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B. Bamaman, T. Ilemix, K. beenos. Ananiz mogesneii ACP nory:xnocti BBEP-1000 B tunamiunoMy pe:kumi npu 3MiHi craTuaHoi
nporpamu peryJoBaHns. [Ipouec nekapOoHi3allii MPOMICIOBOCTI MOCHINBCS PIillIEHHSAM IPO BHECCHHS aTOMHOI €HEPreTHKH J10 “3eneHol
TakcoHomii €C”. 30inbmenns noryxsocti AEC Ta npuBabiauBocTi wi€i rany3i Ha TPUBAIWI TEPMiH BHKJIHMKA€E 1HTEPEC 1O BUKOPHCTAHHSI
AEC s gucmerdepusanii enekTpoeHeprii. Y Takuii cmoci6 crae akTyaiabHOIO po3podka ACP 3minm moryxHocti AEC y auHamidHEX
pexumax. EHeproBuIineHHs 1O BHCOTI aKTMBHOI 30HM peakTopa i Ji€l0 KOJNMBaHb KCEHOHY € OJIHi€I0 3 mpobiieM Npu 3abe3nedeHHi
Oe3neuHol ekciuryaTalii Ta criiikocti enepro6iaoky AEC npwu 3MiHi piBHS noTyxHOCTI. [lopymieHHs KpuTepiiB Ge3reKd eHeproBUAIICHHS
BiOYBA€ThCS, KONM B AKTHMBHIM 30HI BMHHMKAIOTh HECTAL[IOHAPHI MEPEXiJHi KCEHOHOBI INPOLECH 3 MO3UTHBHUM 3BOPOTHHUM 3B’S3KOM.
VY Mexax Teopii aBTOMaTHYHOIO YIIPABJIiHHS MOJICIIIOBAHHS CUCTEMH Ta 00’ €KTa YIPABJIiHHS CKJIAJAEThCsl HA OCHOBI BUKOPHCTAHHS (Di3HKO-
MaTeMaTHYHUX Mojeneld. Bu3HavaroThcs mepenaBasibHi (YHKII, CTPYKTypa 1 HapaMeTpu CHCTEMH YHpaBliHHA. SIK anpTepHaTHBA
HPOIOHYETHCS] BUKOPUCTOBYBATH AlPOKCHMYIOYY MOJENb IPOLECY B aKTHBHIN 30HI. Mozenb NMpeACTaBISETHCS HAa OCHOBI IEPETBOPEHb
TaKUM YHMHOM, 100 pe3yibTaTH PO3paxyHKy Ha JEAKOMY MpPOMiXKKY 30iramucst abo Oymu ONHM3bKI 10 pe3ynbTaTiB PO3paxyHKy IpH
BUKOPHMCTAaHHI aHATITHYHOI Mofeni. Taka MoJenb MoXe alpoKCHMYBAaTH HMPOLEC, SIKHH 3aJeXUTh BiJ JBOX MapaMeTpiB: 4acy Ta CTYICHs
3MiHM HaBaHTa)XCHHS. Bylo mpoaHami3oBaHO pE3yJIbTATH 3MIHM PETYIIOBAHHS TEXHOJOTIYHUX MapaMETpPiB CHCTEMOIO aBTOMAaTHU30BaHOTO
KkepyBaHHs motyxHicTio SIEY B nuHamidyHOMY pexuMi B Mozenb sKOI 3aKJIajIeHO anpoKCHMaliifHy a0o (i3sHMKo-MaTeMaTHYHY MOJEIb.
Pe3ynbTaTé 3MiHM MapaMeTpiB OTPUMAHO Ha NPHKIIAAI CIIIBCTABICHHS PE3YNIbTATIB IIPH IEPeXo.li KepyBaHHs BiJl OXHOI CTATHYHOI IPOrpaMu
no iHmoi. Bymo mocnmipKeHO MepeMHKaHHS MK CTATHYHHMH TNPOTPaMaMy PETyJIIOBAHHS 3a TAKUMH TEXHOJOTIYHMMHU MapaMeTpH, SK
TeMIlepaTypa TEeIUIOHOCIS NPU BXOAI B aKTHBHY 30HY PEaKTopa, CepelHs TeMIlepaTypa TeIUIOHOCis Ta THck mapu B II-my konTypi. Ilpu
3HIDKEHI HOTYyXHOCTi peakTopy 1o 80 % mpu pobOTi omHiel mporpamu peryiroBaHHsA Ta 30iuapmryBanacs mo 100% moTyxHOCTI IpH
3BOPOTHOMY BUKOPHCTAHHI 1HIIOT CTATUYHOI IPOrPaMH.

