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ABSTRACT

A study of the water level control in a U-tube recirculation type
steam generator of a 900 MWe pressurized water reactor was undertaken
for operation at full power and at 30% power level. The need to simulate
the complete power plants and controls for load following transients
required the use of low-order physical models for the core and the steam
generator and simulation of the control system components presently in
use.

The validation of the models, necessary for any control study, was
accomplished at both power levels by performing model parameter identifi-
cation and using experimental transients from 100-90% and 30-20% power
demand step perturbations. The large, complex, industrial processes
modeled required the design of a multi-input, multi-output time domain
identification scheme, using the model-adjustment method with a least-
squares estimator and the simplex optimization scheme for its minimiza-
tion. The results of the model validation work have demonstrated that
the physical models used represent the dynamic behavior of the main
components of the pressurized water reactor satisfactorily and realize
a very good trade off between accuracy and complexity.

The importance of high quality experimental data in model validation
work, and the existence of various problems associated with the elec-
tronics of the data transmition, acquisition and recording required
careful treatment.

The implementation of the overallvsystem simulation in real time
on a minicomputer was achieved. Special care was taken for a detailed
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simulation of the control rod nonlinear movement. It was shown that the
presently used control system is sufficient in controlling the water
level after load following transients at the power levels studied. The
use of a medium size minicomputer in this work showed that safety and
functional analyses of a large process can be achieved with economy and
flexibility as well as accuracy. The use of the Linear-Quadratic-
Gaussian theory was attempted as a modern control theory application for
an industrial process, but numerical problems were encountered and the

approach was found to be impractical.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Even though the technology that has been developed for nuclear
power plants has reached a very high level of sophistication for some
time now, the control loops of certain subsystems deserve additional
attention. Start-up and operation at low power levels are carried out
with manual control and there is a major problem in controlling the
water level in the steam generators of PWR plants.

Large variations in water level can affect system power and
hydrodynamic stability, and in severe cases result in reactor shutdowns.
With a low water level in the steam generators, insufficient‘cooling is
provided to the primary coolant loop and thus the nuclear fuel may be
endangered. When there is a high water level condition, the steam
turbine may be jeopardized by the high degree of moisture carried over
into the steam line. In order to minimize these adverse effects, it is
desirable to maintain the water level as close to the predetermined set-
point as possible during all operating conditions.

The above task is especially difficult during operation at low
power levels. During that time there is a low feedwater rate and low
temperature that result in a much stronger demonstration, than in higher
power levels, of the "shrink' and ''swell' phenomena, and because of that,

manual control at lower power levels could lead to wrong commands.



This is why the traditionally used schemes of control, which are

based on manual control at power levels below 15%, have to be modified

so that they can allow automatic control of the steam generators from 0%
to 100% of full power. The statistics of PWR's operating experience in
the United States (10) show the strong contribution of operator errors in
shutdpwns due to failure of the main feedwater system at low power |
level. Thus, by using a control design to eliminate the need for manual
control of the feedwater system during low power operations, the possi-
bility of a related plant shutdown can be greatly reduced and the
availability of the power plant can be significantly increased.

The main problems associated with the design of a new control
system or the evaluation and improvement of the existing control system
are:

(a) To simulate the physical processes involved in open

loop; in our case, the core and the steam generator
models.

(b) To validate these models in open loop, using test

data.

(c) To close the loop by adding the control systenm.

A primary concern, when attacking each one of the problems above,
is minimization of the computer cost. The possibility of using a
minicomputer in‘this study helps considerably to this effect, but also
adds the problem of adapting the various computer codes for the
minicomputer.

With the problem of model validation, real tests have to be

performed in a nuclear power plant. In this research program, data were



taken during the start-up of a 900 MWe PWR plant with three U-tube
steam generators. The tests consist primarily in step changes of
various amplitudes (between 5 and 13%) in the power demand level, while
the reactor was between 20 and 100% of nominal power.

For safety reasons it is not possible to have direct access to the
sensor outputs. Consequently, the only way to obtain the signals is
after one or several isolation amplifiers and in some cases after special
purpose low-pass filters placed at the output of some of the sensors.
There may be also other problems associated with the transmission,
acquisition and recording of the signals. Thus, the signals obtained
in practice through the data acquisition system, do not represent
exactly the true variations of the physical quantities monitored. In
order to achieve the model validation using real input and output
signals, all the problems that might exist with the transmission,
acquisition and recording of the signals have to be resolved. Only
then is the system identification procedure undertaken, using a suitable

optimization method.

1.2 Objectives of this Study

The main concern that originated this study was steam generator
water level control, as it'was discussedrin the previous section. An
inekpensive simulatioh capability for predicting accurately the dynamic
response of the water level, using the currently-used control system,
was desirable. This could allow not only a fast and easy evaluation qf
the control system in use, but also evaluation of possible modifications

and improvements of it in the future, with very little additional effort.




It could also serve as a reference control system performance for

comparison with the performance of control systems that could be
developed with completely new methods, such as using modern optimal
control theory methods.

Since this work involves the complete effort from the plant test to
parameter identification of the models used and study of modern control
theory methods, there were many other objectives along this study that
had to be reached, and thus they were of primary importance.

The parameter identification of the reactor core and especially
the steam generator model is one of these objectives. The compromise |
for a low order but accurate model requires good knowledge of certain
nenmeasurable parameters, so that confidence in the model predictions is
gained. To have a routine and fast way of accomplishing that is very
important, not only for control purposes but also in open-loop simula-
tions for better understanding of the system.

Another objective is to attack in a systematic way possible problems
associated with the acquisition of the plant test signals, as was
discussed in the previous section. Since good quality plant test data
is of capital importance to a meaningful system identification work,
every effort must be taken to assure that the signals recorded represent
accurately. the true variations of the physical quantities monitored.

The reduction of the computer cost, by making maximum use of the
minicomputer available in the various steps and subtasks of this study,
is another objective of this work. Since its memory size of only 32k

and its low speed are serious limitations for its use, special care must

be taken to modify and cptimize the various computer codes used.




Finally, the study of a new control method was undertaken and its
applicability to our specific problem with the existing formulation was
examined. It is based on Modern Linear Control Theory, and in particular
on the Linear-Quadratic-Gaussian (LQG) Theory. In contrast to the
deterministic classical transfer function approach used at present, it
takes into account the random uncertainties associated with the plant,
the actuators and the sensors. A stochastic control system designed by
such a method, could exhibit a superior performance, if all the problems
associated with its implementation could be resolved. The objective was
to study and examine the theory in the light of its potential applica-
tion to the control of industrial processes, and to document the steps
and difficulties in implementing it for the control of the core-steam

generator system under study.

