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Parameter Estimation of a Simple Primary Circuit
Model of a VVER Plant
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Abstract—A simple dynamic model in physical coordinates (an
improved version of our model reported in [1]) and the corre-
sponding parameter estimation procedure for the primary circuit
dynamics of VVER-type pressurized water reactors is presented
in this paper. The primary uses of the model are control oriented
dynamic model analysis and high level controller design. The most
important requirements of the simple physical model are that it
should contain the possible minimal number of differential equa-
tions and it should be capable of describing important dynamic
phenomena such as load change transients between day and night
periods. Furthermore, the estimated parameter values should
fall into physically meaningful ranges. The parameter estimation
method is based on the decomposition of the overall system model
into separably identifiable subsystems. The identification of the
subsystems is followed by the fine-tuning of the model parameters
with the parameter estimation of the entire system model. The
constructed model satisfies the predefined requirements and its re-
sponse shows good fit to the measurement data that were obtained
from three units of the Paks Nuclear Power Plant in Hungary.

I. INTRODUCTION

T HE gradually changing operating requirements, the ever
stringent regulations related to performance, effective-

ness and safety often necessitate the retuning or the redesign
of different subsystems in nuclear power plants. These im-
portant tasks are supported by the improving quantity and
quality of dynamic measurements as a result of developing
hardware-software environment and modern sensor devices.
It is well known from theory and engineering practice that
the application of advanced feedback control can dramatically
improve dynamical system properties often without the need to
introduce signi�cant changes in the technology. Recently, ap-
plied modern control methods in nuclear power plants include
linear robust control [2], model predictive control [3], [4] and
adaptive neural control [5].

However, most of the aforementioned model analysis and
controller design methods require that the original mathematical
model of the system is in the form of (a preferably low number
of) ordinary differential equations. Unfortunately, the tradition-
ally available and commonly used dynamic models [6], [7] for
nuclear power plants are much too complex and detailed for
control purposes. Therefore, one of the aims of this paper is to
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present such a simple dynamic model for the primary circuit of
a VVER-type nuclear power plant in physical coordinates, and
to describe the parameter estimation procedure for the model.
The intended use of the model is control oriented system anal-
ysis and controller design.

The detailed dynamic modeling and simulation of
thermal-hydraulic systems is an extensively studied area where
reliable dynamic simulators can be found such as RELAP5
[6] or APROS [7]. However, the models obtained from these
solutions are too detailed (i.e., the number of equations is too
high) for our purposes. Of course, high �delity simulation is
indispensable later, particularly in the controller testing and
tuning phase.

Relatively few publications can be found in the literature
about the dynamic identi�cation of simpli�ed physical primary
circuit models. In [8], the multidirectional search method is
used for the parameter estimation of a 15 dimensional PWR
model, where the training data were obtained from RELAP5.
Effective particle �ltering is used in [9] for the state estima-
tion of a simple neutron �ux dynamic model of 3 differential
equations.

Our aim is to construct a model in the form of nonlinear or-
dinary differential equations with the following properties: 1) It
should reproduce important dynamic phenomena such as load
change transients in the thermal power interval of approximately
80�100%. 2) It should be able to acceptably describe the steady
states in the neutron �ux, primary circuit temperature and pres-
sure. 3) The model parameters should fall into physically mean-
ingful regions.

The model presented here is a modi�ed version of the one
that was described in [1], where the detailed modeling assump-
tions can be found. However, that model was not able to sat-
isfy all three modeling requirements described above (see also
[10]), therefore the need for model extension has been arisen.
The main differences between [1] and the present model are that
the old model has been extended with the energy (temperature)
dynamics of the steam generator�s tube-wall and an improved
nonlinear heat transfer formula has been introduced in the new
model. The methodology followed in this paper is also similar to
that of a successful previous work, namely the control oriented
modeling and identi�cation of the pressurizer in the primary cir-
cuit [11]. Based on the developed model, an advanced dynamic
inversion based pressure controller [12] was designed and im-
plemented that is now working on all four units of the Paks Nu-
clear Power Plant in Hungary. However, the model structure and
the identi�cation procedure is more complex in the case of the
present primary circuit model which contains the pressurizer as
a subsystem.
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Fig. 1. Process �owsheet with the operating units of the simpli�ed model. (R�reactor, PC�liquid in the primary circuit, PR�pressurizer, SG�steam generator
and W�tube-wall).

