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The results of studies of parameters, characteristics and performance of NPP units by mathematical modeling
methods using computer-integrated technologies for their implementation, which allow to simulate many functional
states of systems and equipment of NPP units during the simulation experiment are presented. The general structure
of interaction of blocks of software complex for analysis of efficiency of work and parametric diagnostics of NPP
units with WWER is developed. The structure of the block of programs of parametric diagnostics of equipment of
NPP units is presented. The essence of methods and approaches of parametric diagnostics of power unit equipment

is considered.

INTRODUCTION

It is known that nuclear power plant units, which are
complex technical systems, are characterized by a large
number of parameters, multifunctional links between
them, a variety of equipment for various technological
purposes and physic-chemical processes occurring in it,
as well as operation under the influence of external
random processes, etc.

To study the parameters, characteristics and
performance of NPP units as complex technical systems
methods of mathematical modeling using computer-
integrated technologies for their implementation are
now widely used. They make it possible to simulate the
set of functional states of both systems and equipment
of power units in a simulation experiment [1-19].

Technological processes occurring in the equipment
of NPP units at various modes of their operation,
including dynamic (transient), are generally described
by complex systems of nonlinear differential equations
in partial derivatives. For the description of
technological processes at stationary (quasi-stationary)
modes of operation of power units non-linear equations
are used, which have their own peculiarities. Numerical
methods are used to solve them in the process of
simulation, and sometimes their linearization, which
makes it possible to obtain an approximate solution with
sufficient accuracy for engineering practice [1-3].

LITERATURE DATA ANALYSIS
AND PROBLEM STATEMENT

Functional state modeling and diagnostics of power
equipment on the example of turbines are presented in
[1]. Optimization of models, processes, structures and
modes of operation of NPP power equipment and
mathematical modeling of technological processes
occurring in reactors and steam generators of NPP units
are described in [2, 3]. In order to solve the problems of
analysis, control and diagnostics in the articles [4, 5],
the authors proposed a simulation model of NPP units
with WWER-1000. And the automated decision support
system for nuclear power plant operators is described in

ISSN 1562-6016. BAHT. 2020. Ne1(125)

[6, 7]. Studies [8-11] are devoted to the development of
new generation nuclear reactor structures and their
elements using simulation methods. Methods of
constructing diagnostic models of power equipment are
described in detail in [12-14]. The application of
mathematical modeling methods to calculate various
performance indicators for power plants is presented in
studies [15-20]. Articles [21-23] formulate the
conceptual foundations of the theory of simulation
modeling and construction of integrated automated
systemof operation of power plants. The issue of
optimal load distribution between power units of
nuclear power plants based on modern methods of
mathematical modeling is considered in [24, 25].

The main component of the approaches presented in
these works are mathematical (simulation models),
which adequately describe the technological processes,
both in individual elements and in the unit as a whole,
and their computer implementation in the form of an
automated set of programs that can serve as a basis for
creating automated intellectual decision supporting
system (ADSS) by operating and repair personnel of
NPP units.

ADSS allows to solve the following tasks:

— calculation of the parameters of technological
processes in the elements, nodes and systems of the
power unit;

— parametric diagnostics of the technical state of
power unit equipment;

— calculation of indicators of reliability and safety
indicators of systems and equipment of the power unit;

— calculation of the projected electricity and heat
generated by the power unit in a given period of
operation;

— calculation of the technical
indicators of the unit’s efficiency;

— calculation of the performance indicators of repair
work (repair cycles) at the power unit.

The effectiveness of using such ADSS in the process
of operation of NPP units as parts of their automated
system of operation, the accuracy and number of
decision-making options offered by the system

and economic
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significantly depend on the level of the unit simulation
model detailing and the accuracy of the mathematical
methods used in the computer programs of the above-
mentioned calculations to describe the technological
processes in the equipment of the units.

The purpose of this article is to describe the results
of the research aimed at developing computer-integrated
components of one of the ADSS variants for operational
and maintenance personnel of NPP units according to
the criterion of technical and economic efficiency,
taking into account the diagnostics of the technical
equipment state based on the simulation model
describing by means of up-to-date mathematical
methods the technological processes in the main and
auxiliary equipment of power units using up-to-date
mathematical methods at the level of detailing,
corresponding to their principle and deployed thermal
schemes. This simulation model, methods and
approaches to its creation based on the graph theory are
described in sufficient detail in [1, 3-6] and several
others.