Knouosi cnosa: ACP, cratmdHa mporpaMa peryiroBaHHs, akTHBHa 30Ha SEVY, anpokcumaniiina monens, (i3uKo-MaTeMaTHYHA
MOJIENTb

V. Vataman, T. Petik, K. Beglov. Analysis of models of an automatic power control system for a pressurized water reactor in
dynamic mode with a change in the static control program. The process of decarbonization of the industry was intensified by the decision
to include nuclear energy in the EU Green Taxonomy. The increase in the capacity of nuclear power plants and the attractiveness of this
industry for a long time causes interest in the use of nuclear power plants for electricity dispatching. Thus, the development of an automatic
control system for changing the power of nuclear power plants in dynamic modes becomes relevant. The energy release along the height of
the reactor core under the action of xenon fluctuations is one of the problems in ensuring the safe operation and stability of the NPP power
unit when the power level changes. Violation of the energy release safety criteria occurs when non-stationary transient xenon processes with
positive feedback occur in the core. Within the framework of the automatic control theory, the modeling of the system and the control object
is compiled on the basis of the use of physical and mathematical models. Transfer functions, structure and parameters of the control system
are determined. As an alternative, it is proposed to use an approximation model of the process in the core. The model is presented on the
basis of transformations in such a way that the results of the calculation on a certain interval coincide or are close to the results of the
calculation when using the analytical model. Such a model can approximate a process that depends on two parameters: time and degree of
load change. The results of changing the regulation of technological parameters by the automated power control system of nuclear power unit
in dynamic mode, the model of which is based on an approximation or physical and mathematical model, were analyzed. The results of
changing the parameters are obtained by comparing the results during the transition of control from one static program to another. Switching
between static control programs was studied for such process parameters as coolant temperature at the entrance to the reactor core, average
coolant temperature and steam pressure in the secondary circuit. The studies were carried out under the condition that the reactor power was
reduced to 80 % during the operation of one control program and increased to 100% of the power when another static program was used in
reverse.

Keywords: ACS, static control program, nuclear power unit core, approximation model, physical and mathematical model

1. Introduction

The philosophy of decarbonization of industry in the industrialized countries, and in particular of
modern energy, has led to the ever-increasing use of renewable energy sources to meet the demand for
energy products of energy systems. Currently, wind and solar generation devices are mainly used as
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them. With the growth of their share, the problem of dispatching energy flows becomes more acute.
One of the ways to solve it in the future is the use of hydrogen energy.

One of the locomotives of the process of decarbonization of industry are the countries of the Eu-
ropean Union. They have a high percentage of renewable energy sources. Nevertheless, recently there
has been an increase (several times) in their imports of electricity from third countries. Against this
backdrop, the European Commission has decided to include nuclear power and natural gas in the EU
Green Taxonomy. It is a classification of environmentally sound activities for investors. With all the
restrictions imposed by this decision, the possibilities of stabilizing the operation of the power system
are expanding.

A distinctive feature of “atomic” generation is the duration of the process of controlled change in
the reactor power. At the moment, this makes it difficult or even excludes the possibility of using the
electricity of nuclear power plants (NPPs) to solve dispatching problems. Significant installed capacity
of nuclear power plants, increasing long-term attractiveness in this industry for investors give rise to
interest in using the capacity of nuclear reactors for dispatching electricity flows. Thus, the develop-
ment of automatic control system (ACS) for changing the power of reactors is relevant.