The paper is organized as follows. In the Section II, the state-
space model of the primary circuit is presented. The Section III
describes the parameter estimation method and the measure-
ments. The Section IV contains the results of the parameter es-
timation, while the conclusions can be found in the Section V.

II. SYSTEM MODELING

A. Modeling Setup and Assumptions

The set of operating units considered in our simple dynamic
model includes the reactor (R), the primary circuit liquid (PC),
the pressurizer (PR), the steam generator (SG), and the tube-
wall in the steam generator (W) with their abbreviations be-
tween parentheses (see Fig. 1). Their dynamic models are de-
rived from simpli�ed mass, energy and neutron balances con-
structed for a single balance volume that corresponds to the
individual unit. Each balance volume is considered a spatially
homogeneous lumped parameter system. The considered con-
trollers in the model are the pressure controller, the level con-
troller of the pressurizer, the level controller in the steam gen-
erator and the power controller of the reactor, the dynamics of
which has been neglected. The domain of the model includes
the dynamic behavior in normal operating mode together with
the load changes between the day and night periods.

The reactor model is a time-dependent, single-group neutron
diffusion equation [13] model, with a single type of delayed neu-
tron emitting nuclei whose concentration is in a quasi-steady
state. The dependence of the nuclear physical mechanisms on
the temperature is neglected, but the effect of the control rod
position on the reactivity is approximated by a quadratic func-
tion.

The liquid in the primary circuit is assumed to be pure water,
whose density depends on the temperature described by a

second order polynomial, and its dependence on the pressure
is neglected. The heat transferred from the primary circuit to
the tube wall of the steam generator depends polynomially on
the temperature difference between the average temperature of
primary circuit liquid and the temperature of the tube-wall.

The dynamics of the primary side of the steam generators
and the dynamics of the secondary side vapor phase are very
quick compared to the dynamics of secondary water mass and
temperature, therefore they are assumed to be in a quasi-steady
state. Moreover, an equilibrium is assumed between the sec-
ondary liquid and the vapor phases. The heat transferred from
the tube-wall of the steam generator to the secondary circuit
water depends polynomially on the temperature difference be-
tween the temperature of the tube-wall and the temperature of
the secondary liquid.

The liquid in the pressurizer is assumed to be pure water, and
it is assumed to be part of the liquid in the primary circuit. The
liquid mass in the pressurizer is computed as an excess to a nom-
inal mass in the primary circuit. The density of the liquid is as-
sumed to depend on its temperature according to a second order
polynomial, and its dependence on the pressure is neglected.

The energy losses of operating units are supposed to be linear
functions of their respective temperatures, except for the pres-
surizer where it is considered constant. The pressure in an oper-
ating unit is assumed to depend quadratically on the temperature
in the operating unit.

B. State-Space Model

With the above simplifying modeling assumptions, the non-
linear state equations of the simple primary circuit dynamics are
the following:

(1)
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(2)

(3)

(4)

(5)

(6)

(7)

The output equations are as follows:

(8)
(9)

(10)

(11)

Note that the output variables determined by the above equa-
tions are the principal measured variables characterizing the
state of the primary circuit: the reactor power , the pressure
in the steam generator , together with the level of and the
pressure in the pressurizer ( and , respectively).

