The necessity of keeping in working condition
the sources of traditional electricity generation

realized. Potentially, one of these sources may be
nuclear power plants. An obstacle to their use as
a participant in dispatching is the impossibility of
maneuvering with power in a wide range. One of
the reasons for limiting the range is the complexity
of automatic compensation for the reactivity of the
xenon oscillation reactor.

Existing physical and mathematical models
Jor calculating the parameters of processes in
the reactor due to changes in its power because
of its complexity cannot be used in operational
automatic control systems. The task of constructing
an approximation linear model of processes in the
reactor in the form of a transfer function is set.

To build an approximation model, the inverse
problem is solved. The desired model is based on
the condition of coincidence at some time interoval of
the results of solving it with the results of a detailed
physical-mathematical model. To this end, a number
of sequential actions are performed, including
approximation of the results of the expanded
physical-mathematical model using a series, the
application of the Laplace transformation to this
series, as well as Pade approximation obtained in
the space of the images of the series.

The method of control was proposed and
an automatic control system (ACS) for energy
production of nuclear power plant has been
synthesized. To this end, the management system
was integrated with the approximation model of
the active zone, which provided the possibility for
adjusting the quantitative degree of stability of the
active zone.

ACS consists of three control circuits. Such a
structure has made it possible to compensate for the
xenon oscillations that occur.

Additionally, ACS reduces the movement of
adjusting rods in the active zone, which reduces
local power surges in nuclear fuel and leads to an
increase in its durability
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1. Introduction

The philosophy of industry decarbonization in industri-
alized countries and, in particular, modern energy engineer-
ing has led to the ever-increasing use of renewable energy
sources to cover the demand for energy products of energy

systems. In their capacity, mainly wind and solar generation
devices are used. With the growth of their share, the problem
of dispatching energy flows is exacerbated. One of the ways
to solve it in the future is planned to use hydrogen energy.
This problem can be solved through the use of various kinds
of storage devices and the efficient use of other available




sources related to “green energy” (for example, hydroelectric
power plants (HPPs)).

One of the locomotives of the process of decarbonization of
industry is the countries of the European Union. They have a
high percentage of renewable electricity. Nevertheless, recently
there has been an increase (by several times) in their imports of
electricity from third countries. This may indicate a shortage of
capacity to dispatch electricity flows within the framework of
“green” energy with a large total installed capacity of electricity
generating devices. Against this background, the European
Commission has decided to include nuclear energy and natural
gas in the “EU Green Taxonomy”. This is a classification of en-
vironmentally sound activities for investors. With all the lim-
itations imposed by this solution, the possibilities of stabilizing
the operation of the power system are expanding.

Of particular interest is the solution on nuclear energy.
Environmentally sustainable are stations whose projects will
be approved before 2045, if there are sufficient volumes of ra-
dioactive waste storage facilities. The timing of construction
and operation indicates the possibility of their work even
after the end of the XXI century. Throughout this period,
they will have an impact on the generation and stabilization
of electricity supplies.

A distinctive feature of “nuclear” generation is the dura-
tion of the process of controlled change in reactor power. This
makes it difficult or even impossible to use the electricity of
nuclear power plants to solve dispatching problems. Significant
installed capacities of nuclear power plants, an increase in the
long-term attractiveness in this industry for investors give rise
to interest in using the capacities of nuclear reactors to dispatch
electricity flows. Thus, the development of methods for opera-
tional control of reactor power changes is relevant.

2. Literature review and problem statement

Modern automatic control systems (ACS) of the power
unit in a nuclear power plant (NPP) are built on the classical
principle of “deviation” regulation. That is, they are designed
to compensate for the imbalance of electricity arising from
the consumer. The consequence of this and the technological
features of the operation of a nuclear power unit (NPU) is the
operation of the power unit only in stationary mode at a power
level close to the maximum. The ACSs used make it possible
to compensate for the change in power plus minus 1.5 % of the
current power value [1, 2]. However, they do not have the ability
to control the transfer of NPUs from one stationary state to an-
other stationary state corresponding to different power values.
Such control is carried out by the operator of the installation
in remote mode by influencing the relevant regulatory author-
ities when receiving current information from the sensors [3].

At the same time, the speed of the control computing com-
plex is sufficient to perform the tasks of measuring technological
parameters and developing control actions. The sensors of the
intra-reactor control system are surveyed at least once in 0.2 sec-
onds, the delay in control action does not exceed 2 seconds [3].

In [4], it is noted that all the effects carried out by the
operator on the control object are their duration and depth
are pre-calculated values. However, the calculation in real
time of the model of the transition process from one level
of the state of power to another is impossible to carry out
because of the computational performance of computer sys-
tems, which for existing systems lags behind by more than
three orders of magnitude.

Thus, the main limitation is the time to calculate the
neutron-physical parameters of the reactor core.

Regardless of the method of power regulation in the core,
there are always fluctuations caused by the spatial redistri-
bution of the neutron flux. In [2], it is shown that changes
in reactivity due to xenon transients are determinative in
the degree of impact on safety and are considered separately
from samarium and independently from the process of fuel
burnout. Within the framework of the theory of automatic
control, modeling of the system and the control object is based
on differential models. There are various models that describe
intra-reactor processes. They can be described, for example,
using ordinary differential equations [6], or using models
based on differential equations of fractional order [7]. The
level of development of computer technology, which is allowed
to control a nuclear reactor, does not allow for real-time calcu-
lations based on such models. As a result, it is not possible to
organize automatic control of the change in the capacity of the
core during the transition from one state to another.

It should be noted that in some cases there are options for
possible automatic control systems based on simplified mod-
els [8]. However, traditionally, in operational practice for each
campaign, operators are provided with nomograms, which
represent the magnitudes of the amplitudes of oscillations of
changing reactivity. Nomograms about the properties of the
core are generated on the basis of the results of a preliminary
solution by numerical methods of a complete system of non-
linear differential equations of the model of intra-reactor pro-
cesses. A contradictory situation arises. There is a complete
system of differential equations and the results of its solution
(in particular, displayed in the form of nomograms). At the
same time, an attempt is made to create an automatic control
system based on a simplified model or control takes place
manually based on pre-calculated nomograms.

