMMKU BITYM3HAHMX OpTraHisaliil.

Bonogumup bopuceHko, 41eH-KOPeCIIOH/IEHT
HAH VYkpainn, 3aBifyBad BifgineHHa aToMHOI
enepretuku II1Ib AEC HAH Ykpaian
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Barnepiit 3yitok, crapiuuit HayKOBUII CIIiBPOOITHNK
HanioHanbHOTO HAaYKOBOTO LIEHTPY
«XapkiBcbKumit Pi3sMKO-TeXHIYHNUIT IHCTUTYT»

Ha npognossxenHs niei remu Banepiit 3yitok, KaHp. Bponicias Kyikos, ronoBa HarisgoBol pagn
¢is.-MaT. HayK, CT. JOCIL., CTapLINIT HAYKOBUII CIIiBPOOIT- Witkowitz Atomica (Yexis)
HUK HanioHaIbHOTrO HayKOBOTO LEHTPY «XapKiBChKMIA
¢isuko-texnivumit incruryr» (HHII «X®TI») y cBoiit Jepcupikauil enemenTIB K1

TOTOBI/i IPUINNB yBary TeMaTuUIli MOITMHAIOYNX eJle- oansoc, oy POCHEIO n"","
MEHTIB sI[IEPHUX PEAKTOPIB. “"::"f“'i:‘”ﬁih SEanE R,
Ha xoHdepeHIii BUCTYIWIN NTPeCTaBHUKN HAYKO- cn noowouscuTaGHOF0 BTOBRGNR PP A0 ¥
Bux ycraHoB HAH Ykpainn, 3okpema, II1Ib AEC, HHIJ I ————_ L
«XOTI», IA], IuctutyTy enexrpossaprosanss im. €. O. TTa- JL'"’I‘: el

TOHa, [HCcTUTYyTY KibepHeTuky im. B. M. I'mymkoBa, [nctu-
TYTy rasy, [HCTUTYTY IIpo6/1eM MOJIeTIIOBaHHSI B €HepPreTUII
im. I. €. IlyxoBa, IHCTUTYTY CUMHTUIALIIIHMX MaTepiaiB;
3akazis Buoi ocity (HarjioHanpHOrO TeXHIYHOTO yHi-
BepcuTeTy YKpaiuy « KuiBcbKmii MOMITeXHIYHUI iIHCTUTYT
imeni Irops Cikopcbkoro», HanionanbpHoro yHiBEpcuTeTy
«OpecbKa nojtiTexHiKa», XapKiBCbKIIiT HAlIOHA/IbHNI YHi-
BepcurterT im. B. H. Kapasina); kommaHiit, nignmpuemcrs i op-
raHisaljili, fKi CIiBIPaIIO0Th i3 MiANPUEMCTBAMY aTOMHOI
ramysi — [epskaBnoro mignpuemcrsa «YIBII I3OTOII»,
kommaHii ES Group, HBIT «Atomxommnekcnipunany, CHBO
«Immynber, AT «KuiBcbKmit HayKOBO-OCTiTHMIA Ta TPOEK-
THO-KOHCTPYKTOPCbKMII iHCTUTYT «EHeprompoekt», I[IAT
«YKpIipOIpOEKT».

Brepie B pamkax KoHdepeHIii BinbyBcsa HOBMII
iHHOBauinHmi1 3axixg Atom Slam-2025, opraHizoBaHuit
I'O «YkpAT» 3a migTpUMKM MiI>KHapOJHOTO IPOEKTY
NURECAB, s1xnit cripusie po3BUTKY HOBOI reHepanii Ha-

HAH Yxpai

Onexcanpp Masypok, TeHepanbHuMIL AVPEKTOP
TOB «Enepro6esmnexa ['pym»
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YKOBIIiB Ta iHTerpalii yKpaiHCbKMX JOCTiAHMUKIB /IO €B-
POIIeIiCbKOT0 HayKOBOTO POCTOpY. 3axif BifOyBcs Ha-
HNpUKiHII Iepmoro KHA KOH(pepeHLil Ta cTaB HOBUM
dbopmaToM A CHiIKyBaHHA QaxiBIiB AepHOI ramysi,
Zie cepii03Hi TeMU NPO3By4anu y HeOpMaIbHill aTMOC-
¢epi. Inesa Atom Slam nonsrana y cTBOpeHHi He3BUYali-
HOTO MalijlaH4MKa JI/1 MONy/AApU3allil ifleil Ta MPOEKTIB
y AAepHIill eHepreTuli Ta CyMiXXHUX cepax.

3a pesynbTaTaMy rofoCyBaHHA ayguTOpii HallKpa-
M BrCTyoM Atom Slam-2025 6y1o o6paHo Bucty Bi-
tasis Xomenka 3 ¢inii BII «IliBgenHOyKpaincpka AEC».
Yci yyacHUKM OTpUMA/IV IaM ATHI IOJAPYHKY, a Hepe-
MOXKEILIb — 1e /I TPOLIOBUII IPU3.

3a pesynbrataMu po6oTH KOH(epeHIii Ha IIeHap-
HOMY 3acifaHHi yxBaneHo Pimennsa VII MixxHapopHoi
koHpepeHnnii NucNext-2025 «IlepcrekTuByu BIpOBa-
IPKeHHS iHHOBAIill Y aTOMHY €HEPTeTUKY».

