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A multizone mathematical model for automated control of the WWER-1000 power maneuvering has been
improved by means of considering the power release at fission of both **U and **’Pu nuclei, as well as by using
simultaneous control actions of changing the boric acid solution concentration in the reactor coolant and the position
of control rods of the reactor control system. This distributed model allows us to control the change of reactor
technological parameters in specified core sectors, core axial segments, as well as accounting for fuel assembly
groups. A new method for automated control of the WWER-1000 power maneuvering based on using three control
loops has been proposed, thereby two reactor power control programs have been improved.

INTRODUCTION

When the share of nuclear energy in the total
electricity production lies in the range 25...50% and the
share of power plants operated in the load-following
mode decreases, the electricity production in a
consolidated power system (CPS) does not correspond
to the electricity consumption. This unfavourable
situation becomes critical if the nuclear share in the total
electricity generation exceeds 50%. Due to the lack of
load following units in the CPS of Ukraine, in order to
insure the electricity quality corresponding to standard
requirements of the European Union, Ukrainian nuclear
power units participating in peak load and frequency
regulation should be considered [1].

According to the evaluation of prospects for nuclear
energy in Ukraine, the basis of national NPPs will be
formed by WWER - type reactors operated at variable
loading [2]. When operating a WWER-1000 reactor
under variable loading, an optimal choice of the reactor
power control method is very important as this method
influences greatly on the power equipment behavior
characteristics [3, 4]. Hence one of important directions
for improvement of the WWER-1000 power control
system consists of developing a method for automated
control of the reactor power maneuvering characterized
by an increased stability of the neutron field in the core,
under normal operating conditions [5].

Presently no automated system for control of the
WWER-1000 power maneuvering in the range
100...80% of the nominal reactor power Ng is known
and, according to the schedule of WWER-1000
operation, the reactor power maneuvering is manually
controlled by an operator. This is not a very eligible
choice because a continuous manual control of the
reactor power maneuvering leads to a considerable
probability of “human factor” accidents.

Among different programs which can be applied to
controlling the WWER-1000 power, these main ones
will be considered hereinafter [6]:

— the core averaged coolant temperature is constant:
<t,> = const (program 1);

— the second circuit inlet steam pressure is constant:
p>= const (program 2).

In order to minimize the probability of xenon
oscillations in large-core thermal reactors like WWER-

1000, it is necessary to decrease the space-time
nonuniformity of the neutron field in the core [7, 8].

For the case of <#,>=const, when changing the
reactor power, both core inlet and outlet coolant
temperatures change, so the temperature effect of
reactivity is important for both upper and lower parts of
the reactor core. In this case the probability of xenon
oscillations is high because the sign of temperature
changes for the core outlet is opposite to the same for
the core inlet. Also the design of control rods does not
allow us to control the lower half of the core
independently from the upper half.

For the case of p, = const, when lowering the reactor
power, both core inlet and outlet coolant temperatures
are decreased, so the core average coolant temperature
is decreased and, due to a negative coolant temperature
reactivity coefficient, this effect requires using control
rods leading to an increase of the axial non-uniformity
of power release defined by axial offset (AO). Hence in
the case of p,=const the probability of xenon
oscillations at reactor power maneuvering is high also.

In order to achieve a high efficiency of the WWER-
1000 power maneuvering control, internal physical
properties of the core defining transient processes
influencing on coolant temperature, neutron flux
density, concentration of fission product poisons, etc.
should be taken into account precisely. Thus one of
main features of an advanced method for automated
control of WWER-1000 power maneuvering is using a
maximally detailed model of the control object
properties, as well as considering the influence of a
power control program on these properties, first of all
the stability of the reactor power control [7].

The main aim of the paper is developing a complete
and detailed model of the neutron-physical processes in
the  WWER-1000 core, for the  purpose
of creating the grounds for an innovative automated
system controlling the reactor power maneuvering in the
range 100...80% of N, with high quality, from the point
of view of the automatic control theory.