One possible way to overcome this contradiction may
be to develop an approximating model of the process. The
approximation and simplified models have a difference. The
approximation model is built on the basis of the results of
calculations on the full model [9]. In this case, the infor-
mation is not discarded. The model is built on the basis of
formal transformations in such a way that the results of the
calculation over a certain period of time coincide or are close
to the results of the calculation when using the full model.
The order of the equation can be chosen. The limiting prop-
erty of this method in the form of [9] is the use of a single
reaction of the system to external influences. In other words,
a model constructed in this way can approximate a process
that depends on a change in only one argument, such as time.
At the same time, nomograms of changes in the amplitude of
reactivity are built depending on two parameters: time and
the degree of change (jump) of the load. Thus, in addition to
the problem of constructing an approximation differential
model, the problem of two-dimensional approximation aris-
es —a special case of multivariate approximation.

The approximation of multidimensional data is a complex
task. From the point of view of fundamental mathematics, it
is correlated with the 13t problem of D. Hilbert [10] of the
23 problems of mathematics published by him in the early
twentieth century. In the middle of the XX century, this
problem was solved in works [11, 12]. However, the problem
itself and, accordingly, its solution is built from the point of
view of proving the possibility of realizing the proposition:
“Is it possible to solve the general equation of the seventh
power with the help of functions that depend only on two



variables?”. The mathematicians’ answer is, “Yeah”. But
the implementation path for solving diverse problems is not
indicated. The practical implementation of such a possibility
in solving approximation problems in each case is built in-
dividually, depends on the available data and the goals set.
The main task is to find a function or functions of two or
three variables, with the help of which the function of more
variables is approximated [13].

After work [11], a “stronger” position was proved. The
application of its results to the problems of approximating
the functions of several variables makes it possible to talk
about the possibility of their approximation using the super-
position of the functions of one variable and the addition op-
eration [14]. Ha, the proof is given from the standpoint of the
possibility of such an operation but the path is not presented.

Considering the possibility of approximating a multidi-
mensional function using the superposition of functions of
one variable, we can also talk about representing the solution
to systems of differential equations of several variables using
such superpositions. The practical implementation of both
the possibility of such approximation and the possibility of
numerical solution of differential equations is based on the
use of neural networks [15]. The possibility of solving a set
of two problems within the framework of one tool smells
attractive. However, while confirming in [15] such a poten-
tial possibility, difficulties are also noted that exclude the
possibility of practical implementation in technical areas
requiring predictable quality of the solution.

Our review [1-15] reveals the need to find a method
for displaying the results of solving systems of nonlinear
differential equations of several arguments in the form of
an approximation model. It can be used to modernize the
computational and control subsystem, which is part of the
intra-reactor control system. The task of this subsystem is to
compensate for changes in reactivity caused by xenon tran-
sient processes during the transition of the reactor core from
one level of stationary power to another.

3. The aim and objectives of the study

The purpose of this study is to devise a method for two-di-
mensional identification of a nonlinear control object, the prop-
erties of which change over time and depend on the operating
conditions of technological equipment. This will make it possi-
ble to set up an automated control system for the operation of
NPU (nuclear power unit) with VVER-1000
in the variable part of the electrical load sched-
ule and provide partial regulation of the power
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gy release by NPU to ensure a quantitative measure of the
stability of the core.

4. The study materials and methods

The most complex nature of the fluctuation of reactivity is
at the end of the company with an increase or decrease in the
load. There are developed physical-mathematical simulation
models of nuclear power units (NPUs) as an object of control.
Let’s call them control objectphysical. These models cannot be
integrated into existing ACS (automated control system) of ex-
isting NPUs for real-time operation. The reason is their nonlin-
earity, the lack of computing tools of the required performance,
allowed to work in NPU ACS. Control is carried out by the op-
erator in manual mode based on nomograms. They are built on
the basis of the results of numerical solutions made in advance
based on the corresponding control objectphysical models.

Fig. 1, 2 show the results obtained for the transient pro-
cesses of the VVER-1000 reactor at a rated thermal power
of 3000 MW. The power varies in stages with a stage value
of 25 %, 50 %, 75 %, 100 % (750 MW, 1500 MW, 2250 MW,
3000 MW). The results of a numerical calculation of the
change in reactivity are given both when increasing the pow-
er from a certain value to the rated power (Fig. 1), and when
decreasing the power from the rated value to the specified
one (Fig. 2).

Linear differential models are used to configure the reg-
ulators that are part of the ACS. A method for constructing
such a model is proposed, but not based on a developed control
objectphysical model (for example, by simplifying it) but based
on the results of numerical calculations based on it (Fig. 1, 2).
Let’s call this model control objectapproximation. It is built in
such a way that the results of calculations based on both models
coincide best on a certain range of changes in the original data.
It is assumed that, in this case, the control objectapproximation
model, being linear, adequately displays the dependences nec-
essary to configure the ACS regulators. In our case, the results
of calculations based on control objectphysical are two-dimen-
sional: they change depending on the time and on the magni-
tude of the stage of change in reactor power. The model being
developed should take this into consideration.