Other constitutive equations are

(12)

(13)

where is the density of the liquid and stands for PC or
PR. These equations determine the mass �ow rate between
the pressurizer and the primary circuit that is induced by the
variation of the density of the primary circuit liquid caused by
the changes in the primary circuit temperature. It is important to
note, that the change in the �ow direction, i.e., the change in the
sign of makes the model to exhibit a state-switching type
hybrid behavior.

The de�nition of the variables and the parameters can be seen
in Tables I and II, respectively.

As was noted in Section I, the model is largely based on the
one presented in [1] with one additional differential equation
that describes the effect of the tube wall energy dynamics [(6)]
on the overall dynamics of the system. This has been necessi-
tated by the dif�culties in estimating the parameters appearing

TABLE I
VARIABLES WITH TYPE (STATE, INPUT, OUTPUT, DISTURBANCE)

TABLE II
ESTIMATED PARAMETERS OF THE PRIMARY CIRCUIT MODEL

in the linear heat transfer term present in
the former and simpler version [10] of our model. Because of
the same reason, nonlinear heat transfer terms (

and ) have been applied in our
present model in both of the primary circuit and the steam gen-
erator energy balance equations.

It is important to emphasize, that from a physical point of
view, neglecting the reactivity feedback (i.e., the reactivity de-
pendency on the temperatures) is a serious over-simpli�cation
that may in�uence signi�cantly the system dynamics. However,
the main reason for this neglect is to obtain a dynamic model
with the simplest possible algebraic structure and a minimum
number of parameters to be estimated, because a more complex
model might unnecessarily complicate the process of nonlinear
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Fig. 2. The measured and model computed neutron �ux in unit 1.

TABLE III
MEASURED VARIABLES

model analysis and controller design. It is expected that this ap-
proximation will cause a small difference between the measured
and the model predicted neutron �ux and primary circuit water
temperature values, but this is still an acceptable simpli�cation
of reality in the investigated operating region, as it is clearly vis-
ible from the results of Section IV.

III. PARAMETER ESTIMATION

A. Measurements
Measured data (see Table III) from units 1., 3., and 4. of the

Paks Nuclear Power Plant were collected for parameter estima-
tion purposes. To extract as much dynamic information as pos-
sible, load change periods were selected for identi�cation.

The time-span of the raw measurements was between 2 and
72 h. The selected data sequences had to contain steady-state
values together with power increase/decrease without any sig-
ni�cant disturbances and operating mode changes.

After the investigation of the measured data the following
time intervals were chosen for parameter estimation. A time in-
terval of 3.88, 2.5, and 2.5 h from unit 1, unit 3, and unit 4,
respectively.

B. Parameter Estimation Method
The parameter estimation has been performed in two

main steps. In the �rst step, three subsystems of the overall

model�the reactor, the main thermo-hydraulic part of the
circuit, and the pressurizer�have been identi�ed separately in
the following way. It is seen from the state equations (1)�(7)
that the parameters in the neutron �ux balance (1) can be
estimated independently of the other operating units. Then the
coupled (2)�(6) describing the dynamics of the liquid in the
primary circuit, in the steam generator and the dynamics of
the wall of the steam generator form another component that
uses the reactor power as an input generated by the neutron
�ux dynamics. Finally, the third component is the pressurizer
that depends heavily on the primary circuit water dynamics.
The parameter estimation has been carried out sequentially and
component-wise following the dependencies outlined above,
i.e., the �rst is the reactor unit, the second one is the primary
circuit water subsystem including the steam generator and
�nally, the pressurizer. For each subsystem, the measured vari-
ables were classi�ed as manipulated inputs, nonmanipulable
disturbances, and outputs.

The objective function of the identi�cation measured the �t
between the model computed (simulated) and measured output.