When modelling WWER-1000 power control
programs, the shortcoming of existing mathematical
models for calculation of reactor technological
parameters is that the reactions of **’Pu generation and
fission are not considered — see Eq. (1) explaining the
mechanism of **’Pu generation [8, 9]:
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But the isotopes of "I and *°Xe bearing xenon

oscillations in the core are generated from fission both
30U and **Pu (Tabl. 1) [4].

Table 1
The probability of '*°T and **Xe generation when
U and **Pu are divided, %

733
U

739
P

Isotope u
51 6.29 6.54
5Xe 0.258 1.08

For the first time, a multizone mathematical model
of the WWER-1000 core intended for automated control
of the WWER-1000 power maneuvering in the range
100...80% of N,, was proposed in [8, 9]. Though this
multizone model developed for creating a corresponding
simulation model wusing a specialized software
environment (e.g., SIMULINK) could be considered
already as a distributed one, where each zone (unit cell)
was described using a lumped parameters model, this
model was not fit for solving the reactor power control
problems because the transient processes in the control
object could not be described precisely due to
neglecting the difference in properties between ***U and
2py and their fission products also, as well as
neglecting the difference in dynamical properties
between fuel assembly groups corresponding to fuel
campaign years.

Thus, having analyzed the weaknesses of major
known models developed for automated control of the
WWER-1000 power maneuvering in the range
100...80% of Np [8, 9], the following directions of
improving the simulation of core processes were
accepted:

— accounting for production of **°Pu and its fission
products;

—introducing a more complete and detailed
distributed model of the WWER-1000 core.

AN IMPROVED MATHEMATICAL MODEL
OF THE CONTROL OBJECT

The proposed multizone model of the core for
automated control of the WWER-1000 power
maneuvering in the range 100...80% of N,, where each
zone is described using a lumped parameters model,
taking into account the creation of neutrons and fission
products from both **U and ?°Pu, has got the following
advantages, compared to the preceding works [3, 8, 9]:

— compared to [3], where a method for control of the
WWER-1000 power maneuvering in the range
100...80% of N,, based on keeping the core inlet
coolant temperature constant and insuring a maximum
stability of the core AO for the “Advanced algorithm”
of disposition of regulating units in the core, was
proposed: for the first time, a three-loop control model
using a full and adequate model simulating the core
transient processes and delivering an extremely high
quality of power control, which yields an improved
axial stability of power release in the core during

continuous power maneuvering under normal operating
conditions, has been developed;

— compared to [8, 9], where a method for automated
control of the WWER-1000 power maneuvering in the
range 100...80% of N,, based on using a multizone
mathematical model of the core where each zone is
described using a lumped parameters model, was
developed: the three-loop control model was proposed
and the model of neutron-physical processes in the core
became much more complete due to not only accounting
for the creation of neutrons and fission products from
both ***U and “**Pu, but thanks to introducing a much
more detailed grid of unit cells for the core also.

In this investigation the control object is a nuclear
power unit with a WWER-1000 reactor, so the
mathematical model of the control object consists of [8]:

— model of the steam generator;

—model of the coolant circulation between the
reactor and the steam generator;

— model of the turbogenerator;

—model of the reactor core taking into account the
space-time distribution of the control object
technological parameters among unit cells formed by 6
specified core sectors (each sector contains one-sixth of
all fuel assemblies, as well as one-sixth of all regulating
units used for power maneuvering) [2], 10 core axial
segments, as well as considering, in any core sector, 4
fuel assembly groups corresponding to fuel campaign
years. Thus the distributed model of the reactor core is a
multizone model where each zone (unit cell) is
described using a lumped parameters model. Thus, each
unit cell of the core is marked by “y” (1...10), “x” (1...6)
and “z” (1..4) indices denoting axial segment, core
sector and fuel assembly group numbers, respectively.
For simplicity reasons, hereinafter some cell indices can
be missed.