The proposed model is built by performing a series of steps.
All necessary computational procedures are simple and can be
performed in real time on computing equipment approved for
operation at NPU.
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installation while maintaining a balance be-
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tween the economic feasibility of adjusting the
load of the power system and its safe operation
under a cyclic mode with minimal operator
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participation. 2,0
To accomplish the aim, the following
tasks have been set:

~__

— to implement an approximation model -3,0
and a transfer function that correspond to
the results of solving a system of nonlinear
differential equations;

— to devise a control method and, on its
basis, synthesize ACS for changing the ener-

~— 1) - from 0 MW (to 3000 MW)
— 3) - from 1500 MW (to 1500 MW)

e 2) - from 750 MW (to 2250 MW)
4) - from 2250 MW (to 750 MW)

Fig. 1. Oscillation of reactivity with a stepwise increase in the load from the
specified value to the rated thermal power of the reactor (up to 3000 MW)
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Fig. 2. Oscillation of reactivity with stepwise load reduction from the rated thermal power of the reactor (3000 MW)
to the specified value

In the first step, each
curve (Fig. 1,2) is fitted to a
single argument function. Po-

e R A

&1
AP

tentially, the type of function
may be different. However,
due to the peculiarities of the
operations of the third stage,
a polynomial was chosen as
an approximating function. All plots at the initial time =0
have a reactivity value of p(0)=0. Thus, approximation poly-
nomials do not have a free term:
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where 7 is the number of terms of the polynomial.

In the second step, the transfer functions of the
approximation models for each plot (process) are deter-
mined (Fig. 1, 2). Apply to the approximating polynomi-
al (1) the Laplace transform:
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Here, i is an index that marks the terms of an approxi-
mating polynomial for one plot (process), j is an index that
marks different plots. Expression (2), similar to (1), approx-
imates the solution, but in the image space.

Consider the expression in square brackets from (2). It is
truncated next to the free term. Apply to this expression the
Padé approximation [L/M] with respect to argument 1/p.
After a series of transformations and taking into consider-
ation the second multiplier of (2), we obtain:
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Here, AP;is the magnitude of the stepwise change in the
reactor power.

Expression (4) is a representation of a numerical solution
in image space, recorded using the Pade approximation.
Within the framework of TAU, it can be interpreted as a re-
flection of the behavior of the object under a stepped action
with an image in the form of AP;/p (the second multiplier).
In this case, the expression in square brackets can be thought
of as a transfer function of the object’s approximation model.

In the third step, an approximation of the two-dimensional
data is performed (Fig. 1, 2). One of the arguments is time. This
argument is used when constructing each curve (Fig. 1, 2) as (1)
or (4). The second argument is the magnitude of the stepwise
change in power AP. Approximation is performed on the basis of
the power series according to the method of least squares (LSM).
As an argument, the value of the stepwise change in power AP
is used. The corresponding value of the function is not a fixed
numeric value but the corresponding fixed form (1) or (4).

In our case, we have four values (j=1...4) of the stepwise
power change (AP). In the absence of a change in power, the
stationary mode of operation of the reactor, the reactivity r is
zero. Thus, at the second coordinate (AP), the initial data can
be approximated using a fourth-power series without a free
term. The matrix equation displaying the described situation is:
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its solution:

a
lc’ =[K“-M]-F. (6)
d

Here, fi(¢t) are functions of the form (1) or (4) that ap-
proximate each of the curves separately; Fig. 1 or Fig. 2; q,
b, ¢, d are the coefficients of the power series describing the
entire set of initial data (Fig. 1 or Fig. 2).

The resulting series (6) with f;(¢) functions in the form (4)
displaying two-dimensional source data can be considered
their approximation model control objectapproximation.

The sequence of steps that must be followed to imple-
ment the method of constructing a linear differential approx-
imation model control objectapproximation is schematically
displayed in Fig. 3.

The approximation linear nature of the developed control
objectapproximation model assumes that it cannot be used
over the entire time interval necessary to compensate for
changes in reactivity. At the same time, it makes it possible to
solve several problems. Thus, its application makes it possible
to use ACS regulators at a certain interval of time. In turn, it
becomes possible during this time interval to calculate new
parameters for the control objectapproximation model (with-
out changing its structure) and reconfigure the regulators.

Approximate with second
argument (two-dimensional
approximation)

P

value of the argument in comparison with the real time value
is reduced by two orders of magnitude and corresponds to
the value of the argument on the plots (Fig. 1).

Table 1

Coefficients of approximation polynomials for changing
reactivity with increasing reactor load

Coefficients Plot No. (Fig. 4)

f polyno-

T e | e [
1o —5.696E+04 | -5.137E+04 | —4.269E+04 | 7.805E+04
Cy 2.254E+05 | 2.254E+05 | 2.024E+05 |-2.391E+05
cs -3.867E+05 | —4.240E+05| —4.088E+05 | 2.748E+05
c7 3.773E+05 | 4.473E+05 | 4.585E+05 |-1.255E+05
Ce —2.307E+05 | -2.909E+05 | —3.123E+05 | -1.108E+04
Cs 9.169E+04 | 1.210E+05 | 1.330E+05 | 3.585E+04
C4 —2.365E+04 | -3.240E+04 | —3.524E+04 | -1.536E+04
c3 3.757E+03 | 5.472E+03 | 5.643E+03 | 3.010E+03
Cy —2.921E+02 | -5.381E+02 | -5.115E+02 | -2.858 E+02
ct —7.093E+00 | 1.963E+01 | 1.982E+01 | 1.095E+01

Inaccordance with the procedure of the third step (Fig. 3),
the coefficients (6) of the approximation dependence are ob-
tained. It makes it possible to determine the reactivity at
an arbitrary point in time when the load changes from an
arbitrary value to the rated value of the thermal power of the
reactor. When calculating the
coefficients (6), the magnitude
of the stepwise change in power
was reduced by three orders of
magnitude. For this reason, (2)
should be used in the form of:

Q

Select approximation
function for results of
numerical calculations (with

Transfer function and
approximation differential
model (with two arguments)

p].:a-(APjJO'S)4+

—> +b-(AP,10°) +

+c~(APj~1O’3)2 +

one argument) Q

il

Determine transfer function and
approximation differential model
(with one argument)

