AHOTANIA

Ilemix T. B. YnpockonanenHs ACY TII 3a paxyHOK TNOLIYKYy MEX
BUKOPHCTAHHS MaTeMaTUYHUX MOJeNiel ypaxyBaHHs BHYTpIIHIX 30ypens SAEY. —
Kgamidikamiitna podoTa Ha IIpaBax PyKOIHUCY.

Hucepramisi Ha 3100yTTS HAyKOBOTO CTYyMeHs 1IoKTopa (imocodii 3a
crietiaypHIicTIO 151 — ABTOMaTH3aIlI Ta KOMIT FOTEPHO-THTEIPOBaH1 TEXHOJIOT1I. —
Hamionanpauit yaiBepcuteT «Onechbka nomitexaikay, MOH Ykpainu, Oneca, 2024.

JuceprartiitHa po6oTa MpUCBAYEHA PO3pOOIIl YMOB O€3IMEUHOI eKCIUTyaTarlii
Ta 3a0€3MEeYEHHs] KEPOBAHOCTI Ta CTAJOCTI BUPOOHUIITBA €HEPTii B sIEpHIN
€HEpPreTUYHIA yCTaHOBIIl IpPH MEPEXITHUX NPOLEcax B PEaKTopl 3a paxyHOK
YIAOCKOHAJICHHS MaTeMaTUYHUX MOJIeJIel Ta METO/11B ONTUMI3allii aBTOMAaTHU30BaHO1
CUCTEMHU YIIPaBIIHHS MOTYKHICTIO A/IepHOi eHepreTnyHoi yctaHoBku 3 BBEP-1000,
K1l BUKOPUCTOBYIOTh M€KI BUKOPHCTAHHS MPEJICTABICHHS 1ICHYIOUUX BHYTPIIIHIX
30ypeHb aKTUBHOI 30HHU.

VY nepmomy posaini «MogaentoBanas ACY TII enepreTudHux 00’ €KTiB.
[IpoOnemu 1 TeHAEHIIIT Taily31 EHEPreTUKI OAEPKaHO TaKl Pe3yJIbTATH:

— byno mpoBeneHo aHaii3 MOTOYHOTO CTAaHY SIIEPHOI €HEPreTUKHU Y CBITI.
Posrisitnyto HasgBHI mpoOnemu B cucremax ynpasiaiHHI AEC Ta TexHOJOTIYHI
TEHJICHIII1 aBTOMAaTH3alli1 JJI X BUPIIICHHS .

— PosrnsHyTOo  TexHonorii, MmO BX€ BUKOPHCTOBYIOThCS abo €
EKCIIEPUMEHTAILHUMU, T Ti, IO TUIBKH BIPOBAKYIOTHCS B CHCTEMH YTIPABITiHHS
enepro6siokiB AEC 3amiisa 3a0e3neueHHst 0e31meuHol ekciuTyaTarlii, a TaKOX PU3UKH
OB’ s13aH1 3 MO3alITaTHUMK cuTyauismu Ha AEC.

— IlpoBeaeHo anasli3 METOAIB aBTOMATHU30BAHOTO YMPABIIHHA SACPHUMHU
eHepreTnyHUMU ycTaHoBKkaMmu (SIEY) 3 BukoprucTaHHsIM pi3HOMaHITHUX ITiIXO/TIB Ta
TexHoJsorid. [lpoaHanizoBaHi pi3HI BapiaHTH aBTOHOMHOro kepyBaHHs AEC,
30KpeMa BHKOPHCTAHHS HEHUPOHHUX MEpEeX Ta TJIMOOKOTO HaBYaHHS, SIKI
JO3BOJISIIOTH  PO3TJISSHYTH HOBI MOJKJIMBOCTI [T ONTUMI3AIi Ta TJIBUIIECHHS

€(EeKTUBHOCTI YyMpaBIIHHS, TAaKOXX BUKOPUCTAaHHS pI3HUX aJITOPUTMIB Ta
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iHQOpMaIIHHUX TEXHOJOTIA TMapaMeTPUYHOI ONTHMI3aIii ONTUMi3aIlii s
ynpasiiaas AEY, 1o noka3ye Mupokuii CHEKTP MOKIMBOCTEN /1151 BAOCKOHAJICHHS
MIPOIIECIB PETYIIOBaHHS Ta ONTHMI3AIli poOOTH peakTOpiB, Ta MOJENl 1 METOIU
aBTOMaTH30BaHOTrO ynpasiiHHsa SAEY, 1m0 € 6a3010 A NPaKTUYHOTO BIPOBAIXKEHHS
HOBUX IIJXOJIB JIO YMPAaBIIHHS EHEPreTUYHHMU CHUCTEMaMH, IO J03BOJUTh
MIBUIIUTH IXHIO €(heKTHUBHICTh, O€3MEKy Ta CTAOUIbHICTD.