1.3 General Review

In a parameter identification work for industrial processes there
are many methods that can be followed; depending on the nature of the
physical process, the type of test data used, the model, and the objec-
tive in mind. Concentrating on linear models, one can have time-domain
or frequency-domain identification with either deterministic or
stochastic data (1)}-(6).

However, in our case of multi-input, multi-output processes for
the core and the steam generator model, and the large magnitude of the

perturbation with very good signal to noise ratio, a time-domain,
.deterministic parameter identification in the least-squares sense was

the natural choice.




Classical control theory has played a very important role in the
solution of most feedback control problems, and it has been readily
implemented through analog circuitry and servomechanisms. Up to the
present, the water level control designs for the boilers of almost all
| nuclear and fossil power plants, are still based on classical control,
and use analog and hybrid modelling approaches.

Nahavandi and Batenburg (7), using a hybrid model for the steam
generator, designed a water level control system consisting of standard
proportional and reset controls on water level deviation from a desired
set point and the difference between the steam and the feedwater mass
flow rates.

Hennebicq (8) examined the performance of the water level
control system that exists in the French PWR's, by using simplified
physical models. He gives only selected results but describes the
control system in sufficient detail, so that it was possible for it to
be adopted in this study as our reference control system.

Hocepied (9) presents the results of a multi-part effort to
achieve an automatic water level control from 0 to 100% of power. The
classical three-element controller was re-evaluated and additional
functions were considered: These include control circuit for the feed-
water valve, compensation for the "shrink' and ''swell" phenomena due to
steam flow variations, and an automatic system for the adaptation of the
water level regulator parameters.

Chungpeng Fan (10) presents results of a comprehensive effort by

Combustion Engineering to extend the automatic control of the water



level to low power levels. Using detailed models for the core and the
steam generator, an extensive stability analysis was undertaken of the
steam generator dynamic characteristics at low power that resulted in
an optimal choice of controller setpoints. The automatic system, so
designed, demonstrated a very satisfactory performance at low power
levels.

In the last 25 years, there has been a very rapid development in
control theory. Dynamic-programming and the maximum principle, that
were outgrowths of various approaches to variational problems, were key
elements in this development. At the same time, continuous advances in
computer technology, provided the engineer with the appropriate tools to
apply this theory. However, application of modern control theory to
industrial processes has not quite followed the same pace with all these
developments. The conversion to Direct Digital Control (DDC) is going
quite slowly, especially in the case of nuclear power plants, where
issues of safety and standardization introduce a conservatism in adopting
new technology. The following paragraphs present some of the activity
in the domain of modern control theory applications to nuclear power
plants.

Lipinski (11} has done an extensive review, up to the year 1968,
of the literature on the use of modern control theory in nuclear
engineering, including references to the general control literature. A
more recent survey is given by Cummins and Butterfield (12). Hagen
and Kerlin (13) made a review of three symposiums in Europe on the
subject of DDC. Lunde (14) made a review of current trends in applica-

tions of process control computers to nuclear power plants,




Bjorlo et al. (15) presented an on-line plant ccntrcl, based on
Dynamic Programming and Estimation Theory, that was developed for the
vessel pfessure loop of the Halden HBWR plant in Norway. They conclude
that the digital control is faster and more effective than the analog
control, and promising to be extended to a multi-loop arrangement.

Josefsson et al. (16) succeeded to achieve an improvement in the
load-following capability of a Swedish BWR, using digital on-line
techniques and results from optimum linear control theory.

Using simplified models for an entire prototype heavy water PWR in
W. Germany, Atary and Shah (17) applied modern control thecry for the
design of an optimal control system for the complete plant. The results
demonstrated the feasibility of this approach to control systems design
for large scale multivariable industrial processes.

Frogner (18) used linear estimation and optimal control for the
feedback control of a simulated BWR plant. The algorithm presented was
considered feasible for DDC implementation. It was found that the
assumptions inherent in the LQG approach used do not pose a severe
limitation by using a simplified model for the simulated plant.

De Keyser and Van Cauwenberghe (19) investigated the possibility

- of applying self-tuning controllers to an industrial process 1like a PWR
power plant. The control design is based on a rather simple mathematical
low-order model with unknown time-varying parameters which are identified
in real time. A self-tuning controller was used to control the primary

coolant temperature with very encouraging results.




1.4 Organization of the Text

In Chapter 2, a description of the physical system under study is
given. It consists of the reactor core, the steam generator, and the
reactivity and feedwater control systems.

In Chapter 3, a description of the models used to represent the
“dynamic behavior of the system components is provided. The nodal

4representation of the core and the steam generator models is also given.
Derivation of the model equations and the data used are presented in
Appendix I for the reactor core and in Appendix II for the steam
generator model.

In Chapter 4, the plant test signals for two load step perturbations,
at full power and at low power, are presented along with the effort to
solve problems associated with the acquisition of these signals.

In Chapter 5, a sensitivity analysis of the steam generator model
dynamic behavior to small changes in some nonmeasurable parameters is
presented, to serve in the evaluation of the model validation work.
Also, the effect of the feedwater temperature is given to evaluate the

~importance of omitting its feedback effect in the overall system

simulation later.

In Chapter 6, the whole procedure for the parameter identification
work is discussed for the reactor core and the steam generator models,
at full power and at low power. The agreement between model prediction
and experiment is presented using the initial a-priori parameter
estimates, and the optimal values. The simplex optimization method used

is outlined in Appendix III.



In Chapter 7, the simulated dynamic response of the overall

core-steam generator;control systems closed loop to step perturbations
in power demand is presented. The integration method used that allows
the real-time simulation of the overall system in the minicomputer is
presented and a description of the computing facilities available is
given. The performance of the control systems using the optimal values
found for its components is discussed.

In Chapter 8, an introduction to modern linear control theory is
given. The formulation and the solution of the theoretical problems
associated with the Linear-Quadratic-Gaussian (LQG) Theory is provided
along with the procedure for implementing it. The effort taken to apply
‘the LQG Theory for the control of the core-steam generator system is
outlined.

Finally, conclusions about the various steps of this work along

with recommendations for future study are given in Chaptér 9.



CHAPTER 2

DESCRIPTION OF THE SYSTEM

2.1 Introduction

The Pressurized Water Reactors (PWRs) are the most widely used
nuclear power plants in the world. There are about 100 of them operating
today and another 200 under construction or in the planning stage. The
power output of the first PWRs built was between 300 and 700 MWe. How-
ever, most of the ones built today are of 900 to 1300 MWe capacity.