Fig. 3. Control objectapproximation build sequence

5. Results of studying an automated energy release
change control system with compensation of internal
disturbances

5. 1. Approximation model and transfer function of
intra-reactor processes

In accordance with the first step (Fig. 3), approximation
polynomials for plots in Fig. 1 were obtained in the form (1).
The power of polynomial was chosen based on the need
to ensure engineering accuracy (relative error <5 %). The
highest, tenth power, was required for plot 4. In this case,
the relative approximation error does not exceed 3.6 %.
For uniformity of calculations, the remaining plots are
approximated by polynomials of the same power. The coef-
ficients of polynomials in the form (1) for the corresponding
plots (Fig. 1) are given in Table 1. When approximating, the

+d-(AP;-107), (7)

coefficients a, b, ¢, d take the
form:

a=-0.5267- f,+0.7901- f, -
-0.5267- f,+0.1317- £,

b=+3.5556- f, —4.7407- f, +2.7654- f,~0.5930- f,
c=-7.7037- f,+8.4444- f,~4.1481- f,+0.8148. f,,

d=+5.3333- f,—4.0000- f, +1.7778- ,-0.3330- f,. (8)

Fig. 4 shows plots obtained using a single dependence (7).

Plots in Fig. 4, shown in black, correspond to the change
in reactor load used in the construction of plots in Fig. 1.
Because expression (7) is an interpolation dependence, the
corresponding plots in Fig. 1,4 coincide. Plots in Fig. 4,
depicted by dotted lines, correspond to intermediate loads.

In accordance with the procedure of the second step
(Fig. 3), images of the results of the solution of the original
model (Fig. 1) were obtained from (4) in the form of Padé
approximation. As the initial truncated series, (1) with coef-



ficients from Table 1 are used. Approximation expressions in
the form of a rational fraction take the form:

L{Zcijti}z
i=1

1 2
)
The coefficients b;, a; in (9) for the corresponding

plots (Table 1) are given in Table 2. Also in this table, the
roots are given for the relevant solutions.

b4p+b3p2 +b2p3 +b1p4 +b0p5
a;ta,p+a,p’+a,p’ +ap'+p°

®)

£,(6)=(3.77179+0.8204391). 077952410
+(3.77179-0.8204391). 1037709200 _
—(0.486884 —0.194877 1)- ¢! 77150170 _
~(0.486884+0.194877 ) 17120517 _
—7.22735-¢ 1% +0.657543,

(1

for plot 4, Fig. 1. The compared plots are shown in Fig. 5.
Fig. 5 shows plots demonstrating the results of the
approximation for two boundary data series available: an
increase in load by AP=3000 MW (from
about 0 to 3000 MW) and by AP=750 MW

(from 2250 to 3000 MW). They cover the
rest of the data. The comparison results for

0,80 other data are similar. It follows from Fig. 5

that up to 30 hours (0.30 on the plot), the
representation of the results of the solution

to the original model using polynomial ap-

proximation and the Pade approximation
based on it are practically indistinguishable

and, therefore, interchangeable.
In accordance with the first step (Fig. 3),

approximation polynomials for Fig.2 plots

0,5
0.0 time, hour*O,;zl
05 M- - = — =t —— =
el S N —
=) \ “-----—---- - e
°\A—1,0 \ N N [ -
= [N ——
S \ S
= -1,5
E 2,0 \ \~-----—--—__ -
25 IS
-3,0

== AP=300 MW
== AP=2000 MW

== AP=1100 MW
== AP=2700 MW

Fig. 4. Oscillation of reactivity during stepwise increase in load to the rated

thermal power of the reactor (up to 3000 MW)

The numbers of coefficients of Padé approximation and roots of its
denominator for the case of a reactor load increase

were obtained in the form (1). The coeffi-
cients of polynomials in the form (1) for the
corresponding plots (Fig. 2) are given in Ta-
ble 3. During approximation, as in the case of
increasing the reactor load, the value of the
argument compared to the real time value
is reduced by two orders of magnitude and
corresponds to the value of the argument on
the plots (Fig. 2).

In accordance with the procedure of the

Table 2

second stage (Fig.3), the coefficients of the

No. plot 1 plot 2 plot 3 plot 4 approximation dependence are obtained from
4 bi G bi G bi bi ratio (6). When calculating the coefficients (6),
5_|3.65e+6 - 1.36e+6 - 8.77¢t5 - 4.12et5 - the magnitude of the stepwise change in power,
4 16.66e+5|-9.94e+6|2.69e+5|—1.30e+6| 1.83e+5|—1.20e+5[9.86e+4| 2.71e+5 asin the case of increasing the reactor load, was
3 [5.70c+4]-7.63¢+5(2.60c+4|-8.08¢+4] 1.90¢+4[-5.05¢ +4[1.07¢+4[-5.96e+4] reduced by three orders of magnitude.
2 |2.85¢+3|—4.63¢+41.53¢+3| 2.70e+3 | 1.23¢+3 | 7.62¢+3 |7.72¢+2] 6.47e+3 The coefficients a, b, ¢, d take a form sim-
1 [832¢+1| 1.17¢+3[5.60+1] 2.26e+1 [4.94e+1 [ 441e+1[3.51e+1[~1.88¢+2] ilar to (8):
0 — —7.09e+0 - 1.96e+1 - 1.98e+1 1.09¢e+1
35.444 17 059ROOt 15.343 9.065 a=-03267-/,+0.1901-/, =
2 -35. ~17. ~15. -9.
Py | —15.669-6.659 | —14.017-8.840i | —12.553-8.842i | —10.378-9.324i —0.5267- £, +0.1317- ,,
D3 —15.669+6.659i —14.017+8.840i —12.553+8.842i —10.378+9.324i b=+3.5556~f _4~7407'f n
P4 -8.209-16.963i -5.443-16.143i —4.473-14.918 -2.618-15.052i 4 3
D5 | 8.209+16.963i | —5443+16.143i | -4473+14.918 | —2.618+15.052 +2.7654- f,~0.5930- £,

To assess the adequacy of the approximation of the image
of the solution in the form (9), the originals from these ex-
pressions were found and compared for some functions with
the solutions in Fig. 1:

£,(t)=(1.50004+3.16417i). ¢l5502 00550
+(1.50004 —3.164174) ¢l 0%>0 6956 _
—(0.136931+0.133379)- #2109 _
—(0.136931—0.133379)- ¢ *207+1092 1 _

—0.00139788- ¢ 4" 272482, (10)

for plot 1, Fig. 1;

¢=-7.7037- f, +8.4444- f,
—4.1481- £,+0.8148- ,

d =+5.3333- f,—4.0000- f,+1.7778- ,—0.3330- /.. (12)

The difference is in the change in the values of fi.../,
calculated using the coefficients from Table 3.