2. Literature analysis and problem statement

The state of energy release of the core as a control object is well represented by the reactivity value
and, as a result, its change. Usually, rapid changes in reactivity, which include processes that determine
changes in reactor power, temperature of the first circuit coolant, and non-stationary changes in the con-
centration of toxic substances in the fuel, are taken into account in order to take into account the change
in the power of the reactor installation. In case of external influence on the active zone of the reactor in
order to change its energy release, an unsteady concentration of **Xe begins to form. This element caus-
es changes in the distribution of energy release along the height of the core. The reactivity value takes a
negative or positive value. This phenomenon is called “xenon oscillations”.

Periodic redistribution of energy release along the height of the reactor core under the action of
xenon oscillations is one of the key problems in ensuring the safe operation and stability of the power
unit with pressurized water reactor (PWR) when the power level changes. Violation of safety criteria
during energy release usually occurs when non-stationary xenon transients with positive feedback ap-
pear in the active zone [1]. After the reactor start-up, it takes 12 hours to reach the equilibrium concen-
tration of **Xe at 0.99, and about 18 days are required to reach the equilibrium concentration of sa-
marium at 0.99. The oscillation amplitude of the xenon process is almost an order of magnitude higher
than that of the samarium process. Changes in the **Sm concentration are comparable in time scale,
rate of influence on reactivity with the process of nuclear fuel burnup, and do not affect the stability of
energy distribution in the core. It is shown in the literature [2] that the change in reactivity due to xen-
on transient processes is decisive in terms of the degree of influence on safety and is considered sepa-
rately from samarium and regardless of the process of fuel burnup.

The current regulation of the power plant with pressurized water reactor allows its operation in
the mode of power stabilization from current disturbances at a given level with a deviation of 2.5% in
any direction, but not more than the design power. Therefore, the physical and technical basis of the
existing methods for controlling the core power is to change the power level of the core with the un-
conditional fulfillment of safety criteria.

Changing the power level in excess of the specified range is carried out by the plant operators di-
rectly in the remote mode and only at the command of the power system dispatchers. The execution of
such a command, first of all, entails the occurrence of nonlinear dynamic processes, including oscilla-
tory ones in process equipment. The operator must simultaneously ensure the control of changing neu-
tron-physical properties in the core space and the compliance of the process parameters of the power
plant, with the current power generation.

Regardless of the method of core power control, oscillations always occur due to the spatial re-
distribution of the neutron flux. Within the framework of the automatic control theory, the modeling of
the system and the control object is built on the base of differential models. The transfer functions (or
their analogues) for the models used, the structure and parameters of control systems are determined.
There are various models describing the processes inside the reactor. They can be described, for ex-
ample, using ordinary differential equations [3], or using models based on fractional order differential
equations [4]. The level of development of computer technology, which is approved for the control of
a nuclear reactor, does not allow real-time calculations based on such models. As a result, there is no
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possibility of organizing automatic control of the change in the power of the core during the transition
from one state to another.

It should be noted the proposed in some cases options for possible automatic control systems
based on simplified models [5]. However, traditionally in operational practice, for each campaign, op-
erators are provided with nomograms, which present the values of the amplitudes of oscillations in
changing reactivity. They display the dependence of the change in reactivity on the effective burnup
time of nuclear fuel, the current power of the core and the increase or decrease in the level of power
change. Nomograms about the properties of the core are built on the basis of the results of a prelimi-
nary solution by numerical methods of the complete system of nonlinear differential equations of the
model of in-reactor processes. A contradictory situation arises. On the one hand, there is a complete
system of differential equations and the results of its solution (in particular, displayed in the form of
nomograms). On the other hand, automatic control systems are built on the basis of a simplified mod-
el, or control is carried out manually based on pre-calculated nomograms.

In a number of studies, it was proposed to use an approximation model of the process. The ap-
proximation and simplified models have a difference. A simplified model is based on ranking the in-
fluencing factors and discarding, according to the researcher, the least significant ones. The subjective
factor has a significant influence. Important information may be missing. The approximation model is
built on the basis of the results of calculations for the complete model [6]. In this case, no information
is discarded. The model is built on the basis of formal transformations in such a way that the calcula-
tion results at a certain time interval coincide or are close to the calculation results when using the
complete model. In this case, the approximation model consists of a set of linear ordinary differential
equations of the first order or, respectively, of an ordinary linear differential equation of the corre-
sponding order. The order of the equation can be selected. The limiting property of this method in the
form [7] is the use of a single response of the system to an external impact. In other words, a model
constructed in this way can approximate a process that depends on changing only one argument, such
as time. At the same time, nomograms of changes in the amplitude of reactivity will be built depend-
ing on two parameters: time and degree of change (leap) in the load. Thus, it is of interest to compare
models of an ACS with a complete physical and mathematical model and an approximation one.