VY npyromy po3aiii «MareMaTuyHe MOJICIIOBaHHS €HEPTrOOJIOKY 3 PEaKTOPOM
3 BOJIOIO T1J] TUCKOM SIK 00’ €KTa KEPYBaHH» OJEP>KaHO TaKl Pe3yJIbTaTH:

— Otpumasia TOAAIBIINK PO3BUTOK TPHUBHUMIpHA MaTeMaTHYHA MOJCHb
aktuBHOi 30Hu AEC 3 BBEP-1000, sika Ha BiAMIHY BiJ ICHYIOUHX, peajizyBaja
MOJKJIUBICTh PO3PaxXyHKY BEKTOPY KEPYHOYOTro BILIUBY Ha OCHOBI XapaKTEPHCTHK
TOMOT€HHOTO 1 TETePOTCHHOTO TMOIMVIMHAYIB HEUTPOHIB, W0 Jajlo 3MOry
aBTOMATU30BAHOTO YIPAaBIiHHA B peajbHOMY dYacl MPU KOMIIEHCAIlli 30BHILIHIX
30ypeHb TSI MIATPUMKH CTAJIOCT] PETYIIIOI0UOTO MapaMeTpy Y BUTIISII €IEKTPHIHOT
MOTY>KHOCTI Ta KUIbKICHOI MIpU CTaJIOCTI peakTopa y BUIJISL akciallbHOTO odcery
K MipH O0€3MeKH eKCILTyaTalli.

— IlpencraBnena KOMIUIEKCHa MareMaTH4Ha Mojeib eHeprodsioky AEC 3
peakropom BBEP-1000. Bona cknamaetbcst 3 Mojzeni peakTopa, IO OXOILUTIOE
MOJIell KIHETHMKHM peakTopa, CHEProBUJIUICHHs, Temonepeaadi, eQekTiB
pPEaKTUBHOCTI, a TaKoX 3 MaTeMaTHYHUX MOJIeNiell  MaporeHeparopa,
TypOOTeHepaTopa Ta IHIINX BAKIUBUX CUCTEM.

— Mogens SAEY posrismaerbcsi sIK po3MojijieHa B MPOCTopl O0arato3oHHA
MOJIEJIb, JIe KOXHA KOMIpKa € MOJIEIUIIO 3 30CEpe/KEHUMHU TTapaMeTpaMu. Mojienn
BKJIIOUA€ KEPYIOUl BIUIMBU: 3MIHY KOHIIGHTpaIlii OOpPHOI KUCJIOTH Ta IMOJOXKCHHS
pEeryJIIOI0UHUX CTPUXKHIB. MaTtemaThyHa MOJeNib KIHETUKH BpPAaXxOBY€ HE TIIbKH
peaxuii noxiny saep 2*°U, a i yTBopeHHs Ta moaii saep >*?Pu, 1110 3HAYHO PO3IIUPIOE
MO>KJIMBOCTI TOYKOBO1 MOJIeNI Ta 3a0e3reuye OUTbI TOYHE BIITBOPEHHS TUHAMIKH
peakTopa. Mojienb eHeproBUALJICHHS] BpaXOBY€E €HEPril0 YTBOPEHY [l Yac MOJALTY
anep 2°U 1a »°P, a Mozens Temionepenadi Hagae AETaai30BaHUN OIUC TEMLIOBUX

npoIrieciB y peaktopi. Mojeni edeKTiB peakTUBHOCTI BPaxOBYIOTh BIUIMB Pi13HUX
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(dakTopiB, TAaKUX SIK PEryJIOloua Tpymna, KOHIEHTpalis OOpHOI KUCIOTH, 3MiHA
MOTY)XXHOCTI Ta Temmeparypu. Ili Momeni J03BOJSIOTH aHali3yBaTH —Ta
KOHTPOJIIOBaTH 30ypPEHHS PEaKTUBHOCTI B aBapIMHUX CUTYaIIisX.

