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1. Inceprariist npucBsyeHa po3pob1ii yMoB 6e3reyHoi exciyaTanii Ta 3ab6e3neyeHHs] KEPOBAHOCTI i CTalIoCTi
BUpoOHuULTBA eHeprii B IEY npu nepexigHux npouecax B peakTopi IIJISIXOM YIO0CKOHAJI€HHS MaTeMaTUYHUX
mogzenen i merozis ontumMisanii ACY norysxkHictio SIEY 3 BBEP-1000, BUKOPHCTOBYIOUM MEXKI IIPEACTABIEHHS
BHYTPIIIHIX 30ypeHb aKTUBHOI 30HU. Y niepumomy po3aini «MogentoBanHst ACY TII eHepreTH4HUX 06 €KTiB.
[Tpob6siemu i TeHIeHLiI ranysi eHepreTUKu» IPoBeLeHO aHali3 Cy4aCHOIO CTaHy sIePHOI €eHEePreTUKU Y CBiTi,
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Ta IJIMO0Ke HaBYaHHS, AIFTOPUTMU Ta iHGOPMaLifiHi TEXHOJIOrii IapaMeTPUYHOI ONTUMI3allii, a TaKoXX Mozeri i
METOJM aBTOMATHU30BaHOrO ynpasiiHHg SIEY. Y npyromy posnini «MaTemaTuyHe MOJeII0BaHHSI €HEProOJIOKyY 3
PEaKTOpPOM 3 BOZIOIO IIiJi TUCKOM SIK 00'€KTa KEPYBaHHS» [IPELICTaBI€HO PO3BUTOK TPUBUMIPHOI MaTeMaTUYHOI
MoJeJli aKTUBHOI 30HU. 1151 MoziesIb 03BOJIsSle aBTOMATU30BaHEe YIIPABJIiHHS B PEAJIbHOMY 4aci, BpDaxOBYIOUU
XapaKTEePUCTMKU TOMOTEHHOTIO i FeTepOTreHHOrO MOTJIMHAYIB HEUTPOHIB, 110 CIIPUAE MiATPUMILLI CTaJIOCTI
€JIEKTPUYHOI IOTY>XKHOCTI Ta akciasbHOro odcety. MaTemMaThyHa MoJieJslb €Hepro6JIoKy BKJIIOYa€E MOZEJi peakropa,
naporeHeparopa, Typoéoreneparopa Ta iHmmux cucrteMm. Mogens SIEY posrispaeTscs K po3nojiieHa 6araTo30HHa
MOJIeJlb, [Ie KEPYIOUi BIJIMBY — KOHLIEHTpALLisl 60pPHOI KUCJIOTH Ta MOJIOXKEHHSI PETYJIIOI0UNX CTPUIKHIB.
MaTemaTryHa MOAeJb KiHEeTUKY BPaxoBye peakuii noxiny spep 235U i 239Pu, mo 3a6e3rnedye TOYHE BilTBOPEHHS
IWHaMIiKK peakTtopa. MoJiesib €HeproBUIiJIEHHS BPDAaXOBY€E €HEPTilo MOy A1ep, a MOLEb TeIIonepenadi
IeTajizye TelIoBi npouecu. Mogei e(peKTiB peaKTUBHOCTI BpaxOBYIOTh BILJIMB PETYJIIOI0YOi IPYNY, KOHLIEHTPaLlii
OOPHOI KUCJIOTH, 3MiHU NTOTY>KHOCTI Ta TeMIIepaTypH, JO3BOJISIOUN aHali3yBaTH Ta KOHTPOJIOBATU 30ypEHHS
peakTUBHOCTI. MoJiesib aporeHepaTopa ONucye TeJIO0OMiH i yTBOpEHHSI Iapy, 3B'3KMA MK apaMeTpamu, TaKuMU
K 00'eM >KMBWJIBHOI BOJY, Maca Ta 06'eM Napy, TEMIIEPATyPHi Ta TEIJIOBI BILJIMBY, TUCK i BUTpaTa napu. Mogesnb
TypOOreHepaTopa OXOIUIIOE NIUHAMIKY arperary, BpaxoByIOUM 3MiHU B IIOTY>KHOCTi T€HepaTopa, TUCKY [1apy Ta
4yacToTi obepTaHb poTopa Typ6iHu. MoJesb ypaxyBaHHS 3alli3HIOBaHHSI TEIJIOHOCIS BpaX0By€e 0OMEKeHY LIBUAKICTD
NepeMilleHHS TEeNJIOHOCIS Ta MOro BIIMB Ha TEIJIOBI Ipouecu. [IpencraBieHi MaTeMaTUYHI MOJEJli € BAKJIMBUM
IHCTPYMEHTOM [IJIs1 HOCJIIIKEHDb Ta [TOKPALEHHS CUCTEM yNpaBiaiHHA SAEY. Y TpeTboMy po3gini «Imitauiiine
