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HuceprariitHa poOoTa nMpucBsiueHa po3pooIll yMOB 0e3MeuHO0i eKCIuTyaTarlii saepHoi
CHEPreTUYHOI YCTAaHOBKM B IIUKIIYHUX pEXKUMaxX HABAHTAKCHHS 3a PaxyHOK
BJIOCKOHQJICHHSI METOJIB Ta MOJEJleil CUCTeMHM aBTOMaTu3oBaHOTro KepyBaHHs AEC 3
BBEP, ski BUKOPUCTOBYIOTH alpOKCHUMAIlIAHY MOJENb BHYTPIIIHIX 30ypeHb aKTHUBHOI
30HHU, sIKa pO3paxoBaHa METOJOM JBOBUMIPHOI 1JIEHTU(]IKaLlli aKTUBHOT 30HH, BIACTUBOCTI
SKO1 3MIHIOIOTHCA 3 YaCOM Ta € HEeNHIMHUMH.

Y  nmepmiomy posaun  «EkcrutyaTtamiiiHi  peXUMH  KOMIT IOTEPHUX — CHUCTEM
aBTOMAaTHU3allli PY MPOEKTHUX 1 MO3AMPOEKTHUX PEKUMAX» OJEPKAHO TaKl pe3yIbTaTH:

— byno mnpoBeieHO aHami3 MOTOYHOTO CTaHy POOOTHM KOMII FOTEPHOI CHCTEMHU
aBromatu3aiii kepyBanHs AEC 3 BBEP npu npoeKkTHHX Ta 03alpOeKTHUX CUTYalIsIX.

— Po3risiHyTO aBTOMAaTHYHY CUCTEMY YIpaBiIiHHSA 3 0a3010 MpaBUI HIATPUMKHU
TEXHOJIOTTYHOTO MPOIECY JUIsl PEAKTOPIB 2-T0 Ta 3-T0 MOKOJIIHHSA: OCHOBHI KOMIIOHEHTH Ta
CTPYKTYpY KOMII'IOTEpPHOI CHCTEMM aBTOMaTu3allii, SK 00’€KTa yIpaBJIiHHS.
[IpoananaizoBaHO OCHOBHI KOMIT'IOTEpHI IMITalliifHI MaTeMaTH4HI MOJemi, IX
00YHMCITIOBANIbHI PO3B’SA3KM, MeTOIM onTuMizalii pexuMiB kepyBanHs AEC 3 BBEP npu
BUKOPUCTAaHHI CYYaCHUX pEryJsTOpiB, $SKI BHUKOPUCTOBYIOTH TMpPU MOJEpHI3aLii
oOnaHaHHS.

— IIpoBeneHo anasiz B3aeMo/Iii KOMIT IOTEPHOI CUCTEMHU aBTOMAaTH3allli Ta orepaTopa
YCTaHOBKHU 4Yepe3 iHTepderic mpu BUKOPUCTAHHI CUCTEMHU MIATPUMKH MPUNHHSATTS PIIICHb
JUTSL TIATPUMKH CTajoCTiI OajaHCy BUPOOHUIITBA Ta CIIOKWBAHHS €HEPrii MK MEPIITUM 1
npyrum koHtypoM AEC 3 BBEP. PosrisinyTo perynboBaHi mapameTpyd aBTOMAaTHYHOI
CHUCTEMHU YIIPaBIiHHSA O€3MEKOI0 SAEPHOTO0 PEaKTopa, a caMe TMOKpAIIeHHS aKTHBHOL

Oe3nekn poOOTH peakTopa MPU BUKOPHUCTAHHI MACUBHOI OE3MEKH B SKOCTI PE3EPBHOTO



IUIAaHy IpU INO3ANPOEKTHUX peXuMax. 3pOoOJIEHO MNPUITYIIEHHS, 110 aBTOMAaTU30BAaHY
CUCTEMY KepyBaHHS 3 0a3010 MpaBuUi CIlJ PpO3MIANATH, SK 0araToKOOpAMHATHY
B3a€MOIIOB'sI3aHy PO3MO/IJICHY CUCTEMY.