The PWR of our study is a 900 MWe reactor with three coolant loops
having Vertical, U-tube, recirculation type steam generators (UTSG). A
schematic of the three primary loops is given in Figufe 2.1. The
pressurizer is not simulated in our study and a schematic of a primary
and a secondary loop without the pressurizer is shown in Figure 2.2.

A brief description of the reactor core and the steam generator
and of their function is given below. A description of the associated

reactivity control and feedwater flow control systems is also included.

2.2 TheiReactor Core

The reactor is contained in the reactor vessel, which is a vertical
cylinder of about 4m inside diameter and 10m height, closed on both ends
by hemispherical heads. It consists primarily of the fuel in the form
of 157 fuel assemblies, special equipment for the support of the core
and the channeling of the water flow, and guide-tubes containing the core

instrumentation. The height of the core is about 3.7a.

11
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Each fuel assembly consists of 264 fuel rods placed in a square grid
of 17 x 17 and containing slightly enriched uranium dioxide and 25 guide-
tubes along which the components of control rods move. There are three
regions of fuel assemblies with different degrees of enrichment. The
assemblies with the lowest fuel enrichment are at the center of the
core to help flatten the neutron flux distribution.

The reactor coolant-moderator flows upwards through the core and
its input-output temperature difference is about 20°C. The reactor
vessel is pressurized at about 155 bars‘to avoid water boiling, and
this primary pressure is kept as constant as possible with the help of
~ the pressurizer, which is connécted to the hot leg of one of the three
primary loops (Figure 2.1). The reactor vessel is the common point of
the three primary loops, whose other ends are the steam generators (see
Figure 2.1). An isometric section of a PWR reactor can be found in

Figure 2.3.

2.3 The Steam Generator

The type of the steam generator used in most of the current PWRs is
the vertical, U-tube, recirculation type steam generator. Details of
such a steam generator are shown in Figure 2.4 and a schematic diagram
is presented in Figure 2.5.

The hot primary coolant,.carrying the heat generated in the core
and flowing along the piping of the hot leg, enters at the bottom of the
steam generator through the inlet nozzle to an inlet plenum, and flows
through the U-tube bundle. The primary flow is parallel to the secondary

flow in the inlet branch of the U-tubes and opposite to it in the exit
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branch. Thus, we have both parallel and counter flow with a common
secondary fluid. The tube conductance together with the film heat trans-
fer coefficients determine the effective heat transfer coefficients
relating the bulk mean temperatures in the primary and secondary sides
with the tube metal average temperature.

The feedwater enters through the feedwater ring into the annulus
between the U-tube wrapper and the shell, referred to as the downcomer.
Then it mixes with saturated water separated from the steam-water
mixture in the steam separators and enters from the downcomer into the
tube-bundle region. It flows upward around the U-tubes and its tempera-
fure is raised so that boiling occurs. A steam-water mixture .is formed
during the last part of the upward flow and it enters the steam
separators where steam is separated and collected in the upper part of
the steam generator shell. The steam exits at a rate determined by the
turbine stop-valve opening, while separated water is mixed with feedwater

and flows downward in the downcomer.

2.4 The Reactor Control System (20)

The control systems in a PWR are to adjust smoothly the thermal
power furnished by the reactor core to the power absorbed by the turbine
and condensers. They are designed to allow the plant to change load
automatically in the range of 15% to 100% full power. The loading and
and unloading rates of the plant are constrained. The plant is designed
to accept 10-15% step load changes and a ramp rate of loading of 5%

per minute. A sudden large drop in demanded power can be absorbed by
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dumping the excess steam into the condenser. Below 15% the control is
accomplished manually.

The reactor control system consists of three channels which are
(a) the average reactor fluid temperature (Tavg), (b) the power mismatch
and (c) the Tavg set point (Tref) channels (see Figure 2.6). The output
from these three channels is used to drive the control rods via a rod
program.

(a) A comparator selects the maximum mean temperature of the three
primary loops and the signal is passed by a compensator of transfer
function (1 + Tls)/(l + Tzs) and a noise filter 1/(1 + Tss).

(b) The turbine first stage pressure signal, which is proportional
to turbine load, is used as a direct measurement of turbine load. It
passes by a filter of transfer function (1/1 + T6s) and then it is used
both in the Tref channel and in the power mismatch channel. The power
mismatch channel serves two functions: to introduce an immediate control
rod movement so that the reactor responds rapidly to load changes and
does not overshoot excessively because of turbine load feedforward
signal and to increase the control stability because of the flux feed-
back signal. The filtered turbine load signal is compared to the nuclear
power and the difference is applied to a circuit of transfer function
T6s/(1 + T6s) which prohibits action of this channel at steady-state
when the power mismatch is not exactly zero. Then the signal passes
through two nonlinear gain modifying circuits whose functions are shown
in Figure 2.7. The first one has a low gain for weak signals and a high

gain for strong signals while the second one has a constant gain until
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Figure 2.7 Nonlinear Gains Used in the Power Mismatch
Channel of the Reactor Control System.

a certain power level and then it becomes inversely proportional to
turbine load.

(c) The Tavg set point (Tref) channel is used to change the
required Tavg temperature as a linear function of the turbine load signal
(discussed in (b)), and according to the steady-state temperature program.
The resulting set-point signal is passed by a low-pass filter of transfer
function 1/(1 + Tss) and it is then compared to the average temperature.

The final result of the three control channels described above is
an error temperature signal (Te) which drives the control rods. The
program of their movement is shown in Figure 2.8. We can see that it
consists of four distinct zones:

1. A zone of insensitivity containing a hysterysis.

2. A zone of rod movement at constant, low speed.

3. A zone of rod movement at a speed proportional to the

error signal,
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Figure 2.8 Control Rod Movement Program.

4. A zone of rod movement at a maximum, constant speed.

The system of differential equations simulating the reactor control

system is presented in Chapter 3.

2.5 The Feedwater Control System (20)

The function of the feedwater control system is to insure that the

feedwater flow is matched as closely as possible to steam flow and that

water level in the steam generator is kept constant. During a load

change transient, the shrink or swell phenomena (discussed in Chapter 1)

occur, and the water level does change, but this level is restored
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quickly. It is maintained within fixed limits by the control system and

when it fails, the protection system takes over.

A schematic diagram of the feedwater control system is included in
Figure 2.6. The mismatch signal between water level and its setpoint is
passed through a proportional-integral control action of transfer func-
tion G(1 + Tis)/Tis and a compensator of transfer function (1 + Td,S)/
(1 + Tds). The resulting signal is the first component demanding a
feedwater flow change action. Also, the turbine load change translated
into steam flow change signal by the transfer function K*/(1 + Tps),
passes through a filter of transfer function 1/(1 + Tvs) to become the
second component of the feedwater flow change signal. The sum of these
two components passes through a third order filter 1/(1 + Tes)a. There
is also a feedback effect of the feedwater flow change on the steam
flow perturbing the steam generator, presented by the transfer function
(A - Bs)/(1 + Cs + Ds?).