The following assumptions were accepted also:

—the considered start moment was 284.72 eff. days
of the 22th campaign of Unit 5, Zaporizhzhya NPP;

— fuel assembly group 1, 2, 3, and 4 includes core
cells (2, 3,4, 5,9, 13, 55), (11, 19, 22, 30, 31, 32, 41),
(10, 12, 18, 20, 21, 54, 68), and (1, 6, 8, 29, 42, 43), res-
pectively;

— for any fuel assembly group (one group included
7-6 fuel assemblies), technological parameters were set
as arithmetic means for corresponding fuel assemblies.
For example, the average burnup for fuel assemblies
included in group 1, 2, 3, and 4 was 12.5, 26.6, 38.5,
and 45.9 (MW-d)/kg, respectively;

—a required value of AO is maintained at the
expense of changing the position of control rods
included in the 9th regulating group, while control rods
of all other groups are completely removed from the
core. So each specified core sector contains one core
cell where control rods can move. The numbers of core
cells with control rods of the 9th regulating group are
11, 38, 47, 126, 153, and 117 (360-degree symmetry)
[10].

— model of the nuclear reaction kinetics accounting
for the change of the core isotope composition due to
the fission of both *U and *°Pu:
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where @; is neutron flux density averaged in the i-th

unit cell of the core, cm™?.s*; t is time, s; pi(7) is
reactivity in a unit cell; Bg,Bq isdelayed-neutron

fraction for ***U and **°Pu, respectively; | is neutron
lifetime, s; A5, A;o is radioactive decay constant

considering the j-th group of delayed-neutron emitters
for #°U and °Pu fission fragments, respectively, s™;
Cijs(1), Cjjo(r) is flux density of neutrons bound in

delayed-neutron emitters belonging to the j-th group of
25U and ?*Pu fission fragments, averaged in the i-th

unit cell of the core, respectively, cm™-s™; B;s, B0

is delayed-neutron fraction considering the j-th group of
delayed-neutron emitters for *°U and *°Pu fission
fragments, respectively.

It should be added that neglecting the flow-over of
neutrons between unit cells is an intrinsic shortcoming
of the proposed multizone model compared to the
models used in known 3D diffusion codes.

Taking into account Eq. (1), the **Pu production by
irradiation of 2?U is described as
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where Njg, Njy_g, Njnps Njg is concentration of
28y, 20, *Np, and *°Pu, respectively, averaged in
the i-th unit cell of the core, cm™; Gig, Ofg 1S
microscopic fission cross-section for **U and **Pu,
respectively, cm’; G.g» Ocg IS microscopic radiative

capture cross-section for 2*U and **Pu, respectively,
em’; Ay g, Ayp 18 radioactive decay constant for
90 and **Pu, respectively, s™.

The differential equations describing the rate of
135%e generation due to fission of U and *Pu are
written as
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where N; 5, N;, 4 is concentration of I produced by
fission of *U and **°Pu, respectively, averaged in the
i-th unit cell of the core, cm”; Ni xess Nixeo 18
concentration of '**Xe produced by fission of *°U and
9Py, respectively, averaged in the i-th unit cell of the
core, cm ; Pis, Pg is probability of producing B3
due to fission of By and 239Pu,
respectively; Py, 5, Pye gis  probability of producing
3Xe due to fission of **U and **°Pu, respectively
(Pyes is neglected — see Tabl. 1); o,y., Of5 is
microscopic absorption cross-section for '**Xe and
fission cross-section for 235U, respectively, sz; N;5 is
concentration of **°U averaged in the i-th unit cell of the
core, cm’S; Ay, Ay 1s radioactive decay constant for
5T and '**Xe, respectively, s .

The heat generation model for a unit cell of the core
considering fission of both **°U and **’Pu includes the
following equation:

Q(0)=Di(1)-V; - (Zt5-Er s +Zt9-Ef o)
where V;

a4
is theunit cell volume; Z;5,X¢q s

. . . 2 239
macroscopic fission cross-section for U and **’Pu,
respectively, cm™; E; o, E¢ o is nucleus fission energy
for °U and **’Pu, respectively, J.