Pimennsa VII MixxHapogHoi KoHdepeHmii
NucNext-2025 «IlepcrieKTUBY BIIPOBAJKEHH A
iHHOBaIill B aTOMHY €HepreTHKy»,

M. Kuis, 25-26 Bepecns 2025 p.

BpaxoBytoun, o GyHKIIIOHyBaHHA Ta PO3BUTOK
aTOMHOI €HEePTeTUKM € BaXXKIMBOI CK/IaIOBOI0 Hallio-
Ha/IbHOI 6e3Meky YKpaiHu, 0COONMBO B yMOBaX BOEH-
HOTO CTaHY, 3alIOPYKOI €HEPreTUYHOI He3a/IeXHOCTI,
PO3BUTKY €KOHOMIKM Ta IOMAKIIEHHS HACTiKiB 3MiH
KJIiMaty, yqacHuKy KoHgepennii BYUPIIIVIJIN:

BusHaty, mo B yMOBaX BOEHHOIO CTaHy aTOMHa
€HePTeTUKA 3a/IMIIAEThCS HA/[ITHIM J[>)KEPEIOM EHEPro-

reHepaii, a ii pO3BUTOK Ma€ BM3HAYaIbHUI MY/IbTUILTI-
KaTUBHMIT e()eKT Ha eKOHOMIKY Ta BaJIOBUII Hal[iOHaIb-
HUII IPOAYKT Y LiZIOMY.

IIigTpumary MiHicTepcTBO eHepreTuKM YKpainm
I[OZI0 CTBOPEHH I MIXXBiToM40i po60401 TPy Iy A/IA OII-
paloBaHHS NePCIeKTUB OYAiBHUIITBA MaTUX MOJY/Ib-
HUX PeaKTOpiB Ta HMiATOTOBKM INPOEKTY [Jopo>XKHbOI
KapTu iX BIPOBafI>K€HHA B YMOBaX IIOBOEHHOTO Bifl-
HOBJICHHS Ta PO3BUTKY €KOHOMIKU, BK/TIOYHO 3 BifiOy-
JI0OBOIO IPOMICTIOBYX PeTiOHIB Ta MOfiepHi3aiieo iHd-
pacTpyKTypu.

3rifHO 3 OHOBJIEHOIO €HEPTeTMYHOIO CTPATETIE0
Yxpaiuu, pekomennysatu AT «HAEK “Eneproatom™
IPOJOBXUTY HAyKOBI, IIi/JTOTOBYI Ta IPOEKTHI poboTH
mozo 6yAiBHMIITBa HOBUX eHepro6nokiB AEC, sokpema,
3 peaktopamMu AP1000 Ta ManuMu MOLYIbHUMU peak-
TOpaMI, a TAKOX JOOy/0BM eHepro6okiB Ne 3 Ta Ne 4
Xmenbuaunpkoi AEC 3a cygacHMMY TE€XHONOTiAMMU 3 BU-
COKVIM CTyTIeHeM JIOKajIi3allii BUpOOHUIITBA Ta 3a/TyYeH-
HAM YKpaiHCBKMX MifATIPMEMCTB Ta HAaYKOBUX i IPOEK-
THUX YCTQHOB.

Ha mep>xaBHOMY piBHI 3a6e3meunTyt BcebiuHy mif-
TPUMKY IIPOEKTaM PO3BUTKY SAJEPHOI Tamysi, 30Kpe-
Ma IPO€KTaM OYAiBHMIITBAa HOBUX eHepro6mokis AEC,
BpaXOBYIOYM CYy4acHUI JOCBiJ], iHHOBAaIlil, TEXHOJMOTIi Ta
Kpallli CBiTOBi MPaKTUKIL.

O6’eguaru sycunns daxisnis HAEK «Eneproarom,
Hep>xxaromperynwosannsa, PHBO, naykoBux ycraHos
HAH Yxpaiuu 1050 cTBOpeHHs po604oi Ipymnu 3 aHa-
i3y YHIKa/JIbHOTO JOCBiy po6OTH aTOMHOI €eHepreTy-
KM YKpaiHU MiJ 9ac BilfHU Ta po3poOKM peKOMeHaILii
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3 MiJIBMIIIEHHS TOTOBHOCT] SIIePHIX YCTAHOBOK i3 3a6€3-
nedyeHHst 0e3MeK N Iij] 9ac BiliCbKOBOI 3aTpO3ML.

BpaxoByroun mKozy, 3aBJaHy YKpaiHCbKIM HayKoO-
BO-JOCTiTHMM yCTAaHOBAM Ta YHiBepCUTETaM, IO HaJa-
IOTb HayKOBO-TEXHIYHY MiJTPUMKY ALEPHIiN ramysi mig
4ac BiJfiHM, a TAKOX BiJTiK MO/NOfAi 3 YKpaiHM, peKOMeH-
nyBary MinicrepcTBy ocBiTH i Hayku Ykpainn Ta HAH
Vkpainnu criinpHO 3 AT «HAEK «EHeproarom»» pospo-
OuTH CTpaTerivHy nporpamy peopMyBaHHs Ta MOAEP-
Hi3aIil iCHyIOUMX CTPYKTYp Ta MOJIe/Ieli yIIpaBIiHHA Ha-
YKOBMMIU Ta OCBITHiIMM CTPYKTYpaMU B AfI€PHiil ramysi
Ykpainy, 3 ypaxyBaHHAM HOTPeO PO3BUTKY JIIOACHKOTO
Ta COL}iaJIbHOTO KaIliTay.

ITpomoBxuTy iHPOPMyBaHHS I'POMAJCHKOCTI PO
IepeBary aTOMHOI €eHePreTUKM, IPUAIIAIYN 0COOMUBY
yBary npoTupii fesingopmarii Ta HOMMPEHHIO JOCTO-
BipHOI iHpopMarii yepes odirirtui pecypcu.

Hanpasutnu ne Pimennsa go Bepxosnoi Pagu Ykpa-
ian, Odicy Ilpesunenta Ykpainu, PHBO Ykpainn, Ka-

6inety MinictpiB Ykpainu, MiHicTepcTBa eHepreTUKu
Ykpainu, MiHicTepcTBa ocBiTK i HayKn YKpainm, Mi-
HiCTepCTBa €KOHOMiKM YKpainy, [lep;KaBHOI iHCIIeKITii
SAepHOTO perynioBaHH: YKpainy, HanjionanbHoI akaje-
Mii Hayk YKpainu Ta 3acob6am MacoBoi iHpopMmariii, i pe-
KOMEHZyBaT! BpaXyBaT! JIOTO IPY IPUHATTI pillleHb
I[OI0 PO3POOKY CTPATEriYHNX JOKYMEHTIB IIPO PO3BU-
TOK €HepreTUKMU, HAyK) Ta T€XHOJOTIIL.