3. Research aim and objectives

The aim of the study is to analyze the results of changing the controlled parameters of the auto-
mated power control system of a nuclear power unit in a dynamic mode, the model of which contains
an approximation or physical and mathematical model of changing parameters by comparing the con-
trol results when changing static control programs.

To achieve this goal, the following tasks were set:

—to analyze the current state of operation of the automated power control systems of a nuclear
power unit in various static control programs;

— to study the models of the ACS at the change of control parameters, when the properties are
calculated on the basis of: a 3-dimensional mathematical model of a nuclear reactor of the PWR type,
that includes the distribution of the active zone on an elementary cell and an approximation model that
will correspond to the results of solving a system of nonlinear differential equations, which calculates
the properties of the core.

4. The main part

4.1 The current state of operation of the ACS for the power of a nuclear power unit in vari-
ous static control programs

Power units with PWR reactors are double-circuit, so the energy from the reactor to the turbogenera-
tor is transferred using two working fluids: the primary coolant and steam. The interface between the cir-
cuits is the steam generator in which saturated steam is generated. The imbalance between the generated
and consumed energy is manifested in a change in the parameters of the working fluids, namely, in oscilla-
tions in the steam pressure before the turbine and in the temperature of the primary coolant. For such power
units, the nature of the change in the parameters of the working media in the primary and secondary circuits
(pressure, temperature, flow rate) with a change in power in static operating modes is important. This de-
pendency is called a control program. The choice of a static control program depends on many factors, in-
cluding the mode of use of the power unit in the power system.

A feature of the operation of a nuclear power unit with a PWR is the search for a compromise
when choosing the parameters of process variables. On the one hand, in order to be able to change the
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power of the power unit, it is necessary to have a margin of steam pressure at low power unit opera-
tion. As the power increases, the steam pressure before the turbine decreases and reaches the nominal
value at maximum power [8]. This mode is favorable for the primary circuit, as it provides stable tem-
perature conditions for its equipment. On the other hand, such a mode is not economical, since the
thermal efficiency of the cycle remains low at all powers. This is explained by the fact that the steam
pressure before the turbine is low at rated power, and at reduced powers the steam pressure, although
high, is throttled in the turbine control valves. In addition, the dependence of the steam saturation tem-
perature on pressure leads to the temperature feedback that affects the coolant temperature at the reac-
tor inlet. It is a disturbing action, because there is a so-called temperature coefficient of reactivity [9].

Another control method is to stabilize the steam pressure in the secondary circuit [10]. Obvious-
ly, this is favorable for the equipment of the secondary circuit. However, the desire to stabilize the
steam pressure and, consequently, the saturation temperature of the steam in the secondary circuit
leads to the fact that the coolant temperature at the reactor inlet changes to a lesser extent, but with an
increase in power, the average temperature of the primary coolant increases significantly. A significant
change in the average temperature limits the maneuverability of the power unit and complicates the
operation of the automatic pressure control system in the volume compensator.

Currently, power units are operated according to a combined-compromise program, according to
which, depending on the power, one or another mode of maintaining process parameters is selected
[11]. These programs are shown on Fig. 1. Vertical lines located at the power level of 80 % indicate
transitions from one control program to another when they are switched.

T,°C T,°C T,°C
3 2 1 3 2 1 3 2 1
320

320 y 320
310 310 310
300 300 / 300
290 290 > 290

-

280 280 280
270 270 270
260 260 260
0 25 50 75 N,% 0 25 50 75 N,% 0 25 50 75 N,%
a b c

Fig. 1. Characteristics of a nuclear power unit with a pressurized water reactor: a — when switching 7, = const
and T;, = const; b — when switching T, = const and P, = const; ¢ — when switching T;, = const and P, = const;
1 — temperature of coolant at the core outlet, t,; 2 — average temperature of coolant in the core, t,;

3 — temperature of coolant at the core inlet, t;,

Numerous studies show that the operation of nuclear power units with pressurized water reactors
is possible if certain measures are taken to improve the reliability of fuel claddings [12] and reduce the
operator’s involvement in operational actions during power maneuvering [13].