The heat transfer model for a unit cell of the core
includes the following equations:

dt,
Qi(t)=cps M ’t"‘a":i(ti,f ~tiw) (15
dt;
o Fiti s —tiw)=cpw Miy- i +
2-c .M
+M'(tiw_tiwin)’ (16)
7, R

where Cpfs Cpw is fuel and coolant specific heat,

respectively, J/(kg'K); m; ¢, m;,, is fuel and coolant

i,w

mass in a unit cell, respectively, kg; t; ¢, t,, is fuel

(A
and coolant average temperature in a unit cell,
respectively, °C; t; i, is coolant inlet temperature in a
unit cell, °C; a is coefficient of heat transfer from fuel
rods to coolant, W/(m*-K); F; is heat transfer surface
area in a unit cell, m’; 1o 1s coolant passage time in a

unit cell, s.
The reactivity deviation in a unit cell is found as

0, =00, +0Pp TN+ Prxe + P (A7)

where 3p; ., pip. dpin> OPixes iy Is reactivity
deviation due to deviation of the position of control



rods, concentration of boric acid in the reactor circuit
coolant, reactor power, concentration of xenon in the
core, reactor circuit coolant temperature, respectively.
The reactivity deviation due to a deviation of the
position of control rods in a unit cell is calculated as

op;
Pir = g, M (18)

op:
where L
ir
reactivity; Sh; . is control rod position deviation.

is control rod position coefficient of

The reactivity deviation due to a deviation of the
concentration of boric acid in the reactor circuit coolant,
for a unit cell is calculated as

_ op;
6pl,b - aCin

5Cip, (19)
opi

Cip
reactivity; 8C;, is boric acid concentration deviation.

where is boric acid concentration coefficient of

When boric acid solution is inserted, the boric acid
concentration deviation is found from the equation:

9Cip
T47+8Ci,b :k4 'SGi,b’ (20)

where T,, K, is time and transfer constant, respectively,
s; 8G;, is boric acid mass flow deviation, kg/s.

When desalted water is inserted, the boric acid
concentration deviation is found from the equation:

oC; p,
T5 : +6CIb:k566IW’
a’t y y

where Tg,Ks is time and transfer constant, respectively,

(21)

s; 8G;,, is desalted water mass flow deviation, kg/s.

The reactivity deviation due to a deviation of the
reactor power, for a unit cell is calculated as

3N :%&\]’

N (22)

i

where is reactor power coefficient of reactivity;

ON is reactor power deviation.
The reactivity deviation corresponding to a deviation
of the '**Xe concentration, for a unit cell is calculated as

op
i xe :maNi,Xe! (23)
0
where P is '¥Xe concentration coefficient of
Xe
reactivity.

Al last, the reactivity deviation due to a deviation of
the reactor circuit coolant temperature, for a unit cell is
calculated as

(3 .
AT =§6ti,w, (24)

W

op; . .
Pbi is coolant temperature coefficient of

W
reactivity; dt; , is coolant temperature deviation.

The numerical values of main model parameters
were set according to [10-13]. For instance,

where

considering 6 groups of delayed-neutron emitters for
2 and *°Pu fission fragments, the accepted values of
delayed-neutron fractions are shown in Tabl. 2 [11].

Table 2
The delayed-neutron fractions for ***U and **°Pu, 107

Fraction =y Fraction *Ipy
Bis 0.21 Bio 0.072
Bas 14 Bag 0.626
Bss 1.26 Bso 0.444
Bas 2.52 Bao 0.685
Bss 0.74 Bs.o 0.18
Bos 0.27 Pos 0.093

The accepted core-averaged values of boric acid
concentration, reactor power and coolant temperature
coefficients of reactivity are shown in Tabl. 3 [10].

Table 3
Core-averaged coefficients of reactivity

dploC,, 1/g/kg -0.0158
dploN, 1/MW -1.16:10°
op; /ét,,, 1/°C -6.7-10”

THE METHOD FOR AUTOMATED
CONTROL OF THE WWER-1000 POWER
MANEUVERING

In order to insure a stable state of the WWER-1000
core at its power maneuvering, a constant value of AO
must be maintained and the change of the linear heat
rate axial profile must be controlled also, as this change
badly influences on the core state due to its internal
feedbacks [6]. Thus, for improved automated control of
the WWER-1000 power maneuvering, a new method
using three control loops has been proposed. These
control loops have such functions:

— the first control loop maintains a scheduled change
of the reactor power at the expense of regulating the
concentration of boric acid in the reactor circuit coolant;

— the second control loop maintains a required value
of AO at the expense of changing the position of control
rods;

— the third control loop maintains the core averaged
coolant temperature constant (program 1) or the second
circuit inlet steam pressure constant (program 2), at the
expense of changing the position of main valves of the
turbogenerator.