YuyacHUKM KOHGepeHIIil BUCTOBUIN TOAAKY Opra-
Hi3aTOpaM 3a IPOBEJEHHA 3aXONy Ha BUCOKOMY DiBHi,
OCKIJIBKM TaKi 3ycTpidi BiAKpMBaIOTh MM POKi IepCIeK-
TUBMU J/151 OOMiHY HOCBiZIOM 1 3HAHHAMI, [i/Is1 IPEACTaB-
NeHHsI QaxiBIAMU Ta HAYKOBIISIMU CBOIX pO3pOOOK i Ha-
IpaIll0BaHb, a TAKOXK € YHIKaJTbHOIO MOXX/IMBICTIO [T
Ha/TaToJ KeHH:A MiXKra/1y3€eBoi CIIiBIIpalli Ta KOMyHiKa1ii
3aj1A cTabinbHOI po6oTH Ta po30yOBY AfepHOI Taly-
31 Ykpainm.

[TpuitHATO Ha IIEHAPHOMY 3acifiaHHi KOH(pepeHwil
25 Bepecnsa 2025 p.
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IIpaBuna gnsa aBTopis

3aranpHi BUMOru

1. Pepaxiis 36ipHuka «SlgepHa eHepreTuKa Ta JOBKI/UIA» IPUIIMa€e paHille Heomy6IiKoBaHi aBTOPCBKi CTATTI,
IO BiATIOBilal0Th IpO(iTIo BUJaHHA Ta MAIOTh HAyKOBE Ta IPAKTUYHe 3HaUeHH:. TeKCTU cTaTeil Ta BCi MaTepiann
10 HUX IOBVHHI OYTU peTeNbHO BifjpejaroBaHi Ta mepeBipeHi.

2. Crarri, fKi € pe3ynbraTaMy po0iT, IpoBeeHNX Y CTOPOHHIX OpraHi3allifax, IOBUHHI MAaTV CYyIIPOBITHNIT TOKY-
MEHT Bijl IfuX opraHisaniit. PasoM 3i cTaTTelo o pefakiii )KypHany Mae Oy Ty IIOZaHNIT JOKYMEHT IIPO MOX/IUBICTD
BifikpuTOI my6mikanii MaTepianiB Ta 3TORY aBTOPiB Ha IMOIIMPEHHS iX Yepe3 Mepexy [HTepHeT.

3. Marepiau, 110 HaAXOAATD O pefaKIil A/ My6miKyBaHH, IIPOXOASITh 000BA3KOBE pelleH3yBaHHsA. 3ayBa-
JKEHHs pelleH3eHTiB HallPaB/IAITh PO3POOHMKY MaTepianiB 6e3 BKa3iBKM iMeH pelieH3eHTiB. Ilic/isa oTpuMaHHs
perieH3iit 1 BijIIOBifli aBTOpa pefakiiiiHa pajja YXBa/IIO€ pillleHHs PO MOXK/IMBICTBD i MOpsfoK my6mikanii po6orn.
He3na4Hi IpaBKM CTU/TICTUYHOTO, HOMEHK/IATYPHOTO Ta POPMaIbHOTO XapaKTepy BHOCATD [I0 TEKCTY 6e3 y3TofKeH-
HA 3 aBTOPOM.

4. Pemaxijig npuitMae CTaTTi yKpaiHCbKOIO 200 aHITIIICHKOI0 MOBOIO.

5. Pykomuc cTaTTi MOXXHa NMOJATY Y BUITIAJ] €IeKTPOHHOI KOIii (Ha eleKTPOHHOMY HOCIT a60 e/1eKTPOHHOIO
nomtoo). CTaTTs HOBMHHA OyTI CTBOpPEHa 3a JOIIOMOTOI0 TeKCTOBOTO pefakTopa Microsoft Word 3 ypaxysanusam
takyx BuMor: mpuet — Times New Roman; posmip — 11 nT; MiXkpsAaKoBuit inTepan — 1,5; po3cTaHOBKa Ilepe-
HOCiB — IepeHociB HeMae; popMaTyBaHHS — IO WMPKHI; KOip mpudTy — YopHMIt; ab3anHumit Bigctyn — 1,5 cm;
pO3Mipy NOMiB, MM: 3/1iBa — 24 MM, clIpaBa — 16 MM, 3BepXy — 22 MM, 3HI3Y — 28 MM.

6. 3arasibHMIT 06CAT CTATTi pa3oM 3 rpadiuHNMM MaTepiaTaMy He TOBMHEH NepeBNUITyBaTH 15 cTopiHOK dop-
MaTy A4,

7. Ha Tutyni crarti Mae 6yTu npepcrasneHo ii YK.

YKpaiHCPKOIO Ta aHITIJICHKOI0 MOBaMM C/Tifi HABECTM: ITPi3BMIIle, iM’s Ta IO 6aTHKOBi aBTOPA; JIOT0 YYEHNIT CTYIIiHb,
3BaHHSA, Tocany, inenTndikarop ORCID; moBHy Ha3Ba opraHisauii, fie mpalioe aBTop, i if HOITOBY afipecy; Ha3By CTaTTi;

aHOTAIIil0 Ta KII0YOBI C/TOBa.