The system of differential equations simulating the feedwater flow

control system is presented in Chapter 3.



CHAPTER 3

DESCRIPTION OF THE MODELS

3.1 Introduction

In Chapter 2, a description of the system under study was given.
It consists of the reactor core, the steam generator and the reactor
and feedwater control systems (see Figure 2.6, page 20). In order to
simulate the various components of this system, one should use models
after considering the main objecfives of the study and the computer
facilities availabie with their associated cost.

In this study, one of the objectives was to simulate the overall
closed-loop system in real time on a minicomputer. The limited capa-
bilities in memory size and execution speed of the minicomputer used
(described in Chapter 7), dictated the use of simplified models to
represent the various components simulated. However, the special
interest in water level control necessitated the use of an adequately
detailed steam generator model. Also, the simulation of all tle compo-
nents of the control systems limited the reduction of the size of the
overall order of the system. To represent the reactor core dynamics
however, a very simplified core model was used, which was sufficient
to predict the hot leg temperature (very important in the steam
generator water level computation) and the nuclear power for the
simulation of the reactor control system. The real-time simulation of
the overall system was possible, within the limits of the minicomputer

capabilities.

24
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In this chapter a brief description of the models used to simulate

all the components of the system is given.

3.2 The Reactor Core Model

The model of the reactor system consists of a set of nine
differential equations representing the reactor kinetics, the core heat
transfer, the upper and lower plenums and the hot and cold leg tempera-
tures. A linearized point kinetics model with an effective single
delayed neutron precursor group is used to represent the reactor kinetics.
To model the heat transfer, the entire fuel region is represented by one
node with two coolant nodes coupled to it (Mann's method) (56). The
primary pressure is assumed constant during the transients under study,
because the feedback reactivity effect of pressure changes is much
smaller than the effect of primary temperature changes. An inclusion of
the pressure effect would also require modelling of the pressurizer,
increasing the order of the model.

A schematic of the core model nodes is given in Figure 3.1. The
model equations with their derivation and the data used are given in

Appendix I.

3.3 The Steam Generator Model

The steam generator code simulating a U-tube natﬁral recirculation
steam generator is a linear code developed by Dr. A. R. Ali for his
doctoral studies at The University of Tennessee (21). A few minor
modifications were made to the initial version of the code by the French

Designer Framatome (22) in order to improve agresment with a reference,
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large, nonlinear, detailed code. The model consists of 15 differential
and 4 algebraic equations, which are reduced to a system of 15 pure
differential equations. The boundary between subcooled and boiling
regions is a variable that is calculated explicitly by the code. A
schematic diagram of the model's nodal structure is given in Figure 3.2.

From this figure one can distinguish: (a) The primary coolant loop,
which consists of the inlet plenum node (PRI), the coolant nodes in the
subcooled region (PR1, PR4), the coolant nodes in the boiling region
(PR2, PR3), and the outlet plenum node (PRO). (b) The tube metal nodes
corresponding to the primary coolant nodes, in the subcooled (M1, M4)
and boiling (M2, M3) regions. (c) The secondary coolant loop, which
consists of the downcomer (D), the subcooled node (S1), the boiling node
(82), the riser (S3), and the steam dome (S4).

The model equations with their derivation and the data used are

given in Appendix II,

3.4 The Reactor Control System Model

The reactor control system design used at the power plant under
study was furnished by the French Designer Framatome and the transfer
functions of its various components can be seen in Figure 2.6, page 20.
Following the same notion as in Figure 2.6 gives the corresponding
differential equations. Since there are 24 differential equations
describing the core and the steam generator, the reactor control system
equations occupy the 25th-30th places in the overall system of equations,
and they are given below. The state variables represent variations

around the initial steady-state.
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d Tavg _ 0.5 0.5 1
at = T Thl + _T_-TCQI - -T—Tavg (3-1)
7 7 7
d Tavg d Tavg _ -
L R e B e Tavg - Tavg (3.2)
d_'ga_v = LTé.vg - L oTiy (3.3)
t T T
3 3
dfref _ ZKs Qtu - L Tier (3.4)
dt T T
5 5
dQ
dp , 1o SN dgtu
T Tg ® =3 at (3.5)
dQtu _ 1 1, .
ol T4 Qtu + 3 (load perturbation) (3.6)

The design values of the various parameters were not available.
However, the values that were found to achieve a good reactor and steam
generator water level control during the system simulation are presented

in Chapter 7.

3.5 The Feedwater Control System Model

The feedwater control system in use today at the plant under study
was employed, and the transfe£ functions of its various components can be
seen in Figure 2.6, page 20. The differential equations deduced from
these transfer functions, using the same notation as in Figure 2.6, are

given below and they occupy the 31st-39th places in the overall system



of equations. The state variables represent variations around the

initial steady state.

%*
g%¥-= -%L-Qv + %— *(load perturbation) (3.7)
P P
dCqQ

T, 2l . . (3.8)
M T Qv * Qvl CQe1

dCQé _ 1 1 1 .

F ST Lot CQep - o R (3.9)

e e e
dCQe" _ 1 w1
3t ——CQe" - = Qe (3.10)
e e
dQv1
T Qaux (3.11)
dQaux dQe _ r.0e - C- .
D. r + B 3t = A+Qe - C<Qaux Qv1 (3.12)
dLe " . dLé _ . ,
TdT-Td-E-Le-Le' (3.13)
dLé dL _ .., .
Ti e + G°Ti rr -G+L + G - (Water level setpoint) (3.14)

The design values of the various parameters were not available.
However, the values that were found to achieve a good feedwater control

during the overall system simulation are presented in Chapter 7.



CHAPTER 4

PLANT TESTS

4.1 Introduction

In order to acquire a thorough knowledge of the dynamic behavior
of a complex industrial process, like a nuclear power plant, it is
important to perform dynamic tests which would reveal the various
characteristics of the system's performance. These dynamic tests can
be either of small amplitude, like a pseudorandom movement of the control
rods, or of large amplitude, such as major perturbations in power demand.

Tests of this later type are analyzed in this study.