— Mopaenb maporeseparopa BKII0YA€ eTaTbHUN OMHUC MTPOIIECIB TEIII000MIHY
Ta YTBOPEHHS MapH, 30CEPEHKYIOUNCh Ha BAKIIMBOCTI MIATPUMAHHS CTANICTh PiBHSA
KUBWJIBHOT BOJW. 3alpolOHOBaHI pIBHSHHSA CHCTEMH [UIsl TaporeHeparopa
OMMKCYIOThH 3B'SI3KM M1 PI3HUMH MapaMeTpaMu, TAKUMU K 00'€M >KUBHIIBHOI BOJIH,
Maca Ta 00'eM YTBOpPEHOI mapu, TEMIEpaTypHi Ta TEIUIOBI BIUIMBM, TUCK MapH 1
BUTpara mapu. L{i piBHAHHA T03BOJSIOTH JETATLHO MOJICIIOBATH Ta JOCIIIKYyBaTH
MpoIleCH B IaporeHepartopl i 3a0e3nedeHHs Oe3neku Ta e(PEeKTHUBHOCTI
TEXHOJIOTIYHHUX TPOIIECIB.

— Mopgens TypOOreHepaTtopa BpaxoOBY€ BaXKIMBI ACHEKTH JUHAMIKU
TypOOT€HEpaTOPHOTO arperaTy, BKJIIOYAIOYM B3a€MOJII0 TypOIHU Ta T€HEepaTopa.
Mopgenp onucye TUHaAMIKY TypOOT€HEpaTOPHOIO arperary, BpaxOBYIOUYM 3MIHU B
MOTY>KHOCTI T€HepaTopa, TUCKY NapH Ta 4acTOTi o0epTaHb poropa TypOinu. Lls
MOJIEJIb BXKJIMBA JUIsl BABYEHHS Ta KOHTPOJIIO IIBUIKUX ITPOLIECIB Y PEaKTOpi.

— 3acTocyBaHHsS MOJENI ypaxXyBaHHS 3alli3HIOBAHHS TEIJIOHOCIS J03BOJISIE
BPaxOBYBaTH OOMEXEHY HIBUIKICTh MEPEMIICHHS TETUIOHOCIS Ta WOTOo BIUIMB Ha
TEIJIOBI MPOIECH.

— TIlpencraBneHi maTeMaTH4HI MOJENl HE JIMIIE BPaXOBYIOTh KIIFOYOBI
npouecu y SAEY, ane i HagaroTh MOMKJIMBOCTI JUIsl YIPABIIHHS Ta ONTUMIZAIlT
peaktopiB Tuny BBEP. Ili mozaen € BaxJIMBUM 1HCTPYMEHTOM ISl TTOAQIBIINX
JIOCIIJIKEHb, TPOTHO3YBAaHHS Ta VYIOPABIIHHS EHEPreTHYHUMH TIPOIIECAMH,
ontumizauii poOOTH peakTopa Ta MOKPAUIEHHS CHUCTEM YIPABIIHHS SAEPHOIO
CHEPreTUYHOI YCTAaHOBKOK. BOHM BIAKPUBAIOTH MOMKJIMBOCTI JJII TPOBEICHHS
YUCEIHHUX EKCIIEPUMEHTIB Ta YJOCKOHAJICHHS MPOCKTYBaHHS SACPHUX PEAKTOPIB,
IO COpHsiE PO3BUTKY Oe3mevyHOoi Ta €(PEeKTUBHOI SAEPHOI €HEPreTUKH y PIZHHUX
yMOBax €KCIUTyaTallii.

B tpetbomy poznini «ImiTariiiine MOICIIOBaHHS KEPYBaHHS €HEPTOOIOKOM 3

BBEP-1000 npu BHYTpillIHIX Ta 30BHILIHIX 30ypEHHAX» BUKOHAHO HACTYITHE:
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— [IpencraBnena cupolieHa cxeMa CTpYKTYpH PO3MOALIEHOT MOJIe1 aKTUBHOT
30HU peakTopa. MoJiens po3noiieHa Ha 30HU 32 BUCOTHUMMU Iiapamu y(1...10), Ha
cextopu 3a cermeHTamu 60° cumerpii X(1...6) Ta Ha nutssHku rpynu TB3 BcepeanHi
cekTopa 3a cTpokoM ekcruryatartii z(1...4). KoxxeH BUCOTHHI Map CKIATAE€THCS 3
163 enementapuux komipok TB3, a KoxeH cekTop cuMeTpii 3 27 eleMEeHTapHUX
KOMIpOK, IieHTpaigbHa TB3 He BXOAUTH 10 KOJHOTO CEKTOPY CUMETPII.