8.Y pasi cmiBaBTOPCTBA [JOFATKOBO CTi/] BKa3aTy Mpi3BuIile, iM’s Ta 1o 6aTbKOBI aBTOPA, BiATIOBIJa/IBHOTO 32 KOH-
TaKTYBaHHA 3 PeflaKIli€lo, 10ro TenedoH i aipecy e/1eKTPOHHOI ITOLITI.

9. 'pa¢iunnit Matepian mopatots y popmarti EPS, TIFF ab6o JPG 3 rycTuHOI TOYOK Ha AoiiM He MeH1re 300 dpi.
300pa>keHHs MOBUHHI Oy T IKOMOTa 3po3yMinimmmMu. BapTo BpaxoByBary, 1110 IpyKOBaHa BepCisi )Xy pHaITy BUXO-
IUTH YOPHO-0iNNM JPYyKOM, TOMY aBTOPY BapTO 3BEpHYTM YBary Ha Te, 1j00 4epe3 BTpaTy KOlbopy He Oy/iu BTpadeHi
BaXK/IMBI JIeTajli pUCYHKIB.

Hassu Ta ok/magHe NOACHEHHA 3MICTY C/Iifi HABOGUTH B MifIMCax Iifi pUCyHKaMM, a He Ha CaMUX i/TI0CcTpaniax.
TekcT He TOBMHEH ITOBTOPIOBATY iHOPMaIlilo, IPeACTaBIeHy B PUCYHKAX, BiH MA€ TiNbKM JaBaTy OCHOBHI BUCHOBKN 32
HVIMU Ta pe3loMyBaty iHpopMaliiio. SIKIIo pUCyHKM MAaIOTh MaJTy Ki/IbKiCTb JAHNUX, IX BapTO 3aMiHITY OIMCOM Y TEKCT.
SIKIIIO PUCYHOK CKTafA€ThCA 3 KiNIbKOX Mi[PUCYHKIB (a, 6, B, ...), TO MIANNC JO PUCYHKA MA€ MICTUTH OIUC KOXKHOTO
3 migpuUCyHKiB. Po3mip mpu¢Ty Hagnucis Ha pucyHKax i mignucis o Hux — 10 1T, rapaitypa — Times New Roman.

I'padiku moBrHHi Bifo6parkaTy Benuki 00CAry AaHUX ACHO i 3po3ymino. Odopmsaiodn B cTaTTi rpadikm, aBTOp
Mae TIepeKOHaTHCS, IO B HUX MiJIMCaHO BCi 0Ci, BKa3aHO BCi OBVHMUII BUMIPY [/14 BEIMYNH, MiJJIICAHO BCi KPUBI
1 MacUBU JAHUX.

CxeM1 JOIIOMaraloTh BU3HAYMTH K/TIOYOBI IeTaJIi B Ipoljeci, ToMy MaloTh 6y Ty o36aByeHi 3aitBoi indopmaliii.
Odopmnsioun cxemy, IOTPiOHO MifIMCATH BCi K/IIOYOBI €/IeMEeHTH 1 HABECTH JJOAATKOBI IIOSICHEHH B 1i 3aTOTIOBKY
Ta OCHOBHOMY TEKCTi.
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10. Tabnmuui HyMepyIOTb IIOCTiJOBHO, Bi/JIIOBifHO /1O IEPIIOTro 3raflyBaHH: PO HUX Y TeKCTi. Ilepes Ko>xHOIO
Tabn11Ier0 IOBMHHA CTOATH i HasBa. Cif posundpyBaTy BCi HeCTaHAAPTHI abpeBiaTypy y BUHOCKAX, BUKOPUCTO-
BYIOUU TaKy IIOC/iOBHICTb CUMBOIB: *, **. C/Iijj yIIeBHUTHCA, 1[0 KO>KHA TAOIMIIS IPOLIUTOBAHA B TEKCTi.

11. ®opmynu cTBOpIO0TH Y popMynpHoMY pemakTopi MathType Equation abo MS Equation Ta HymepyioThb y
KPYI/IMX AY>KKax 3 IpaBoro 60ky. I'perpki i kupunngxi nirepu B popMynax BapTo HaOMpaTy NpsAMUM mpudToM
(omIis «TeKCT»), TATMHCBKI — KypcuBoM. [Io3HaueHHS Be/MYNH i CUMBOJIM B TEKCTi i TAONMMIIAX BapTO HabMpaTn K
e/IeMEHTH TeKCTY, a He sIK 00’ €KTU (POpMY/IBHOTO pefakTopa.

12. TTocunaHHsA Ha PUCYHOK, rpadik, cxemy abo Tabnm1I0 € 060B3KOBUM Y TEKCTi CTATTi Ta 3rafiyeThcs 6esmo-
CepefiHbO Iepef] PUCYHKOM, TpadikoM, cxeMoio abo TabnuIero.

13. CKOpOYeHHsI CIiB, CI0BOCIIONYY€Hb, Ha3B, TEPMiHiB, 32 BUHATKOM 3ara/IbHONPUITHATUX, MOXK/INBE TiMbKI
Iic/1s IX MOBHOTO MEPIIOTro 3rajlyBaHHs B TeKcTi. [lami Take c710BO a60 GOpPMYIIOBaHHS C/Tijj BXXMBATH JIUIIE B CKO-
POYEHOMY BUIJIAMI.

14. OpyHKLi BUMipIOBaHHS MAalOTh OYTY BKa3aHi y BIAIOBIHMX METPUYHIX OAVHUIIAX 260 B iX IeCATKOBUX
KPaTHMX OfVHULIAX.

15. Marepianu, IKi He BiATIOBiZalOTh 3a3HaY€HUM BUMOTaM, PeflaKIli€lo He PO3ITIAAI0ThCS.

16. ITy6mixanis y >kypHaii € 6e3KoIITOBHO. Buriata aBTOpCbKOro TOHOpapy He IepefdadaeTbCs.

CrpyKrypa Ta 3MicT cTarTi

Crarts noBrHHa 6y Ty 1o6y0BaHa 3a TPAAMULIIHIM JI/1s CBITOBOI HAyKOBOI IIEPiOAVIKY IJTAHOM: CTPYKTYpOBaHa
3a po3fimaMM Ta 3aBepLIYBATHCS KOHKPETHMMM BUCHOBKaMM, B SIKUX Y JIAKOHIUHiN (OopMi BUK/TaleHO pe3yIbTaTu
po60TH Ta mpomno3uIlii aBTOpa, 10 BUIIINBAIOTH i3 BUK/IaJEeHOTO MaTepiay.