The principles of the proposed method for improved
controlling the WWER-1000 power maneuvering are:

—the core AO must be regulated by control rods,
while the reactor power must be maintained by the
regulator of the concentration of boric acid in the
reactor coolant;

— the effect of xenon-poisoning cycle must be used,
in order to decrease the boric acid concentration change
at reactor power maneuvering;

—the regulators take into account the non-linear
properties of the control object and the participation of
operators in the reactor power maneuvering procedure is
not required.



The proposed method is applicable to any existing
program of controlling the WWER-1000 power under
variable loading-mode conditions.

RESULTS

The simulation models based on Eq. (2)—(24) have
allowed us to study the details of the processes in the
core at reactor power maneuvering and improve their
regulation quality. For example, the model simulating a
unit cell of the WWER-1000 core includes 26
differential equations, 3 input  parameters:
(hs Cips liwin) and 4  output  parameters:

(D;Q5t 0wt ). As a result, using the Simulink

suite of MATLAB, a distributed model of the WWER-
1000 core allowing us to take into account the
distributed processes in the core at its power
maneuvering was created (Fig. 1) [6].

The improved method for automated control of the
WWER-1000 power under variable loading conditions
using 3 control loops and allowing us to improve the
known programs for controlling the WWER-1000
power with a constant core average coolant temperature
<t,> = const and a constant second circuit inlet steam
pressure <p,>=const is based on this distributed
simulation model of the WWER-1000 core. The
schematic diagram of these improved reactor power
control programs is shown in Fig. 2.
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Fig. 1. The structure of the distributed model of the
WWER-1000 core realized in Simulink: SG is steam
generator, TR is turbogenerator; TR is a transportation
lag element

Considering  spasmodic  changes of main
technological parameters of the power unit with a
WWER-1000 reactor, the results of four experiments
carried out at the South-Ukraine NPP, Unit 3 were used
in order to investigate the reactor dynamic behavior [7].
Changes of the position of turbine regulating valves as
well as control rods have been taken into account.
During the experiments a perturbation was made by
continuous movement of the regulating group of control
rods, moving near 10% of the core height down. The
divergence between the model and experimental [7]
data was estimated by calculating the average <& > and

maximum 8™ relative error of modelling (Fig. 3):

<6 >~9.4-107%%, 6™ ~1.5-10'%. (25)

24—

Fig. 2. The schematic diagram of improved reactor
power control programs: 1 is <t,> (program 1) or p;
(program 2) regulator; 2 is turbine control mechanism,
3 is safety-rod actuator; 4 is <t,> selector; 5 is turbine
rotating frequency selector, 6 is turbine rotating
frequency regulator, 7 is servomotor; 8 is p,selector,
9 is reactor; 10 is p, primary detector, 11 are turbine
regulating valves; 12 are reactor coolant temperature
sensors; 13 is turbine; 14 is ion chamber; 15 is steam
generator, 16 is turbine rotating frequency sensor;

17 is electric generator; 18 is reactor coolant pump;
19 are boric acid and desalted water regulating valves;
20 is boric acid and desalted water supply control
mechanism; 21 is reactor unit power regulator;

22 is electric generator power selector,

23 is boost pump tank; 24, 25 is AO regulator and
selector, respectively
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Fig. 3. Influence of the regulating group position on the
WWER-1000 power: 1, 2 is experimental [7] and model
curve, respectively

It should be noticed that the average and maximum
relative error of modeling achieved in [6] was

<8>~24-10"%, 6™ ~9.2-10'%. (26)

The relative errors of modelling the influence of the
reactor outlet coolant temperature on the electric ge-
nerator power were small also, so a conclusion was
made that the proposed simulation model allowed us to
improve considerably the accuracy of controlling the
WWER-1000 power maneuvering.