MOJIEJIIOBAaHHS K€PYBaHHs eHepro6aokomM 3 BBEP-1000 rmpu BHYTpILIHIX Ta 30BHIIIHIX 30yPEHHSIX» NIPEICTABIEHO
CIIPOLIEHY CTPYKTYPY PO3NOMINIEHOI MOJIeJli aKTUBHOI 30HU peakTopa. Mozesb nofiseHa Ha 30HU 32 BUCOTHUMU
1Iapamu, CEKTOpaMu 3a cerMmeHTamu 60° cumeTpii Ta mingHkamu rpynu TB3 BcepenyHi ceKTopa 3a CTPOKOM
ekcrutyaTanii. KommnsiekcHa KoMIT'loTepHa iMiTaniiiHa Mojiesib eHepro6JIoKy K 06'eKTa KEPYBaHHS BKJIIOYa€ MOZEi
peaxTopa, aporeHepaTopa, TypooreHepaTopa Ta 3alli3HIOBaHHS TeIJIOHOCIS B TpPyOOIIpoBoaax. PosrisnyTi
CTaTUYHI IpOrpaMu peryJiloBaHHs IOTYKHOCTi €Hepro6sI0Ky, IPoBeJeHi ix cucTeMaTysallisi Ta aHaJi3 3
IIpeJCTaBJICHHSIM Pe3yJIbTaTiB y BUIVISIA] TAbJINL, 10 JOMOMOTJIO [IpY BUOOPi cTparerii kepyBaHHS. MeTog,
aBTOMATM30BAHOTO YIIPABJIiHHS [IJIAHOBOIO 3MIHOMO MOTYXHOCTI SIEY, 10 oTpuMaB noganbsummii pO3BUTOK,
CKJIQJIA€THCS 3 TPHOX KOHTYPIB KEPYBaHHS: OJVH MiITPUMy€e 3MiHY IIOTY>KHOCTI pEaKTOpa 3a paxyHOK PiBHOBa)KHOI
MogeJi KoHueHTpauii BK B Tensonocii, npyruii nigTpumye HeoOxiHe 3HaU€HHsI aKCiaJIbHOTO 0(PCETY 3MiHOIO
I[IOJIOKEHHS perynondnx cTprkHiB OP CY3, a TpeTiil TeMIlepaTypHUN PEXXUM TEIJIOHOCIA 33 PaXyHOK
PETYJIIOBaHH4 [OJIOXKEHHS F'OJI0BHUX KianaHiB TT. ¥ yeTBepTOoMy po3aini «BrockoHaseHa aBTOMaTAUYHA CUCTEMA
PeryJIoBaHHs NOTY>KHOCTI eHepro6yioky AEC 3 BBEP-1000» ocsrHyTo MeTy JocifikeHHs. Po3ryisHyTo pi3Hi
IiAXOAM [0 YIIPAaBJiHHS PEAKTOPOM Y MAHEBPEHOMY PEXXMMi, BKa3yl04l Ha €(PeKTUBHICTb YIIPABJIiHHS aKCiaJIbHUM
odceToM, 3HIKEHHSI KCEHOHOBUX IIE€PEXiHUX MPOLieCiB Ta MiHiMi3allilo BOJooO6MiHy. PO3p06I€HO CTPYKTYpHY
cxemy ACY 1715 HUKJIIYHOTO HaBaHTaXXEHHS, 110 BpaXxoBye (Pi3nKo-MaTeMaTUYHy Ta allpOKCUMALiHy Mozei
00’eKTa /1J11 TPbOX CTATUYHUX [IPOrpaM perysitoBaHHs. lle 103Boau0 BUSIBUTY €(EKTUBHI CTpaTerii yIIpaBiliHHS,
3a6e3I1e4yIoun CTilKiCTh aKTUBHOI 30HU Ta ONTUMaJIbHY CTPYKTYpy ACY. BoockoHasieHa KOMITIOTEPHA CUCTEMA
aBromarusaii SIEY 3abe3nedye crabibHe i KOHTPOJIbOBaHE €HEPTOBUINIEHHS 10 06'eMY aKTUBHOI 30HU PEaKTOpa,
MiHIMIi3yI0UHM 30BHIlIHI Ta BHYTPIllIHI 30ypeHHs. BUsiBieHO MeXXy BUKOPUCTaHHS (Pi3NKO-MaTeMaTUYHOI Ta
arpoKCcUMaLiiHOi Mogesnel AJis iMitaliiiHoro mogentoBanHs ACY 3MiHM NOTY>XHOCTI. 361/IbIIEHHS JOITyCTUMOTO
BiJXMJIEHHS BiJl PO3PaxXyHKOBUX 3Ha4€Hb PEAKTUBHOCTI CIIPUSE BXiIHOCTI 3HaYEHb PEAKTUBHOCTI, OTPUMAHUX 3
arpoKCUMAliliHOI0 MOJEJIIII0, 0 KOPUIOPY BilXMJIE€Hb, 1110 € 06'€KTOM JOCJIIPKEHHS MeK BUKOPUCTaHHS
BHYTPIIIHiX 30ypeHb aKTUBHOI 30HU 3 METOIO 3a0e3Me4eHHs 6ajlaHCy MK TOUHICTIO MOZI€/IbOBAaHUX 3HAUEHb Ta
4acoM MOJIeI0BaHHS npouecy. OTpuMaHi pe3yJibTaTu MOXYTb OYTH BUKOPUCTaHI y MOAAbIINX JOCIIPKEHHSIX Ta