Ha3sBa craTTi NOBMHHA BifjoOpa’kaTyt OCHOBHY ifief0 OCIIiI>)KeHH 1; aKIIeHTYBAaT! Ha BaXK/IMBOCTI JOCTTiI>KEHH;
OyTH TaKOHIYHOIO; 3a11iKaB/IIOBATY YNTAYIB.

IIpisBuira aBTOpiB aHIIiICBKOIO MOBOIO IOJAIOTHCS BiJIIOBIHO 10 IPUITHATOI Mi>KHApOJZHOI CUCTEMHU TPaH-
citepanii (3 ykpaiHcbkoi — BignosifHo fo IToctanoBu Kabinery MinictpiB Ykpainu Ne 55 Bix 27.01.2010 «IIpo
BIOPAIKYBaHHA TPaHC/iTepanil yKpaiHcbKoro andasiTy maTnHNIe0»). HaBemeHH: npisBuia y pisHNX cucTeMax
TpaHCTiTepauii NpusBOAUTD A0 Ky6moBaHHA Mpodinis (ineHTNdikaTOpiB) aBTOpa B 6a3i FaHMX (IpOdinb CTBOPIO-
€TbCsI aBTOMATUYHO B pasi 36iry iioro JaHMUX IO ABOX MyOmiKamisax).

Y cnucKy aBTOpiB BKa3yIOTbCs IMIIE Ti 0c0OU, sIKi 3pOOM/IV 3HAYHMIT BHECOK Y CTBOPEHHS POOOTM Ha iHTeIek-
TyaJIbHOMY, IIPaKTUYHOMY 260 KOHIIENITYaIbHOMY piBHi. [lepInum BKasyeTbcs TOIl, XTO 3p06MB OCHOBHUII BHECOK
y HalMCaHHA CTATTi. Y BUNAAKaX, KOIM iHIIi 0cob6u abo opraHisanil crpusiim JOCIi>)KeHHIO, Oy6IiKOBaHOMY Y
CTaTTi, IPO HUX JOPEYHO 3rafiaTy HaNpuKiHi ctarTi y posaini [lopska (Acknowledgement).

AHoTanis - ne cTucna iHgopmanis mpo 3MicT crarti. baraTo unTauiB 3HaIOMUTUMYTbCA TibKY 3 AHOTAL[iI0
CTaTTi, TOMy BOHa Ma€ OyTu 3po3yMinoro Ta iHGOpMaTUBHOIO 32 yMOBH ONyO/IiKyBaHH if OKpeMo Bif ctarTi. BoHa
He Ma€ MOBTOPIOBATH BiJOMOCTI, IIJ0 MiCTATbCA B 3ar0/I0BKY. AHOTallisl yKPaiHCHKOIO MOBOIO Ma€ 6yTy po3MipoM
npu6musHo 1000 3HakiB. OCKiNBbKY €AVHNM [yKepenoM iHpopMaii om0 3MicTy CTaTTi A1d iHO3eMHUX cIeniaric-
TiB € aHOTallis aHITIIICPKOI0 MOBOIO, BOHA Mae OyTu 6ibiIoro 3a o6csiroM (He MeHe 1800 3HaKiB), 6inbIl CTPyK-
TYPOBAHOIO Ta He Ma€ OyTu MepeKIaJHIUM BapiaHTOM aHOTallil yKpaiHcbKoo. ONTHMaIbHIM /11 TAKOI aHOTALlii €
CTPYKTYpYBaHHA BiJITIOBiIHO JO OCHOBHUX €/IeMEHTiB CaMOi CTATTi (aKTya/IbHiCTb, MaTepia/M Ta METOAM, BUCHOBKI
To1110). BoHa Mae 6yTu indpopmaTrBHOIO (1036aB/I€HOI0 3aTa/IBHUX C/IiB), 3MiCTOBHOIO (Bij0OparkaTi OCHOBHUII 3MICT
CTaTTi Ta pe3y/IbTaTiB HOCTi/KEeHD) i MiCTUTHU TePMiHO/IOTiI0, XapaKTepHY /IS iHO3eMHUX CIIeliaIbHUX TeKcTiB. He-
NPpUHATHUM € HepPeJaroBaHMI aBTOMAaTVYHMI IIepeKIaj, 3a JOIIOMOIOI0 OH/IaliH-CepBiciB.

K1r040Bi c710Ba BUKOPMCTOBYIOTHCS /151 iHAEKCYBaHHS pOOOTH B €IeKTPOHHIX CUCTEeMax Ta Mepexi IHTepHeT.
Yum kpaie 6yayTh HifiOpaHi KII0Y0Bi C710Ba O poO6OTH, TUM OijIblIle TI0feil 3MOXKYTh ii 3HANTH, 3A1/ICHIOI0YM T10-
HIYK 32 TAKMMM CaMMMM K/TI090BUMM crioBaMIL. Le 30iMBIINTD YUTAHICTD CTATTI, @ OTXKe, HiABUIUTD FIMOBIPHICTB ii
nuTyBaHH:. K1040Bi c/10Ba MOBMHHI Bifo6paskaTyt 3MICT CTATTi Ta 6y T1 KOHKPETHUMM Y CBOII IIpeIMeTHil raaysi.