Program 1

For program 1 (<t,>=const), the amplitude of
changing the regulating group position at WWER-1000
power maneuvering according to the daily loading cycle
100% — 80% —>100%, using

—improved automated control system (improved
ACS);

— known automated control system proposed in [6]
(known ACS);

—traditional  automated  control
(traditional ACS) is shown in Fig. 4.

system

(3]
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Fig. 4. The change of the regulating group position at
WWER-1000 daily power maneuvering for program 1.
1, 2, 3 is improved, known and traditional ACS,
respectively

It can be seen that, for the program keeping the core
averaged coolant temperature constant, using the
improved ACS at WWER-1000 daily power
maneuvering has resulted in a considerably decreased
amplitude of moving the control rods comparing to both
the known and traditional ACS.

The generator power N, and boron acid
concentration C, change at daily WWER-1000 power
maneuvering for program 1 is shown in Figs. 5 and 6,
respectively.
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Fig. 5. The generator power change for program 1:
1, 2, 3 is improved, known and traditional ACS,
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Fig. 6. The boron acid concentration change at reactor
power maneuvering: 1, 2 is program 1 and 2,
respectively

6t
AO, %
Fig. 7. The change of AO at WWER-1000 daily power
maneuvering for program 1: 1, 2 is improved
and traditional ACS, respectively

For program 1 also, the amplitude of changing axial
offset at WWER-1000 power maneuvering according to
the daily loading cycle 100% — 80% —>100%, using
the improved and traditional ACS is shown in Fig. 7.

As is known, the lumped parameters model of
neutron Kinetics is applicable to solving the reactor
power control tasks in case of sufficiently small
volumes of core cells and a sufficiently big number of
cells described by the lumped parameters model. So,
lowering the size of core cells by introducing a grid
formed by axial segments, core sectors and fuel
assembly groups has increased the modelling
correctness by means of taking into account the core
internal distributed properties including the transient
processes due to presence of “**Xe.

Thus using the improved ACS at WWER-1000 daily
power maneuvering for the program keeping the
average coolant temperature constant, the change of AO
is considerably lower comparing to the traditional ACS
and the stability of power release in the core at its power
maneuvering under normal operating conditions has
been considerably improved for program 1. the
maximum absolute value of AO decreases by 43%
(from 6.0 to 3.4%) — see Fig. 7.

Program 2

For program?2 (p,=const), the amplitude of
changing the regulating group position at WWER-1000
power maneuvering according to the daily loading cycle
100% — 80% —100%, using the improved and
traditional ACS is shown in Fig. 8.
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Fig. 8. The change of the regulating group position at
WWER-1000 daily power maneuvering for program 2.
1, 2 is improved and traditional ACS, respectively

It can be seen that, for the program keeping the
second circuit inlet steam pressure constant, using the
proposed ACS at WWER-1000 daily power
maneuvering has resulted in a considerably decreased
amplitude of moving the control rods comparing to the
traditional ACS.
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Fig. 9. The change of AO at WWER-1000 daily power
maneuvering for program 2: 1, 2 is improved and
traditional ACS, respectively



At last, for program 2, the amplitude of changing
axial offset at WWER-1000 power maneuvering
according to the daily loading cycle
100% — 80% —100%, using the improved and
traditional ACS is shown in Fig. 9.

Hence using the improved ACS at WWER-1000
daily power maneuvering for the program keeping the
second circuit inlet steam pressure constant, the change
of AO is considerably lower comparing to the
traditional ACS, and the stability of power release in the
core at its power maneuvering under normal operating
conditions has been considerably improved for program
2 also: the maximum absolute value of AO decreases by
39% (from 5.6 to 3.4 %) — see Fig. 9.

The generator power change at reactor power
maneuvering for program 2 was the same as for
program 1 (see Fig. 5).

The boron acid concentration change at reactor
power maneuvering for program 2 is shown in Fig 6.