Y npyromy posaim «MaTtemaTuuHe MojentoBaHHs peaktopa Ttuinmy PWR B 3D
IPE/ICTaBICHH» OJIEP’KaHO TaKl pe3ybTaTu:

— Po3po6iieno marematnuny 3D monens suepHoro peaktopa tuiry PWR, 110 Brimrogae
B ce0e po3MOoAiICHHSI aKTUBHOI 30HM Ha €JIeMEHTapHI KOMIPKH 3a HOMepoM Imapy (Y),
HomepoM psigy TBC (x) Ta HOMepoM KOMIpKH B pAl (z).

— Otpumasia HoOJalbIIUMK PO3BUTOK PO3MOJLIIEHA B MpocTOpi mareMatuuyHa 3D
MOJIeJb aKTHUBHOI 30HU siZiepHOTO peakrtopa tuiy PWR, sky Ha BiIMIHY BiJ 1HIIUX
BUKOPHUCTAHO B SIKOCT1 €IEMEHTAa YMOBH aBTOMATHU30BAaHOTO KEPYBAHHS B pE€aIbHOMY 4aci,
110 JI03BOJIMJIO PO3PAaxOBYBATU OAraTOKOOPIMHATHY B3a€MOIIOB’sI3aHY IMOTOYHY CUCTEMY
KEpYyIOYOro BILUIUBY, 110 3aJIEKUTh BlJl BAHUKAIOUMX BHYTPIIIHIX Ta 30BHIMIHIX 30ypeHb Ha
TEeMIIepaTypHE M0JI€ aKTUBHOI 30HU PEAKTOPA, SIKE 3MIHIOE HEUTPOHE IMOJIE 1 B NOJATBIIOMY
JI03BOJISIE€ B MEPEX1IHUX IpoLecax MIATPUMYBATU CTAJIICTh BUPOOHUIITBA Ta CIIOKUBAHHS
€Heprii MK KOHTYPAaMH YCTaHOBKH.

B tperbomy poznini «Komm’roTepHa iMiTaiiiiHa MaTeMaTUYHa MOJIETb yIPABIIHHS
aKTHBHOI 30HH peakTopa Tuiry PWR» BUKOHaHO HacTymHe:

— IIpencraBneHo MeTo ] IBOBUMIPHOI 1IeHTU(IKALlT BHYTPILIHIX 30ypeHb B aKTUBHIN
3oHi PWR, ski BHOiuBaiOTh Ha peryibOBaHH mapameTp. BHacmigok 4oro
O0OYHMCITIOBAIBHUNM PO3B’S30K € HENHIMHUM Pe3ylbTaToOM, SKUH 3MIHIOETBCS y 4Yaci Ta
3aJIe’KaTh BiJl yMOB €KCILTyaTallii.

— Po3po0seHo ampokcuMaliiiHy MoJieib y BUIUISIAL NepeAaBaibHOi (DYHKIIII, sKa
BIJINIOBIJIA€ PE3yJIbTaTaM PO3B’SI3aHHS CUCTEMHU HENHIMHUX TU(depeHIINHNUX PIBHSAHD, SIKI
PO3paxoBYIOTh BJIACTUBOCTI aKTHBHOI 30HH, Ta peaii3ye 3BOPOTHY 3a/ady KOMILJIEKCHOI
1HTEpIpeTalli peryji»0BaHOT0 apameTpa.