One of these measures is the improvement of the automatic power controller (APC) of the power
unit. One of the tasks of a regular APC is to maintain the set process parameters in accordance with
the selected control program. A number of works [14] are also devoted to the improvement of the con-
troller. 1t has been shown [15] that for reliable operation of a nuclear power plant, the APC must take
into account the nonlinear properties of the core. Various controller schemes have been investigated,
including cascaded, fuzzy, and adaptive ones. The PI control law unites all these schemes. This is ex-
plained by the requirement of the NPP operation regulations for the reliability of control algorithms.
The PI control law cannot take into account changes in the properties of the control object, therefore,
when the operating modes of the power unit change, it is necessary to adjust the settings of the power
controller.
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The problem of adjusting the controller settings is the complexity of calculating the mathematical
model of the control object for predicting its behavior. It is impossible to apply such an approach to
correct the settings of the regulators, since the calculation of the complete mathematical model on
standard NPP computers takes about 20 hours. Therefore, during the operation of the power unit,
nomograms are calculated in advance to calculate both the settings of the regulators and the values of
the process parameters that must be maintained in a given mode of operation of the power unit. This
approach is fraught with errors when performing functional switching.

The way out of this situation was the development of such a mathematical model that, on the one
hand, adequately describes the nonlinear properties of the core. On the other hand, the calculation ac-
cording to this model is performed fast enough to be used for real-time recalculation of the controller
parameters. Such a model was developed and studied in [16].

Simulation modeling showed an increase in the quality of transient control processes during daily and
weekly power unit maneuvering. However, the simulations were carried out for one control program.

As shown in a number of works [17], for reliable operation of fuel elements during the operation
of a nuclear power plant, it is necessary to switch from one static control program to another. This im-
proves the operating conditions of fuel elements, but worsens the quality of transient processes for
regulating the main process parameters of the power unit.

This work is devoted to the verification of the approximation model and the study of the modern-
ized control system when switching control programs.

4.2 Study of ACS models with a change in control parameters

The simulation model performed in this work is based on the mathematical model of NPP with
pressurized water reactor, presented in [18], and its adequacy was confirmed and compared with the
experimental data of the South Ukraine NPP in [19, 20]. The difference between calculations and ex-
perimental data is 1 %. Where the total error was the error of the original data and the calculated error
of the numerical methods.

Mathematical models of control sections of a nuclear power unit are presented in the form of spe-
cialized software and are regulated by norms and standards [21]. The simplest linearized mathematical
models are used to regulate local controllers. The most sophisticated software is used to calculate the
neutronic properties of the reactor core. Even such a model is a system of non-linear differential equa-
tions. Its calculations are used to predict the state of the reactor and at the same time take into account
the entire history of the operation of the current nuclear fuel campaign [22]. To control a nuclear reac-
tor, the operator uses special nomograms, which are designed according to preliminary calculations
using a mathematical model and regulations that indicate the procedure depending on the values of
process parameters. However, even with the use of nomograms and regulations, the operator can still
make a mistake. In this study, a model [23] was assembled, which included the developed approxima-
tion model that describes the change in reactivity under the influence of xenon poisoning depending
on the magnitude of the disturbance.

The approximation model of a nuclear power unit was based on mathematical models of a nucle-
ar reactor [24] and technical equipment of the secondary circuit [25]. As a control object for a nuclear
power unit, a simulation model of the following type is presented:

c8Crx- N.) =AQO; Qy,xl; ot

Y. X,z,r? Bor !

ot P

st *

control object physical (8hgc,,; 8h

r,hc,out ? r,w,av?