COMPUTER-INTEGRATED COMPONENTS
AND THE MATHEMATICAL METHODS OF
THE IR IMPLEMENTATION

Based on the simulation model of the NPP power
unit  with WWER-1000, computer-integrated
components of ADSS were developed as a set of
computer programs for analyzing technical and
economic efficiency of operation and parameter
diagnosing the technical state of two-loop cycle NPP
unit equipment.

These components are used for a new, more
advanced version of the automated complex of
programs for analyzing the operation of two-loop cycle
NPP units [6], expanded by developing programs for
computing diagnostic parameters of the main and
auxiliary equipment of power units.

The structure of individual components (blocks) of
the automated computer program complex for analyzing
technical and economic efficiency of operation and
parameter diagnosing NPP power units with WWER is
shown in Fig. 1.

This set of programs, which is controlled by the
MAIN file (see Fig. 1), can be divided into two parts:
conservative and operational, which is quite typical for
automated decision-making support systems for
operational personnel of power facilities as complex
technical systems [6].

The conservative part of the program complex,
which provides the adequate description of the
technological processes in the systems and equipment of
the NPP power unit at different operation modes,
includes:

— a database operation block, which is used to store
the information accumulating during the operation of
the power unit (see Fig. 1);

— a block for processing information about the
values of the parameters and characteristics of
technological processes in the power equipment
received from the instrumentation of the power unit (see
Fig. 1);
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— a block for identifying the simulation model with
the actual technical state of the power unit equipment
(see Fig. 1);

— a block of the modification of the structure and
parameters of thermal power unit scheme (TS) that
provides for connecting, disconnecting, switching,
replacing, eliminating and including equipment into the
TS, as well as entering and correcting the initial data
necessary to compute the parameters of the
technological processes in the power unit equipment
(see Fig. 1).

The operational part of the program complex, which
provides the computation of parameters in the power
unit systems and equipment, contains the following
program blocks:

— a block of programs for computing parameters,
characteristics and indicators in the reactor plant
equipment by means of the corresponding algorithms
given in [2, 3], including programs for computing
thermal and hydraulic parameters and characteristics of
the heating agent in the primary loop equipment, in
particular, in main circulation pumps, as well as
working substance in steam generators;

— blocks of programs for computing the parameters,
characteristics and indicators of the turbine installation
by means of the corresponding algorithms given in [2,
3], including: a block of programs for computing the
parameters, characteristics and indicators in the flow
sections of the main turbine and the turbo drive of the
feed pump; blocks of programs for computing the
parameters, characteristics and indicators in the systems
of condensation and regenerative heating of the main
condensate and feed water; a block of programs for
computing the parameters, characteristics and indicators
in the system for heating the network water (heating
system);

— a block of programs for the parameter diagnostics
of the main and auxiliary equipment in the power unit,
created on the basis of the approaches, methods and
models described in detail in [1-3].

Let's consider the essence of methods and
approaches for parameter diagnostics of power unit
equipment.

Technical state of the unit equipment during its
operation is determined by the values of the set of
diagnostic features (functions) D(W), which are
measures of the quality of its functioning at the moment

1,7 €[to,7]. Automated diagnostics of the technical

condition of the NPP unit equipment can be performed
with the help of mathematical models of technological
processes that occur in the equipment and which are
integrated into the simulation model of the unit [1, 2,
26]. The simulation model of the power unit, which is
organized in the form of logical and numerical operators
of the calculation of technological process parameters,
allows to determine technical and economic
performance of the unit and mutual influence of the
equipment parameters. The analysis of these data in
specific operating conditions allows us to determine the
most significant constant and changing parameters and
to form the characteristics of the predicted background.
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Fig. 1. The structure of the interaction of components (blocks) of the automated system performance
analysis

Among the criteria which are crucial in making a
decision on the repair because of the technical condition
of systems and equipment, an important indicator is the
impact of changes in equipment parameters and its
failure on the efficiency of the production of electrical
and thermal energy. Determining the rate of decline
(relative to the average level) of the performance
indicators of systems and equipment on the basis of the
data of the integrated operation characteristics of power
units [1, 25], it is possible to find out the optimal service
life, predict the duration of the inter-repair periods and
the term of their economically justified removal for the
repair. In the case of forecasting the technical and
economic level of the unit equipment, the analysis of its
behavior in specific operating conditions allows to
select the most essential (informative) steels and
variables, to form the characteristics of the forecast
background and, in such a way, to obtain a sufficient
amount of diagnostic features. With the help of
operational characteristics it is possible to arrange
parameters according to their influence on the status of
systems and equipment of power units [1, 5].