In accordance with the procedure of the third
step (Fig. 3), representations of the results of the solution
of the original model (Fig.2) were obtained from (4) in
the form of Padé approximation. As the initial truncated
series, (1) with coefficients from Table 3 are used. Approx-
imation expressions in the form of a rational fraction take,
as in (9), the form:
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The coefficients b;, a; in (13) for the corresponding

plots (Table 3) are given in Table 4. Roots are also given
in this table for the relevant solutions.

b4p+b3p2+b2p3+b1p4+b0p5 (13)

2 3 4 5"
asta,pta,p”+a,p-+a,p +p

To assess the adequacy of the approximation of the
representation of the solution in the form (9), the originals
from these expressions were found and compared for some
functions with the solutions in Fig. 2:
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2,0 \ for plot 1, Fig. 2;
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-3,0 —1.54385i
—Polynomial (Fig. 1) =—Padé approximation +Lmu%+)(mﬁmmmm+
+1543851) ¢
Fig. 5. Comparison of the solution representation using the approximation
polynomial and the Padé approximation for the case of increase in load + 0.0450934 +),e(3-5651717-5659i)~r +
+0.3713631
Table 3 + 0.0450934 _)_ (-3.56517+17.5659i)t _
Coefficients of approximation polynomials for changing -0.371363i
reactivity while reducing the reactor load 242919 ¢85 1. () 333883, d5)
Coefficients Plot No. (Fig. 8)
of polyno- . -
mials 1 2 3 4 for plot 4, Fig. 2. The compared plots are shown in Fig. 6.
” 7 61E03 | —9.52E+03 | —2.28E+08 | —L.68E+05 . Elg. 6 shows plots demonstratlng the res.ults of the approx-
imation for two boundary data series available: load reduc-
o |-296E+04] 591E¥03 | 107EH07 | 627E%05 | ;) by AP=3000 MW (from 3000 MW to 0 MW) and by
o SA2E+04 | 4.94E+04 | ~1.11E+07 | -9.76E+05 | Ap—750 MW (from 3000 to 2250 MW). They cover the rest
7 —5.32E+04 | ~1.12E+05 | 6.23E+06 | 8.18E+05 of the data. The comparison results for other data are similar.
C6 3.83E+04 | 1.12E+05 | ~2.00E+06 | —~3.95E+05 It follows from Fig. 6 that up to 30 hours (0.30 on the plot),
cs —2.09E+04 | —-6.35E+04 | 3.56E+05 | 1.08E+05 the representation of the results of the solution of the initial
4 8.93E+03 | 222E+04 | —2.62E+04 | —1.46E+04 model using polynomial approximation and the Padé approx-
3 —2.86E+03 | —4.78E+03 | —1.35E+03 | 4.68E+02 imation constructed on its basis are practically indistinguish-
¢ 597E+02 | 6.06E+02 | 3.71E+02 | S13E+01 able and, therefore, interchangeable. This corresponds to the
¢ —5.41E+01 | —=3.49E+01 | —1.99E+01 | 1.10E+01 results shown in Fig. 2 obtained for the case of increased load.
Table 4
Padé approximation coefficients and the roots of its denominator for the case of reactor load reduction
. plot 1 plot 2 plot 3 plot 4
Coefficient No. o b “ b a » a b
5 1.61E+5 - 9.91E+5 - 1.41E+7 - 2.08E+6 —
4 6.72E+4 5.18E+5 2.18E+5 7.06E+5 1.56E+6 1.21E+6 3.29E+5 6.95E+5
3 9.94E+3 —4AE+4 2.29E+4 —11E+5 9.10E+4 —59E+5 279E+4 | —12E+5
2 7.70E+0 —1.4E+4 1.45E+3 —1.1E+4 3.38E+3 —1.6E+4 1.54E+3 2.11E+3
1 3.73E+1 -8.2E+2 5.60E+1 —74E+2 8.04E+1 -8.6E+2 5.44E+1 —1.8E+2
0 - —5.4E+1 - -3.5E+1 - —2.0E+1 - -6.2E+0
Root
P1 -4.770 -18.144 —28.140 —-18.983
D2 —11.158-3.007i -13.306-6.878i —20.076-17.042i —-14.161-11.871i
P3 -11.158+3.007i —-13.306+6.878i —20.076+17.042i —14.161+11.871i
Di -5.110-15.059i —5.631-14.548i —6.068—-26.205i —3.565-17.566i
Ps -5.110+15.059i —5.631+14.548i —6.068+26.205i —-3.565+17.566i




Fig. 7 shows a diagram of a simulation
model of a NPU, which consists of the

following models:
— a steam generator model

SG (tsg,w,in (T);ng,w,out (T)) = tsg,w,uut (T);pst (T)’

—a model that takes into consider-

ation the transport delay of the heat carri-
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Fig. 6. Comparison of the solution representation using an approximation
polynomial and the Padé approximation for the case of load reduction

5. 2. Automated control system for changing the ener-
gy release by a nuclear power plant

Mathematical models describing the properties of nu-
clear power units with the VVER-1000 reactor are well
known and are given, in particular, in [22—24]. The simula-
tion model used in this work is based on them. Its adequacy
was confirmed in [25] by comparison with the experimen-
tal data obtained during the field experiment at the power
unit No. 3 of the South Ukrainian NPP. The discrepancy
between the calculated and experimental values did not
exceed 1 %. The main source of error in such models is the
error of the initial data and the computational error of nu-
merical methods.