— Briepiie 3anponoHoBaHo A1t O0YMCIIEHHS TEPEX1IHUX MPOLECIB BUKOPHUCTOBYBATH
anpOKCUMAIIHY MOJIETh PEaKTUBHOCTI aKTUBHOT 30HU, 00UHCITIOBAIBHUI PO3B’ 30K SKOi
JI03BOJIMB BUKOPHUCTOBYBATH ILITAaTHI CUCTEMU KEPYyBaHHS €HEProOJIOKY 3a JOMOMOIOI0

AKUX MOXHa NPUTHIYyBaTH 30ypeHHs BUKIMKAaHI 3MIHOK KOHIEHTpallli KCEHOHY 1



MIATPUMYBATH KUIBKICHY MIpPy CTaOUIBHOCTI peakTopa, IO J03BOJISE IMIATPUMYBATH
CTaJiCTh OaJlaHCYy BUPOOHUIITBA Ta CHOXKMBAHHS €HEPrii B yCTaHOBI. EKOHOMIYHICTH
peryJIOBaHHs JI03BOJISI€ 3MEHIIUTH KUTBKICTh MEPEMIIICHb PETYIIOI0UNX CTPUXKHIB, IO
3MeHIye WMOBIpHICTH po3repmerusaniii TBEJIY 3a paxyHok MojentoBaHHS
TEMIIEpaTypHOTO TIoJsl. B po3poOseHiii KOMITIOTEpHIA CHUCTEMI aBTOMAaTH3aIlii,
aKciadbHUM O(CeT MATPUMYEThCS MOCTIMHMM 1 HE BIUIUBAE HA XapaKTEPUCTHKU
MepexiJHOTO  Tpolecy TPH  MOPOBEACHHI  IUKIIYHMX  3MIH  TIOTY)KHOCTI B
0araToKOOpAMHATHIN B3a€EMOIIOB'I3aH1i PO3MOICHINA CUCTEMI.

— Po3pobiena cucreMa ynpaBiliHHS 10 SIKOT IHTEIPY€EThCs alpoKCUMaIliiiHa MOJIENb,
sKa BIIPOJOBXK IOTOYHOI JOOM BUKOHY€ (YHKII pO3B’s3aHHSA 3a/1ad KepyBaHHS,
Koe(DILiEHTH A0 SIKOI MOAAlThcad 3 MaremMaTudHoi 3D Mojeni, fKi po3paxoBYIOTHCS
napajienbHo 1 yac ekcruryartarii AEY. O6uncneHHs 3a 10MOMOIo anpoKCHUMaIliiHOT
MOJIeJTI JI03BOJISIFOTh CIIPOTHO3YBATH NPOLECH, K1 BUHUKAIOTh B aKTUBHIN 30H1 IPOTATOM
HACTYIMHUX 24 TOJIUH, IO BIANOBIAIOTh TPHOM 3MiHaM POOOTU ONIEPATUBHOTO MEPCOHATY.
Takoro mporHo3y AOCTaTHbO JUIsi MaHEBPYBaHHS IOTY)KHOCTI, SIKy BUKOHY€E OIEpaTop
npotarom 2 roauH. Haciiku MaHeBpyBaHHS OTYKHOCTI BUABJIAIOTHCS 1€ NpuOan3Ho 30
rojuH 1 Tomy micis 18-20 ronun pobotu AEY, miacucrema ynpapiiHHSI OTPUMY€E OHOBJICHI
00uUMCIIIOBANIbHI JlaHl (BIAMOBIAHO 10 mMpeacTaBieHoi mateMatuuHoi 3D mopeni) 1
po3paxoBye Koe(il[ieHTH ampokcumarlliinoi Mozeni. Ha ocHOBI mepepaxoBaHUX
Koe(DIIiEHTIB BIIOYBAETHCS PETYIIOBAHHS MTapaMeTPy MOTYKHOCTI.