— IlpencraBneHa KOMIUIEKCHA  KOMIT'IOTEpHa  IMiTalliiiHa  MOJENb
€HEeprodJIOKy sIK 00'€KTa KepyBaHHS , IO CKJIAJAE€THCS 3 MOJENI peakTopa, sKa
BKJIIOYa€ B ceOe 1MiTalliifHl MoJesll PO3MOALICHOI aKTUBHOI 30HM peakTopa,
KIHETHUKH pPEaKTopa, €HEPrOBHUJIUICHHS, Mepeadl eHeprii MajuBy 1 TEIJIOHOCIO,
e(eKTIB pEeaKTUBHOCTI, 3 MOJEJIeW naporeHeparopa, TypOoreHeparopa Ta
ypaxyBaHHS 3ali3HIOBaHHSA TEIJIOHOCIA B TPyOOIIPOBOIAX.

— Po3rnsiHy Tl cTaTU4HI TpOrpamMu PeryIrOBaHHS MOTYKHOCTI €HEProOJIoKy 3
MOCTITHOIO CEPEIHBOI0 TEMIEPATYPOIO TEIUIOHOCISI B MEPHIOMY KOHTYpl, 3
MOCTIMHOIO TEMITEPATYyPOIO TEINIOHOCIS Ha BXOJI1 B pEaKTOp, 3 MOCTIMHUM THCKOM 1
TEMIIEpaTypOI0 HACUYECHHS MapH y APYroMy KOHTYpI, 31 3MIHHUM THCKOM Yy 2—My
KOHTYpi. Bynau po3risHyTi iX OCOOJMBOCTI, MEpeBard Ta HEAOJIKH, IO AAJO0
MO>KJIUBICTH C(POPMYITFOBATU BEKTOP MOMAIBIITUX JTOCIHIIKEHb.

— IlpoBeneHo cucremaTuzallilo Ta aHaji3 PI3HUX MPOTPaM PEryIHOBaHHS
MOTY>KHOCT1 eHeprooyioky. Pesynbratu cucremaTu3ailii mpeacTaBieH] y BHUTIISIL
Tabnuii. bymu po3risHYTI mporpaMyd yOpaBIiHHS 3 TOCTIHHOIO CEpPeIHBOIO
TEMIIEPaTypOI0 TEIUIOHOCISI B MEPIIOMY KOHTYpi, 3 MOCTIHHOIO TEMIEpPaTyporo
TEIJIOHOCIS Ha BXO/JIl B PEaKTOp, 3 MOCTIHHUM TUCKOM 1 TEMIIEpaTypor0 HaCUUEHHS
napu B APyroMy KOHTYPi, @ TAKOXK 3 TUCKOM, 110 3MIHIOETHCS B APYTrOMY KOHTYPI.
[IpoBeneHna cucTeMaTu3allis A03BOJISIE Kpalle 3pO3yMITH OCOOJHMBOCTI KOXKHOT
porpamMu KEPyBaHHS TMOTYXXHICTIO €HEProOJIOKy Ta TPHUHATH OOIPYHTOBaHI
pllIEHHSI NpU BUOOPI ONTHUMAJILHOI CTpaTerii KepyBaHHS ISl KOHKPETHUX YMOB
eKCILTyaTarlii.

— OTpuMaB TONANBIINI PO3BUTOK METOJ] aBTOMAaTH30BAHOTO YTPABIIIHHS

m1aHoBow 3MiHOK0 TOTYyKHOCTI SIEY 3 BBEP—-1000, sikuii cknamaerbest 3 TphOX
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KOHTYpPIB KEpyBaHHS, OJMH 3 SKHX MIATPUMYE 3MIHY MOTY>XHOCTI peakTopa 3a
paxyHOK PiBHOBa)XHOI Mojieni KoHeHTparii bK B TemimoHocii, apyruit miarpumye
HEOOX1JIHE 3HAYCHHS aKCiadbHOTO O(CETy 3MIHOK TMOJIOKEHHS PEryJIFI0UNX
ctprxHiB OP CVY3, a Tpertiii TemmepaTypHHIl peXUM TEIIOHOCIA 3a paxyHOK
peryJoBaHHs MOJIOKEHHS TOJI0BHMX KianaHiB TT.