Crpykrypa crarTi nepegbadae Taki OCHOBHI PO3Ji/IN: BCTYII; CTaH MpoOIeMH Ta aHasIi3 JIiTepaTypHUX JAaHUX;
MIOCTAaHOBKA 3aBMIaHb NOCTiJ)KE€HH A; MaTepialn JOCTilP)KEeHH, eKCIIepMMeHTaIbHa YaCTVHA; iIHTepIpeTalLisl pe3yiib-
TaTiB Ta IX alpobaris; BUCHOBKI.
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Bcryn mMae Hajaty uynTadeBi iHpopMaliiio (30KpeMa OBIIKOBOIO XapaKTepy), HeOOXiTHY AJIA TOTO, 1106 3po-
3YMITH, IKe IMTAaHHA BUBYAJIOC, a TAKOXK IPUYVHMY, 3 IKUX aBTOP MPOBOANTD JOCTiPKEHHA. ¥ BCTYIIi CTUCTIO HO-
Tpi6HO Bif0O6pasnTy mepefyMoBY O IPOBEfIeHH A HOCTiI>)KeHH: IIOATH 3arajibHe PO3yMiHH IPo6/IeMI, SIKY aBTOP
HOPYLINB, il ApTyMEHTOBAHO OOIPYHTYBATH aKTYa/IbHICTh JOCTi/)KEHHSI, ONICATH IPO6/IeMy Ta TEMaTHKY, @ TAKOX
HaBeCTM aKTya/IbHI 3HAHHS, IOBAA3aHi 3 PO3IIIHYTUMM HaYKOBO-TOCTI JHUIIBKMMY 3aBAHHAMIL.

Cran npo6nemMu Ta aHai3 TiTepaTypHMUX JAHUX JJa€ 3MOTY BUABUTH «HIIIy», e aBTOPU IPOBOJATH Hay-
KOBi mocnmimxeHHs. Po3fin muuyts nepegyciMm Ha 0CHOBI my6miKaliit HepioAMYHUX HAYKOBUX BUAAHb (KHUTH,
Hnigpy4HuKY, MoHOTrpadii, CTaHAApPTH, 3BITU KO TaKMX He HajexxaThb). OIIAx nepioguky 3 mpobremu, Mo f0-
CTifIKyeThbCA aBTOPOM, Ma€ OXOIUTIOBATH JyKepesa He Oinbure 10-piuHoi gaBHOCTI (y ramysi IT-TexHomorin —
5-piuHoi gaBHOCTI). O60B’AI3KOBMM € OITISN 3aKOPAOHHNX HAYKOBUX MepioANIHNX BUAaHb. Lt po3ain € ogHuM
i3 HaVBa>K/IMBIIINX, OCKiZIBKM 3 HPOTO BUIIJIMBAE, HACKI/IBKM aBTOP 0COOUCTO po3yMi€e cTaH mpobreMu, Ky
6epeTbCst ZOCTiAKYBATH.

Y niTepaTypHOMY OITIAZI BUCBIT/IIOIOTH He BUPilleH] iHIMMY BUSHMMY YaCTUHM TPOOIeMH, SIKi OCTIIKYE aB-
TOP; BUK/IAJAI0Th IPMYMHY IJbOTO JOCTiI>KEHH; YiTKO BUSHAYAIOTb IIi/Ii JOCTi/I)KEHH A, AKi IOBUHHI y3TOfI>)KYBaTMCs
3 IHIIOI0 YaCTMHOI PYKOINCY; HABOAATH MOCUTAHHA Ha Ba>K/IMBI Kepera, AKi Jal0Th 3MOI'Y IOBHiIle pO3KPUTH
CyTb poboTn.

ITpaBunbHO HifiOpaHMii TiTepaTypHUIL O] lepefbadac:

LVITYBaHHs aBTOPOM Hali0i/IblIl pelleBaHTHIX Pe3y/IbTaTiB IOMePeHiX JOC/Ii/KeHb i TOSCHEHH TOT0, HACKi/b-
KV BOHM CITiBBiTHOCSTBHCSA 3 IIOTOYHNM JOCITiI>KEHH IM;

MIOCW/IAHHA Ha JOCTiIPKEHHA PISHUX JOCTiFHUIBKUX IPYIL;

IIOCH/IAaHHA Ha OPUTiHa/IbHI JOCTi/I)KEHHS, a He Ha BeIMKY KiZIbKiCTb OI/IANOBMX CTaTel;

MaKCMMaJIbHa KOPUCTD IUTAT AJIA YMTada (41MTaueBi He iKaBO, KOJIM aBTOP MOCMIAETHCS Ha BE/INKY Ki/IbKICTh
CBOIX po6iT 260 Ha iHIIi pO6OTH /151 TOTO, {06 MOKa3aTy INTMOMHY CBOIX 3HAHD);

MOCW/IAaHHSA Ha pe3y/IbTaTy iHIINX JOC/iI>KeHb, AKi a00 cyIllepedaTb OTPMMAHNM aBTOPOM pe3y/IbTaTaM (AKIIO
TaKi €), a00 MiiTBEePXYIOTD IX.

II>xeperna B TeKCTi CTaTTi MOBMHHI OyTH BiICOPTOBaHI 3a IIOPAAKOM 3TaflyBaHHS.

Marepianu JoCTifKeHH, eKCIlepMMeHTaIbHA YACTMHA € PO3Ji/IoM, 31 3MiCTy AKOro Mae 6yTu 3po3ymino,
AK OTPUMAHO BCi pe3ynbpraTu. BapTo onmcary cucteMmy focnimxeHHsa (MeTOAM, METOAMKY Tolno). MeTonnu, AKi
BUKOPUCTOBYBAIM AJst 0OpPOOKM HaHMX, MAIOTh OyTU OOIPYHTOBaHI (CIMpPATUCS HAa CTATUCTUKY). ABTOp, SIKMII
BIUKOPNCTaB METOAMUKY OIy0/IiKOBaHOTO JOCTiI>KeHH A, TOBMHEH MOCTATUCA Ha Hei Ta JaTy pe3loMe IpoLefypu
B TEKCTi CTaTTi.

