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OPTIMIZATION OF OPERATING MODES OF POWER UNITS OF NUCLEAR POWER PLANTS

The materials of the article consider the main methodological provisions of calculations and optimization of NPP power unit
equipment parameters using mathematical modeling methods. For the effective implementation of tasks related to determining the
optimal parameters and structures of NPP power unit equipment using mathematical modeling and well-developed multifactor
optimization methods, it is necessary to fulfill a number of requirements at their productions. Practice shows that it is impractical to
optimize with the help of a single mathematical (simulation) model the entire set of parameters characterizing a given power unit,
because with such a formulation, the optimization tasks are often mutually incorrect due to a significant discrepancy in the accuracy
of various source information, unequal influence of parameters on the target function, specific differences in the mathematical
description of various units and elements of the power unit. In order to effectively optimize the parameters of NPP power units, it is
necessary to create a system of interconnected mathematical models, which include: a group of detailed mathematical models of
individual units and elements of power unit equipment; more generalized mathematical models for the main equipment of power
units built on their basis; complete mathematical model of power units.
Keywords: installation of NPP power units, methods of mathematical modeling .

O. B. EOIMOB, B. 1. KABEPIIEB, JI. 1. TIOTIOHHUK, T. A. T'APKYIIIA, A. B. MOTOBIIBHIK, 1. /1. CH/IOPKIH
OIITUMIBALIA PEXKUMIB POBOTHU EHEPI'OBJIOKIB ATOMHUX EﬂEKTPOCTAHHIﬁ

VYV wMarepianax crarti po3ristHyTi OCHOBHI METOMYHI TOJIOKSHHsSI PO3paxyHKIB Ta ONTHMi3allii MapaMeTpiB yCTaTKyBaHHS
enepro6nokieB AEC merogamu MareMaTH4HOro MopentoBaHHs s edekTHBHOI pearizamii 3amad, MOB'SI3aHUX 3 BHU3HAYCHHAM
ONTUMAIIbHUX MapaMeTpiB i KOHCTPYKLiH ycraTkyBaHHs eHepro6iokie AEC 3a JOMOMOrow MaTeMaTHYHOTO MOJCIIOBAHHS i
nobpe po3pobiieHnX MeToxiB GaratogakTopHOI onTHMi3amii, HEOOXiJHO BHKOHAHHS psAy BUMOT IpH iX mocrtaHoBIi. IIpaxTuka
MOKa3ye, 10 HeJOIIIEHO ONTUMI3yBaTH 3a JOIIOMOTOI0 OfHieT MaTeMaTH4yHO] (imMiTaniitHol) MoJeli Bech KOMIUIEKC ITapaMeTpiB, 10
XapakTepU3yloTh JaHUK SHEProOJIOK, OCKUIBKH 33 Takol MOCTaHOBKH 3ajadvi ONTHMi3auil yacto OyBalOTh B3a€EMHO HEKOPEKTHI
BHACIIIZIOK 3HAYHOI HEBIAMOBIAHOCTI B TOYHOCTI pi3HOI BUXiAHOI iH(opMallii, HEpiBHO3HAYHOCTI BIUIMBY HapaMeTpiB Ha LiIbOBY
¢byHkuifo, crnequdivyHUX BiIMIHHOCTEH MAaTeMaTHYHOIO ONWCY pI3HMX BY3IIB 1 eneMeHTiB eHeprobmoky. s edexTuBHOT
onrtuMizauii napamerpiB enepro6yiokisB AEC HeoOXiIHO CTBOPEHHsS CHCTEMH B3a€EMOIOB'SI3aHUX MaTeMaTHYHHX MOJEJeH, IO
BKJIFOYAIOTH JI0 ce0e: Ipyny IOKJIAJHHUX MaTeMaTHYHHX MOJeNield OKPEeMHX BY3JiB 1 €JIEMEHTIB YCTaTKyBaHHS E€HEproOIIOKiB;
noOynoBaHi Ha IX OCHOBI OUIBII Yy3arajJbHEHI MaTeMaTH4YHI MOZENI Ui OCHOBHOTO YCTaTKyBaHHS €HEproOJIOKiB; IIOBHY
MaTeMaTH4YHy MOJEIIb CHEPTroOIIOKIB.
KunrodoBi coBa: ycrarkyBanus enepro6nokis AEC, MeTo i MaTeMaTHIHOTO MO/ICTIOBAHHS.

L. Introduction.

The basis of energy in many countries of the world,
which determines the pace of their economic
development, is nuclear power plants. At the same time,
they, as complex technological systems, are objects of
increased man-made danger. Therefore, methods of
increasing the reliability, safety and efficiency of NPP
power equipment have already been developed and
continue to be developed, which are largely based on
diagnostic procedures [1].