In the second step, the whole system model described by
(1)�(7) was put together and identi�ed using the parameter
values obtained in the previous step as initial parameter values.
Note that the classi�cation of some variables has changed in
this step compared to their previous role. Namely, the neutron
�ux, the primary circuit temperature, the pressurizer temper-
ature, and the steam generator temperature that appeared as
inputs or measurable disturbances for certain subsystems in the
�rst step (and, therefore, their measured values were used for
the simulations), now act as model computed state variables
and the measurements are only used for objective function eval-
uation. Furthermore, the �nal output for the objective function
of the whole model is composed as a linear combination of the
outputs corresponding to the subsystems in the �rst step.

As it has been mentioned before, the value of the objective
function to be minimized was the measure of the data �t in
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Fig. 3. Projections of the error function of the estimates in case of the reactor of unit 1.

terms of the 2-norm between the measured and model-computed
output signals, i.e.

(14)

where is the model parameter vector, is the measured output,
is the model-computed (simulated) output signal, and de-

notes the time-span of the measurement/simulation.
Thus, the parameter estimation problem is basically an opti-

mization problem which is bound constrained to keep the esti-
mated parameter values in a physically meaningful range. Since
the right-hand sides of (1)�(7) are nonlinear functions of certain
parameters [e.g., and in (6)], the classical least squares (LS)
method cannot be applied for identi�cation. Note that it is pos-
sible to decompose the system into a linear-in-parameters part,
where the LS method is applicable, and into a nonlinear-in-pa-
rameters one, and develop an iterative estimation method based
thereon [10]. However, the problem of keeping the estimated

parameter values in their physically meaningful domain is not
solvable in a straightforward way by using this method.

For the evaluation of , the simulation of the system dy-
namics with some parameter vector is required which is a
computationally expensive operation. This means that the nu-
merical approximation and evaluation of the gradient of re-
quires much computational effort and moreover, it can often be
unreliable because of the noise of some measurements. These
facts motivated us to choose a simple yet effective numerical
optimization method that does not need the computation of the
gradient of the objective function. The Nelder-Mead simplex
search method [14] is a well-known direct search algorithm [15]
for multidimensional optimization without derivatives, with nu-
merous extensions and parameter estimation applications [8],
[16]. Since the ranges of the model parameters were relatively
well known from plant documentation, the proper selection of
initial parameter values was possible and the original Nelder-
Mead algorithm could be used without modi�cation.

The brief operational principle of the Nelder-Mead algorithm
is the following (for details, see, e.g., [17]). A simplex is the
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Fig. 4. Temperatures �tting in case of the PC-SG-W subsystem and unit 1.

convex hull of vertices in an -dimensional space. The
method starts from an initial working simplex which is created
using the given initial parameter value. The algorithm then per-
forms a sequence of transformations (that can be re�ection, ex-
pansion, contraction or shrink) of the working simplex, to de-
crease the objective function values at the vertices. The algo-
rithm is terminated when the size of the simplex is suf�ciently
small, or when the function values at the vertices are close to
each other in some norm. In each iteration step, the algorithm
typically needs only one or two objective function evaluations
which is quite low compared to most other methods. It is impor-
tant to note that the simplex search algorithm (similarly to many
nonlinear optimization techniques) does not guarantee that the
obtained point is a global minimum on the whole parameter do-
main. Therefore, it is very important to use as much prior infor-
mation about the modeled process as possible to choose proper
initial parameter values for the method.

The quality of the estimates is investigated by the analysis of
the error function. It has been achieved by plotting every two-di-
mensional projection of the error function and its contour plot
as a function of each pair of estimated parameters. If the con-
tours of the error function are circular, then the corresponding
estimated values are not correlated. However, if the contours
become elongated ellipses (i.e., the shape of the two-dimen-
sional projection of the error function looks like a �valley� in the
vicinity of its minimum), then it suggests a deterministic rela-
tionship (linear, if the minimum points of the objective function
are located along a line) between the two investigated parame-
ters.