It is also necessary to take into consideration the adap-
tation of models in the development of information support
for ACS. Mathematical models of the control sections of the
nuclear power unit are presented in the form of specialized
software and are regulated by norms and standards [3].
Models have varying complexity and are used to solve var-
ious control problems. For direct control of technological
equipment, the simplest linearized mathematical models are
used, it is with their help that local controllers are config-
ured. The most complex mathematical software is used to
calculate the neutron-physical properties of the reactor zone.
Such a model is a system of nonlinear differential equations.
Calculations on this model are performed to predict the state
of the reactor and take into consideration the entire history
of operation of the current nuclear fuel campaign [19, 20]. To
control NPU, the operator has at his disposal nomograms
compiled according to a previously calculated mathemati-
cal model, and regulations prescribing the order of actions
depending on the state of the technological parameters.
However, the presence of these documents does not guar-
antee control without erroneous actions on the part of the
operator [21].

To study the control system, a hybrid model of NPU was
synthesized. It consists of a model presented in [25] with
the addition of a developed approximation model describing
changes in reactivity from xenon poisoning depending on
the magnitude of the perturbation.

The simulation model of NPU was based on mathemati-
cal models of a nuclear reactor [16] and power-technological
equipment of the second circuit [17]. The simulation model

of NPU as a control object in a general form takes the form:
control objectphysical (ShSCV ;0h, ;8C,;N, ) =

= A O’ QI ; Str,zcr,oul ; Str,m,av ; pst

er that circulates in the pipelines from the
reactor to the steam generator and in the
opposite direction

PL (tsg,w,ow (T);tr,w,oul (T)) = tr,w,in (T);tsg,w,in (T)’

— a turbo generator model
TG(p, (t)iN,) =G, (T):N, ().

To illustrate the intrinsic feedbacks in a control object,
part of the object is represented as interrelated functions. The
function of dependence of the change in neutron flux density
on the change in total reactivity is @, = f (Spi). The function
of dependence of the change in energy release on the neutron
flux density and fuel temperature is 8Q, = f (SCDi;tiv /). The
function of dependence of the change in the average tempera-
ture of the heat carrier of the first circuit on the change in
energy release and temperature of the heat carrier of the first
circuit at the inlet to the reactoris &, ,,,, = f (SQi;tmin). The
function of the dependence of the change in the temperature
of the heat carrier of the first circuit at the outlet of the re-
actor on the change in energy release and temperature of the
heat carrier of the first circuit at the inlet to the reactor is
&, o =1 (SQi;twm). The function of dependence of changes
in fuel temperature on changes in energy release and heat
carrier temperature of the first circuit at the reactor inlet is
&, =1 (SQ;twyi”). The function of dependence of changes in
reactivity as a result of poisoning of the '37Xe core on changes
in neutron flux density is &p, v, = f (Sd) l.). The function of de-
pendence of the change in reactivity on the change in energy
release is 8p,y = f(8Q;). The function of the dependence of
the change in reactivity on the change in the average tempera-
ture of the heat carrieris 8p,, = f (Stwm). The function of the
dependence of the change in reactivity on the change in the
concentration of boric acid in the heat carrier of the first cir-
cuit is 8p,, = f (SC“,). The function of the dependence of the
change in reactivity by the regulatory group of the regulatory
body is 3p;, =f(8h”).

In the above scheme of the NEU simulation model, there
are the following symbols: 8% is the deviation of the position
of the control rods; 8C, — deviation of the concentration of
boric acid in the heat carrier; N, — electrical power of the
installation; AO — axial offset; ¢, 0, — the temperature of
the heat carrier of the first circuit at the outlet of the reactor;
trw.in — the temperature of the heat carrier of the first circuit
at the inlet to the reactor; .44, — the average temperature
of the heat carrier of the first circuit; py is the saturated
steam pressure at the inlet to the steam turbine; £y ,in — the
temperature of the heat carrier of the first circuit at the
entrance to the steam generator; Gg — steam consumption;
tsgw,0ue — the temperature of the heat carrier of the first cir-
cuit at the entrance to the steam generator; N, is the thermal
power of the turbine; i — the value of the required current



parameter for the calculation group; Q; — energy release in
the fuel cell of the core; ¢; 404 — the temperature of the heat
carrier of the first circuit at the outlet; 8igcy — the deflection
of the position of the stop-control valve.

—the third maintains the specified value of the tech-
nological parameter (temperature or pressure) of the heat
carrier of the second circuit by controlling the position of the
control valves of the turbine unit.

There are a number of limita-

A0, O; tions in the algorithm of the power

D=f(dp;) > SO=A5D;) » regulator:
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Fig. 7. Scheme of the simulation model of a nuclear power unit as a control object

The wvalues of the functions 8p,y=/(8Q,),
3piy. =/(3®,) u @, =/ (8p,) are obtained as a result of cal-
culation according to the full physical-mathematical model

control objectphysical (ShSCV;Bh dC,;N, ) =

= A O’ QI ; 8tr,m.nul ; Str,m,(w ; pst ’

and describe the state of the core at a stationary power level
with minimal error [16, 17]. However, they cannot be used
in operational control during power maneuvering because
of the long duration of calculations by those computational
means that are allowed for operation at NPP. To solve this
contradiction, the approximation model was used

ShSCV;Shi,r;) — AO:

bile

control objectapproximation(

Q‘ ; Str,w,um ; Str,w,av ; psl )

derived in 5. 1.

Directly for measuring changes in reactivity caused by
a change in the concentration of xenon on a running reactor
are not possible. Therefore, an automated system for adjust-
ing the energy release by NPU is synthesized, taking into
consideration internal disturbances due to the occurrence of
“xenon oscillations”.