4.2 Data Transmission Acquisition and Recording

Between each one of the sensors monitoring the physical process and
the equipment (our data acquisition system) recording the various
signals for the analysis purposes, there is a series of isolation
amplifiers (IA). They insert a negligible amount of attenuation into
the line for the incident signal and a large amount of attenuation into
the line for the reflected signal. Thus, the sensor signals are
protected against any alterations and they can be used reliably in the
operation of the vital protection and control systems. A simple typical

schematic of this is shown below:

31



32
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The data acquisition system used consists of 32 chains of signal
conditioning connected to a 32-track analog tape recorder and two multi-
track chart recorders which allow on-line verfication of the state of
the test. The data acquisition system does not have any influence on
the signals recorded, and it includes a stage for the rejection of the

dc component when variations around a steady-state are to be recorded.

" A schematic diagram of the analog data acquisition and recording system

is shown in Figure 4.1.

The operational limits for the voltage of each signal, corresponding
to limits of the physical quantity being measured, are used. For example,
for the water level signal, 0.4 volts corresponds to 0% level and 2.0
volts corresponds to 100% level. The gains on the amplifiers for each
signal were preset to accommodate the voltages expected to occur during
the tests.

During large power demand perturbations at low power, like the
30-20% step decrease, there is special concern about certain signals
such as the steam flow and water level signals. Due to the very large
perturbation, large peaks of noise may trigger the protection and
control systems with undesirable consequences. To overcome this problem,

the signal coming from the sensor is passed first through a low-pass

filter:
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Sensor
j}-——- Filter I.A.

To Protection To Control System
System

Data Acquisition
System

In the case of the transient at low power, the filters used reportedly
had a 25 second time constant for the steam flow rate signal and a 30
second time constant for the water level signal. Since the heavily
filtered steam flow signal does not represent the real behavior of the
steam flow, a special effort must be made to reconstruct the nonfiltered
signal, before it can be used as an input to our steam generator model.
This effort is described in Chapter 6. The water level is an output of
the steam generator model, and thus it is passed through a filter of the
same magnitude, before it is compared to the ekperimental water level
filtered signal.

During the test at low power, there was an additional problem
encountered with the signal recording. There was a data-logging computer
(to routinely record all the plant signals) with undesirable input
characteristics. It acted as a low-pass filter on the signals recorded.

It is shown schematically below:

Sensor 1 Data
I.A.
» » Logger

To Protection To Control Data Acquisition
System System System

The effort to find the magnitude of this filtering effect is presented‘

in Section 4.4.
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4.3 Tests and Typical Data

The dynamic behavior of the core and the U-tube steam generator of
a typical 900 MWe PWR was studied at full power and at a low power level,
using the recorded transients of the physical quantities of interest

(temperatures, pressures, etc.) after power demand step perturbations.

Both tests under study were performed during the initial start-up of the

reactor. The first test was a 30-20% step decrease in power demand,

and the second test was a 100-90% step decrease in power demand. The
absolute magnitudes of the two step perturbations are similar, but

one should note that at low power the relative magnitude of the

step perturbation is approximately 35% with respect to the initial
steady-state power level. The use of linear models to analyze a perturba-
tion of this magnitude is questionable, but the results of the analysis
have shown the good response of the linear models used to a perturbation
of this magnitude.

The signals necessary for the analysis of the core model are the
two inputs: control rod reactivity and cold leg temperature, and the
two outputs: nuclear power and hot leg temperature. The signals
necessary for the analysis of the steam generator model are the four
inputs: hot leg temperature, steam flow rate, feedwater flow rate,
feedwater temperature, and the three measurable outputs: cold leg
temperature, steam pressure, and water level. Thus, we need a total of
nine different signals (shown in Figures 4.2 and 4.3 for the tests at
full power and at low power, respectively).

Publication of the physical magnitude of these sigrals and of the

time scale was prohibited by the owner of the power plant. However,
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their time duration is of the order of a few minutes, and it was
considered that this time duration was sufficient to represent the
dynamic behavior of the core and the steam generator after the power

demand step perturbations discussed above.

4.4 Noise Analysis of the Signals Used

As was discussed in Section 4.2, the data-logger connected to
the data acquisition chain during the test at lower power acted as a
filter on the signals being recorded. Thus, it was necessary to find
the magnitude of this effect, before these signals could be used in any
identification study.

This was done by analyzing the noise of a temperature signal during
a steady-state condition with the data-logger connected. The Power
Spectral Density (PSD) of the signal noise was obtained. The filtering
process was modeled with a third order transfer function,and its input
noise was assumed to be white. Thus, the PSD of the input is assumed
constant so that the dynamics of the PSD of the output represents the
dynamics of the process. Then, fitting of the theoretical and experi-
mental PSDs was performed to find the time constant introduced. Very
good textbooks exist on Noise Analysis, for example, Bendat and Persol
(23) and Uhrig (24), but for the sake of completeness a brief outline of
the theory behind this particular study will be given here.

Noise can be defined as being the random fluctuations of sensor
output about the mean value, and noise analysis is a statistical analysis

of the noise in order to extract information about the system for



47

diagnostic and surveillance purposes. The spectral density analysis
used in this study is one of the procedures that can be followed.

The random variable represented by the noise signal is assumed to
be stationary (i.e., its statistical characteristics do not change with
time). Furthermore, let us consider taking N individual measurements
(records), called an ensemble of records, and form the ensemble average
by calculating the average value of the random variable x(t) at any

time t = t* over all the records, i.e.

N
Ixi (t*)
< * v i=1
x(t*) > = lim
N-soo N

For a stationary process the ensemble averages remain constant regardless
the choice of the time instant t*. Let us also consider the time average
of a single sample record, xi(t), i.e.

1 T
x,(t) = lim == | x.(t)dt"
i T 2T STI

which should be the same for any i. We will assume that the stationary
process under study is also ergodic, i.e., the common value for the
ensemble average at any time < x(t) > must be equal to the common value
for the time average of any record EET?T'(ZS). Now we can compute the
power spectral density, Sxx(f), which is the average power per unit
frequency evaluated for a particular frequency f. The procedure for a

digital computation of Sxx(f) is as follows (23):



1. Obtain the signal xk(t) for duration T, where k is the
index of the ensemble record under study.

2., Construct the Fourier Transform of xk(t):

T .

- -jamft

X, (£,T) = gxk(t)e dt
(o}

and find its conjugate Xk*(f,T).