It is important to note, that the above-inferred deterministic
relationship between parameters can be caused by either the
overparametrization of the model or by the not suf�ciently ex-

TABLE IV
ESTIMATED REACTOR PARAMETERS. TS MEANS TIME SPAN

citing nature of the system input or disturbance signals applied
to the identi�cation. Since we could only use passive measured
data from the nuclear power plant under closed-loop control
where the excitation was provided by the load changes, such
deterministic relationships were envisaged.

IV. RESULTS AND DISCUSSION

A. Reactor

The parameter estimation was based on (1). The input vari-
able was , the output variable was . Parameter was known,
while , and were estimated.

It can be seen from (1) that is a state variable, but here it
also plays the role of an output variable from the point of view of
the input-output identi�cation of the reactor submodel, in spite
of the fact that is a measured state variable in the full model
of the primary circuit. Measured data were obtained from the
Verona system [18].

During parameter estimation the values of and were
estimated while the value of was computed from the estimated
values of and to maintain the initial steady state.

Authorized licensed use limited to: University of Queensland. Downloaded on January 30, 2009 at 01:00 from IEEE Xplore.  Restrictions apply.



FAZEKAS et al.: SIMPLE PRIMARY CIRCUIT MODEL 2649

Fig. 5. Examples for the projections of the error function in case of the PC-SG-W subsystem and unit 1.

The estimated parameters and the measure of �t are given in
Table IV. The neutron �ux �tting in case of unit 1 can be seen
in Fig. 2. The reason for the difference between the simulated
and measured neutron �ux is the oversimpli�ed dynamic model
without reactivity feedback. The two-dimensional projections
of the error function of the estimates (without contour plots)
are given in Fig. 3 in case of unit 1. The valley type shapes
on the sub�gure show that there are linear relationships among
the parameters of the reactor that are probably caused by the
operation of the reactor power controller.

B. Liquid in the Primary Circuit, Steam Generator and Wall
(PC-SG-W Subsystem)

The applied equations were (2)�(6). The input variables
were and , and the disturbances were

. The outputs were
and . The estimated parameters were

, and .

TABLE V
ESTIMATED PRIMARY CIRCUIT, STEAM GENERATOR, AND TUBE-WALL

PARAMETERS. TS MEANS TIME SPAN
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Fig. 6. The temperature �tting in pressurizer based on the Old data.

TABLE VI
ESTIMATED PRESSURIZER PARAMETERS

Because there were two output variables, the error function
de�ned in (14) was modi�ed. The net error function was the av-
erage of the error functions computed from each output variable.

Measured data were obtained from the Verona system [18].
Since the mass of the water in the secondary side of the steam
generator was not measured, only the inlet water and the outlet
vapor �ow rates were known. It means that the initial water mass

should also have been estimated. The initial value of
its estimation was its normal value kg known
from technical (geometrical) parameters of the steam generator
[19].

Because of the nearly perfect operation of the level controller,
the overall mass of the primary circuit was assumed to be con-
stant, and has not been estimated but a constant
value has been used that is computed from the main technical
data of the VVER 440/213 type plants [20].

Note that there was no direct information about the tempera-
ture of the tube-wall of the steam generator. Therefore, we had
to estimate its initial value, too. The average of the initial values
of the temperature of the liquid in the primary circuit and the
temperature of the liquid in the secondary circuit was applied as
the initial temperature of the tube-wall.

During parameter estimation the values of and
were not estimated directly, but their values were

computed from the estimated values of other parameters to
maintain the initial steady state.

The estimated parameters and the measure of �t are given in
Table V. The temperature �tting in case of unit 1 can be seen

in Fig. 4. The apparent differences between the measured and
simulated steam generator temperature are caused by the un-
modeled operating mode changes of the generators and turbines
that act as fast disturbances to the system.