To ensure the stable state of the NPU reactor with VVER-
1000, it is necessary to maintain a constant AO value and, at
the same time, control the change in the energy release field,
which can adversely affect the reactor plant as a whole due to
internal disturbances. Therefore, the automated control sys-
tem has three control circuits in its composition:

— the first maintains the set value or changes the reactor
power in accordance with the instructions of the dispatcher
by adjusting the concentration of boric acid in the heat car-
rier of the first circuit;

— the second maintains the necessary value of the axial
offset by changing the position of SPS rods;

ulators, the participation of the
operator is not required.

Therefore, a cascading control
scheme was adopted. The internal
regulator maintains the set value of the concentration of
boric acid, the external (corrective) sets the concentration
value depending on the power of the NPU. At the same time,
the corrective regulator takes into consideration the change
in the properties of the reactor core caused by the magnitude
of the load.

Fig. 8 shows the structural diagram of ACS for changing
the power of NPU.
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Fig. 8. Structural diagram of the automated control system
for changing the power of a nuclear power unit

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 with-
in 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 model
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control objectphysical (Shscv ;0h

i’

= A O’ QI ’ Str,w,ouz ’ Str‘,m,av ? pst ’

and recalculates the coefficients of the approximation
model. According to the updated coefficients, the coeffi-
cients of the power regulator are adjusted. This method of
operation underlies the work of the power maneuvering
subsystem.

The power correction regulator Cy is synthesized on the
basis of the standard PI control law. An adaptation unit has
been added to the standard regulator. The diagram of the
power regulator is shown in Fig. 9.

K=AN, Tef) ——>

sign »| Adapt
u
Zne — PI —

Ne

Fig. 9. Cy corrective regulator structure

At the input of the adaptation unit, the specified values
of electric power, the sign of its change, and the vector of co-
efficients of the application model are sent. The main differ-
ence between the Cy power regulator is to adjust the kp and
Ty settings. To this end, based on the coefficient vector of
the approximation model K=f(N, T,f), the value and sign of
the change in electrical power in the Adapt block, the kp and
Ty settings are calculated. The calculation of the coefficient
vector is based on the method of obtaining transfer functions
set forth in 5. 1. The control effect is supplied as an input
regulator of the concentration of boric acid Cg,-.

After determining the settings of the Cy and Cg,, regu-
lators, a calculation experiment was conducted. The purpose
of the experiment was to compare the quality of power con-
trol transient processes in modeling based on the linearized
control objectphysical model and the control objectapproxi-
mation approximation model.

Fig. 10-13 show the transient processes for adjusting
the power of the power unit corresponding to the weekly
maneuver. The maneuver consists in the following schedule
of changes in electrical power: on working days during the
daytime, the power is maintained at 100 %, at night the pow-
er is reduced to 80 %. On weekends (Saturday and Sunday)
the capacity is reduced to 60 %.

The dashed line shows the plots for a weekly power maneu-
ver under the control of a traditional ACS. A solid line shows a
maneuver of power under the control of the modernized ACS.

t, b

Nb, % 119 : : . : . I

100 -

90 - U \ ’ §

80 - .

70 - .

60 - .

50 ' ' ' ' ' ' '
0 24 48 7 96 120 144 168

Fig. 10. Dependence of changes in the thermal power of a nuclear reactor for weekly load regulation
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Fig. 11. Dependence of the change in the thermal power of a nuclear reactor for weekly load regulation (increased scale)



The plot of changes in the capacity of NPU is shown in
Fig. 10, 11. Fig. 11 demonstrates small (up to 0.2 %) fluctua-
tions in the power of NPU both in the traditional method of
regulation and in the boron method.

With the traditional method of control, the power is
reduced by changing the position of the control bodies of
ACS (ACS CB). At the same time, it is not possible to control
the axial offset, and it changes due to internal processes of
changing the concentration of xenon Xe and Samarium Sm
atoms. In the synthesized ACS, the power change is made by
changing the concentration of boric acid in the heat carrier of
the first NPU circuit. The resulting oscillations of the axial
offset are compensated by the movement of ACS CB.

To maintain the constancy of the thermal capacity of the
core, the traditional control system moves ACS CB. A plot of
change in the position of the ACS CB is shown in Fig. 12. In
this case, the value of ACS CB movement reaches 43 cm. With
boron regulation, the maximum ACS CB deviation is 3 cm.

The plot of changes in AO shown in Fig. 13 demonstrates
that with the traditional control method, during periods
when the capacity remains constant, the AO changes. A
change in AO while maintaining a constant capacity of NPU
indicates that fluctuations in the energy release field occur
in the core.

Thus, the consequences of changes in the capacity of NPUs
are manifested within two to three days. Moreover, the con-
tinuing changes in power change the nature and magnitude
of reactivity and, as a consequence, the change in AO and
thermal power, as can be seen in Fig. 11, 13. When using
the new ACS, the absolute change in the value of AO is
+0.015 % —0.01 % and is not shown on the scale of Fig. 13.

6. Discussion of results of studying the system of automated
control of energy release of a nuclear power unit

Objectively existing intrinsic properties of the control
object do not allow for automatic control due to the impos-
sibility of creating an adequate linear model. Compensation
for disturbances arising during the control of a nuclear
power unit is carried out by the operator in manual mode by
influencing the relevant regulatory bodies when receiving
current information from the sensors.