B uetBepromy po3aini «BaockoHaneHa aBTOMaTHYHA CUCTEMA PETYIIOBAaHHS
noTy>HocTi eHeprodsoky AEC 3 BBEP-1000» nocsrayTo MeTy aucepTaniiHoro
JTOCITIJIKEHHS, a came:

— Po3rmsiHyTO pi3HI MIAXOAM O YHPABIIHHS PEAKTOPOM Y MaHEBPEHOMY
pexumi. BuBueHo metonu odcetHo-opceTHUX (a30BUX Jlarpam, Iyra, «mMojia-X»,
IIPOCTOPOBOI JIOKaM3alli KCEHOHOBUX IMPOIECIB, MIATPUMKH PIBHOBAXKHOIO Ta
MOCTIHOTO aKCladbHOro o(cery. AHai3 METOJIIB YIIPABIIHHS J03BOJIMB BUSBUTU
iX e()eKTUBHICTh Ta 3aCTOCOBHICTh Y Pi3HUX clieHapisx ekcrutyaTaiii AEY 3 BBEP-
1000. HocnigkeHHs BKa3ylOTh HAa €PEKTUBHICTh YIPaBIiHHSA aKClaJIbHUM 0(hCETOM,
a TaK0X MOYKJIUBICTh 3HIKCHHS KCEHOHOBUX MEPEX1THUX IPOIIECIB Ta MiHIMI3aIil
BOJOOOMIHY TiJi 4ac BUKOPHUCTAHHS BIJMOBIIHUX METOJIB YMpaBIiHHA. Takum
YUHOM, JOCHIJPKEHHSI HAroJOCWJIO Ha BaXXJIMBOCTI PO3POOKH Ta 3aCTOCYBaHHS
ONTUMAJIbHUX CTpATEriil ympaBiiHHS E€HEPrOBUAUICHHSIM akTHBHOI 30HU BBEP-
1000 nns 3abe3neuyeHHs Oe3medHOi Ta CTaOLIBHOI POOOTH peakTopa B PIZHHUX
pPEeXKUMaX eKCILTyaTarli.

— P0o3po6iieHo CTPYKTYpHY CXeMy aBTOMATH30BaHOT CUCTEMU YITPABIIHHS TS
UKJIIYHOTO HAaBaHTAXEHHS IIPH 3MiH1 TEMIIEPaTypPHOTO MOJIS I/IEPHOTO peaKTopa Ha
OCHOB1 B3a€MOJIIi anmpoKCUMAIHOI Mojeni o00'ekta Ta (Pi3MKO-MaTeMaTHYHOL
Mojieli 00’€KTa OTpMMaHOi 3a Jomomoror ampokcumarii Ilame, mms pizHHX
CTaTUYHUX TIPOTpaM PEryJIIOBaHHS 3 METOI0 3a0e3Me4eHHs! CTIMKOCTI KIJIbKICHOT
MIpHU aKTHBHOT 30HU. BHKOpHUCTOBYBaIMCs METOIM aHATI3Y Ta ONTUMI3AIli] TPOIIECiB
VIOpaBIiHHI, a TaKOX MOJCIIOBaHHS Ta JOCHIIKCHHS TOBEIIHKA MoJeen
peaktopa. Pe3ynbraTé MOCHIIKEHHS JO3BOJIMIIM BUSBUTH €()EKTUBHI CTpaTerii
YOpaBIIHHS, COPSIMOBAHI Ha 3a0€3MEeUeHHs CTIMKOCTI KUIBKICHOT MIpHU aKTHUBHOI

30HU TMPU IMUKIIYHOMY HaBaHTAXXEHHI Ta 3MiHI TEMIIEPATypPHOTO TOJISI peakTopa.
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Byno Bu3Ha4eHO onTUMaIbHY CTPYKTYpPY CUCTEMU YIIPaBIiHHSA, IKa BPaXOBY€ Pi3H1
JUHAMIYHI TPOILIECH Ta OCOOJHMBOCTI POOOTH SJIEPHOTO peakTopa. BHCHOBKHU
JOCTIDKCHHST MATBEPAMWIN MOMUIIMBICTh €()EKTUBHOTO YIPABIIHHSA SJAESPHUM
peaKToOpoM i Yac IUKIIYHOTO HAaBAHTAXEHHS 3 BUKOPUCTAHHSM PO3pPOOJIEHOT
CTPYKTYPHOI CX€MH aBTOMATU30BAHOI CUCTEMU yIPABIIIHHS.