One of the principles of the practical implementation
of the world energy policy in nuclear energy, the impact
of which on climate change is significantly less than that
of thermal energy, is to minimize the probability of
nuclear incidents and accidents at NPP power units while
simultaneously increasing their thermal efficiency. This
principle can be implemented due to a number of factors,
including improvement and optimization of thermal
schemes and parameters of technological processes of
NPP power units with reactors of various types, optimal
selection of modern and promising coolants and
construction materials of active zones of nuclear reactors
and steam generators, optimization of operating modes of
NPP power units based on modern methods of
mathematical modeling.

Modern NPP power units are complex technical
systems. They include a lot of interconnected equipment

of various technological purposes, which ensures that the
power units perform the complex function of producing
electric energy and heat of the specified quality and
according to the specified load schedule (Table 1).

Table 1. Mathematical models for solving the main thermal and
hydraulic optimization tasks parameters of NPP power units
with reactors cooled by water under pressure.

Ne Mathematical models of equipment

Reactor

Steam generator

Turbine

System of external separation and intermediate steam

Regeneration system

AN | ] W O] =

«Condenser-water cooler» system.

Such systems are characterized by multiparameters,
a complex structural and functional connection of
parameters, the presence of restrictions on changing
parameters and connections, functioning under the
influence of random factors, and a wvariety of
physicochemical processes occurring in them.
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In this regard, complete mathematical models of the
functional state of steam turbine power units of nuclear
power plants are characterized by a large number of
nonlinear (in many cases transcendental) relationships
and contain implicit functions. This complicates their
wide application to solve the problems of system analysis

One of the most important and urgent problems of
nuclear energy is the task of optimizing the planning and
organization of repair work on power units of power
plants and calculating their availability coefficients based
on the results of diagnostics of the technical condition of
the equipment (Table 2).

of the quality of operation of power units [1-3;7].

Table 2. Classification-identification of some research components.

No Hierarchy of study components.

1 |The object of research is power units of nuclear power plants.

2 |The relevance of the problem is the task of optimizing the planning and organization of repair work on power units of power
plants and calculating their availability coefficients based on the results of diagnostics of the technical condition of the
equipment.

The purpose of the research is to optimize the parameters and characteristics of the equipment of NPP power units.

4 |Research methods — optimization of individual parameters and characteristics of NPP power unit equipment is closely related
to their design and construction processes. The initial data for conducting the first preliminary optimization calculations in the
design process are structural designs of the equipment.

5 |Stages of research. At the stage of optimization calculations, analytical methods of optimization are the most effective.

6 |Stages of research. In the mathematical modeling of NPP power units, idealization methods are used:

- dismemberment into simpler technological subsystems (decomposition method);

- selection of the most significant properties and effects on them in a parametric form (macromodeling method);

- linearization of non-linear models in some area of change of variables (linearization method);

- bringing the system with distributed parameters to the system with concentrated parameters;

- contempt for the dynamic properties of technological processes.

7 |Stages of research. At the stages of the final optimization studies, the most effective optimization method is the simulation
modeling method, which allows you to achieve the required degree of accuracy in the description of the object being
optimized, and to use special mathematical methods for finding the optimum when solving multifactor and multicriteria

w

problems.

8 |Mathematical models include:

- a complete mathematical model of power units.

- a group of detailed mathematical models of individual units and elements of power unit equipment;
- more generalized mathematical models for the main equipment of power units built on their basis;

- selection of optimality criteria (objective functions);

optimization studies;

9 |The solution to the problem of optimizing the parameters of NPP power units includes the following stages:
- development of a system of interconnected mathematical models in accordance with the necessary hierarchical level of]

- selection of computational methods and optimization algorithms.

10 |Conclusions:

- for reasons of reliability and economy, reactors are usually designed on the basis of designs of standard heat-emitting
elements (fuel elements) that have fixed geometric characteristics and a certain thermal power;

- energy release in the active zone of the reactor depends on the geometric dimensions of the zone itself;

- it is expedient to optimize the parameters of NPP power units at a constant thermal power of the reactor;

- bringing to an equal energy effect should be carried out by taking into account the change in the electric power of the power
unit, that is, the introduction of the so-called substitute electric power in the power system.

Timely and effective solution of these problems in
the practice of operation of NPP power units allows to
increase the economic efficiency of repair work and to
determine the optimal power reserve of the power
system, necessary to compensate for the underproduction
of electricity due to the downtime of power units during
repairs, thus ensuring the stability of power system
operation.