po3podKax nis ninBuneHHs e(peKTUBHOCTI Ta HafitHOCTI poboTtu SIEY.

2. The dissertation is devoted to developing safe operation conditions and ensuring energy production
controllability and stability in nuclear power units (NPU) during transient processes in the reactor by improving
mathematical models and methods for optimizing automated control systems of NPU with VVER-1000, using
boundaries of representation of internal disturbances of the core. The first section, “Modeling of automated



process control systems for energy facilities: Energy Challenges and Trends”, analyzes the state of nuclear energy
globally, examines NPP control system problems, automation trends, safe operation technologies, risks of
emergencies, and options for autonomous NPP control, particularly neural networks and deep learning, algorithms
and IT for parametric optimization, and models and methods for automated NPU control. The second section,
“Mathematical modeling of NPU with a pressurized water reactor as a control object”, presents the development of
a three-dimensional mathematical model of the core. This model enables automated control in real time,
considering homogeneous and heterogeneous neutron absorber characteristics, which helps maintain electrical
power and axial offset. The NPU mathematical model includes models of the reactor, steam generator,
turbogenerator, and other systems. The reactor model is considered as a distributed multi-zone model, where the
control actions are boric acid concentration and control rods position. The kinetics mathematical model considers
the fission reactions of 235U and 239Pu nuclei, providing an accurate reproduction of reactor dynamics. The
energy release model considers nuclear fission energy, and the heat transfer model details thermal processes.
Reactivity effects models consider the control group influence, boric acid concentration, power, and temperature
changes, allowing reactivity disturbances to be analyzed and controlled. The steam generator model describes
heat, steam formation, and relationships between parameters such as feedwater volume, steam mass and volume,
temperature, thermal effects, steam pressure, and flow rate. The turbogenerator model covers unit dynamics,
considering changes in generator power, steam pressure, and turbine rotor speed. The coolant lag model
considers coolant movement speed and its impact on thermal processes. The presented models are essential tools
for research and NPU control system improvement. The third section, “Simulation modeling of NPU control with
VVER-1000 under internal and external disturbances”, presents a simplified reactor core model, divided into zones
by altitude layers, sectors by 60° symmetry segments, and fuel assembly sections within the sector by operation
term. A complex simulation model of NPU as a control object includes models of the reactor, steam generator,
turbogenerator, and coolant lag in pipelines. Static programs for NPU power control were considered,
systematized, and analyzed, with results presented in tables, aiding in choosing a control strategy. The automated
control method of planned NPU power changes, which has been further developed, consists of three control loops:
one maintains reactor power change through the equilibrium model of boric acid concentration in the coolant, the
second maintains axial offset by adjusting control rods, and the third controls coolant temperature by adjusting
turbogenerator valves. In the fourth section, “Improved automatic power control system of NPU with VVER-10007,
the research goal was achieved. Different approaches to reactor control in maneuvering mode are considered,
indicating the effectiveness of axial offset control, xenon transient reduction, and water exchange minimization.
An automated control system structural diagram for cyclic loading has been developed, considering the physical-
mathematical and approximation models of the object for three static control programs. This made it possible to
identify effective control strategies, ensuring core stability and an optimal control system structure. The improved
computer system for NPU automation ensures stable and controlled energy release by reactor core volume,
minimizing external and internal disturbances. The boundaries of using physical-mathematical and approximation
models for simulation modeling of the automated control system for changing power were identified. Increasing
permissible deviation from calculated reactivity values contributes to the entry of reactivity values obtained with
the approximation model into the deviation corridor, which is the object of studying boundaries of using core
internal disturbances to ensure balance between accuracy of the simulated values and time of process modeling.
These results can be used in future research and development to enhance NPU efficiency and reliability.
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Coepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: [anyseBuii

VIII. 3akir04Hi BimoMocTi



Biacue IpizBume Im'st Ilo-6aThKOBI TonKoHOrHi Bosiogumup Muxaitnosuy

TOJIOBH paju

BaacHe IlpizBume Im'a Ilo-6aTbKOBi ToHkoHOrHi1 Bonopumup Muxaitiouy

TOJIOBYIOYOrO Ha 3acCimaHHi

BigmoBiganbHuMii 3a MiZrOTOBKY [letix Tas BosopumupisHa

00JIiIKOBHX JOKYMEHTIB

PeecTpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiJIIOBiZaJIbHUM 3a peE:CTpaI.lilO HayKOBO'l' Opuenko TersiHa AHaTOJIiBHA

OisiILHOCTI