This simulation model is shown in Fig. 2 and additionally includes:
— Steam generator model:

SG (tsg,hc,in (T)7 ng,hc,out (T)) = tsg,hc,out (T)' Ps (T) ;

— Delay model for the movement of coolant circulating in pipelines from the reactor to the steam
generator and then moving in the opposite direction:

PL (g nein (0t peout (1) =t nein (0); tgnein (T 5
— Turbine generator model:
TG(P, (1); N,) =G (1); N, (7).
As a representation of intrinsic feedbacks in the control object, a part of the object is represented

as interrelated functions. Where @, = f(dp,,,) is a function of the dependence of the change in
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the density of the neutron flux on the change in the total reactivity. 5Q,,, = f (8@, ,,t{™**) is a

function of the dependence of the change in energy release on the density of the neutron flux and the
temperature of the fuel. A function indicating the dependence of the change in the average temperature
of the coolant of the primary circuit on the change in energy release and the temperature of the coolant

of the primary circuit at the inlet to the nuclear reactor: &t, .., = f(3Q, , ., t; vcin) - The function of the

dependence of the change in the temperature of the coolant of the primary circuit at the reactor outlet
on the change in energy release and the temperature of the coolant of the primary circuit at the reactor
inlet: 8t .o = F(8Q, .+t 1ein) - The function of the dependence of the fuel temperature change on

the change in the energy release and the temperature of the coolant of the primary circuit at the reactor
inlet: &t , , = f(8Q,,,,t nin) - The function of the dependence of the change in reactivity in case of

poisoning of the core with xenon Xe on the change in the neutron flux density: op, , , . = f (6@, , ).

The function of dependence of reactivity change on energy release change: sp,, , = f(6Q,,,) . The
function of the dependence of the reactivity change on the change in the average coolant temperature:
pr w2t = F(0t, . .r). The function of the dependence of the reactivity change on the change in the
concentration of boric acid in the coolant of the primary circuit: 8pg,* = f(8C};*). The dependence
function of the reactivity change introduced by the regulatory group of regulatory authorities:
8py,x,z,r = f(Sty,x,z,r) .

AO,
] Dyx=Bpyxa) >5Q,,, = f(50,,,) | Qyxz
| Qy,x,z 6tr,hc,out
dpyxz . — 5py,x,z,Xe:f(S(Dy,x,z) ' »
St%/,x,z =f (SQy X21 tﬁlc):nz) - L 61:r,hc,out
5[:)y,x,z,N:f(SQy,x,z) - PL
80 =H(Btoemr) ke = 160,584 (37 | Mymn  0Cs
o yxz_f Snyz Styx2 y.xzy [, y P
Peor ( Bor ) r thc out = = f (8Qy x2? thcm ) - SG TG s -
T
8pr =H(3H; ) W B, e l Ah A
oP
hry,x g 8tr,hc,in s
CYYX,Z - PL | 8tr,hc,in
Bor W N Wik
N p
éShscv >

Fig. 2. Simulation model of a nuclear power unit [22]

The simulation model of a nuclear power unit (Fig. 3) has the following notation: 8h’** — devia-
tion of the position of the control rods; 8C2;;* — deviation of the concentration of boric acid in the cool-
ant; Ne — electrical power of the equipment; AO — axial offset; t, . —temperature of the coolant of the
primary circuit at the nuclear reactor outlet; t,, ;, — temperature of the coolant of the primary circuit at
the nuclear reactor inlet; t — average temperature of the coolant of the primary circuit; P, — saturat-

' *r,hc,avr

ed steam pressure at the steam turbine inlet; t — temperature of the coolant of the primary circuit at

! %sg,hc,in

the steam generator inlet; G, — steam consumption; t,, ., — temperature of the coolant of the primary
circuit at the steam generator outlet; i — value of the required parameter for the design group; Q,,, -

energy release in the core fuel cell; t’* — temperature of the coolant of the primary circuit at the core

hc,out

fuel cell outlet; dhscy — deviation of the position of the stop and control valve.
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By calculating the complete mathematical model:

control object physical (ShSCV; Shy,XvZ,r; cho)r(zl Ne) =A0; Qy,x,z; 8tr,hc,0ut; 61:r,w,av; R.
A0, Q
q)iZf(Spi) > 8Q.=f(6®,) -
g Qi 8tr,w,out
opi P -
pi Control model Ot =f(8Qi, tiwin) [ v St
approximation ti¢ <
5p=f(3D, SQ(N), < PL
Oty Teff) Sti,w,avzf(SQin ti,w,in) ; Stsg,w,in 8Gq
Sp- :f(SC. ) - 81:i,w,out:f(SQi, ti,w,in) ; v ' Pst
i,b i,b. <% ’( SG TG
qp
5pi=f(dCi ) Stiwout Ad A
v OPst
Shi'r > 6tr,W,in L
81:r,w,in
6Ci'b > : A
Ne p >
8hscv>