The process of the automated diagnostics of the
technical state of the equipment of NPP units can be
represented by the following procedure:
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— planning and organizing a series of inspections
[ ={n,....t,}, which are experiments A k=11
with the power unit simulation model for all the
equipment to be diagnosed,;

— determining in the course of operation the input
impact value on the basis of indicators of control-
measuring devices of the system of thermal automatics

and measurements of the power unit Y,,k =1,1- the
initial data coming into the simulation model of the
power unit, and the model response to that influence, as
the value of the diagnostic function D(W(Y, )) (test
result). To do this, the task of optimizing the selection
of inspections that determine the technical state of the
unit equipment is pre-solved. The total number of
inspections 7,k =1,1 should be minimal and each

inspection should contain the maximum amount of
information |~ — max ;
k

— comparing the values of diagnostic functions
DW(Y,)), obtained as a result of the simulation

experiment on the power unit simulation model with
their measured and normative values in order to make a
diagnostic conclusion about the causes and factors of
changes in the technical equipment condition and
determine the time remaining before its failure.
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In the general case, in the diagnostics of the
technical state of the power unit equipment by means of
a simulation model, the multi-parameter function

W =W (Y(r)) is a diagnostic function. It characterizes

the effect of changes over time t on the equipment
parameter vector X ={X,,...,X,,}, which reflect the
deterioration in performance during the inter-repair
period, on the efficiency of the unit operation. The
power unit simulation model allows us to obtain
dependencies that predict the effect of changes in each
of the parameters X, on W over time t

W, =W, (X, (7)), r=Lm.

Since the predicted processes of changes in the
power unit equipment operation characteristics during
the repair period are random functions of time

7,7, €[7,,7], the apparatus of the theory of random
processes can be applied to their image. In this case, for
a fixed point of time z;,7; €[z,,7], the random process
£"(7) is the random variable, characterized by one-

dimensional density of distribution f (xr /T ) .

The result of the probabilistic forecasting of changes
in the power unit equipment parameters is the calculated

probability for its working state
Prwork (é:r (Tj ) < gr) = I f (Xr z-j )dxr ) r:l,_

Xr min

where f (x,,rj) is the known probability density of a

random process section at the momentz;; g, is a valid

value of X, .

The simulation model of the power unit allows to
determine the cumulative effect of changes over time k
of the power unit equipment parameters on its

performance indicators: W, = iV\/i (Xi (rj )) k<m.

I I iwork *

i=1

The measurement of technological parameters by
means of control and measuring devices in the course of
the power unit operation is carried out, as a rule, in the
conditions of various random obstacles and errors.
Taking this into account, the measurement results of the
multivariable diagnostic function W at a fixed point of
time t; on the operating equipment can be regarded as

j
interval estimation, that is, the interval between
statistics containing with certain probability a true value
of W.

Thus, the measured function W can be considered a
random variable from the sampling of n measurements
with unknown mean p. In probabilistic theory of
mathematical statistics, a sampling is a set of
independent randomly distributed in a similar way
variables. However, careful analysis of most real-world
practical problems shows that what is known is not

The probability of such an impact is P, =

sampling W;' but quantities W, =W,' +&', where &' —
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certain errors in measurements, observations, analysis,
experiments, and studies (e. g. instrumental errors).

One reason is to record the results of observations
with a finite number of significant figures. And, thus, it
is important to build the statistics on which the
statistical conclusions are based and which is used to
evaluate the parameters and characteristics of the

distribution and test of hypotheses W;" according to the

principle, that the value of statistics from variable W;",
but not W, is known. If the errors meet the condition

VI :‘s"gA, then the initial data are presented in the

form of intervals [vvi' — AW, +AJ, and the restriction on

the errors can be set in different ways — in addition to
absolute, relative, as well as other indicators of the

difference between W;" and W, can be used.