II. The goal of the work.

Optimization of individual parameters and
characteristics of NPP power unit equipment is closely
related to their design and construction processes. The
initial data for conducting the first preliminary
optimization calculations in the design process are
structural designs of the equipment. The results of the
preliminary optimization, taking into account the change

of the initial data in the permissible range of values,
serve as the basis for new optimization calculations of
the parameters and designs of the equipment, taking into
account the specifics of its operating conditions.
Optimizing the parameters and characteristics of the
equipment of NPP power units is a complex iterative
process, and each stage of optimization research during
the creation and improvement of the equipment is
characterized by its own methods and means.

III. Main part.

At the first stage of optimization, the amount of
information about the object being optimized is minimal,
and the output data has a significant error. Therefore, it is
often impossible to accurately describe how the
parameters are interconnected and how they determine
the type of the objective function. In this regard,
analytical methods of optimization are the most effective
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at the first stage of optimization calculations. They make
it possible to visually detect the influence of correlations
between the initial data, to obtain with minimal time
expenditure general dependencies for determining
optimal parameters for various combinations of technical
and economic factors.

In the following stages, the amount of information
about the optimization object increases significantly.
New thermodynamic, structural, regime factors and
necessary technical limitations are revealed. Since these
stages are already directly related to the creation of the
equipment, it is necessary to more accurately and fully
take into account all the factors that determine the
criterion of optimality, and this significantly increases
the number of parameters to be optimized. At the same
time, the relationship between the parameters becomes
more complex, and it is possible to obtain an analytical
solution only with a significant simplification
(idealization) of real dependencies.

The following idealization methods are used in the
mathematical modeling of NPP power units:
dismemberment into simpler technological subsystems
(decomposition method);

- selection of the most significant properties and
effects on them in a parametric form (macromodeling
method);

- linearization of non-linear models in some area of
change of variables (linearization method);

- bringing the system with distributed parameters to
the system with concentrated parameters;

- contempt for the dynamic
technological processes.

At the stages of final optimization studies, the most
effective optimization method is the simulation modeling
method, which allows you to achieve the required degree
of accuracy in the description of the object being
optimized, and to use special mathematical methods for
finding the optimum when solving multifactorial and
multicriteria problems.

For the effective implementation of tasks related to
the determination of optimal parameters and designs of
NPP power unit equipment using mathematical modeling
and well-developed methods of multifactor optimization,
it is necessary to fulfill a number of requirements when
setting them up. Practice shows that it is impractical to
optimize with the help of a single mathematical
(simulation) model the entire set of parameters
characterizing a given power unit, because with such a
formulation, the optimization tasks are often mutually
incorrect due to a significant discrepancy in the accuracy
of various source information, unequal influence of
parameters on the target function, specific differences in
the mathematical description of wvarious units and
elements of the power unit.

In order to effectively optimize the parameters of
NPP power units, it is necessary to create a system of
interconnected mathematical models, which include:

- a group of detailed mathematical models of
individual units and elements of power unit equipment;

properties  of

more generalized mathematical models for the main
equipment of power units built on their basis;

- complete mathematical model of power units.

In accordance with the above, it is advisable to
optimize the parameters of NPP power units using a
system of mathematical models of the main equipment:
reactor, steam generator, turbine. The main equipment, in
turn, should be divided into characteristic nodes. Such a
division allows rationally, taking into account the
specific features of the functional dependencies between
the parameters of each node, to create their mathematical
models and carry out optimization of both individual
nodes and the main equipment of NPP power units
through successive refinement [5].

The parameters of each node can be divided into two
groups: external parameters that determine the
relationship between nodes, and internal parameters that
characterize only this node, the values of which depend
mainly on external connecting parameters.

If the number of external parameters for a given
node is small, then the optimization of its internal
parameters can be carried out in the zone of their
expected optimum separately from other nodes with
fixed external parameters, and then, taking into account
the optimal values of internal parameters, optimization of
external parameters can be carried out. Thus, the NPP
steam generator is related to the turbine installation by
the following parameters: thermal power, pressures,
consumption and temperatures of the generated steam
and feed water. Since the number of these binding
parameters is relatively small, the internal parameters of
the steam generator, such as, for example, the speed of
water in the tubes of the heat exchange surface, the
length of the tubes, their outer and inner diameters, and
others, can be optimized separately from the turbine unit
according to the values of the generated steam
parameters, and feed water, presented in the form of
restrictions. According to the same value, the internal
parameters of the turbo installation are optimized
separately from the steam generator. Then the parameters
of the steam generated and the feed water connecting the
steam generator and the turbine are optimized using
appropriate mathematical methods [6].