For the sake of brevity, only some of the two-dimensional pro-
jections of the error function of the estimates that show typical
relations between parameters are given in Fig. 5 in case of unit
1. Based on the shape of the error function indicating parameter
relationships, the parameters of the PC-SG-W subsystem can be
divided into two groups:

� There is a linear relationship among the parameters
and as indicated by

the valley type shapes of their two-dimensional projections
of the error function. This group of parameters, however,
is independent of the other parameters. (See the left and
bottom sub�gures in Fig. 5.)

� There is a large uncertainty in the estimation of the param-
eters and as the shape of the
function in the right sub�gure of Fig. 5 indicates. Here a
relatively �at area is observed near the minimum, but the
measurement noise affected the error function much more
than the change in the parameters. It indicates that the error
function is not sensitive enough to these parameters, there-
fore their estimated value is highly unreliable. However,
these parameters were found to be independent of the other
ones.

C. Pressurizer
Equation (7) was applied for the parameter estimation. The

input variables in this case were and , while
and were disturbances. The output was , and the set
of estimated parameters was .

Since a good quality and long measured data sequence from
the unit computer exists describing the dynamics of pressur-
izer using the old �on-off type� pressure controller, this data se-
quence (named �Old data�) was used for parameter estimation.
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Fig. 7. Error function of the estimates in the pressurizer based on the Old data.

The estimated parameters are given in Table VI. An example
of the �t in the output signal is shown in Fig. 6. The error func-
tion of the estimates (there are only two parameters) and its con-
tour plot are given in Fig. 7. The �gure shows that there is a
linear relationship between the parameters of the pressurizer.

D. Model Integration, Fine Tuning, and Validation
In this �nal step, the previously separately identi�ed subsys-

tems were integrated into one model described by (1)�(7). The
states and output variables (see Table III) were computed from
the model and compared to the corresponding measured vari-
ables. During this simulation the measured input and distur-
bance variables (see Table III) were the inputs of the model and
the initial values of the state variables of the model were also
given from the measurements. This integrated model was used
to �ne-tune the �most in�uential� above identi�ed parameters
to achieve a better overall �t.

The initial values of estimated parameters in this
�ne-tuning step were the estimated values of the de-
composed system. The estimated �most in�uential� pa-
rameters were determined by sensitivity analysis of
the integrated system. The estimated parameters were

. The heat loss of the liquid in the primary circuit
and that of the steam generator were determined such that they
maintained their initial steady state. During this identi�cation,
the error function was the average of the error functions for the
temperature of the liquid in the primary circuit, the temperature
in the steam generator, the temperature in the pressurizer, and
that of the power of the reactor. The result of the curve �tting
of this parameter estimation can be seen in Fig. 8, while the
values of the �ne-tuned estimated parameters are collected in
Table VII. The unmodeled spikes in the pressurizer and steam
generator temperatures are caused by the parallel operating

mode changes of the reactor controller and the turbine/gener-
ator control system that are not incorporated into our simple
model.

V. CONCLUSION

The parameter estimation procedure of the primary circuit dy-
namics in a pressurized water nuclear power plant has been de-
scribed in this paper. The result of the reported work is a low
dimensional nonlinear dynamic model with physically mean-
ingful structure that is suitable for controller design, and de-
scribes the most important dynamic phenomena in the primary
loop of VVER-type nuclear power plants, such as load changes
between day and night periods and responses to the limited
change of the modeled external disturbances. To achieve the pa-
rameter estimation, the primary circuit has been decomposed to
subsystems based on a system and control theoretical point of
view taking into consideration the present controller con�gu-
ration, too. The model variables have been classi�ed appropri-
ately, and the unknown model parameters have been estimated
using a quadratic error function and a nonlinear optimization al-
gorithm, namely, the Nelder-Mead simplex search method. The
necessary measurement data were collected from three units of
the Paks Nuclear Power Plant, located in Hungary. The identi-
�ed model shows good �t to the measured data and it will prob-
ably serve as a basis for the integrated redesign of the primary
loop controllers in the near future. The model is not suitable for
describing dynamics under nonstandard operating conditions,
such as faults.
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