It should be noticed that a number of 3D kinetic
codes describing the diffusion of neutrons in the core
based on the few-group approach, e.g. DYN3D,
NESTLE, etc. are widely used presently. Compared to
the proposed multizone model of the WWER-1000 core
where each zone is described on the basis of a lumped
parameters model, such 3D diffusion codes describe the
core neutron flux more accurately. But, aiming to create
a method for automated control of the WWER-1000
power maneuvering in the range 100...80% of Ny, the
proposed model is preferable because:

— an application of 3D diffusion codes to automated
control of the WWER-1000 power maneuvering in the
range 100...80% of Ny is much more labor-consuming,
though it’s possible principally, on the basis of the
proposed approach;

— when developing an automated control system for
control of the WWER-1000 power maneuvering in the
range 100...80% of Ny, modelling the dynamic behavior
of a nuclear power unit as a whole includes using
lumped parameters models for such important elements
of a power unit as steam generators, transport sections
between the reactor and steam  generators,
turbogenerators, etc. Thus, when modelling the dynamic
behavior of a whole power unit, it is not reasonable to
use an extremely precise code for one element of the
unit only;

— the proposed model and method for automated
control of the WWER-1000 power maneuvering in the
range 100...80% of N, have already delivered a very
high quality of reactor power regulation.

CONCLUSIONS

1. The mathematical model for automated control of
the WWER-1000 power maneuvering has been
improved by means of considering separate groups of
WWER-1000 fuel assemblies, accounting for the power
release at fission of both U and **Pu nuclei, and
using simultaneous control actions of influencing on the
core power by changing both the concentration of boric
acid solution in the reactor coolant and the position of
control rods of the reactor control system. This
improved distributed model of the reactor core
considering lumped parameters core zones (unit cells)

allows us to calculate the technological parameters of
the control object more precisely, and therefore control
their change in specified core sectors, axial segments, as
well as fuel assembly groups corresponding to fuel
campaign years.

2. Having developed the improved multizone
simulation model of the WWER-1000 core and
considering the reactor as a control object, the relative
error of modelling the static and dynamic reactor
properties has been considerably decreased comparing
with the known model [12], to be exact:

— for the neutron reactor power, 2.6 times (from
2.4.107" to 9.4-107%%);

— for the core outlet coolant temperature, by 10 %
(from 1.1-107 to 1.107%);

— for the electric generator power, 1.8 times (from
1.7-107* to 9.6-107%).

3. A new method for automated control of the
WWER-1000 power maneuvering based on using three
control loops has been proposed, where

— the first control loop maintains a scheduled change
of the reactor power at the expense of regulating the
concentration of boric acid in the reactor circuit coolant;

— the second control loop maintains a required value
of AO at the expense of changing the position of control
rods;

— the third control loop maintains a required
temperature regime of the reactor circuit coolant at the
expense of changing the position of main valves of the
turbogenerator.

This new method for automated control of the
WWER-1000 power maneuvering delivers an improved
stability of the power release in the core which is
described by decreased average and maximum values of
the axial offset during reactor power maneuvering.
Namely, for the coolant temperature regime keeping:

—the core averaged coolant temperature
constant, AO maximum module decreases by 43%
(from 6.0 to 3.4%);

—the second circuit inlet steam pressure constant,
AO maximum module decreases by 39% (from 5.6 to
3.4%).

4. The proposed method is applicable to any existing
program of controlling the WWER-1000 power under
variable loading-mode conditions. Though well-known
3D diffusion codes describe the neutron flux in the
WWER-1000 core more accurately than the proposed
multizone model, this multizone model is fit for
automated control of the WWER-1000 power
maneuvering in the range 100...80% of Ny, as it delivers
a very high quality of reactor power regulation while it
is rather simple.
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YCOBEPIHIEHCTBOBAHHBIN METOJI ABTOMATHU3UPOBAHHOI'O YITPABJIEHMSI
N3MEHEHHUEM MOIIIHOCTH BB3P-1000