— Bnmockonanena ko ’roTepHa cuctema aBroMatusamii SEY npu 3Mini
HABAHTAXKEHHA  JUig  3a0e3MedeHHs  CTa0UIbHOTO 1 KOHTPOJIHOBAHOTO
CHEproBUIICHHS 10 00’e€My aKTUBHOI 30HM peakTopa 3a MNPUHHATUX
TEXHOJIOTIYHUX IMapaMeTpiB I MIATPUMKUA CTAJOCTI OallaHCy B E€HEPreTUYHHX
kouTypax AEC 3 BBEP 3a paxyHok Toro, 10 B IMITaIlIiiHY CTPYKTYpPHY MOJIETh
JIOIATKOBO 1HTETPYEThCS YSBJICHHS MEXI BUKOPUCTAHHSA amnpOKCHMAIiiiHOI abo
(h13UKO-MaTEMaTUYHOT MOJIETIEH, K1 B 3aJIEKHOCTI BIJl YMOB CTaJIOCT1 PO3B’SI3YIOTh
3a/1ady KEepyBaHHSA, IO JIa€ MOXKJIMBICT, MIiHIMI3yBaTH TIOTOYHI 3O0BHIIIHI Ta
BHYTPIIIHI 30ypEHHS.

— 3HaiijleHa MeXa BUKOPHUCTaHHS MpPEACTaBICHHS BHYTPIIIHIX 30ypeHb
aKTHBHOI 30HM Y BUTJISII (PI3UKO-MAaTEeMAaTHYHOI Ta alpOKCUMALIHOT MOIeIICH JIJIst
3aCTOCYBaHHS B IMITal[IHHOMY MOJIEJIFOBaHH1 ABTOMATH30BaHO1 CUCTEMHU KEPYBaHHS
sminn  moTykHocti Ha AEC 3 BBEP-1000. 3ayBakeHo, 110 301IbIICHHS
JOMYCTUMOI'O BIIXWJIEHHS B1J PO3PaXyHKOBHX 3HAa4€Hb PEAKTUBHOCTI 3a (Pi3UKO-
MaTeMaTUYHOK)  MOJEIUII0  CHOPHUSTUME  TMIJBUIICHHIO  BXITHOCTI  3HA4YeHb
PEaKTUBHOCTI, OTPUMAHUX 3 AaMPOKCUMAIIITHOI MOJEIUII0, JI0 BiJAMOBIIHOTO
KOPHUAOPY BIIXWIEHD, 1110 € 00'€KTOM JTOCHIJI)KEHHS M€K BUKOPUCTAHHS BHYTPIIIHIX
30ypeHb aKTHUBHOI 30HM 3 MeETOr 3abe3reueHHs OajaHCy MDK TOYHICTIO
MOJICJIbOBAaHUX 3HAYCHb T4 YaCOM MOJICTIOBaHHS Tporiecy. OTpuMaHi pe3yabTaTH
MOXYTh OyTHM BHUKOPHMCTAaHI y TOJAIBIIMX AOCTIPKEHHSIX Ta PO3pOOKax st
MIJBUINCHHS €(EKTUBHOCTI Ta HAIIMHOCTI pPOOOTH SASPHUX CHEPreTHYHUX
YCTaHOBOK.

KiouoBi cjioBa: aBTOMaTH30BaHA CHUCTEMa YIPaBJIIHHS, MEpeXiaHUIMA
IpoIeC, KEPOBaHICTh, KOMIT'IOTEpHE IMITAIlliiHE MOJCIIOBAaHHS, METOIU

onTHUMi3alii, MaTeMaTuyHa MOJEJb, CTAIICTh BUPOOHUITBA E€HEPTii, KEpyBaHHS
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MOTYXKHICTIO, PIBEHb JKUBWJIBHOI BOoaWM, ampokcumaris [lage, miHiiHI
nudepeHItiaapHl  MOJENTI, aBTOMaTH3allis, PIBHOBaAKHA MOJENh KOHIIGHTpAIIIi,
iH(opMalliitHl TeXHOJIOTli MmapaMeTpU4YHOi ONTHUMI3allli, sJiepHa EeHepreTUYHa

YCTaHOBKA.
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ABSTRACT

Petik, T. V. Improvement of automated process control systems by searching
for the boundaries of using mathematical models accounting the internal
disturbances of nuclear power plants. — Qualifying scientific work as a manuscript.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in
specialty 151 - Automation and computer-integrated technologies. - Odesa
Polytechnic National University, Ministry of Education and Science of Ukraine,
Odesa, 2024.