3. Construct the vector product

1
S (£,T,K) = 3 X, *(£,T) X (£,T)

4., Obtain the expected value

Ly
N =

IS (E.T0] = 5 T

S (6:T.K) =8 _(£,T)

which for sufficiently large values of T is the power
spectral density Sxx(f). The Fourier Transform, Xk,
is estimated using Fast Fourier Transform digital
computer procedures. |
The power spectral densities were calculated with and without the
logging computer and the results are shown in Figure 4.4, One can
clearly see the effect of having the computer connected to the sensor
output signals.
We model the whole filtering process by a transfer function of

third order (assuming also white noise input):

48
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3, as

H(s) = + +
s+b1 s+b2 s+b3

The magnitude of the freguency response was found,and spectrum fitting
was tried with the power spectral density that was calculated experi-
mentally, as was described above. The problem reduces to a six-parameter
identification problem (al, a5, 2z, bl, b2’ bS) with the error criterion
being the square of the difference between the two spectra, as shown

in Figure 4.5. The Simplex method described in Appendix III and used
later in the study for the model identification work, is employed for
the optimization search, and the final fitting of the spectrum is shown
in Figure 4.6. When the optimal values for 15 8,5, 835 bl’ b2, and b3
are substituted in the transfer function and its step response is
calculated, Figure 4.7, we obtain the time constant associated with the
filtering process, and it was found to be three seconds. Thus, during
the core and steam generator parameter identification (Chapter 6), the
outputs of the models are modified by a filter with a three-second time
constant before they are compared with the experimental (also filtered

with three-second filter) outputs.
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CHAPTER 5

SENSITIVITY ANALYSIS OF THE

STEAM GENERATOR MODEL

5.1 Introduction

The difference between experiment and model prediction is due to
uncertainties in the mathematical model itself and in the values of the
various parameters used. Analysis of the effects of the various
assumptions made during the development of the mathematical model is
quite involved, and there is no systematic procedure for finding the
sensitivity of the predicted performance to model changes. However,

sensitivity analysis of the model dynamic performance to parameter

changes is straightforward and requires little extra effort.

Sensitivity analysis is very useful, especially when model parameter
identification work is to be undertaken. It can furnish valuable informa-
tion on the importance of some key, nonmeasurable parameters to the model
dynamic performance. This information is necessary to determine the
parameters which should be included in the identification scheme.

The sensitivity analysis of the steam generator model performance
to three parameters (primary coolant specific heat capacity Cpl, change
in the primary to secondary overall heat transfer coefficient (U) and
initial steam exit quality (Xeo) was undertaken at full power and at low
power level, and the results are presented in this chapter. The choice
of the parameters studied is not unique, since additional parameters

could have been included in this sensitivity analysis, as well as in the
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parameter identification discussed in Chapter 6. However, within the
scope and the time-frame of this study, only the effects of the three
parameters mentioned aﬁove were considered.

Additional information included in this chapter is the effect of
the feedwater inlet temperature on the dynamic performance of the model.
It will be required in Chapter 7 for the interpretation of the overall
system simulation performance (reactor core, steam generator, and control
systems), where the feedback effect of the feedwater temperature is not

included.

5.2 Effect of *10% Changes in Key Physical Parameters

The results of the sensitivity analysis for each parameter studied
are presented in this section, both for a test at full power (100-90%
power demand step perturbation) and at a low power level (30-20% power
demand perturbation). All three measurable outputs of the steam
generator, i.e., primary outlet temperature, secondary pressure and
water level are examined. The reference transients are plotted. The
transients corfesponding to.+10% and -10% parameter changes are the
points represented by the crosses and circles respectively. An effort
is also made to give a plausible physical interpretation of the dynamic
performance of the model for these parametric changes. Arbitary Units
(A. U.) are used.

The effect of changes in Cpl can be seen in Figures 5.1 and 5.2.
This effect is weaker during the early part of the transient due to
the fact that the first part of the transient is determined primarily

by the strong steam flow rate change. The product of primary flow
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rate, specific heat capacity, and temperature difference determines the
amount of heat carried by the primary coolant. Thus, an increase in Cpl
results in a decrease in the primary temperature, for the same perturba-
tion on the secondary side, and vice-versa. This decrease in the primary
temperature results in a decrease in the secondary coolant temperature
and thus a decrease in the secondary pressure. However, the decrease in
the primary outlet temperature is larger than the one in the pressure

due to its direct relation with C The decrease in the steam pressure

pl’
results in an increase in the water level. The reason is that an

increase in steam pressure results in shrink or collapse of steam bubbles
in the steam-water mixture and thus an increase of its density and a
decrease in the water level. The opposite happens during a steam pressure
decrease.

The effects of changes in the overall primary to secondary heat
transfer coefficient U, are shown in Figures 5.3 and 5.4. The sudden
increase in the steam pressure, due to the strong steam flow decrease,
increases the saturation temperature Ts(t) immediately. The primary to

secondary heat flux Qps(t) decreases, and this results in an increase in

the primary coolant temperature Tp(t), according to

8Qps(t) = UA(1l + EZ) (8Tp(t) - 8Ts(t))

where EZ denotes fractional changes in U, For an increase in U, i.e.,
EZ positive, the decrease in Qps(t) becomes even stronger and results in
a smaller increase in the saturation temperature and consequently in the

steam pressure, compared to the EZ = 0 case. This introduces a small
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further increase, during the first part of the transient, in the primary
temperature, and a small further decrease in it during the later part of
the transient. The water level shows an increase due to the decrease in
steam pressure. When we introduce a decrease in U, i.e., EZ negative,
the same phenomena take place, with an opposite direction in the changes
of the different physical quantities,

The effect of changes in the initial steam exit quality (Xeo) are
shown in Figures 5.5 and 5.6. In order to give a plausible physical
interpretation of the dynamic performance of the model, both at full
power and at low power, for a given change in xeo’ one should take into
account the corresponding changes in the steam content of the steam-water

mixture, and in the recirculation ratio

where WS is the exit steam flow rate. At full power, Xeo = 0.2
(approximately) while in our low power (30%) case Xeo = 0.05 (approxi-
mately). Thus, we can see that for a 10% increase in Xeo for example,
the decrease in the recirculation ratio in absolute magnitude is much
stronger (with respect to the steam flow rate and thus feedwater flow
rate) at low power than at full power. Because of this, at a low power
level, we observe a relative decrease in the water level, and thus a
relative decrease in steam pressure and in primary outlet temperature.
However, at full power, the corresponding decrease in Wr is several
times weaker, with respect to the feedwater flow, than in the low power

case. Thus, we observe rather the effect of the lower steam content in
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the steam-water mixture, which is a weaker demonstration of the shrink
phenomenon, i.e., an increase in the water level and corresponding
increases in the steam pressure and in the primary exit temperature. The

reverse phenomena occur for a -10% change in Xeo'

5.3 Effect of the Feedwater Temperature

The four inputs to the steam generator model are: (a) primary inlet
temperature, (b) exit steam flow rate, (c) feedwater flow rate, and (d)
feedwater temperature. In Chapter 7, the simulation of the steam
generator, in a closed loop with the reactor core and the associated
reactivity and feedwater control systems, is presented, but the feedback
effect of the feedwater temperature is not included. Thus, in order to
interpret and evaluate the results of that study, the ef%ects of the
feedwater temperature on the steam generator dynamic response must be
known.

