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This study’s object is the process that controls 
water level in steam generator at a nuclear power 
plant. The task considered is to optimize the speed 
of operation and automatic control system of the 
steam generator. 

Optimization information technology for 
water level control system in steam generator has 
been proposed, based on nonlinear mathematical 
models and level objective functions. Nonlinear 
mathematical model of control system has been 
considered, which is built to optimize quality 
indexes of the system. 

Applying the developed algorithms, compu-
tational experiments were performed to identi-
fy and optimize parameters of control system by 
optimizing level objective functions. Values for 
41 parameters in the model of a water level con-
trol system in PGV-1000 steam generator were 
determined. The resulting value for mean square 
deviation of the model’s processes from experi-
mental ones equals 0.43%, which is 54% less than 
when using linear model. As a result of opti-
mizing water level control system when load 
is dropped by 20%, a minimum control time of 
146 s was achieved. A change in the water level in  
a steam generator did not exceed 24% of maxi-
mum allowable value. 

A special feature of the devised optimization 
information technology for control system is that 
the level objective function includes all informa-
tion about optimization problem of a nonlinear 
control system. This simplifies algorithms and 
software for solving optimization problems in 
complex control systems. The technology for opti-
mizing nonlinear control systems considered here 
could make it possible to increase degree of scien-
tific validity of technical projects for improving 
various applied and promising control systems
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1. Introduction

Operating nuclear power plants (NPPs) in Ukraine require 
modernization of automatic control systems (ACSs) based on 
modern models, methods, and advanced information technol­
ogy (IT) for their safe operation. Taking into account the rapid 
evolution of computing technology, it has become possible to 
significantly increase the accuracy of ACS modeling. The use 
of optimization methods allows for the synthesis of optimal 
systems based on quality criteria that take into account mod­
ern technical requirements for safety and protection of NPPs. 
Of particular importance is the design of optimal water level 
ACSs (WLACSs) in steam generators (SGs) at NPPs, which are 

complex heat engineering systems with many elements and 
operate at high temperatures and pressures of water and steam. 

Therefore, research into the synthesis of optimal steam 
generator WLACSs based on advanced information technol­
ogies is relevant.

2. Literature review and problem statement

For the modernization of NPP power units, modeling and 
optimization of SG ACSs are widely used in solving many 
tasks. The experience of ACS modernization at NPP power 
units shows that for further improvement of ACSs and use 
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of the wide capabilities of modern control systems, new 
problem-oriented IT is required [1]. This IT should combine 
models and methods of analysis, identification, and optimiza­
tion of ACS. The issue of devising such unified IT for WLACS 
in GT based on nonlinear models remained unresolved, al­
though various IT elements are successfully used. 

The linear mathematical model of a typical ACS in GT 
is used to study dynamic processes in GT during load shed­
ding [2]. However, its adequacy has not been substantiated. 
Based on the equations of conservation of mass, energy, and 
momentum, a nonlinear model of WLACS was built; its oper­
ation under typical disturbances was investigated in [3]. But 
for this model, the problem of parameter identification has 
not been solved, and the adequacy has not been substantiated. 
It is proposed to use models of SG ACS in the state space for 
quantitative assessment of reliability [4]. But the adequacy of 
these models has not been proven either.

Researchers’ attention is paid to various issues of opti­
mizing SG ACS. For a cascaded WLACS, a method of internal 
control tuning with planned amplification is provided [5]. 
However, such a method does not guarantee the maximum 
system speed. To improve the quality of WLACS, it is pro­
posed to use a corrective controller with smoothing of the 
reference signal and compensation of the most dangerous 
disturbances [6]. But optimization of the parameters of such 
a controller is not considered.

Metaheuristic optimization of SG ACS with proportional- 
integral (PI) controllers was performed by minimizing the in­
tegral absolute error in the form of a cost function within the 
specified constraints [7]. However, such an approach does not 
guarantee the maximum speed of ACS. The steam generator 
WLACS was optimized by the modified simplex search method  
using the gradient using control performance measurements [8]. 
This approach also does not ensure the maximum speed of ACS. 
A particle swarm optimization method was proposed for the 
optimization of WLACS based on the reconstruction of the 
hybrid iterative model [9]. This also does not lead to maxi­
mum performance.

A model-free method based on GK-SPSA was used to opti­
mize SG WLACS [10, 11]. But this does not provide maximum 
performance. Optimization was performed by the genetic 
algorithm of the controller for active disturbance elimination 
for WLACS using a nonlinear dynamic model of the steam 
generator and an extended state observer [12]. 

Control efficiency is checked by introducing stepwise 
perturbations of the set value of the water level and steam 
flow rate. In this case, the task of optimizing the performance 
of ACS was not set. An intelligent agent was designed that 
dynamically optimizes parameters for the digital PI controller 
of WLACS in real time based on the system state according 
to the observer information, which leads to improved control 
performance [13]. However, the task of optimizing the per­
formance of ACS was not set either. A method of sequential 
optimization of parameters under offline mode for cascade 
proportional-integral-derivative (PID) controllers of WLACS 
has been proposed to improve control efficiency under signif­
icant changes in output power [14]. However, that also does 
not lead to maximum performance. 

Thus, our review of all the above sources of information 
demonstrates that adequate nonlinear models are not used for 
WLACS optimization. Indirect quality indicators that do not pro­
vide maximum performance are used when optimizing WLACS. 
The likely reason is the following objective difficulties. First, 
these difficulties are associated with the complexity of obtaining 

experimental data for identifying model parameters and solving 
the identification problem. Second, there are difficulties in calcu­
lating the performance criterion of nonlinear ACS. Third, there 
are difficulties in optimizing the performance criterion. 

Further development of WLACS requires the use of mod­
ern information technologies. To solve the problems of mod­
eling, identification, and optimization of dynamic systems,  
a general IT structure has been designed; elements of this tech­
nology have been built in the form of methods, algorithms, 
and computer programs [15, 16]. Such IT has been successful­
ly applied to the synthesis of optimal SG ACS based on linear 
models [17], as well as for modeling the dynamics of control 
over a nuclear reactor with division into zones along the 
vertical axis based on nonlinear models [18]. Optimization 
of WLACS speed with linear models and various controllers 
substantiated the advantage of the PI level controller [17], 
therefore it should be used in studies with nonlinear models. 
For IT optimization of control, a nonlinear model of a NPP 
steam generator was built [19, 20].

Thus, there is a task to design IT optimization for WLACS, 
optimal in terms of speed, based on the calculation of ade­
quate nonlinear SG models with identification of parameters 
from experimental data.

3. The aim and objectives of the study 

The purpose of our research is to design and experi­
mentally substantiate the effectiveness of the information 
technology for optimizing the speed of operation for the 
water level control system in a steam generator based on the 
identification of the parameters of nonlinear models. This will 
make it possible to increase the degree of scientific validity of 
technical projects for improving the control systems for NPP 
steam generators.

To achieve this aim, the following objectives were accom­
plished:

– to develop an algorithm for optimizing the speed of op­
eration for the water level control system in a steam generator 
with the identification of the parameters of nonlinear models;

– to conduct computational experiments to identify the 
parameters of the nonlinear mathematical model of a steam 
generator;

– to conduct computational experiments to optimize the 
water level control system in a steam generator based on the 
nonlinear model;

– to optimize the speed of the automatic water level con­
trol system in a steam generator using the nonlinear model.

4. The study materials and methods

The object of our study is the water level control processes 
in an NPP steam generator PGV-1000 (Ukraine). The prin­
cipal hypothesis of the study assumes that the development 
of IT optimization using an adequate nonlinear SG model 
obtained by identifying parameters from experimental data 
could make it possible to significantly improve the perfor­
mance of WLACS. When modeling SG, the physical equations 
of heat and material balance, conservation of momentum of 
the steam-water mixture, and the process of steam passage 
through the evaporation mirror (EM) were used [19, 20]. The 
interaction of SG with the regulating feed valve (RFV), the 
main steam collector (MSC), and the turbine control valve 
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(TCV) was also taken into account. After transformations and 
transition to relative variables, a nonlinear SG model was built 
as a control object in the state space in the form of a system of 
differential equations (SDEs) [20]:
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In this model, the relative time variable τ and the relative 
state variables are indicated as follows: θw, θt and θm are the 
average temperatures of water in SG, heat carrier, and metal of 
the heat exchange tubes; πp and πpt are the pressure in SG and 
the rate of its change; ξw and ξs are the volumes of water and 
steam in SG; ξc is the water level in SG; πw is the water pres­
sure before RFC; πm is the steam pressure in MSC; qm is the  
thermal power transferred from the heat exchange tubes to 
the feed water; gw and gs are the feed water and steam flows; 
gg, εm, βm are auxiliary variables; ga is the steam flow through 
DH; ξwt and ξct are the rates of change in the water volume 
and its level in SG; μw and μs are the positions of RFC and TCV 
valves; μ0w and μ0s are the initial positions of RFC and TCV 
valves. The input variables are the heat capacity of the heat 
carrier q, control effects on RFC and TCV uw and us, the rela­
tive value of vapor pressure after TCV πt. Based on the design 
and technological data on SG and related equipment [19, 20], 
39 constant parameters of model (1) were calculated. 

These are, firstly, the parameters of the heat transfer 
equations from the heat carrier to the feedwater bwp, cwp, aqm, 
btq, atm, amt, amw, as well as the parameters of the vaporization 
equations bpw, bps, apw, aps, bgq, agw, ags, bgg, bwg, awp, bsg, asp, cc, 
acc, bcg. Secondly, the parameters of the equation of the circu­
lation of the steam-water mixture after SG εc, αgm, amg, αgs, ass. 
Thirdly, the parameters of the equations of steam equipment 
after SG εc, αgm, amg, αgs, ass, as well as the parameters for the 
equations of RFV and TCV αgw, aww, ass. Based on the values of 
these parameters, a vector of 39 constant parameters of a SG 
model (1) cg is formed.

The vector of state variables and its initial value are intro­
duced [20]:

Xg = (θt, θm, πp, ξw, ξs, ξc, πm, ga, μw, μs)T, 

X0g = (θ0t, θ0m, 1, 1, 1, 0, π0m, 1, 1, 1)T.

Model (1) is reduced to vector form [20]

dXg/dτ = fg(Xg, cg, q, uw, us, πt), Xg(0) = X0g,	 (2)

where fg(Xg, cg, q, uw, us, πt) is a vector function of the right-
hand parts of SDE (1). Thus, the dynamic model of PGV-1000, 
as a control object, is a nonlinear SDE of order ng = 10 in 
relative variables. 

To control an actual PGV-1000 (Ukraine), a PI level con­
troller (LC) is used as the most reliable and simplest. The 
WLACS model with PI LC is formed by combining the SG and 
LC models [17].

To assess the quality of control process, direct quality 
indicators (DQIs) were used: maximum deviation σ(x), oscil­
lation amplitude ζ(x), control time tc(x) and its relative value 
τc(x) = tc(x)/Tf. The calculation of these QPIs is performed by 
integrating the SDE over the time interval [0; Tf], at the end of 
which the transient process can be considered complete [16]. 
The maximum speed of control system can be ensured by 
the minimum value of control time at the stability of control 
process and the limitations of indicators: σ(x) ≤ σm, ζ(x) ≤ ζm.

5. Results of the design and justification of information 
technology for optimizing control system performance

5. 1. Development of an algorithm for optimizing 
control system performance

Information technology (IT) is a set of models, methods, 
processes, algorithms, software, and equipment used to gen­
erate, collect, process, store, transmit, and represent informa­
tion. For IT identification and optimization of WLACS using 
a nonlinear model (4), algorithms and programs used with 
linear models were modified [15–17].

Based on the SG model (2), a WLACS model with a PI 
level controller was built:
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where ε is the control error; ξcs is the level setpoint; uP and uI 
are the proportional and integral components of control sig­
nal uw; KP and KI are the coefficients of the proportional and 
integral components. We have built a vector of parameters for 
WLACS model (3) cs = (cg, KP, KI) of size p = 41, the vector of 
WLACS state variables, and its initial value: X Xs g

T
I
Tu= ( ),� , 

X X0 0 0s g
T T= ( ),� . Model (3) is reduced to a vector form

dXs/dτ = fs(Xs, cs, q, us, πt), Xs(0) = X0s,	 (4)

where fs(Xs, cs, q, us, πt) is a vector function of the right-hand 
sides of SDE (3) of order n = 11.

Software has been developed for the use of nonlinear 
models (2) and (4) in the identification and optimization 
problems of WLACS.

To ensure that all the constraints of the variable parame
ters are fulfilled, the algorithm for calculating the level 
objective function (LOF) [15, 16] is modified. According to 
this algorithm, the LOF value of constraints F = (F1; F2) is 
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calculated, where F1 is the level that determines the number 
of sequentially fulfilled constraints, and F2 is the penalty that 
determines the magnitude of the violation of the first of the 
violated constraints.

Using the algorithm for calculating the LOF of con­
straints, algorithms and programs for calculating the LOF for 
the identification and optimization of the parameters of non­
linear models have been developed [15, 16]. These algorithms 
and programs differ from the corresponding algorithms and 
programs for calculating the LOF of linear models by using 
the method of integrating nonlinear SDEs. For the integration 
of nonlinear SDEs, a first-power system method based on the 
calculation of the integral of the matrix exponent [16] was 
chosen. The program of this method is included in the module 
of IT integration methods. The system method of SDE integra­
tion allows for the integration of rigid SDEs.

In the LOF of form F(x) = (F1(x); F2(x)), two-sided re­
strictions on variable parameters, necessary and sufficient 
conditions for the stability of WLACS, as well as require­
ments for the value of quality indicators of nonlinear models, 
are taken into account. Solving the problems of identifying 
and optimizing the parameters of WLACS is reduced to op­
timizing the LOF: F1(x) is maximized, F2(x) is minimized, 
and maximizing F1(x) has priority [16]. For optimizing LOF, 
methods of unconditional minimization have been modified 
using the "better" operation for the LOF values according to 
the corresponding algorithm [15–17]. With the use of this 
algorithm, methods of unconditional optimization have been 
modified, in which for solving the LOF optimization prob­
lems, the scalar comparison of the objective function values is 
replaced by the "better" operation for LOF values. The Nelder-
Mead, Hooke-Jeeves methods, genetic algorithms, and other 
methods of unconditional optimization have been modified. 
Programs of optimization methods and actions with LOF 
have been developed, which are included in the module of IT 
methods [15].

To identify the parameters of WLACS, a basic Algorithm 1 
has been developed.

Algorithm 1. Identification of WLACS parameters.
Input parameters: initial values of structural and 
technological parameters of SG, experimental data on 
processes in SG and WLACS.
Output parameters: identified values of parameters of for SG 
and WLACS models, optimal value of identification LOF.
Step 1. Calculate values for SG model parameters.
Step 2. Form nonlinear SG and WLACS models in the 
form of SDE.
Step 3. Form a model of the identification problem in the 
form of LOF.
Step 4. Optimize the LOF of identification.

In Step 1 of this algorithm, the initial values of model 
parameters (2) were calculated based on the values of more 
than 300 design and technological parameters of SG. Also,  
a vector of variable parameters of the identification problem x 
was formed – 39 parameters for SG model (1) and 2 parame­
ters for the PI controller. In step 2, nonlinear SG and WLACS 
models were built in the form of nonlinear SDEs (2) and (4). 
In Step 3, the identification problem model was built in the 
form of LOF. For vector x, constraints a ≤ x ≤ b were set. The 
initial x0 value for vector x was calculated based on the known 
design and technological data on SG and related equipment. 
The values of the constraint parameter vectors a and b were 

chosen in such a way that the maximum relative deviations 
of vector x from x0 would be the same. To take into account 
the limitations of stability region for WLACS, linearization 
of the nonlinear model was performed by calculating the 
Jacobi matrix of the vector function of the right-hand sides of 
SDE (4) A(x) = ∂fs/∂x. In Step 4, methods for optimizing LOF 
were used [15, 16].

When identifying the parameters for SG, if all the limita­
tions are met, the LOF value F = (n; s) is obtained, where s is 
the root mean square deviation (RMSD) of the values of the 
theoretical process from the experimental one.

To optimize the speed of WLACS, a principle Algorithm 2 
was developed.

Algorithm 2. Optimization of the speed of WLACS.
Input parameters: values of the parameters for SG model, 
initial values of the variable parameters for WLACS.
Output parameters: optimal values of the variable 
parameters for WLACS, optimal value of the LOF of 
speed optimization.
Step 1. Build a nonlinear model of WLACS in the form 
of SDE.
Step 2. Build a model of the speed optimization problem 
in the form of LOF.
Step 3. Optimize the LOF of optimization.

According to the algorithm for calculating the LOF of 
optimizing the parameters of nonlinear models, the LOF 
value F = (F1; F2) is calculated. If all constraints are met, then 
F = (n + 2; τc).

5. 2. Computational experiments for identification 
of model parameters

Computational experiments for identification of parame
ters for the nonlinear models of SG and WLACS were per­
formed for steam generator PGV-1000 (Ukraine) in a power unit  
VVER-1000 (Ukraine) at an NPP with a capacity of 1000 MW. 
The values of parameters for a SG model contain errors of 
initial values of parameters and modeling errors, caused by 
the adopted assumptions, which leads to a significant cancel­
lation of the theoretical process of change in the water level 
in SG from the experimental process. Therefore, identification 
of parameters for the nonlinear models of SG and WLACS 
was performed according to experimental dynamic charac­
teristics [17].

To identify the WLACS parameters, a vector of variable 
parameters of the model (4) x = cs was formed. From the 
elements of vector x – variable parameters xi, we proceeded 
to their relative increments yi = xi/x0i – 1, y0i = 0, i = 1, 2, …, p. 
Here x0i are the values of parameters for model (1), calculated 
from the known design and technological data on SG and 
related equipment. For variables yi, restrictions are set from 
–d to d, where d is the parameter of variable parameter restric­
tions. The state of SG under the nominal mode was disturbed 
by reducing the load by closing the main turbine control valve 
by 25%. The experimental process of changing the water level 
in SG with a step of the time variable h = 3 s when the level 
controller (LC) is turned off corresponds to 59 water level 
values. The experimental process of changing the level when 
the LC is turned on corresponds to 81 level values. The values 
of water level H, which depend on time variable t, are shown 
by points in Fig. 1, 2.

When calculating the LOF of identification by integrating 
SDEs (2) and (4) with a step h by the system method from 
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the IT integration methods module, the corresponding the­
oretical values for the level were calculated. When fulfilling 
the restrictions on the experimental and theoretical values of 
the level, the RSMD was calculated as a function of variable 
parameters. The optimization of LOF of identification was 
performed by sequential application of modified genetic al­
gorithms, modified Hooke-Jeeves and Nelder-Mead methods 
from the IT optimization methods module [11]. The optimal 
value of the vector of variable parameters of IUS x* = cs was 
obtained, where c xs g P IK K�

* * *( ,� ,� ),=  x g
*  is the identified value of 

the vector of parameters for SG, KP
*  and KI

* are the identified 
values for coefficients of the proportional and integral parts 
of LC. The final value for LOF F* = (11; 0.435) shows that all 
the restrictions are fulfilled; the minimum value of RSMD 
was 0.435 mm.

Fig. 1. Level deviation processes with the controller off

Fig. 2. Level deviation processes with the controller on

Earlier, using the linear model of SG, a minimum value 
for RSMD of 0.942 mm was obtained. For the nonlinear model 
of SG, the RSMD value decreased by 54%. With a range of ex­
perimental data changes within 101 mm, the relative RSMD 
value is 0.43%. For the linear model of SG, the relative RSMD 
value was 0.93%. These data indicate a significant increase in 
the accuracy of the nonlinear model of SG compared to the 
linear model.

Fig. 1, 2 show the processes of water level deviation in 
SG with the LC turned off and on. Dots indicate the experi­
mental data; the thin line indicates the processes at the initial 

values of the variable parameters for SG models at the value 
of variable parameter constraints d = 0. The bold line indi­
cates the processes after optimization of LOF at the value of 
constraint parameter d = 0.75. With the initial values of the 
variable parameters for SG models and the LC turned off, the 
level decreases rapidly with oscillations (Fig. 1), and with the 
LC turned on, the level change process is oscillatory (Fig. 2). 
After identification, there is a coincidence of processes in the 
model with experimental processes both with the LC turned 
off and on.

5. 3. Computational experiments with control sys-
tem optimization

The values of parameters for the WLACS model found 
as a result of identification were used to optimize the pa­
rameters for the level controller. In the SG model (2) it is 
assumed c xg g�

*�=  for the vector of constant parameters. To 
state the problem of optimizing the parameters for WLACS, 
vector x Î Rp was formed from the variable coefficients of 
the proportional and integral parts of the PI controller Kp and 
KI: x1 = KP, x2 = KI. For the PI controller, p = 2. Model (4) is 
reduced to the form

dXs/dτ = fs(Xs, x, cs, q, us, πt), Xs(0) = X0s.	 (5)

In this model, at the initial moment of time, the position 
of TCV changes abruptly from the initial value us = 1.0 to the 
value us = 0.8, which corresponds to a 20% reduction in the 
load on SG. Other input values of model (5) q and πt corre­
sponded to their nominal values.

The deviation in the relative controlled value of the level 
y = ξcs – ξc is indicated. By integrating SDE (5) under the 
initial conditions of the nominal mode using the first-power 
system method program from the IT integration methods 
module, transient processes of SG state change depending on 
the values of the parameters of the PI level controller were 
obtained. The parameters for the PI controller were optimized 
using the Nelder-Mead vector method program from the op­
timization methods module by optimizing the LOF from the 
system quality criteria calculation module. The level objective 
function of form F(x) = (F1(x); F2(x)) took into account the 
two-sided constraints of variable parameters, the necessary 
and sufficient conditions for the stability of WLACS and the 
requirements for the value of the quality indicators of non­
linear models. For the integration of SDE by the first-power 
system method, the process observation time Tf = 450 s and 
the number of model integration steps (5) L = 150 were set. 
To calculate DQIs, the final constant value of the level y∞ = 0, 
the parameter of the constant value zone δz = 0.01, and the 
maximum permissible deviation value zm = 10 were used. For 
the DQI optimization problem, the maximum permissible de­
viation value in the optimal process σm = 1 and the maximum 
permissible oscillation amplitude ζm = 0 were set. 

Thus, the optimal control process should be completely 
free of oscillations. Figures 3, 4 show the process of opti­
mizing DQIs with an initial step δ = 1 from initial point 
x0 = (0.3719; 0.0872)T, obtained after the identification of 
WLACS, using the graphic module from the information rep­
resentation module for solving IT problems.

In Fig. 3, 4, the plots of elements of the LOF – functions 
F1(x) and F2(x) from variable parameters x1 = KP and x2 = KI 
show the best search points. The starting point is marked 
with a circle; the final point is marked with a rhombus. The 
permissible error in the argument is 10-6; 117 iterations and  
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230 calculations of the function were used. The starting point 
corresponds to the values of the vector function F0 = (12; 0.044), 
the maximum level deviation σ0 = 0.238 and the adjustment 
time is 233 s. The final optimal point x* = (0.921; 0.370)T cor­
responds to the values of LOF F* = (13; 0.326), the maximum 
level deviation σ* = 0.234 and the adjustment time is tc*� =147 s. 
Thus, the water level in SG changed by 24% of the maximum 
permissible value.

 

Fig. 3. Plot of function F1(x) and a trajectory of optimizing 
the controller parameters

 

Fig. 4. Plot of function F2(x) and a trajectory of optimizing 
the controller parameters

The plot of the piecewise-constant function F1(x) in Fig. 3 
provides a division of the space of variable parameters into 
level regions. The upper part of this plot corresponds to the 
region where all 13 constraints are satisfied. The lower part, 
where 12 constraints are satisfied and the constraint on the 
oscillation exponent ζ(x) is violated, corresponds to oscilla­
tory processes. The plot of function F2(x) in Fig. 4 shows the 
penalty functions. The upper part of this plot is the plot of 
objective function τc(x) as the control time. The lower part is 
the plot of the oscillation exponent ζ(x).

5. 4. Optimizing the speed of a water level control 
system

The modified Nelder-Mead method using LOF allowed us 
to solve the set problem of optimizing the speed of WLACS 
by changing the parameters of PI controller based on a non­
linear model obtained by identifying the parameters of SG 
from the experimental processes of changing the water level 
in SG. Fig. 5 shows the plots of the processes of changing the 
relative value of water level y at the initial and final points 
of optimization. The thin line indicates the process at the 
initial point, and the thick line indicates the process at the 
final point.

Fig. 5. Level deviation processes at the initial and final values 
of controller parameters

When the load on SG is reduced by 20% and the value of the 
constant value zone parameter δz = 0.01, the process of chang­
ing the water level in SG without oscillations at a minimum 
control time of 147 s was obtained. Optimizing the speed of 
WLACS allowed us to significantly improve the control process.

6. Discussion of results related to designing and 
justifying the information technology for optimizing  

a steam generator control system

Using the nonlinear mathematical model (2) of the 
steam generator as a control object, a mathematical model 
of WLACS (4) has been built. Algorithms 1 and 2 were also 
developed for identifying and optimizing the WLACS parame­
ters. The features of our algorithms are that they use modified 
LOFs, which contain all the information about the problems 
of identifying and optimizing the nonlinear WLACSs. This 
approach is promising in terms of simplifying the software for 
solving complex tasks to optimize ACSs.

The results of our computational experiments conducted 
to identify the parameters for the nonlinear WLACS models 
of the PGV-1000 steam generator at an Ukrainian NPP are 
shown in Fig. 1, 2. At the initial values of SG parameters, the 
processes of changing the water level in the SG, calculated 
from models (2) and (4), differ significantly from the exper­
imental processes; the conditions for the stability of WLACS 
are not met. Optimizing the LOF allowed us to move into 
the stability region of WLACS and find the minimum RSMD  
of 0.435 mm. After identification in Fig. 1, 2, the coincidence 
of the processes in the model with the experimental pro­
cesses is observed both with the LC turned off and with the 
LC turned on. To solve the identification problem, the most 
effective method was a combination of a binary genetic al­
gorithm with the Hooke-Jeeves method. This problem was 
being solved over several days on a MacBook Pro computer. 
The identification process was accompanied by the output of 
a table of LOF values to the monitor. The developed software 
allows one to interrupt the optimization process and build its 
digital copy at the end of each day. Using a digital copy, we 
have the opportunity to continue this process the next day.

Based on the nonlinear model of WLACS (5) according 
to algorithm 2 computational experiments were performed to 
optimize the WLACS parameters. The optimization process is 
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shown in Fig. 3, 4 on the plots of LOF elements. This process 
was accompanied by the display on the monitor of the table 
of values for the variable parameters and LOF. The results 
of WLACS optimization in Fig. 3, 4 confirm that at the final 
search point all the conditions of the optimization problem 
are met and the optimal LOF value is achieved.

The optimization of WLACS speed has been performed. 
The optimal process of changing the level without oscil­
lations at a maximum level deviation of 3.51 cm and with  
a control time of 147 s is shown in Fig. 5. The water level in SG 
changed by 23.76% of the maximum permissible value, which 
satisfies the requirements for the operation of SG. These re­
sults of WLACS optimization show that the use of IT allows 
one to significantly increase the speed of the control process 
compared to the experimental process, also shown in Fig. 5.

The reliability of our results regarding the optimization 
of WLACS has been confirmed by successfully solved similar 
problems for other ACSs at the NPP power unit using various 
optimization methods [15, 17, 18].

It should be noted that the problem of optimizing the 
WLACS of an NPP steam generator based on a nonlinear 
model is not described in available sources of information. 
Most papers deal only with simulation modeling of the pro­
cesses of regulating the water level in a steam generator [1–6]. 
Mathematical models of water level ACSs in a steam genera­
tor are given in [2, 3]. Optimization of WLACS performance is 
considered even less often because of the complexity of such 
a problem. Thus, for setting the parameters of a water level 
controller in a steam generator, the Nelder-Mead method was 
used only with an indirect integral quality indicator [8].

It should be noted that our research is limited to the use of 
a nonlinear WLACS model when the load is dropped from the 
nominal SG mode by 20%; other SG modes and the load drop 
values were not studied. When modeling WLACS, only the PI 
controller was considered, the influence of changes in SG pa­
rameters and random disturbances on the SG control process 
was not taken into account. The ACS for SG performance was 
also not studied.

To solve complex identification and optimization problems 
that require significant computing resources, the ability to mem­
orize the results of the optimization process and then continue 
it was implemented. All this justifies the high reliability and 
accuracy of our IT, which determines its technical advantages 
over other known IT optimization of complex dynamic systems.

The devised IT for optimizing the speed of WLACS with 
the identification of SG parameters could be easily adapted to 
solve many other tasks. One may use other experimental pro­
cesses in SG, other values of initial parameters, different sets 
and restrictions of variable parameters for identification and 
optimization problems.

The disadvantage of our study is that the identification of 
parameters in the mathematical model of a steam generator was 
performed on a limited set of experimental data because of the 
complexity of conducting experimental studies at an NPP. Avail­
ability of other full-scale studies on the NPP steam generator 
would make it possible to improve the adequacy of the model.

This study in the future aims to increase the accuracy of 
mathematical models by switching to nonlinear models with 
distributed parameters, using new types of controllers, and 
expanding the set of requirements for the quality of control 
process. This requires the use of high-order nonlinear mathe­
matical models taking into account various uncertainties, new 
effective numerical methods for solving high-order nonlinear 
rigid SDEs, as well as reliable optimization methods.

7. Conclusions

1. An algorithm for optimizing the speed of operation for 
the water level control system in a steam generator based on 
the identification of parameters of nonlinear models has been 
developed. Our algorithm includes the formation of nonlinear 
models of SG and WLACS, models of identification and opti­
mization problems, integration and optimization methods. The 
special feature of the developed algorithm for optimizing the 
automatic control system of a steam generator is that it uses  
a level objective function. This function, as a single mathemati­
cal object, includes all information about the conditional optimi­
zation problem. This simplifies algorithms and software for solv­
ing optimization problems related to complex control systems.

2. Computational experiments were conducted to identify 
41 parameters for the nonlinear models of a water level con­
trol system in the PGV-1000 steam generator at an Ukrainian 
NPP. Optimization of the level objective function of identifi­
cation was performed by sequential application of modified 
genetic algorithms, modified Hook-Jeeves and Nelder-Mead 
methods from the module of IT optimization methods. As 
a result of the identification of the nonlinear model parame
ters, the relative value of the mean square deviation in the 
model processes from the experimental processes was ob­
tained as 0.43% instead of 0.93% when using the linear model. 
These data indicate a significant increase in the accuracy of 
the nonlinear model of SG compared to the linear model.

3. Computational experiments were performed to opti­
mize the automatic water level control system in a steam gen­
erator based on the level objective function and the identified 
nonlinear model of the control system in the form of a system 
of differential equations. The process of optimizing the level 
controller parameters is clearly represented by three-dimen­
sional plots of the level objective function. The plots of the 
level objective function reflect the division of space of variable 
parameters into two regions of levels with and without oscil­
lations, as well as the penalty function of the oscillation range 
and the objective function of control time as an indicator of 
speed. The level objective function is not smooth; therefore, 
its optimization is possible only by direct search methods 
modified using the operation of comparing the values of this 
function. The modified Nelder-Mead method allowed us to 
solve the problem of optimizing the speed of the automatic 
water level control system in a steam generator with high 
accuracy, which was confirmed by the plot of the process that 
optimizes parameters for the proportional-integral controller.

4. The modified Nelder-Mead method for optimizing the 
level objective function allowed us to solve the problem of opti­
mizing the speed of an automatic water level control system in 
a steam generator with a PI controller. The minimum value of 
control time was obtained, 147 s, when the load was unloaded 
by 20%. The practical significance of these results is that the fea­
sibility of using information technology to optimize the auto
matic water level control system in the steam generator based 
on the identification of nonlinear models was experimentally 
substantiated. Optimization of the automatic control system in 
a steam generator improved the control process: the maximum 
deviation of the water level in the steam generator decreased 
and level fluctuations disappeared. The time of computational 
experiments to optimize the speed of the control system did not 
exceed one minute. All this shows that the considered informa­
tion technology for optimizing the performance of a water level 
control system in a steam generator could indeed be widely 
used in the practice of calculating optimal control systems.
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