The dissertation is devoted to the development of conditions for safe operation
and ensuring the controllability and stability of energy production in a nuclear power
unit during transient processes in the reactor by improving mathematical models and
methods for optimizing the automated power control system of a nuclear power unit
with VVER-1000, using the limits of use of the representation of existing internal
disturbances of the core.

In the first section, “Modeling of automated process control systems for
energy facilities. Energy Challenges and Trends” the following results are obtained:

— An analysis of the current state of nuclear energy in the world was carried
out. Problems in NPP control systems and technological trends in automation for
their solution are considered.

— Technologies that are already in use or are experimental, and those that are
just being introduced into the control systems of NPP power units to ensure safe
operation, as well as risks associated with emergency situations at NPPs are
considered.

— An analysis of the methods of automated control of nuclear power unit using
various approaches and technologies was carried out. Various options for
autonomous control of nuclear power plants are analyzed, in particular the use of
neural networks and deep learning, which allow considering new opportunities for
optimization and increasing control efficiency, as well as the use of various

algorithms and information technologies of parametric optimization for NPP
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control, which shows a wide range of opportunities for improving control processes
and optimizing the operation of reactors, and models and methods of automated NPP
control, which are the basis for the practical implementation of new approaches to
the control of energy systems, which will allow to increase their efficiency, safety
and stability.

In the second section “Mathematical modeling of a power unit with a
pressurized water reactor as a control object” the following results are obtained:

— The three-dimensional mathematical model of the core of the nuclear power
plant with the VVER-1000 received further development, which, unlike the existing
ones, implemented the possibility of calculating the control influence vector based
on the characteristics of homogeneous and heterogeneous neutron absorbers, which
allowed automated control in real time while compensating for external disturbances
to maintain stability of the control parameter in the form of electrical power and a
quantitative measure of the reactor stability in the form of axial offset as a measure
of operational safety.

— A complex mathematical model of the NPP power unit with the VVER-
1000 reactor is presented. It consists of a reactor model, covering models of reactor
kinetics, energy release, heat transfer, reactivity effects, as well as mathematical
models of steam generator, turbogenerator and other important systems.

— The nuclear power unit model is considered as a spatially distributed multi-
zone model, where each cell is a model with concentrated parameters. The model
includes control actions: changing the concentration of boric acid and the position
of the regulating rods. The mathematical model of kinetics takes into account not
only nuclear fission reactions of 2°U, and the formation and fission of nuclei >**Pu,
which significantly expands the capabilities of the point model and provides a more
accurate reproduction of the reactor dynamics. The energy release model takes into
account the energy generated during the fission of U and ?**Pu nuclei, and the heat
transfer model provides a detailed description of the thermal processes in the reactor.
Models of reactivity effects take into account the influence of various factors, such

as the controlling group, the concentration of boric acid, the variation of power and
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temperature. These models allow analysis and control of reactivity disturbances in
emergency situations.

— The steam generator model includes a detailed description of heat exchange
and steam generation processes, focusing on the importance of maintaining a
constant feed water level. The proposed system equations for a steam generator
describe the relationships between various parameters, such as feed water volume,
mass and volume of generated steam, temperature and heat effects, steam pressure
and steam flow rate. These equations allow detailed modeling and investigation of
processes in a steam generator to ensure safety and efficiency of technological
processes.

— The turbogenerator model takes into account important aspects of the
dynamics of the turbogenerator unit, including the interaction between the turbine
and the generator. The model describes the dynamics of the turbogenerator unit,
taking into account changes in generator power, steam pressure, and turbine rotor
speed. This model is important for the study and control of fast processes in the
reactor.

— The use of a coolant lag accounting model makes it possible to take into
account the limited speed of coolant movement and its influence on thermal
processes.

— The presented mathematical models not only take into account the key
processes in nuclear power unit, but also provide opportunities for control and
optimization of reactors of the VVER type. These models are an important tool for
further research, forecasting and management of energy processes, optimization of
reactor operation and improvement of nuclear power plant control systems. They
open opportunities for conducting numerical experiments and improving the design
of nuclear reactors, which contributes to the development of safe and efficient
nuclear energy in various operating conditions.

In the third section “Simulation modeling of power unit control with VVER -

1000 under internal and external disturbances” the following is performed:
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— A simplified scheme of the structure of the distributed model of the active
zone of the reactor is presented. The model is divided into zones according to height
layers y(1...10), into sectors according to segments of 60° symmetry x(1...6) and into
sections of the fuel assembly group within the sector according to the period of
operation z(1...4). Each height layer consists of 163 elementary cells of fuel
assembly, and each sector of symmetry consists of 27 elementary cells, the central
fuel assembly is not included in any sector of symmetry.