Fig. 3. Approximation model of a nuclear power unit

We get the values dp,,,\=f(Q,,,), Py .x = f(6®,,,) and ® =f(5p,,,), Which

describe the state of the reactor core at a stationary power level and minimum error [26, 27]. In turn,
these values cannot be used in operationalcontrol during power maneuvering, since a lot of time is re-
quired for calculations. The approximation model was used to solve this problem:

H H - ShSCV; 6hy X,Z r;
control object approximation T =A0;Q, 0t e o O wars P
6Cy,><,z. N Y. X,z r,nc,ous r,w,av S
Bor e

Since it is impossible to measure the change in reactivity caused by a change in the xenon con-
centration in a working reactor, an automated control system for the energy release of a nuclear power
unit is synthesized, taking into account internal disturbances caused by xenon oscillations.

To ensure a stable state of operation of the reactor of a nuclear power unit, it is necessary to
maintain a constant value of AO and simultaneously control the change in the power density field. To
do this, the ACS has three control loops [28]: the 1st one maintains the set value or changes (at the
operator’s instruction) the reactor power by controlling boric acid in the coolant of the primary circuit;
the 2nd one maintains the value of the AO due to the position of the control rods of the control and
protection system; the 3rd one maintains the value of the set process parameter (temperature or pres-
sure) of the coolant of the secondary circuit by controlling the position of the control valves of the tur-
bogenerator.

It is not possible to directly measure the change in reactivity caused by a change in the xenon
concentration in the operating reactor. Therefore, an automated control system for the energy release
of a nuclear power unit is being synthesized, which takes into account internal disturbances due to the
occurrence of “xenon oscillations”.

There are a number of limitations in the power regulator of operation algorithm:

—to obtain the “iodine pit” effect, the concentration of boric acid must remain unchanged when
the power is reduced, that is, the regulator must not respond to power changes;

—when the power unit returns to maximum power, the concentration of boric acid must differ
from the initial value that was before the maneuver. This is necessary to compensate for the change in
35%e and *1 concentrations caused by the maneuver;

— during the operation of controllers, operator participation is not required.

Therefore, a cascade control scheme was adopted. The internal controller maintains the set value
of the boric acid concentration, the external (corrective) sets the concentration value depending on the
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power of the nuclear power unit. In this case, the corrective controller takes into account the change in
the properties of the reactor core caused by the load value.
Figure 4 shows a block diagram of an automatic power change control system for a nuclear pow-

er unit.
L AO >
Zao Cao > hsuz N
— ' e »
Zn I ot Ds >
—
C R | »
— N | Cgor o hBor Ce >
tin >
ZTP
» tav >
>l Crp > Nev
P >
r Control obiect

Fig. 4. Structural diagram of the automatic control system for power change of a nuclear power plant

The following designations are used in the figure:

AO - axial offset; To >

Ne — electric power;

D, — steam flow rate; —Sign—>  Adapt

Cg — concentration of boric acid:; -

ti, — temperature of coolant at the reactor inlet; i

t,y — average temperature of the primary coolant;

P, — steam pressure. :

Chro, _CN, Cgor, Ctp — axial offset, power, boric acid Zy— Pl u
concentration and process parameter controllers, respec-

tively;

Zno, Zn, Zte — set values of axial offset, power and ~ Ne
process parameter, respectively;

hsuz, heor, hov — positions of the control and protec-
tion system, boric acid inlet valve and turbine control
valves, respectively.