The method described in this article provides for the
ability to build a transfer function of the control objectap-
proximation model of some process (7). The results of its
implementation and the results obtained on the basis of a
detailed nonlinear physical-mathematical control object-

physical model are adequate at a certain time

h syz, cm interval with the same initial data (Fig. 5, 6).
330 This approach makes it possible to build an
automated control system to compensate for
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Fig. 12. Dependence of the change in the position of the control rods of a

nuclear reactor with a weekly load control

solution to the inverse problem. As initial data,
not only the parameters of the process are
considered but also the results of the solution
based on both models. They must match. It
can be assumed that the created model, albeit
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Fig. 13. Dependence of axial offset change in a nuclear reactor with weekly

load control

The plot of changes in AO demonstrates that in the
traditional ACS, the nature of the oscillations changes af-
ter each power maneuver. The reason for this is xenon and
samarium poisoning and, as a result, a change in the power
effect of reactivity, the plots of which are shown in Fig. 1, 2.

val of ~24 hours. This corresponds to three
shifts in work of the operational personnel of
the nuclear power plant and is enough from
a physical point of view to compensate for
the first half-period of the xenon oscillatory process. This
order of things has made it possible, for cases of increasing
or decreasing power within specified limits for each indi-
vidual process based on the obtained transfer functions of
approximation models, to calculate in advance the tuning



parameters of the power regulator. And then, as the power of
the NPU changes and the effective days have passed, adapt
the settings of the standard power regulator to the new prop-
erties of the control object. The advantage of a given method
is that the model of the object of control is not known in ad-
vance, and not only its coefficients but also its structure. The
synthesis of the object model is carried out depending on the
operational parameters of the nuclear power units.

The designed ACS makes it possible to control the
change in the power of a nuclear power unit with the elim-
ination of intrinsic oscillatory (xenon) processes that occur
when the state of energy release changes under an automated
mode. Such regulation will make it possible to ensure the
maneuvering properties of the power unit to ensure a bal-
ance between the economic feasibility of adjusting the load
of the power system and the safe operation of the nuclear
power plant. The balance is primarily ensured by maintain-
ing a constant main value that determines nuclear safety —
the axial offset at the required regulatory value (Fig. 13).
Economic feasibility increases significantly for two reasons.
First, NPU acquires a new property in the ability to control
the power system. Second, the number of movements of
control bodies decreases, which increases the likelihood of
non-depressurization of fuel rods (Fig. 12).

The proposed method was used in the development of ACS
by changing the energy discharge by NPU to ensure an un-
changed quantitative measure of stability of the reactor core in
the form of an axial offset. Our studies have shown that the use
of three control circuits made it possible to reduce the power
level of NPU without additional control actions (Fig. 10). The
amount of power varied from 1000 MW(e) to 800 MW(e) as
opposed to the basic modification to 935 MW(e). In [14], the
results of energy release modeling were reported confirming
the correctness of the developed methodology. In the basic
version, the axial offset oscillation that appeared at each subse-
quent cycle of the maneuver introduced an additional internal
disturbance, which characterizes the depth of immersion of the
absorbing rods of the controllers. In the designed ACS variant,
this effect is absent while the axial offset is maintained con-
stant, which does not affect the subsequent characteristics of
the cyclic change in the power level.

The limitation of the devised method is the need for
preliminary calculation of approximation models based on
the results of neutron-physical calculation of NPU and sub-
sequent calculation of settings. Such calculations should be
carried out depending on the results of modeling the change
in reactivity during the fuel campaign. Determining the
frequency of calculations of approximation models of indi-
vidual controllers and finding its optimal value is task for the
further study. Such studies will eliminate the limitations of
the proposed method.

7. Conclusions

1. To obtain information about the course of nonlinear dy-
namic processes of the core, an approximation model was built

and a transfer function was determined that describes changes
in the reactivity of a nuclear power unit in the form of a single
function. This function was obtained by a two-dimensional
approximation of the dependence of reactivity on the period
of the fuel campaign (the beginning or its end) and on the
magnitude and sign of the change in the power level (increase
or decrease). The solutions found for all cases of load chang-
es showed their compliance at a time interval of ~24 hours
(three shifts of work of operational personnel). Based on the
obtained transfer functions of the approximation models, the
tuning parameters of the power controller are calculated in
advance. As the power of NPU changes and the effective days
that have passed, the power controller settings are adapted to
the new properties of the control object. The advantage of this
method is the fact that the proposed approximation model of
the object of control can be integrated into the control system
of NPU. The synthesis of the object model is performed by
determining its structure and coefficients as necessary and
depending on the operational parameters of NPU.

2. A control method has been devised and, on its basis,
the ACS has been synthesized for changing the energy
release by NPU to ensure the specified value of the quan-
titative measure of stability of the core in the form of an
axial offset. For this purpose, the approximation model of
the core in the form of a transfer function was integrated
into the control system. The results of our study showed
that such a model is adequate to the physical-mathematical
one over a long-time interval (more than 24 hours). Taking
into consideration the properties of the reactor core in the
arising nonlinear dynamic processes during operation for
the subsequent time interval is carried out with the help of
a physical-mathematical model that makes it possible to ob-
tain new coefficients for the existing approximation model.

The ACS consists of three control circuits. The first in-
cludes a power unit power regulator and a boric acid concen-
tration regulator. It maintains the set value or changes the
energy release of the core in accordance with the instructions
of the dispatcher by adjusting the concentration of boric acid
in the heat carrier of the first circuit. The second control
circuit includes an axial offset regulator and maintains its
desired value by changing the position of the absorbing rods.
The third control circuit includes a comprehensive controller
of the thermal parameter of the second circuit of NPU. It
maintains the set value of the heat carrier pressure of the sec-
ond circuit by controlling the position of the control valves
of the turbine unit, which ensures the constancy of the tem-
perature at the inlet to the core of the nuclear power unit.
The advantage of the proposed control scheme is its adapta-
tion to the existing control and protection systems of nuclear
power plants. It uses standard controllers and channels for
measuring technological parameters. Only a change in the
information links between the standard controller systems is
required. Such a scheme of ACS has made it possible to elim-
inate the occurrence of xenon oscillations and maintain the
axial offset at a given value. The size of the offset ensures the
stability of the core not only with stationary energy release
but also with the transition from one power level to another.
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