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1. Inceprarist npucBsiYeHa po3pobLii yMOB 6e3MeYHo]i eKcIyaTalii Ta 3ab6e3rneyeHHs] KEPOBAaHOCTI I CTaoCTi
BMpoOHULTBA eHeprii B SIEY npu nepexigHux npouecax B peakTopi IJISIXOM YL,OCKOHAJIEHHS MaTEMaTUYHUX
Mogenen i meronis ontumizanii ACY notyxHicTio AEY 3 BBEP-1000, BUKOPUCTOBYIOUM MEXI ITPEICTaBICHHS
BHYTPIIIHIX 30ypeHb aKTUBHOI 30HU. Y nepmomMy po3zini «MopemoBaHHs ACY TII eHepreTH4HUX 00'€KTIB.
[Ipob6nemu i TEHOEHLII ranysi €HepreTUKNU» MIPOBELEHO aHAJi3 CYyYaCHOTO CTaHy SI€PHOI €eHEPTeTUKU Y CBITi,
POBIJISIHYTO IpobsiemMu cucteM ynpasiinas AEC, TeHzeHLil aBTomatr3auii 115 ix BUpilmeHHs], TeXHOJIOTii 6e3reyHoi
eKCIIyaTalii i pu3uKy no3alTaTHUX CUTYallil, BapiaHT! aBTOHOMHOTO KepyBaHHs AEC, 30Kpema HEMPOHHI MepeXKi
Ta IJIMO00Ke HaBYaHHS, IFOPATMU Ta iHpOpMalifiHi TeXHOJIOrii IapaMeTPUYHOI ONTUMI3allii, a TaKoXX Mozeri i
METOJIM aBTOMATU30BaHOro ynpasiinus SEY. Y gpyromy posgini «MaTeMaTrdHe MOJEIIOBAHHSI €HEProOJIOKy 3