— IlpoBeneHo 3amavy KOMIUIEKCHOI I1HTEpHpeTaiii 3a JOMOMOIOK MOPIBHSHHSA
OTPUMAaHUX PIIICHb 3 pe3yJbTaTaMU IMOMEPEAHIX JOCTIIKEHb Ha OCHOBI aBTOMAaTHYHOI
CHUCTEMH YMPpaBIIHHSA 3 023010 MPaBUJI B 3JICKHOCTI BiJ 301IbIICHHS a00 3MEHIIICHHS
HABAHTAXKEHHS, K1 TOKa3aJId MOBHY BIAMOBIJHICTh B 4ACOBOMY MPOMIKKY pHOJIHU3HO 24
TOJIMHU, TIO BIAMOBIZAE TPHOM 3MIHAM omepatuBHOro—podoyoro mepcoHany AEC 1
JOCTATHBOIO JIJIs1 KOMIIEHCAIli IEPILIOTO MIiBIEP10ay KCEHOHOBOTO KOJMBAJILHOTO IIPOLIECY
JUIsl 30epekeHHs OanaHcy BUPOOHHUIITBA Ta CIOKHUBAHHS €HEprii MK KOHTypamu.
Po3pobnena Mozenb, B OCHOBI SIKOT JISKUTh 3BOPOTHA 3a/1aya KOMILJIEKCHOI IHTepIpeTaIlii
Ma€ MOXJIMBICTh OyTH 3ally4€HOIO0 10 ICHYIOUMX aBTOMATHUYHUX CUCTEM YMPABIIHHA 3

6a3oro nmpasuia AEC 3 BBEP.



B yeTBepTomy po3aini «IIpencraBieHHs: anmpoKCcUMaIiitHOT MOIENI B SIKOCT1 00’ €KTa
YOPABJIIHHSA KOMIT IOTEPHOI CUCTEMHU aBTOMATH3allli» JOCSATHYTO METY JHUCEpPTaIliiiHOTO
JIOCJIII)KEHHS, a caMe:

— BnockonaneHo xkomm’iorepHy cuctemy aptomatuzamii AEC 3 BBEP s
CBOEYACHOTO KOPEryBaHHS PEryJbOBAHUX MapaMeTpiB MpH 30UIbLICHHI YM 3MEHIICHHI
HAaBAaHTA)XEHHA SJIEPHOTO peakTopa, Io 3ade3nedye CTaOiIbHE 1 KOHTPOJBbOBAHE
CHEProBUIJICHHS MO BCbOMY OO0’€MYy aKTMBHOI 30HM pEakTopa IMpU HEOOXITHHX
napaMeTpax 3 MIATPUMKU CTaJOCTI OanaHCy BUPOOHMIITBA Ta CIOXMBAHHS €HEPrii B
nepmomMy Ta apyromy koHtypi AEC 3 BBEP 3a paxyHok Toro, 1mo B KOMI IOTEpHY
IMITalllifHYy MaTeMaTUYHy MOJIEb JOJJaTKOBO 1IHTETPYETHCS allpOKCUMAIliiHa MOJIEIIb, SIKa
BIIPOJIOBXK IIOTOYHOI JIOOM BUKOHY€ (YHKIT s PO3B’S3aHHS 3aJad KEpyBaHHS,
Koe(DIlieHTH 10 SKOi MOJAI0ThCs 3 MareMatudHoi mozem B 3D mpencraBiieHHI, sKi
PO3PaxOBYIOTHCA MapalebHO i Yac eKCIuTyaTaIlii.

— Po3pobiieHo Mozenb aBTOMAaTHUYHOI CHUCTEMHM YIPAaBIIHHA 3 043010 NpaBWII IS
[UKJIIYHOTO HABAaHTAXXEHHS MPHU 3MIHHI TEMIIEPaTypPHOTO MOJIs SAEPHOTO peakTopa Ha 6asi
B3a€MO/IIi aTpOKCUMAaINIHO1 1 MaTeMaTuuHOo1 3D Mozenel, 1o 3a0e3neuye KUIbKICHY Mipy
CTIAKOCTI aKTUBHOI 30HH.