— A complex computer simulation model of the power unit as a control object
is presented, consisting of a reactor model, which includes simulation models of the
distributed reactor core, reactor kinetics, energy release, fuel and coolant energy
transfer, reactivity effects, steam generator, turbogenerator models and taking into
account the delay of the coolant in the pipelines.

— The considered static power unit control programs with a constant average
temperature of the coolant in the first circuit, with a constant temperature of the
coolant at the entrance to the reactor core, with constant pressure and saturation
temperature of steam in the second circuit, with variable pressure in the second
circuit. Their features, advantages and disadvantages were considered, which made
it possible to formulate a vector of further research.

— Systematization and analysis of various power unit power control programs
was carried out. The results of systematization are presented in the form of a table.
Control programs with a constant average temperature of the coolant in the first
circuit, with a constant temperature of the coolant at the entrance to the reactor, with
a constant pressure and saturation temperature of the steam in the second circuit, as
well as with a changing pressure in the second circuit were considered. The carried
out systematization allows the better understanding of specifics of each power unit
power control program and make informed decisions when choosing the optimal
control strategy for specific operating conditions.

— The method of automated control of the planned power change of the
VVER-1000 nuclear power unit has received further development, which consists

of three control loops, one of which supports the change in reactor power due to the
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equilibrium model of the boric acid concentration in the coolant, the second supports
the required value of the axial offset by changing the position of the control rods,
and the third supports temperature mode of the coolant due to the adjustment of the
position of the main valves of the TG.

In the fourth section “Improved automatic power control system of the NPP
power unit with VVER-1000" the goal of the dissertation research was achieved,
namely:

— Various approaches to controlling the reactor in maneuverable mode are
considered. The methods of offset-offset phase diagrams, train, "mode-X", spatial
localization of xenon processes, maintenance of equilibrium and constant axial
offset were studied. The analysis of control methods made it possible to reveal their
effectiveness and applicability in various scenarios of operation of nuclear power
unit with VVER-1000. Studies indicate the effectiveness of axial offset control, as
well as the possibility of reducing xenon transients and minimizing water exchange
when using appropriate control methods. Thus, the study emphasized the importance
of developing and applying optimal strategies for controlling the energy release of
the core of the VVER-1000 to ensure the safe and stable operation of the reactor in
various operating modes.

— A structural diagram of an automated control system for cyclic loading when
the temperature field of a nuclear reactor changes, based on the interaction of the
approximation model of the object and the physico-mathematical model of the object
obtained using the Padé approximation, for various static control programs in order
to ensure the stability of the quantitative measure of the core, has been developed .
The methods of analysis and optimization of control processes, as well as modeling
and research of the behavior of reactor models were used. The results of the research
made it possible to identify effective management strategies aimed at ensuring the
stability of the quantitative measure of the core during cyclic loading and changes
in the temperature field of the reactor. The optimal structure of the control system,
which takes into account various dynamic processes and features of the nuclear

reactor, was determined. The research findings confirmed the possibility of effective
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control of the nuclear reactor during cyclic loading using the developed structural
diagram of the automated control system.

— An improved computer system for NPP automation during load changes to
ensure stable and controlled energy release over the volume of the reactor core under
the accepted technological parameters to maintain the stability of the balance in the
power circuits of NPPs with VVER due to the fact that the representation of limits
is additionally integrated into the simulation structural model the use of
approximation or physical and mathematical models, which, depending on the
stability conditions, solve the control problem, which makes it possible to minimize
current external and internal disturbances.

— The limit of using the representation of internal disturbances of the core in
the form of physical and mathematical and approximation models for use in the
simulation modeling of the automated power change control system at the VVER-
1000 nuclear power plant was found. It is noted that increasing the permissible
deviation from the calculated values of reactivity according to the physical and
mathematical model will contribute to increasing the input of the reactivity values
obtained with the approximation model to the corresponding corridor of deviations,
which is the object of research on the limits of the use of internal disturbances of the
core in order to ensure a balance between the accuracy of the modeled values and
process simulation time. The obtained results can be used in further research and
development to improve the efficiency and reliability of nuclear power unit.

Keywords: automatic control system, transient process, controllability,
computer simulation modeling, optimization methods, mathematical model, stability
of energy production, power maneuvering, feed water level, Padé approximation,
linear differential models, automation, equilibrium concentration model,

information technology parametric optimization, nuclear power unit.
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