The corrective power controller Cy is synthesized on the basis of a standard PI control law (Fig. 5).
The specified and current values of electric power are fed to the controller input, on the basis of which
the value of the control action is calculated. This control action is applied as input to the boric acid
concentration controller Cg,. The main difference of the Cy power controller is the adjustment of the
ke and T, settings. To do this, based on the signals about the effective time of fuel operation (Teff), the
value and sign of the change in electric power in the Adapt block, the ke and T, settings are calculated.
The calculation is based on the method of obtaining transfer functions, described in [29].

After determining the settings of the Cy and Cg,, controllers, simulation modeling of the automat-
ic power control system of the NPP power unit was carried out.

5. Research results

Figures 6—11 show a comparison of changes in process parameters (coolant temperature at the
reactor core inlet — t;,, average coolant temperature — t,,, steam pressure in the secondary circuit — p,
and axial offset — AO) during bumpless switching [30] of control programs (blue), when using an ap-
proximation model (orange), and during direct and reverse switching.

The results showed that with shockless switching of control programs, the coolant temperature at
the core inlet changed by 5 relative units per 100 s with direct switching, and by 4 relative units with
reverse switching, the control time of which was 115 s. When using the approximation model, the

Fig. 5. Structure of the corrective
controller Cy
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temperature of the coolant at the inlet to the reactor core changed by 6 relative units in 130 s with di-
rect switching and by 5 relative units with reverse switching, and the control time was 120 s.

The results showed that with shockless switching of programs, the maximum deviation of steam
pressure with direct switching of programs was 0.45 relative units and 0.3 relative units — with the re-
verse. The transition process time in both cases was 100 s. When using the approximation model, the
deviation of the steam pressure in the secondary circuit is 0.45 relative units for 70 seconds with direct
switching and 0.4 relative units for 97 seconds with reverse switching of control programs.

59980 60030 60080 60130 60180 t,s 59985 60035 60085 60135 60185 ts
AO, % AO, %
-3.405 -3.405| /~\
-3.415 -3.415
-3.425 -3.425 -
-3.435 -3.435
Fig. 6. Response of axial offset (AO) to direct Fig. 7. Response of axial offset (AO) to direct
switching of power control programs in the case of switching of power control programs in the case of
thc,avr - P thc,in - P
59970 60020 60070 60120 60170 60200 t,s 59980 60080 60180 t, s
AO, % _ AO, %
-3.405) // |\ ~3.405
-3.415 —
\ i -3.415
-3.425 & Sy /
~— -3.425
-3.435
Fig. 8. Response of axial offset (AO) to direct Fig. 9. Response of axial offset (AQ) to reverse
switching of power control programs in the case of switching of power control programs in the case of
thc,avr _thc,in P, _thc,avr
59980 60080 60180 t,s 59980 60080 60180 t, s
AO, % AO, %
-3.405 -3.405
-3.415 -3.415
-3.425 -3.425
Fig. 10. Response of axial offset (AO) to reverse Fig. 11. Response of axial offset (AO) to reverse
switching of power control programs in the case switching of power control programs in the case
of thc‘in _thc,avr of p2 _thc,in

The value of the axial offset in the shockless switching mode shows the maximum deviation of
the axial offset (AO) of 0.015 % for direct switching and 0.027 % for reverse switching, and the con-
trol time is 245 seconds for direct switching and 295 seconds for reverse switching. When using an
approximation model, the maximum deviation of the axial offset is 0.014 % for 240 s for direct
switching and 0.024 % for 300 s for reverse switching.
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6. Conclusions

1. A study was considered of switching static control programs according to such process param-
eters as the temperature of the coolant at the inlet to the reactor core, the average temperature of the
coolant and the steam pressure in the secondary circuit. The following combinations were applied:
from t._. =const to t_. =const; from t_. =const to t._. =const; from t_._ =const to

hc,in

=const ; from t

hc,avr

=const to p, =const, from p, =const to

hc,avr hc,avr

p, = const ; from p, =const to t
t..i» =const when the reactor power is reduced to 80 % during the operation of one control program

and the power is increased to 100 % during the operation of another static program.

2. Controllers with smooth switching of control modes are used, with the help of which a sharp
jump is eliminated in the simulation by adding additional feedback. The feedback of each of the con-
trollers eliminates the regulation error, which makes it possible to obtain a response to switching pro-
grams in the range of permissible deviations.

hc,in

hc,avr hc,in
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