Based on the rules of classical statistics, we can state
the following. The minimum and maximum values of
function W in the sampling can be taken as the lower
and upper bounds of the confidence interval
W, <W<W_  and the value (1-a) can be

considered as the confidence probability (a - the

accepted level of significance). If it is known that the
W — )

distribution w is normal, then the value % is

to go through Student’s t— distribution with (n—1)

degrees of freedom. Here W is the sampling mean of
the results of measurements of multivariable function

W, that is V_Vzlzwv , and S is the sampling variance

vl
1

n-1 )
small number of observations, normality cannot be
reliably established, and as the sampling size increases,
the Student's quantile of the distribution becomes closer
to the quantile of the normal distribution.

Then the percentage confidence interval for the
diagnostic ~ function takes the form

u=WFt 7 K/— where T~ _1 — the quantile of

t-Student’s distribution with (n—1) number of degrees

S?= (w w) It should be added that, with a

of level freedom (1—%) .

This statement is used to construct, based on
measurement results, a series of confidence intervals of
the diagnostic function w that differ from each other by
the probability of determining the values of this function
in each of the intervals

, W-gjdn
R, —tijf<g<t Zl=1-a.
S
The application of interval statistics methods
determines another confidence interval for mathematical

expectation u for a given confidence probability
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1-a): [,u—A—u(a—l)i;,u+A+u(a—l)i},

Jn Jn
(a+1)
2

where u(a —1)— is the quantile of order of the
standard normal distribution with zero mathematical
expectation and single variance. That is, as the sampling
size increases, the length of the confidence interval
cannot be less than 2C-A, where C is a constant note
estimation (the note is the value of the maximum
deviation caused by the observations errors ¢:

N (@(Wi )) = Sgp‘(ﬁ(wi )_ €”<Wi’k )‘ ¢ — statistics).

However, the important advantage of estimating p in

this way is not only the spread of the interval and taking
into account the errors of observations, but also the fact
that the distributions of the results of observations in
many practical problems are often different from the
normal ones.

In the process of diagnostics, the comparison of the
mean of the diagnostic function W;,,.,, and the value of
the same function Wy, calculated by the simulation

model of the power unit, which is the sum of the effects
of individual possible causes (positive test result m, ) at

the time t;, corresponding to the measurements is

performed. This is done by using the statistical theory of
testing alternative hypotheses

{HO: Wy = V_Vinstr
HI: W): * Winstr.

The hypothesis H, is rejected if the absolute value

W —-a
of statistics |to| = |(W25/L\/%”") > t,ll_l/2

In this case, in the process of diagnostics it can be
concluded that Wy # Wi, and the value |[Wy—
Wipnserl = AW is used to make decisions about the
reasons that have affected the technical condition of the
equipment. The lower AW , the higher the probability
of the fact that these causes have changed the condition
of the equipment. Those reasons for which W, is within

_a
the confidence interval = $t,1l_1/2 -S/\/ﬁ , Where the

probability of a possible error « is minimal, are most
probable. The probability of making a decision as a

k
result of diagnostics is equal to P =(1-a)] ] Pyen - If
i=1

the hypothesis H,, is fulfilled, that is, if the probability

of Wy, = W4, the decision making probability will be
maximal (because the probability of error is zero):

P = ﬁ Piwork .
i=1

The approach of interval data statistics to
determining the “true” threshold value C in hypothesis
testing, which meets the criterion actually applied, is
within the interval of two notes. It is advisable to
replace the threshold value with the value which is one
note bigger. This ensures that the probability of
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rejecting the null hypothesis, if it is true, is not more
than « .

To determine the dependencies that describe the
change in the technical condition and reliability of the
equipment, as well as the time remaining before its
failure, the following approach is proposed to plan the
timing and duration of repairs and calculate the unit
availability factor.

Within the predicted time interval of the unit
operation, the parameters of its equipment are to be
modernized as a result of changing the technical
condition of the equipment. Due to the stability of
physicochemical processes that cause these changes, the
parameters are continuous and monotonic functions of
time t, which can be considered as semi-Markov
dependencies with known approximations of their
realizations. These approximations are represented by
different functions. In the practice of operation of the
equipment of NPP units, linear and exponential
functions are most frequently found. They can be

presented as x, (r)=a, + 3, -t and X.(z)=c, -&/""
respectively, where r=1,m.