PEaKTOpPOM 3 BOZIOIO IIiJi TUCKOM SIK 00'€KTa KEPYBaHHS» [IPELICTaBI€HO PO3BUTOK TPUBUMIPHOI MaTeMaTUYHOI



MoOJeJli aKTUBHOI 30HU. 1151 MoziesIb 03BOJIsSIE aBTOMATHU30BaHEe YIIPABJIiHHS B PEAJIbBHOMY 4aci, BDaxOBYIOUU
XapaKTePUCTUKU FTOMOT€HHOTO i reTEPOT€HHOTO MTOTJIMHAYIB HEUTPOHIB, L0 CIIPUSIE NiATPUMIIi CTaNOCTI
€JIEKTPUYHOI IOTY>KHOCTI Ta akciasbHOro opceTy. MaTeMaTuyHa MoJieJlb €HeprobJIoKy BKJIIOUa€E MOZEJI peakropa,
naporeHeparopa, Typoéoreneparopa Ta iHmmux cucrteMm. Mogens SIEY po3risgaeTscs K po3noieHa 6araTo30HHa
MOJIeJIb, [le KEPYIOUi BIJIMBY — KOHLIEHTpALlisl 60pPHOI KUCJIOTH Ta MOJIOXKEHHSI PETYJIIOI0YNX CTPUIKHIB.
MaremaTtryHa MofeJlb KiHEeTUKY BpaxoBye peakuii noziny suep 235U i 239Pu, o 3a6e3nedye TOYHE BilTBOPEHHS
IVHaMiK1 peakTopa. Moziesb eHeproByliJIEHHS BPax0OBye €HEPTilo [10fiNy g1ep, a MOJeslb Tenonepeaadi
IeTasisye TeIIOoBi pouecu. Mozei e(peKTiB peaKTUBHOCTI BpaxOBYIOTh BILJIMB PETYJIIOI0YOi TPYNY, KOHLIEHTPaLlii
O0pHOI KUCJIOTH, 3MiHU IIOTYKHOCTI Ta TEMIIepaTypH, L03BOJISIOYN aHAi3yBaTH Ta KOHTPOJIIOBATU 30ypEHHS
PeakTUBHOCTI. MoJiesib IaporeHepaTopa ONucye TeIJIOOOMiH i yTBOPEHHSI I1apy, 3B'13KA MK TapaMeTpamu, TaKuMU
K 00'eM >KMBWJIBHOI BOJY, Maca Ta 06'eM Mapy, TEMIIEPATyPHi Ta TEIJIOBI BIJIMBY, TUCK i BUTpaTa napu. Mogesnb
TypboreHepaTopa OXOIUIIO€e AUHAMIKY arperary, BpaxoByIOUM 3MiHM B IIOTY)KHOCTi FeHepaTopa, TUCKY [apy Ta
4yacToTi obepTaHb poTopa TypOiHU. MoJesb ypaxyBaHHs 3alli3HIOBaHHSI TEIJIOHOCIS BpaX0Bye 0OMEXKeHY LIBUAKICTb
nepeMillleHHs TeIJIOHOCIs Ta MOoro BIUIUB Ha TEIJIOBi Ipouecy. IIpencrapiieHi MaTeMaTUYHi MOJIeJli € BaKJIMBUM
IHCTPYMEHTOM [IJI1 HOCJIIKEHDb Ta [TOKPALEHHS CUCTEM ynpaBiaiHHA AEY. Y TpeTboMy posgini «Imitauiiine
MOJeJIIOBaHHS KepyBaHHS eHepro6sokom 3 BBEP-1000 npu BHYTPILIHIX Ta 30BHIIIHIX 30ypEHHSX» IPEACTaBIEHO
CIIPOLIEHY CTPYKTYPY PO3IOMINIEHOI MOJIeJIi aKTUBHOI 30HU peakTopa. Mozesb MofisieHa Ha 30HU 32 BUCOTHUMU
11apamu, CEKTOpaMmu 3a cerMmeHTamu 60° cumeTpii Ta mingHKkamu rpynu TB3 BcepenyHi CEKTOpa 3a CTPOKOM
ekcruryaTanii. KommnekcHa KomI'loTepHa imiTauiiHa MoJieib €HEPro6JIOKY SIK 00'eKTa KepYBaHHSI BKJIIOYae MOZEi
peakTopa, aporeHepaTopa, TypéoreHepaTopa Ta 3alli3HIOBaHHS TeIJIOHOCIs1 B TpyOOIIpoBoax. PosrisHyTi
CTaTUYHI IpOrpaMu PEryJI0BaHHS IOTYKHOCTiI €HEPro6JI0Ky, IPOBEEHI ix cucTeMaTM3allisi Ta aHaJi3 3
IIpeJCTaBJIeHHSIM Pe3yJbTaTiB y BUIJISA] TabJuL, 10 JOMIOMOTJIO ITpY BUOOPi cTparerii kepyBaHHS. MeToz
aBTOMATM30BAHOTO YIIPaBJIiHHS MIJIAHOBOIO 3MiHOIO NOTY>XHOCTI SEY, 110 oTpuMaB nojansmuil pO3BUTOK,
CKJIQIA€THCS 3 TPbOX KOHTYPIB KEPYBaHHS: OIVH MigTPUMye 3MiHY IIOTY>KHOCTI pEaKTOpa 32 paxXyHOK PiBHOBa)KHOI
MogeJi KoHueHTpauii BK B Tensonocii, npyruii nigTpumye HeoOxifHe 3HaY€HHsI aKCiaIbHOTO O(PCETY 3MiHOIO
[I0JIOKEHHS perynondnx cTpukHiB OP CY3, a TpeTiil TeMIlepaTypHUI PEXXUM TEIJIOHOCIA 33 PaXyHOK
PETyJIIOBaHH4 IOJIOXKEHHS I'OJI0BHUX KianaHiB TT. ¥ yeTBepToMy po3aini «BrockoHaseHa aBTOMaTU4YHaA CUCTEMA
PeryJIoBaHHs NOTY>KHOCTI eHepro6yioky AEC 3 BBEP-1000» 1ocSrHyTo METy JOCii>KeHHs. PO3ryssHyTO pi3Hi
IiAXOM [0 YIIPABJIiHHS PEAKTOPOM Y MAHEBPEHOMY PEXXMMI, BKa3yl04y Ha e(eKTUBHICTb YIIPABJIiHHS aKCiaJIbHUM
odceToM, 3HIKEHHSI KCEHOHOBUX IePEexiIHUX MIPOLeciB Ta MiHiMi3aliio BogoooMiHy. Po3po61eHo CTpyKTypHY
cxemy ACY 17151 HUKJIIYHOTO HaBaHTaXXEHHS, 110 BPaXxoBye (Pi3MKO-MaTeMaTUYHy Ta allpOKCUMALiiHy Mozei
00’eKTa /1711 TPbOX CTATUYHUX [IPOTrpaM PeryJitoBaHHs. lle 103B0IMI0 BUIBUTY €(EKTUBHI CTpaTeTii yIIpaBliHHS,
3a6e3I1e4yIoun CTiliKiCTh aKTUBHOI 30HU Ta ONTUMaJIbHY CTPYKTYpYy ACY. BoockoHasieHa KOMITIOTEPHA CUCTEMA
apromarusaii SIEY 3abe3neuye crabibHe i KOHTPOJIbOBaHE €HEPTrOBUIiIEHHS 10 00'eMY aKTUBHOI 30HU PEaKTopa,
MiHiMi3yI0uM 30BHilIHI Ta BHYTPIllIHi 30ypeHHs. BUSBIEHO MEXY BUKOPUCTAaHHS (i3MKO-MaTEMaTUYHOI Ta
arpoKCcUMaLiiHOi Mogesnel AJis iMiTaliiHoro mogentoBanHs ACY 3MiHM NOTY>XKHOCTI. 361/IbMIEHHS JOITyCTUMOTO
BiIXWJIEHHA BiJl PO3PaxyHKOBUX 3Ha4€Hb PEAKTUBHOCTI CIIPUSIE BXiIHOCTi 3HaY€Hb PEAKTUBHOCTI, OTPUMAHUX 3
arpoKCUMaliliHOI0 MOJEJITII0, 10 KOPUAOPY BilXUJIE€Hb, 110 € 00'€KTOM JOCJIIIPKEHHS. MeX BUKOPUCTaHHS
BHYTPIIIHIX 30ypeHb aKTUBHOI 30HU 3 METOIO 3a0e3Me4eHHs 6ajlaHCy MK TOUHICTIO MOZI€IbOBAaHUX 3HAYEHb Ta
4acoM MOJIeJI0BaHHS npouecy. OTpUMaHi pe3yabTaTy MOXYTb OyTH BUKOPUCTAHI y MOJAJIbIINX JOCIIPKEHHSIX Ta

PO3po06Kax NS MimBUIeHHS] e(PeKTUBHOCTI Ta HafiiHOCTi poboTu SAEY.

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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TrOJIOBH pagu

Biacue I'Ipi3Bnme IMm'st [10-6aTBKOBI ToHkoHoruu Bosogumup Muxannosud
roJIOBYIOYOroO Ha 3acigaHHi

BiamoBiganbHHUE 32 MiZITOTOBKY ITerik Tas BonopumupisHa

00JIIKOBHX JJOKYMEHTIB

Peectparop VYkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisiIbHOCTI




