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Abstract
This article is regarded to the search for the best power control program at nuclear power plant (NPP) with VVER1000 by gradient descent method for the objective function, which includes the criteria of efficiency, safety and damage.
Criteria normalization to the maximum value is carried out when looking for the minimum of the objective function
because criteria have different physical nature. There were chosen such objective criteria as depth of fuel burn-up,
index of the fuel cladding damage and axial offset - the ratio of the energy at the top and bottom of the reactor core.
Key words
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Overview the problem`s current state
Analysis of publicly available material showed that the problem of finding the best power control program at NPP with
VVER-1000 for operating the unit in partly variable place the electrical load chart is reduced to two mutually sequential tasks.
The first task is to simulate different power control programs of NPP with VVER-1000. Such modeling tasks were given in
[1,2], but a comparison of the results showed a clear advantage of only one control program presented in [3]. Such a result was
a purpose response of the designed study, simulation was conducted on a relatively small time interval – one day [1,2]. For a
correct comparison of the different control programs they should be modeled with the same external disturbances with full fuel
campaign. Therefore, in further comparing and finding the best control program it is needed to be taken this into account and
carry out a complete simulation cycle on time interval corresponding to a complete TVS burn-up [4]. The second task is to
apply the standard method of finding best values of the objective function that is monotone and continuous on the accepted
domain of the arguments under consideration. Gradient method can be attributed to such a kind of method.
In [5] with the method of gradient descent the optimum point trajectory of the search was found at two- and threeparameter optimization, moreover it was found that an increase in the order of regression equation increases the value of solar
cells efficiency. Method of quickest descent can be used to solve systems of linearized unsteady Navier-Stokes equations with
constraints on the management and unbounded set of solutions [6]. What is more, with the gradient method coordination of
vertically arranged sub-systems in the equipment of agricultural enterprises [7] was optimized.
Objective
To find the best possible power control program at NPP with VVER-1000 at the current operating moment for the full
time interval fuel burning by changing the Automatic Process Control System (APCS) equipment structure which can ensure
the formation of a variety control programs by switching the equipment.
Main material
Calculation methods and models for existing control programs [8,9] are used as a basis for developing optimization
objective. Criteria optimization objective will be: the depth of fuel burn-up, which characterizes the effectiveness of "the more,
the better"; axial offset, characterizing safety "less deviates from the regulatory requirements, the better" and index of fuel
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damage "less damage, the better." There are various methods and algorithms to calculate the optimal value of the function of
many variables such as the method of descent, gradient method (steepest) descent, method of ravines.
Gradient descent method was the most reasonable, because it appropriated the conditions of the problem. In this case the
conditions of applicability of the method such as differentiable function and dependence on variable scale selection were taken
into account. For example, if the function that is minimized too extended in space, then the procedure steepest descent
converges very slowly or may not come together for a certain period of time. In this case, the problem is solved using zoom
variables.
The method under consideration has a significant advantage. It is high speed. This problem belongs to the class of multicriteria optimization. To determine the type of objective function optimization it is prudent to use the method of target
programming, the main purpose of which is to make decisions under conditions with many purposes.
Objective criteria that are part of the objective function are as different by more than one degree and have different
metrics, so it is necessary, first of all, to carry out their normalization.
According to [10] was accepted that the maximum possible value burn-up В мах is 45 MW d/kg of uranium, so its
normalized value was defined as:
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– the energy of one fuel assembly is determined by the model [10].

Index of the fuel cladding damage  does not need to be normalized as it on the value [10] is in the range from 0 to 1.
The maximum value of the axial offset AO is 6 relative units, due to the fact that it falls in the recommended area,
established by the Regulations [11]. The normalized value is calculated by
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– heat output (the energy) of the upper half of the reactor core, MW;

– heat output (the energy) of the lower half of the reactor core, MW.
It is known that one of the conditions under which the optimization problem can be formulated and solved, is the
presence of a single, well-articulated and quantified optimality criterion in the form of the objective function.
In the context of many of the goals and limited resources, not all objectives can be achieved. In the target programming it
provides the opportunity for reflection it introduces a new type of variable, indicating the degree of deviation of the achieved
level of the required objectives.
Given the above, the objective function will look like:
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where В ,   , А О  – normalized objectives values of each criterion;
κ 1 , κ 2 , κ 3 – weight coefficients.

Within the framework of the problem, normalized values of the following objectives are: В   1 as it is carried out the
search of the maximum burn-up value,    0 as it is carried out the search of the minimum fuel damage value; А О   0 as it
is carried out the search of the minimum deviation from the set axial offset value. In terms of reliability and safe operation of
nuclear power units, the values of the last two indicated values must be strictly regulatory ranges.
Further, the expression (1) can be simplified by deleting the zero objectives and substituting into equation (2) only the
normalized values:
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Thus, the decision of the objective optimization function would be to minimize the functional J:
J ( B, ω,  ) 

min
B  R, ω  R, AO  R

Having solved the task, it will be possible to talk about the notion of "effective operation", that is the decision that
combines three incompatible components but, nevertheless, "useful" in terms of reliability and economic benefits. This
decision from the point of view of multi-criteria optimization problems is called Pareto-optimal.
Analysis [8,9] made it possible to identify the arguments for each of the criteria:
inlet

B  [ t coolent ; n ;  operationa
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where
– coolant temperature at the reactor core inlet, °С;
n – neutron flux, particles/m2;
 operationa l – operation time, h.
inlet
t coolent

Thus, the objective function takes the form:
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The method of steepest descent for finding the minimum of the obtained function of three variables is applied below. As a
starting point were taken data from nuclear power units operation practice.
Here the algorithm of current (i =0,1..) iteration is considered.
Step 1: To determine the values of the function at the point M i ( t i ; n i ;  i ) :
J i  f ( B ( t i ; n i ;  i );  ( t i ; n i ;  i ); AO ( t i ; n i ))

Step 2: To determine the partial derivative of the objective function, using numerical differentiation formula, taking
arguments` increments close to zero:
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Step 3: To calculate of the antigradient:
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Step 4: To calculate the following i+1, argument values:
ti 1  ti  ht  d t ,i

,

n i 1  n i  hn  d n ,i ,

 i  1   i  h  d  , i .

Comment. During the initial step value h for each argument t i ; n i ;  i we will accept values considering their physical
properties.
For t1 – coolant temperature at the reactor core inlet h  0 , 295 ºС.
For

n1

– neutron flux it the reactor core

h 

9·104 pcs/m2.

For  1 – operation time h  26352 sec.
Step 5: To calculate the value of the objective function in the following i+1 point:
J i  1  f ( B ( t i  1 ; n i  1 ;  i  1 );  ( t i  1 ; n i  1 ;  i  1 ); AO ( t i  1 ; n i  1 ))

Step 6: To compare function values

Ji

with

J i 1

. For example, if the value

right, so we can go to step 1 of the algorithm, taking as initial point M

i

J i 1

is less than

Ji

, the size of the selected step is

with its coordinates ( t i  1 ; n i  1 ;  i  1 ) . Otherwise,

return to step 4 of the algorithm, the new step value h: = h/2. For stopping criterion we accept the condition

J i 1  J i  

where  – given accuracy.
To form a model objective function criteria were separately analyzed the existing NPP control program with VVER-1000
based on the data [10,11]. Table 1 summarizes the properties of the considered control programs in terms of impact on the
operation of the power plant according to accepted criteria of efficacy, safety and damage.
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Control program’s
name
Tav = const

Table 1 – Advantages and disadvantages of control programs
Advantages
Disadvantages
– favorable for the 1st circuit equipment
due to the stable temperature conditions;
– the possibility of using the temperature
effect to regulate the reactor reactivity;
– operating speed, ease of automation.

– increasing the steam pressure in the steam
generator from the second circuit while reducing
the power unit (deterioration of the strength
characteristics).
– xenon oscillations emergence;
– a large number of unbalanced water;
– input-output of solid absorber leads to a
curvature of the energy release field;
– motion control rods up at border movement in
fuel claddings, located near the control rods
because of the jump in power, there are
significant voltage.

P2 = const

– favorable for the 2st circuit equipment;
– the possibility of using higher steam
parameters before the turbine at nominal
mode;
– operating speed, ease of automation.

Tin = const

– the stability of the nuclear reactor due
to the stable axial offset;
– minimization of the control rods;
– minimum consumption of pure
distillate and boron concentrate;
– reduced amount of unbalance waters;
– improving the working conditions of
fuel;
– the possibility of using temperature
effect for controlling the reactivity of the
nuclear reactor;
– parameters of power distribution
adjustment height with changes in power
do not vary;
– the absence of xenon oscillations.

– change in the average temperature of the
coolant limits the unit maneuverability
capabilities and complicates the working
conditions of the pressure automatic control
program in the compensator volume;
– necessity in resizing pressurizer towards
increase;
– increased thermal stresses in the reactor vessel,
fuel claddings;
– an impact on the control rods is required to
compensate the changes in reactivity due to
temperature effect which leads to a distortion of
the field energy release;
– a large number of unbalanced water;
– xenon oscillations emergence;
– motion control rods up at border movement in
fuel claddings, located near the control rods
because of the jump in power, there are
significant voltage.
– large time integration;
– a small control range is limited by permissible
pressure in the steam generator;
– inlet temperature of the coolant in the reactor
increases with increasing pressure in the main
steam collector is strictly limited by the
permissible modes table;
– there is a cyclic variation of the 2nd circuit
parameters;
– low speed.

The simulation results of changes the values of the objective function J are shown in Figure 1, where point 1 corresponds to the
control program switching moment from T av to Tin. Point 2 corresponds to the control program switching moment from T in to
Tav. Point 3 corresponds to the control program switching moment from T av to Tin. Point 4 corresponds to the control program
switching moment from Tin to Tav. Point 5 corresponds to the control program switching moment from T av to Tin. Search results
for optimal control of the program showed that during the four years of operation of nuclear fuel in the nuclear power unit with
VVER-1000, there are five specific points in the quantitative determination of criteria that show the expediency of switching a
control program by changing the configuration of automation systems for Pareto-optimal solutions.
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Fig. 1 - Dependence the objective function J optimal values on the NPP operation time with full burning-up of nuclear fuel
Conclusions
To search for the best power control program at NPP were used methods of target programming and gradient
optimization method. These techniques made it possible to optimize the task and find its Pareto-optimal solution with
accuracy.
Search for the best power control program at units with VVER-1000 has identified five specific points in the four-year
campaign of nuclear fuel burning-up. Found points are on the line of changes the optimal value of the objective function.
Control program P2 = const is not optimal in the analysis.
During the objective function optimization it was revealed that the switching can be carried out only between the two
control programs: Тav=const и Тin= const.
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