— IlpoBegeHo Bepudikamiro ampokcuManiiHoi Mozem ympasiiHHa SAEY, 3a
JIOTIOMOTOIO0  CITIBCTaBJICHHSI 3MIHM TEXHOJOTIYHMX IapaMeTpiB 3a JBOMa METOJaMu
JOCIIJKEHHS: TpU  Oe3yJapHOMy TEpeMHKaHHI TPOrpaMu Ta TPH 3aCTOCYBaHHI
anmpoKCUMAIliiHOT Mojeni. MojepHi3oBaHa KOMIT' IOTEpHA CHCTEMa aBTOMAaTh3alli
JT03BOJIMJIA TIPUTHIYYBATH BUHUKHEHHS KCEHOHOBUX KOJMBAHb 1 MIATPUMYBATH MOCTIIHE
3HaueHHs  akcianpHOoro ogcery. Merox mnorpeOye  MONEPEIHBOTO  CHUHTE3Y
anpoOKCUMAIlIHHOT MOJIeNl, SIK 3BOPOTHOI 3a7a4l KOMIUIEKCHOI 1HTepmpeTaiii 3a
pe3ynbTaTaMil HEUTPOHHO—(I3UYHUX OOYHUCICHh AKTHBHOI 30HM Ta TMOCIHIIYyIOYOTO

pPO3paxyHKy HalalllTyBaHb JIJIl OTPUMAaHHS PEryJbOBaHUX MapaMeTpiB.

KirouoBi cjioBa: KoM 'loTepHa CHUCTEMa aBTOMAaTH3allii, TeMmIepaTypHEe ToJe,
nepexigHui mpoliec, OOYUCITIOBAIBHUN PO3B’SA30K, METOAM OMNTHUMI3allill, aBTOMaTU4YHA

cUCTeMa YIpaBJiHHA 3 0a3010 MpaBWJI, 3BOPOTHA 3ajladya KOMIUIEKCHOI IHTepIpeTalti,
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ABSTRACT

Vataman V. V. Improved PWR automated control system by using an
approximation model of internal disturbances. — Qualifying scientific work on manuscript
rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in specialty
151 — Automation and computer-integrated technologies. — National University "Odesa
Polytechnic" of the Ministry of Education and Science of Ukraine, Odesa, 2023.

The dissertation is devoted to the development of conditions for safe operation of
a nuclear power unit in cyclic load conditions by improving methods and models of the
automated control system of a NPP with a VVER reactor, which use an approximation
model of internal core disturbances calculated by the method of two-dimensional
1dentification of the core, whose properties change over time and are nonlinear.

In the first section " Operating modes of computer automation systems in design
and beyond-the-design basis conditions " the following results are obtained:

— An analysis of the current state of operation of computerized control systems of
NPP of the VVER type in design and beyond-the-design basis situations was carried out.

— The automatic control system with a database of technology process support rules
for the generation II and III reactors is considered: the main components and structure of
the computer automation system as a control object. The main computer simulation
mathematical models, their computational solutions, and methods for optimizing the
control modes of NPP of the VVER type are analyzed using modern regulators that are
used for their equipment modernization.

— An analysis of the interaction of the computer automation system and the
operator through the interface when using a decision support system to maintain the
stability of the constant balance of production and energy consumption between the first
and second circuits of NPP of the VVER type is carried out. The adjustable parameters
of the automatic safety control system of a nuclear reactor are considered, namely, the
improvement of active safety of the reactor operation while using passive safety as a

backup plan in beyond-the-design basis conditions. Assumed that an automated control



system with a rule base should be considered as a multicoordinate interconnected
distributed system.

In the second section "Mathematical model of the reactor of the PWR type in 3D
is presented" the following results are obtained:

— A mathematical 3D model of a PWR type nuclear reactor has been developed,
which includes the distribution of the active zone into elementary cells by the number of
the layer (y), the number of the fuel rod row (x), and the number of the cell in the row (z).
The spatially distributed mathematical 3D model of the PWR core was improved, which,
unlike others, was used as an element of the automated real-time control condition, which
allowed to calculate a multicoordinate interconnected current control system that depends
on the arising internal and external disturbances on the temperature field of the reactor
core, which changes the neutron field and further allows to constant balance of production
and energy consumption between the equipment circuits.