With the beginning of the equipment operation at the
moment of time Tty =0, with the help of the regular or

special system of measuring instruments of the unit and
its simulation model, technical condition of the
equipment is diagnosed within the whole operation time

interval ot =t-71y and, thus, the realization of

functions x,(t),r=1m is observed consistently until

the end of the predicted interval of operation 1. From
the discrete realization values obtained in the process of
observations in points t;,7; €[, 7] the best

extrapolation curves x,(t)r=1,m are selected, that is,
the coefficientsa.,,B, or c,,y, of approximation

dependencies are calculated, with each new value of the
observed realizations specify the forecast curves

x.(t)r=1,m. The point of intersection of function

x, (t),r =1,m, that describes the change in the technical
condition of the diagnosed equipment with the set limit
gr,rzl,_m, which determines the limit value of this
function, based on the technical and economic
indicators of the unit or its reliability, is interpreted as
the equipment to failure. This allows you to determine

the time At=1" - T, remaining to the necessary repair

of the equipment (to its failure) t* from the moment of
the technical condition diagnostics ;.

The dependencies x,(t),r =1,m, that are built for

the entire set of equipment in operation constitute the
parameter evolution database of the state and reliability
of the equipment for specific types of NPP units and
their operating conditions. Such database can be applied
at different stages of the life cycle of power units,
including for planning the duration of power plant repair
work and determining the installed capacity utilization
rate or the availability factor.
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The structure of the parameter diagnostics program
block is presented in Fig. 2. The factors causing the
deviation of diagnostic parameters (functions) from
standard values for various dimensions of the power
equipment of NPP power units with WWER are
summarized, systematized and entered into the database
of the program complex.

Computer-integrated components in the form of a
program complex allow to solve the following types of
problems arising during the operation of NPP power
units with WWER:

— problems of analyzing the influence of the
equipment parameters, the structure of thermal schemes
and external operating conditions on the performance of
power units;

— problems of structural and parameter optimization
of the performance indicators of power units;

— problems of optimal distribution of electrical and
heating loads in time t between n power plant units
depending on the technical state of their equipment
under various external operating conditions in order to
achieve optimal performance indicators of the entire
NPP;

— the problems of evaluating the performance of
power units during the forecast period of their operation
t based on the analysis of reliability indicators R(t) (for
example, probability of failure-free operation) of their
thermal schemes and equipment obtained by means of
technical state parameter diagnostics.

Selection of the equipment
being diagnosed from the —
technological power unit scheme

Database of the
measurement results
of technological process
parameters

Statistical processing of the
measurement results of
technological process parameters

A

\ 4

Program for computing the parameters of
technological power unit processes

Database of power unit

Program complex for computing the
parameters of the equipment being
diagnosed

\4

dimensions

Database of power unit equipment

A

dimensions

Database of inspections and audits
during the operation of the

y

equipment and expert assumptions

Database of the computed values
of diagnostic functions

Program for identifying the measurements of the diagnosed
equipment parameters with possible causes of faults

v

Program for determining the deviations of
the calculated, measured and standard
values of diagnostic functions

Database of the normative values

\4

of diagnostic functions

\ 4

Program for probabilistic determining the
causes of technological equipment
malfunctions

Database of the measured values
of diagnostic functions

v

Recommendation block for

A 4

operational personnel

Fig. 2. Block of programs for parameter diagnostics of NPP power unit equipment with WWER

DISCUSSION OF THE RESEARCH
RESULTS
The analysis of the results of computing a number of
specific problems of the above-mentioned types using
the described complex of programs showed that their
values in terms of the initial data error, caused by errors
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in measuring technological process parameters by
means of standard instrumentation, as well as errors in
formula which were used in the computation algorithms,
do not exceed the limits acceptable for assessing
technical and economic efficiency, reliability and safety
of NPP power units.
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CONCLUSIONS