PesynpraT [OCTiKeHH MAIOTh Oy TI 4iTKO BU3HAYEHI, a Ii/ICYMKOBi pe3y/IbTaTyt — 00’ €KTUBHO MiATBEPAKeHi
(HampuKiIaz, pe3yabTaTaMM MaTeMAaTUYHOTO, CTATUCTUYHOTO, iMITaIlifHOTO MOJENIOBAaHH A, HATYPHUMU €KCIepH-
MeHTaMH, GyH/JaMeHTaTbHUMY O/IOXKEHHAMY HayKOBMUX JUCLUIUTIH Y BifJIIOBifHII IpeIMeTHIi ramysi).

3a00pOHSAETHCS reHepyBaHH CTAaTTi ab0 11 YacTUH 3acobaMy MITYIHOTO iHTeNMeKTy. BukopucTtaHHs Takux 3a-
co6iB MO>Ke Oy TM IPUITYCTVMMUM Ji/Is1 JIMILIE [JIA MOy KY iHpopMaIiil Ta HOKpaleHHs YnTabeNbHOCTI TEKCTY CTaTTi.
OTtpumaHa iHdopmais moBuHa 6yTH peTelbHO epeBipeHa aBTOPaMy, sIKi HeCyTh OCTATOYHY BifjIIOBifiaIbHICTD 3a
TOYHICTD, JOCTOBIPHICTH i OLITBHICTD 3MICTY CBOET pOOOTH.

InTepnperanisa pe3yrbTaTiB Ta ix anmpo6anisa nepegbadae NpUKIafM NIPAKTUYHNX pillleHb (pe3yIbTaTu 4u-
CeTbHIX eKCIIePYMEHTIB, Irpadiky, fiarpaMn TOI0) Ha OCHOBI OTPMMAaHNX aBTOPOM HayKOBMX pe3ynbraTis. Ilpu-
KJIaJ/ JAalOTh 3MOT'Y OLIiHUTH a[IeKBaTHICTh 3aIIPOIIOHOBAHMX TEOPETUYHMX PillleHb Ta IX TPaKTU4IHY 3HAYUMICTb.
[ToTpibHO BKa3aTu, B yMOBaX SIKOTO BUPOOHUIITBA Oy/IV BIIPOBaj>KeHi a00 MOXKXYTb OyTU BIIPOBaf)KeHi pe3y/IbTaTu
ROCTifKeHb. SIKIIJO pe3y/IbTaTy He € OCHOBHOIO METOIO CTATTi, IX MOXKHA y3ara/JIbHUTH 71 He IyO/MiKyBaTK fjaHi fe-
Ta/sbHO. TMM He MeHII, y pa3i HeIOCTAaTHBOI Ki/bKOCTI iHpopMaIii YnTay MO>Ke BTPATUTH JOBIPY /1O JOCTIIKEeHHH,
HIPUITYCTUBIIN, IIJO aBTOP IPUXOBYE C/1abKi HOKa3M.

BucHoBKM BifoOpa’kaloTh, HACKI/IbKM MaTepian JOCTIKeHHs BiOBifja€ itoro uinam, chopMyIbOBaHUM Y
BCTyIi. BapTo 03Ha4nTH, 4 iCHYIOTh a/IbTEPHATUBHI iHTepIIpeTallil OTpMMaHUX Pe3y/IbTaTiB Ta HOPiBHATH OTPU-
MaHi pe3y/bTaTy 3 pe3yabTaTaMM iHIINX NOCTiIKeHb. [lOpedHO BKa3aTH, AK pe3yabTaT! HayKOBOI pO3BiKM MO-
XKYTb BIUIMHYTHU Ha MailOyTHI ZOCTIZ>KeHHS, Y11 € B JOCTi>KeHHI oOMe>xeHHs1. [lepeBipTe BifIIOBIAHICTb OMMCaHNX
BJMCHOBKiB OTPMMaH!M JIaHVM.
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Cnicox BUKOPICTAHOI TiTepaTypu

Ko>kHa KoHcTaTanis ¢pakTy 4u ONuC MonepefHiX BUCHOBKIB, UTATH, METOA Y, MOJie/i, PUCYHKY, TAONMN1i TOLLO,
3aII03MYeHi 3 IHIMUX PO6iT, 060BM3KOBO CYNIPOBOKYIOTHCA IIOCV/IAHHAM Ha IEPIIOfKePeIo.

ITocuaHHS Ha CIIMCOK JTiTepaTypy IOBMHHI Oy TV IPOHYMepOBaHi IOC/IiJOBHO BifJIIOBITHO /10 X TOPAAKY Y TEKCTi.

[IpaBu/ibHe ONMCAHHA JKepeJl, Ha AKi MOCUTAI0ThCS aBTOPH, € 3aIIOPYKOI0 TOTO, 10 IIUTOBAHY MyOTiKalio
OyZie BpaxOBaHO B ITPOLieci OLliHIOBaHHS HAYKOBOI [{is/IbHOCTI 11
LUTYBAaHHSM XypPHA/Iy BUSHAYA€TbCA JIOTO HAYKOBUII PiBeHb, aBTOPUTETHICTD TOLLIO.

ITicna cTaTTi yKpaiHCHKOIO MOBOIO MA€ Oy TV PO3MIIlIeHO Ba CIVCKUL:

1) Cnucok sukopucmanoi nimepamypu — fKepena MOBOIO OpUTiHay, 0pOpMIIeHi BifIOBIHO O BUMOT yKpa-
iHCBKOTO cTaHAapTy 6i6miorpadivnoro onucy JCTY I'OCT 7.1:2006 «bi6niorpadiuunit sanmuc. bibmiorpadidumii
omyC. 3arasbHi BUMOTY Ta IIPaBMIa CKIaJJaHH».