In the third section "Computer simulation mathematical model of core the control
of PWR type reactor" the following is done:

— Developed method of two-dimensional identification of internal disturbances in
the core of PWR that affect the adjustable parameter, which are nonlinear and vary over
time and depend on operating conditions.

— An approximation model of the transfer function has been developed, which
corresponds to the results of solving a system of nonlinear differential equations that
calculate the properties of the core and realizes the complex interpretation inverse
problem of the adjustable parameter.

— First suggested to use an approximation model of the reactivity of core of the
computational solution of which made it possible to use regular power unit control
systems to calculate internal disturbances, which made it possible to use systems with
which it 1s possible to suppress disturbances caused by a change in the concentration of
xenon and maintain a quantitative measure of the stability of the reactor, which allows
constant balance of production and energy consumption in the nuclear power unit. The
cost-effective adjustment allows reducing the number of displacements of the control

rods, which reduces the likelihood of fuel rod depressurization due to the modeling of the



temperature field. In the developed computer automation system, the axial offset is kept
constant and doesn’t affect the subsequent characteristics of the cyclic power change in a
multicoordinate interconnected distributed system.

— A control system is developed to which a polynomial model is integrated, which
during the current day performs functions for solving control problems, the coefficients
to which are supplied from a mathematical 3D model, which are calculated in parallel
during the operation of the NPU. Calculation according to the approximation model
makes it possible to predict the processes in the core in advance for an interval of about
24 hours or for 3 shifts of operational personnel. Such a forecast is enough to perform a
power maneuver, which is performed by the operator within two hours. The consequences
of the power maneuver are manifested for about 30 hours. Therefore, after 18-20 hours
of operation of the nuclear power unit, the control subsystem receives updated calculation
data for the 3D model and recalculates the coefficients of the approximation model.

— The problem of complex interpretation was carried out by comparing the obtained
solutions with the results of previous studies based on an automatic control system with
a rule base depending on the increase or decrease in load, which showed full compliance
in a time interval of about 24 hours, which corresponds to three shifts of NPP operating
personnel and is sufficient to compensate for the first half-period of the xenon oscillatory
process to constant balance of production and energy consumption between the circuits.
The developed model, which is based on the inverse problem of complex interpretation,
can be used in existing automatic control systems with a rule base of NPP of the VVER.

In the fourth section "Presentation of the approximation model as an object of
control of a computer automation system " the goal of the dissertation research was
achieved:

— The computerized automation system of NPP of the VVER was improved for
timely correction of adjustable parameters when increasing or decreasing the nuclear
reactor load, which ensures stable and controlled power generation throughout the reactor
core at the required parameters constant balance of production and energy consumption
in the first and second circuits of NPP of the VVER, due to the fact that an approximation

model is additionally integrated into the computer simulation mathematical model, which



during the current day performs functions for solving control tasks, the coefficients to
which are input from the mathematical model in 3D representation, which are calculated
in parallel during operation.

— A model of an automatic control system with a rule base for cyclic loading at
changes in the temperature field of a nuclear reactor based on the interaction of
approximation and mathematical 3D models has been developed, which provides a
quantitative measure of core stability.

— The approximation model of NPU control was verified by comparing changes in
technological parameters using two research methods: during shockless programmer
switching and using the approximation model. The upgraded automatic control system
with rule base made it possible to remove fluctuations in energy production in the core
due to fluctuations in xenon concentration and maintain a constant value of axial offset.

However, the method requires preliminary synthesis of an approximation model as
an inverse problem of complex interpretation based on the results of neutron-physical
calculations of the core and subsequent calculation of the settings to obtain adjustable
parameters.

Keywords: computer automation system, temperature field, transition modes,
numerical solving, optimization methods, automatic control system with rule base,
complex interpretation inverse problem, modeling, adjustable parameter, computer
simulation mathematical model, constant balance of production and energy consumption,

NPP of the VVER, multicoordinate interrelated plant distributed system.
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