If the number of connecting parameters between
nodes is large, then these nodes should be optimized
together in a single model. For example, together with
the main thermal and hydraulic parameters of the thermal
circuit of NPP power units with WWER reactors, it is
necessary to optimize the internal parameters of their
external separation and intermediate steam superheating
systems, since they are related to the separation pressure
of the heated steam, the flow rates, pressures and
temperatures of the steam, that heats up, and the heated
steam at the entrance and exit of the superheater stages,
pressure losses of the heated steam in the superheater
stages and others.

Thus, the solution to the problem of optimizing the
parameters of NPP power units includes the following
stages:
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- selection criteria  (objective
functions);

- development of a system of interconnected
mathematical models in accordance with the necessary
hierarchical level of optimization studies;

- selection of computational
optimization algorithms.

When optimizing the parameters of NPP power
units, it is very important to determine under which given
limitations it is advisable to carry out the optimization: at
a constant electric power of the NPP power unit or at a
constant thermal power of the reactor of the NPP power
unit. If optimization is carried out at a given constant
electric power of the NPP power unit, then it is necessary
to create a mathematical model that describes the
functioning of the entire equipment of the NPP power
unit, and at the same time take into account the
continuous change in the thermal power of the reactor
[2;7].

Conclusions.

In the nuclear power industry, for reasons of
reliability and economy, reactors are usually designed
based on the designs of standard heat-emitting elements
(fuel elements) that have fixed geometric characteristics
and a certain thermal power. The total thermal power of
the reactor changes discretely by changing the number of
operating fuel rods, and, importantly, not proportionally
to their number. This unevenness is due to the fact that
the energy release in the active zone of the reactor also

of optimality

methods and
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NPP power unit. Therefore, it is advisable to optimize the
parameters of NPP power units at a constant thermal
power of the reactor, and to bring the variants to equal
energy effect by taking into account the change in the
electric power of the power unit, i.e., the introduction of
the so-called substitute electric power in the power
system. Under such a setting, in order to solve the tasks
of optimizing the main thermal and hydraulic parameters
of NPP power units with reactors cooled by water under
pressure, mathematical models of such equipment are
necessary: a reactor, a steam generator, a turbine, a
system of external separation and intermediate steam
overheating, a regeneration system and a "condenser-
water cooler".

The depth of detail of the mathematical modeling of
this equipment should be based on the principle of equal
accuracy, that is, in each model it is necessary to take
into account parameters that have one order of influence
on the target function.

Taking into account the methodological provisions
and approaches outlined above increases the
effectiveness of the application of mathematical
modeling to solve the problems of calculations and
optimization of the parameters of NPP power units.
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ONTUMI3AILIS PEXKUMIB POGOTHA EHEPT'OBJIOKIB ATOMHUX EJIEKTPOCTAHIIIA

VYV wmarepianax crarti po3misiHyTi OCHOBHI METOAMYHI MOJOXKEHHS PO3PAXyHKIB Ta ONTHUMI3allil IapaMeTpiB yCTAaTKyBaHHSI
enepro6iokie. AEC meromamu MareMaTHYHOro MozemtoBanHs J[ns epexktuBHOI peamizaiii 3agad, MOB'I3aHMX 3 BH3HAYCHHIM
ONTHMAJBHUX MapaMeTpiB i KOHCTPYKIH ycraTkyBaHHs eHeprotnokie AEC 3a 10moMororo MareMaTHYHOrO MOJCNIOBAHHS i
nobpe po3pobiieHnX MeToAiB GaratoakTopHOI onTHMIi3amii, HEOOXiJHO BUKOHAHHS PsAy BUMOT IpH ix mocTtaHoBIi. [Ipakruka
MOKa3ye, 110 HEOLIIbHO ONTUMI3yBaTH 32 JOIIOMOTOI0 OfIHieT MaTeMaTiyHo] (imMiTauiiiHoT) MOJesi BeCh KOMIUIEKC [TapaMeTpiB, 1110
XapaKTepHU3yIoTh JaHUH CHEproOIOK, OCKUIBKHM 3a TAaKoi MOCTAaHOBKH 3ajadi ONTHMi3amii dacto OyBalOTh B3a€EMHO HEKOPEKTHI
BHACHIZOK 3HAYHOI HEBIATIOBITHOCTI B TOYHOCTI pi3HOI BUXimHOI iH(opMarii, HepiBHO3HAYHOCTI BIUIMBY IapaMeTpiB Ha LUILOBY
¢yHKnifo, crenudivHUX BIIMIHHOCTEH MAaTeMaTHYHOTO ONHWCY pI3HMX BY3IIB 1 eleMeHTiB eHeproomoky. s edexTuBHOI
onruMizanii mapamerpiB eneprooyokiB AEC HeOOXiIHO CTBOPEHHS CHCTEMH B3a€MOIIOB'SI3aHHX MaT€MAaTHYHHX MojeieH, IIo
BKJIIOYAIOTh 0 ce0e: Ipyny JOKJIaJHUX MaTeMaTHYHUX MOJENIed OKPEeMHX BY3JiB i €IEMEHTIB YCTaTKyBaHHS €HeproOJIOKiB;
noOynoBaHi Ha I1X OCHOBI OuIbII y3araJbHEHI MaTeMaTH4YHI MOZENI ISl OCHOBHOTO YCTaTKyBaHHsS €HEproOJIOKiB, MOBHY
MaTeMaTH4HYy MOJEJIb eHEProOIOKIB.
Kurouogi ciioBa: ycrarkyBanus enepro6mnokis AEC, MeTou MaTeMaTH4HOTO MO/ICTIOBAHHSI.