2) References — ToVt caMMmii CITVICOK JIiTepaTypH, e JpKeperta KMPUINLIEI0 TPaHCIITepOBaHi B IATMHCKOMY ajidaBiri
Ta IOlaHi 3a JOIIOMOTO0 Mi>KHaPORHOI CUCTeMM 3aIticy nocuaaHus American Psychological Association (APA).

JI71s1 cTaTTi aHITIIICHKOI0 MOBOIO TOCTATHBO JINIle CIUCKY «References».

Odopmrenns ciucky nireparypu «References»

1. Cincok miteparypu («References») fst Scopus ta iHummx 3apy6i>xxunx 6a3 ganux (BJI) Heo6xigHO HaBOAUTHU
OKpeMIM 6/10KOM, IIOBTOPIOIOYM CIIVICOK, HalaHUII YKPaTHChKOIO/POCiICbKOI0 MOBOIO, HE3a/IeXHO Biff TOTO, € B HbO-
My iHO3eMHI J>Kepesa 9M HEMaE.

2. 3a ocHOBY IOOYIOBY NTOCU/IAHHA B CIVCKY JIiTepaTypy TIATMHNLIEIO B )KypHasli «fjepHa eHepreTnka ta go-
BKi/UIs1» B3sTO pyHUMIU popMmyBaHHsA 6i6miorpadiunnx mocumanb American Psychological Association (APA).

bi6miorpadiuni mocumaHH TATMHULEIO /15 )XY PHATY CTBOPIOIOTH 3a IPUHIIUIIOM, IO JACTh 3MOT'Y 3apyOi>KHUM
HAayKOMeTPUYHNUM 6a3aM y Halllermmit crocié ¢ikcyBaTu faHi Ipo e1eMeHTY KO>KHOTO IIOCU/TAaHHA Ta 3a0e3MednTn
KOPEKTHI IOKa3HMKM IX IMTOBaHOCTI.

3. B omuc cTarTi HEOOXiTHO BHOCUTM BCiX aBTOPiB, He CKOPOUYIOUN MEPETIiK O TPHOX, K Ije PEKOMEHIOBAHO
YMHHMMH B YKpaiHi lep>KaBHUMU CTaHJJapTaM.

4. lesixi enemenTy 6i6miorpadiuHOro OMICY MOAAIOTH KYPCUBOM, K IIOKa3aHO Ha 3pasKaXx HIDKYE.

5.Y Bunagkax opopMIeHHs YKpaiHO- ab0 poCiiiCbKOMOBHOTO JKepesia iHIII0I0 MOBOIO IIiC/Is 3aT0/IOBKa i Biffo-
MOCTeI! IIPO BUJJaHHA, TPAHC/TITEPOBAHUX TATMHNIIEIO, B [KBaJpaTHNX Jy>KKaX] BKa3yeTbCs MepeK/Iafi yKpaiHChbKOTOo
(pocificbkoro) 3aroJIoBKa pa3oM 3 BiJOMOCTSIMU IIPO BU/IAHHSA B AHITIINICBKY MOBY.

6. [lns TpaHCIiTepyBaHHA NPi3BUIL aBTOPiB, Ha3B CTaTel, KHIIKOK, BUAABHULITB TOLO BApTO KOPUCTYBATHCA
OHJIaJH-KOHBEpPTEPaMM OKPEMO JIJIA YKPaiHChKOIO Ta POCiJIChKOI MOB, IOCUIAHHA Ha sIKi nojaHi Hipk4e. Li pecypen
MpPONOHYIOTh HAMIOIIMPEHIIIi BapiaHTY TPAHCIITepyBaHHA: /ISl YKPaiHCbKOI MOBY — 3Ti/JHO 3 YMHHMM CTaHJapTOM
(ITacnoptanit KMY); as pociitcpkoi — BifnmosigHo fo npaswn [Jepsxaenapramenty CIHIA. Taknit nigxing nossonnts
yHiikyBaTu faHi Ay Mb>KHapogHMX 6a3, afpKe pi3Hi cucTeMy TpaHCTiTepanii CHPUATUMYTh CTBOPEHHIO Pi3HUX
pe3ynbTarTiB.

OmaitH-KOHBepTep 3 YKpaiHChKOI MOBM /151 TpaHCmiTepauiil: http://translit.kh.ua/?passport.

OmaitH-KOHBepTep 3 poCiiicbKoi MOBM AJIsA TpaHCIiTepaLii: http:/ru.translit.net/?account=bgn.

14 yKpaiHOMOBHUX i pOCiliCbLKOMOBHUX CTaTell, AKi BUKOPUCTOBYIOTD 3 )KyPHaJsliB, PEKOMEHYEMO TaKuii Ba-
piaHT cTpyKTypu 6ibniorpadivanx nocunans B References:

I1IB aBTOpiB (TpaHCIiTepalis); pik BUAaHHA B [y>KKaX; Ha3Ba CTATTi y BapiaHTi, IO TPaHCIiTepyeThCs, i Ite-
peKJIaji Ha3BMU CTATTi aHIJIIICHKOIO MOBOIO B KBAaJIpaTHMX AY>XKKax [ |; HasBa mxepena (TpaHciTepanis) i mepekmap
Ha3BU JKepesia aHIIiIChKOI MOBOIO | |; BUXifiHI JaHi 3 MO3HAYeHHSAMM aHIJIiIICHKOI0 MOBOIO. IO3HAYEHH S MOBHU
opurinany (in Rus., in Ukr.).

ITpukaagu odpopMieHHs CIIUCKY niTeparypu References Ta 6inbire inpopmarii fuBITbCs Ha cailTi )XypHamy
npe.kiev.ua B pospini «Bumornu no crareii».
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