The two steam generator transients under study, at full power and
at low poﬁer, were simulated by setting the feedwater temperature
perturbation equal to zero, and the resulting responses of each output,
represented by circles, were compared to the reference transients plotted
in the same figure. The results can be seen in Figures 5.7 and 5.8.

In order to give a plausible physical interpretation of these
results, one should note that the change in the feedwater temperature,
during both transients studied (see Figure 4.2, page 36 and Figure 4.3,
page 41), is negative and it starts only 40-60 seconds after the beginning
of the transients. The fact that we do not take into account a decrease

in the feedwater temperature, means that the saturation temperature, and
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thus the steam pressure, will increase. Due to the increase in
saturation temperature, the steam content of the steam-water mixture
will increase and thus the overall effect on the water level would be an

increase, despite the increase in the steam pressure.



CHAPTER 6

MODEL VALIDATION

6.1 Introduction

The models used in this.study to simulate the reactor core and the
steam generator are linear, low-order, physical models. Because of the
linearity of the models and the simplifying assumptions made and the
complexity of the nonlinear physical process, there will always be some
disagreement between experiment and model prediction. However, before
using these models, especially for control design purposes, special care
must be taken to minimize this disagreement.

This is achieved by adjusting the numerical values of certain
physical parameters that are not known precisely. An optimization
scheme is used to search for the optimal parameter values by minimizing
the error between experiment and model prediction.

The uniqueness of the optimization search is examined using
simulated transients as reference "experimental' transients. Thus, the
exact values are known beforehand, and the uniqueness can be checked by
pefforming the identification starting from different initial parameter
estimates, and expecting the search to converge always to the same,
exact, #alues. |

The optimal parameter values found by performing the identification
with plant test transients are then adopted and confidence is gained

that the models represent satisfactorily the physical process studied.
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The reactor core model and the steam generator model validation effort,

at full power and at low power, are described in this chapter.

6.2 Validity of the Model

A valid physical model must describe correctly the physical process
involved using coherent a-priori estimates of the parameter values. Even
with nonoptimal parameter values a valid model will still reproduce the
main characteristics of the dynamic behavior of the physical process
being modeled. Any disagreement with the experiment must be of such
magnitude and importance that most of it could be accounted for by
inaccurate knowledge of the values of certain parameters, while a part
of it will always exist due to the simplified nature of the model.

Thus, before any parameter identification work is undertaken, we
can check roughly the validity of a model using the best a-priori
estimates of the parameter values. This was done for the core and the
steam generator models at full power and at low power, and the results
can be found in Figures 6.1-6.4. The experimental signals used as inputs
to the isolated core and the isolated steam generator models were
presented in Chapter 4, while the data used are given in Appendices I
and II.

We can see from these Figures 6.1-6.4 that at both power levels
studied, the core and steam generator models predict the main d§namic
characteristics of the physical processes they simulate. The form of
the transients is approximately the same while their peaks occur exactly

at or within a few seconds from the right time moment. The quantitative
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agreement between experiment and prediction is already good for some
signals, especially at the end of the transients, which corresponds
approximately to the new steady-state.

However, big differences exist for some signals, especially with
the core model predictions. At this point we can comment that this
could be due to the very approximate initial parameter values used in
the core model, since the plant operating conditions corresponding to
the set of available data were unknown. We expect that the core
parameter identification could adjust the values of certain key
parameters, such as the reactivity feedback coefficients, and improve
the agreement between experiment and model prediction.

From the sensitivity analysis of the steam generator model presented
in Chapter 5 (Figures 5.1-5.6, pages 56-63), we can note that small
changes in the values of certain parameters could account for much of
the disagreement observed in Figures 6.2 and 6.4, For example, from
Figure 6.2 we can see that the water level prediction is higher than the
experiment, but from Figure 5.5, page 62, we can note that a -10% in xeo
_would lower, and thus improve, the water level prediction for the entire
transient and have an excellent agreement at the end of the transient.
Similar remarks could be made on the water level from Figure 6.4 and
Figure 5.6, page 63, and also on the primary outlet temperature and the
steam pressure transients by comparing the initial agreement and the
sensitivity to the various parameters. Thus, we expect that the identi-
fication procedure could find the combination of parameter changes that

would optimize the agreement for the three steam generator outputs.
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6.3 Model Parameter Identification

For some time, there has been an increasing interest in system
parameter identification. In the case where the system under study is
an industrial process, like a nuclear power plant, this interest has
arisen from the need to obtain a better knowledge of the plant in order
to design improved control schemes and thus achieve lower operating cost
and increased efficiency. The parallel development of digital computers
has allowed the undertaking of similar tasks, since the high-order
mathematical models describing the complex physical processes studied,
and the iterative schemes of the various optimization methods involve a
great deal of computation.

All solutions to parametric identification problems consist of
finding the minimum of a cost function that defines the error as a
function of the parameters to be optimized. It must be such that both
positive and negative errors contribute in a positive sense to the
criterion value. Thus, it is taken to be the sum of the squares of the
differences, for each time step,. between the experimental outputs and
the model predicted outputs when using the same inputs as were used in

the experiment, i.e.

N M )
S= I L (y. . -vy..)
i=1\ j=1 ¢ ™ J%
where,
N = Number of time steps
M = Number of outputs
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]

y Experimental output

e

Y Model predicted output.

m
The parameter values are modified using an algorithm that minimizes
the error. This is repeated until adequate agreement between experiment
and prediction is obtained, taking into account the constraints on the
parameter value changes. A schematic of the principle of the model-

adjustment method is shown in Figure 6.5.

6.4 The Simplex Optimization Method

The optimization algorithm that can minimize the error criterion
can be chosen from several available methods. These methods can be
distinguished as (a) direct-search methods and (b) gradient methods.
The direct search methods do not require an explicit evaluation of the
gradient of the error, whereas the gradient methods are based on the
assumption that the gradient can be determined. There are several
references on surveys of optimization techniques like Box, Davies and
Swann (25), Wilde (26), Bekey and McGee (27), Wilde and Beightler (28),
Kowalik and Osborne (29), Powel (30), Dixon (31), Eykhoff (6).