A. B. EOIMOB, B. JI. KABEPIIEB, JI. H. TIOTIOHHUK, T. A. T'APKYIlIA, A. B. MOTOBHJ/IBHIK, H. /. CH/[OPKUH
ONTUMM3ALIUA PEXKUMOB PABOTBI SHEPT OBJIOKOB ATOMHBIX SJIEKTPOCTAHITAMN

OCHOBHBIE METOIMUYECKHUE MOJOKSHHUS pacIeTOB U ONTHUMHU3ALNH [TapaMeTpoB 000pyRoBaHus dHEprodokoB ADC MeTonamu
MaTeMaTH4ecKoro MozenupoBanus [t s dexTuBHOI peanu3anuy 3a1a4, CBI3aHHBIX C ONPEIEICHUEM ONTUMAJIBHBIX TAPaMETPOB
U KOHCTPYKIMH 000pynoBaHHs 3HEprodgokoB ADC ¢ MOMOLIbI0 MaTeMaTH4eCKOr0 MOJEIUPOBAHUS U XOPOIIO pa3pabOTaHHBIX
METO/I0B MHOTO()aKTOPHO# onTHMu3aLuu, HeoOXOAUMO BBIIOJHEHHE psia TpeOOBaHMI MX MOcTaHOBKe. IIpakThka MoKa3bIBacrT,
YTO HELeNecooOpa3sHO ONTUMHU3MPOBATh C IOMOLIBIO OJHOH MAaTeMaTH4ecKOW (MMHMTALMOHHOH) MOJENH BECh KOMILIEKC
IapaMeTpoB, XapaKTepH3YIOMIUX JAHHBIN 3HEProOJIOK, MOCKONBKY IPH TaKOH ITOCTAHOBKE 33Ja4d ONTHMH3AIMU YacTO OBIBAIOT
B3aIMHO HEKOPPEKTHBI BCJICACTBHE 3HAUYUTENFHOTO HECOOTBETCTBUS B TOYHOCTH pa3IMYHOM HCXOAHOH HH(pOpMaLUH,
HEpPaBHOZHAYHOCTH BIHSHUS IapaMeTPOB Ha IIEIEBYI0 (YHKIMIO. OTIMYMA MaTeMAaTHYECKOTO ONUCAHMS PA3IMYHBIX Y3JIOB H
3JIeMeHTOB 3Heproomoka. s sddexTnBHON onTHMu3anuK mapaMeTpoB dHepro6aokoB ADC HEoOXOIUMO CO3JaHUE CHCTEMBI
B3aMMOCBSI3aHHBIX MaTeMAaTHIECKUX MOJIeJIeH, BKIIIOYAIONINX: TPYIITY MOJAPOOHBIX MAaTeMAaTHIECKUX MOJENEH OTEeIbHBIX Y3JIOB H
3JIEMEHTOB 000pyIOBaHUS YHEPTrOOIOKOB; TOCTPOCHBI HA MX OCHOBE OoJiee 000011eHHbIe MaTEMAaTHYECKUE MOJEIH 11 OCHOBHOTO
000pyIOBaHUs SHEPTOOIOKOB; MOJHYI0 MATEMAaTHYECKYIO MOAEb YHEPTOOIOKOB.

KiroueBsle ciioBa: 06opyznoBanue 3Hepro61o0kos ADC, METOpI MATEMAaTHYECKOTO MOJICTUPOBAHUSL.
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