Developed on the basis of the described computer-
integrated components, the automated decision-making
support system for the operational and maintenance
personnel of NPP power units can be used to solve a
wide range of problems arising in the practice of short-,
medium- and long-term control of the operation modes
of power unit systems andoptimizing operation modes
and parameters, diagnosing and forecasting technical
state of power equipment, predicting the amount of
electrical and thermal energy generated by a power unit,
as well as optimizing NPP repair cycles.
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KOMIIOHEHTBI ABTOMATHU3UPOBAHHBIX HHTE/VIEKTYAJIBHBIX CUCTEM
HOAJEPKKU ITPUHATHUSA PEHIEHUU HA 3TAIIE SKCINIYATALIUU
N JUATHOCTUKHU OBOPYJAOBAHUSA AAEPHBIX DQHEPT'OBJIOKOB A9C

A.B. E¢pumos, H.H. ITununenxo, T.B. Ilomanuna, T.A. Ecunenxo, B.JI. Kasepues, T.A. I'aprywa

[IpencraBneHsl pe3yabTaThl HCCICIOBAHUN NapaMeTPOB, XapaKTEePHCTHK M ITOKa3aTeleil paboThl SHEProOIOKOB
ADC MeromamMM MaTeMaTH4ecKOro MOJEIMPOBAHUS C HCIOJIB30BAHUEM KOMITBIOTEPHO-MHTEIPHPOBAHHBIX
TEXHOJIOTMH MX pealn3alii, KOTOpHIE IO3BOJSIOT MMHTHPOBAaTh B MPOLECCE WMHTALOHHOTO SKCIEPHMEHTa
MHOXXECTBO (DYHKIIMOHAIIBHBIX COCTOSIHMM cUcTeM U 00opynoBaHus sHeprodiokoB ADC. Paspaborana obmas
CTPYKTypa B3aHMOJICHCTBHA OJOKOB NPOrpaMMHOIO KOMIUIEKca JuIsl aHann3a S(GQEeKTHBHOCTH paboThl |
napaMeTpuueckoil auarHocTuku sHeprotiokoB ADC ¢ BBOP. IlpencraBieHa crpykTypa OJioka mporpamMm
mapaMeTpUIecKO JUarHOCTHKHN 000pymnoBaHus 3HeprobaokoB ADC. PaccMoTpeHa cylrHOCTS METO/IOB H ITOAXOA0B
mapaMeTpUIECKON JHarHOCTHKH 000pyIOBaHUS SHEPTOOIOKOB.

KOMIIOHEHTH ABTOMATH30BAHUX IHTEJTEKTYAJIBHUX CUCTEM NIATPUMKH
NPUMAHSATTS PIIIEHb HA ETAIII EKCITYATAII I JIATHOCTUKHU YCTATKYBAHHS
AAEPHUX EHEPT'OBJIOKIB AEC

O.B. Egimos, M.M. ITununenko, T.B. Ilomanina, T.0. €cunenko, B.JI. Kasepues, T.A. I'apkyma

[IpencraBneHo pe3ynbTaTH TOCIIIKEHD ITapaMeTpiB, XapaKTEPHUCTHK Ta IIOKAa3HUKIB podotu eHeproodmokis AEC
METOJaMH MaTEeMaTUIHOTO MOJCITIOBAHHS 3 BUKOPUCTAHHIM KOMITFOTEPHO-IHTETPOBAaHMX TEXHOJIOTIH 1X peaizaii,
SIKI TO3BOJISIIOTH IMITYBaTH B IPOLEC] IMITallitHOrO €KCIIEpUMEHTY MHOXXHHY (YHKIIOHaJbHUX CTaHIB CHCTEM Ta
ycraTkyBaHHs eHepro0yiokie AEC. Po3po06iieHo 3aranbHy CTPYKTYpPY B3a€MOJIIl OJIOKIB MPOrPaMHOIO KOMILICKCY
IUIs aHamizy e(eKTUBHOCTI poOoTH 1 mapamerpudHoi miarHoctuku ceHepro6iokisB AEC 3 BBEP. IlpencraBieHo
CTPYKTYpPY OJIOKY MporpaM HmapaMeTpHYHOI JIarHOCTHKH YCTaTKyBaHHs eHeprooyokie AEC. Po3risiHyTo CyTHICTH
METO/IIB Ta MiJXO/IB MapaMeTPUYHOI JIarHOCTUKH yCTaTKyBaHHS €HEProOJIOKIB.
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