X. Yancoy, C.H. Ilenvix, T.B. @ow, O.b. Makcumosa

MHOTro30HHasE MaTeMaTHyecKas MOJIelb MpolleccoB B akTuBHOW 30He (AK3) peakropa tuma BB3P-1000,
pa3paboTaHHas I aBTOMATH3UPOBAHHOTO YIIPABICHUS U3MEHEHHEM MOIIIHOCTH PEaKTOpa, yCOBEPIIEHCTBOBAHA 3a
CYeT ydeTa SHEPrOBBIICNCHHS NPU JENCHHH He TONbKO sgep - U, HO W > Pu, a Takke MyTeM MPHMEHEHHS
OJTHOBPEMEHHBIX YNPABJISIIONINX BO3AEHCTBUH 110 KaHAIaM M3MEHEHUs] KOHIIEHTPaluu pacTBopa OOPHOH KHUCIOTHI B
TEIUIOHOCHTENE 1-T0 KOHTYpa M MOJOKEHHS YIPABISAIOMINX CTEP>KHEH CHCTEMBI YIPABJICHHS M 3aIIUTHI PEaKkTopa.
IMpennoxennass pacnpeneneHHass Mopenb mnpomneccoB B AK3  mo3Boisier KOHTPOJNMPOBAaTH HM3MEHEHHE
TEXHOJIOTUYECKUX MapaMeTpoB B BBIAEICHHBIX CEKTOPaX CHMMETPHH M aKCHalbHBIX cerMeHTax AK3, mmst rpymm
TBC, COOTBETCTBYIOIIMX TOJaM TOIUIMBHOTO IMKiIa. HOBBII MeToJl aBTOMAaTW3MPOBAHHOTO YNPABICHUS
H3MEHEeHHeM MolHocTu peakropa Thuna BBOP-1000, ocHOBaHHBIM Ha NPUMEHEHUU TPEX KOHTYPOB YIpABICHHUS,
MTO3BOJIMJI YCOBEPIIEHCTBOBATH JIBE M3BECTHBIE IPOTPAMMBI YIIPABICHHUS MOLTHOCTHIO PEaKTOPA.

BJIOCKOHAJIEHUA METO/ ABTOMATHU30BAHOI'O YIIPABJITHHS
3MIHOIO NIOTY?KHICTI BBEP-1000

X. Yacoy, CM. Ilenux, T.B. @ow, O.b. Makcumosa

bararozonna maremaTHyHa Mozenb mpoueciB B akTuBHIA 30HI (AK3) peakropa tumy BBEP-1000, ska
po3pobieHa I aBTOMaTH30BaHOTO YIPABIiHHA 3MIHOIO TIOTYKHOCTI PeakTopa, BAOCKOHAJICHA 3a PaxXyHOK OOJiKYy
€HEPTOBUIIJICHHS MPH PO3MOiI HE TUTLKH sIep 235U, an 239Pu, a TaKOX IIISIXOM 3aCTOCYBAaHHS OJHOYACHUX IiH,
0 YIpPaBISAIOTh M0 KaHAJIax 3MIHM KOHIEHTpAIii po3unHy OOpHOI KHCIOTH B TEIUIOHOCI 1-ro KOHTYpY i
MIOJIOKEHHS KePYIOUUX CTPHKHIB CHCTEMH YIIPABIIHHS Ta 3aXHCTY PeaKkTopa. 3alporiOHOBaHA PO3MOAiJICHa MOAEIH
mporeciB y AK3, sika 103BOJIsIE KOHTPOJIIOBATH 3MiHY TEXHOJIOTIYHHX HapaMeTpiB y BUIAUIEHUX CEKTOPax CHMETPii i
akcianmpHuX cermeHTax AK3, mus rpyn TB3, mo BiamoBimaioTh pokaM maiwBHOTO IuKITy. HoBuii Meron
aBTOMAaTH30BaHOI'O YIPaBJiHHSA 3MIHOIO MOTYXHOCTI peaktopa Thnmy BBEP-1000, 3acHoBaHMii Ha 3acTocyBaHHI
TPbOX KOHTYPIB YIPaBIIiHHS, JI03BOJIUB BJOCKOHAIMTH /IBI BiJIOMi IPOIpaMHt YIIPaBIIiHHS HOTY>XKHICTIO peaKkTopa.