The method used in this study is the simplex method of Nelder and
Mead (32) for function minimization. It was chosen because of the
previous experience gained in its use by the author and its good
performance in similar problems. It is a direct-search algorithm, and

its detailed description of the algorithm is given in Appendix III.
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6.5 Reconstruction of the Nonfiltered Steam Flow Signal

From Figure 6.5 can be seen that we need experimental signals for
all the inputs and the outputs of the physical process in order to
perform the model parameter identification. The test data and the model
used are the main sourcés of error. Thus, good quality experimental
data is essential. However, problems associated with the data acquisi-
tion system,as was discussed in Chapter 4, result in distortion of the
signals recorded. Special effort must be taken to determine the nature
and extent of such signal distortion.

The problem that was encountered with the steam flow rate signal at
the low-power level test is typical. The existence of a 25-second
filter at the exit of the sensor, used to smooth out possible noisy
overshots for protection and control considerations after a big power
demand step perturbation at low power level, resulted in the collection
of a signal (Figure 4.3, page 41) that does not represent the real
behavior of the steam flow after such a step perturbation. Thus, special
care must be taken to reconstruct the real, unavailable steam flow input,
which must be used in the parameter identification work.

The reconstruction of the steam flow input can be done by
approximating the true input for the time interval of interest, T, by a
number of line segments. The number of line segments was chosen to be
four. It was shown that by using less line segments, the resulting input
did not represent satisfactorily a step perturbation in steam flow (the
end of the first line segment corresponded to eight to ten seconds
instead of two to three seconds). Using more line segments, the input

found took the form of a saw.
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Thus, using an input of the form shown in Figure 6.6, the problem

is to identify the time moments t t. and the amplitudes yl,yz,ys,

172t
and Yqs SO that when this signal passes through a 25-second filter, the
output obtained is as close as possible to the filtered steam flow rate
signal (Figure 4.3, page 41). This problem is a seven-parameter identi-
fication problem and it is solved using the simplex optimization method.
The iterative scheme adopted is shown in Figure 6.7.
The reconstructed, approximate, nonfiltered steam flow signal and

the agreement between experimental and theoretical filtered signals are

shown in Figure 6.8. This signal was used as the true steam flow rate

signal in the parameter identification at low power.

6.6 Core Parameter Identification

In this section the results of the core parameter identification at
full power and at low power level are presented. The physical parameters
that were chosen to be identified are the fuel and moderator reactivity
feedback coefficients (af and ac), the overall'fuel-to-coolant heat
transfer coefficient hfc’ and the heat capacity of the primary coolant
((MCP)C). They are all nonmeasurable quantities and there is uncertainty
on their values. The rest of the core model parameters (see Appendix I)
are the fuel heat capacity ((MCp)f) and the coolant residence time in the
various parts of the primary loop (Tcore’ Tup, Th&’ Tegs sz), and they
are assumed to be constant and known.

In order to always ha&e meaningful results from the identification

procedure, constraints were set for the maximum allowable changes from

the initial values of these parameters. The magnitudes of these
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constraints were not chosen after precise calculations of the
uncertainties associated with them due to the different physical
phenomena. They were rather empirical choices in order to try the
identification procedure within the scope of this study. For example,
it was felt there should be a greater uncertainty on the value of a.s
due to its high dependencevon boron concentration and power level, than
on the value of af. Thus, a 50% constraint was chosen for ac, a 10%

constraint for af, and a 20% constraint was chosen for h. and (MCp)c.

fc
The identification was repeated with the optimal values from the
previous run used as initial parameter values until the cost function
did not decrease. This is why the final changes in the a, values were
larger than its constraint. The agreement bgtween experiment and core
model prediction with the final optimal parameter values can be seen in
Figure 6.9 at full power and in Figure 6.10 at low power (30%). The
complete sets of data at both power levels, along with the core model
equations, are given in Appendix I. The changes in the parameter values
from the identification are given in Table 6.1.
As was discussed in Section 6.2, the initial parameter values
used in the core model were very approximate, since the plant operating
conditioné (exact power level, Boron concentration) corresponding to
thé data available were unknown. Especially the value used for a.,
which depends greatly on the power level and the Boron concentration,
was very inaccurate. Thus, we observe an 80% and 68% reduction of the
initial value, at full power and at low power, respectively. However,

the new optimal values appear to be reasonable, corresponding to a Boron

concentration of approximately 1,000 ppm in the low power (30%) case and
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Table 6.1

Core Identification Results

Full Power Low Power (30%)

Final Final

Initial Optimal Change Initial Optimal Change

af* - 1.65 -1.52 -8 % - 1.52 -1.6 + 5.3%
ac* -14, -2.9 -80 % -14. -4.5 -68 %
hfc** 205 236 15.1% 236 215 - 8.9%
(MCP)C*** 1.725-10" 1.665+10" - 3.5% 1,5-10* 1.61-10° 7.3%
*[pem/°F) **[Btu/hr+ft2«°F) #++[Btu/°F 'node]

approximately 1,300 ppm in the full power case (according to Westinghouse
Reference Safety Analysis Report (33)). The Boron concentration recorded
during the tests was 900 ppm at low power and 1,150 ppmaat full power,

" and the corresponding o, values would be about 2 pem/°F higher in
absolute magnitude than the optimal values found. However, the accuracy
with which o, is reportedly (33) calculated is witlin 2 pem/°F, and

thus the optimal values found by the identification were kept. The

small changes in ag and (MCP)c seem also to be reasonable since they are
slowly-varying functions with the power level. There is greater uncer-
tainty with the exact value of hfc’ and thus the greater changes in hfc
observed in Table 6.1 are considered to be reasonable.

Furthermore, some additional cases were examined: (a) The
jdentification was performed including the fuel heat capacity((MCp)f) as
an additional identifiable parameter, and its value changed by only 0.8%,
while the optimal values of the other parameters changed by about the

same amount, with respect to the values found when (MCp)f was not
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included in the identification. (b) Efforts to reduce the cost function
even lower, by starting the identification again with the optimal values
as initial values, did not succeed. It should be noted here that at the
beginning of the identification the initial parameter values are changed
randomly by 0-10% to start the search (see Appendix III). Despite these
random changes to the initial (optimal in this case) values, the identi-
fication found the same optimal values quickly and converged to the same
minimal value of the cosf function. The consistent convergence to the
same cost function value and the same optimal parameter values for
several different initial a-priori estimates, and the physically
reasonable optimal values found at full power and low power, were
considered to be sufficient evidence tha£ the optimal values found by
the identification procedure were acceptably accurate, within the scope
of this study.

However, methods exist that permit evaluation of confidence levels on
the optimal parameter values found. The Normal Theory (34) for instance,
could have been applied for{this purpose and its outline is given below:

In the staté variable form, the system under study is represented

by the set of differential equations
x(t) = Ax(t) + Bu(t) (6.1)

where
X is the state vector
u is the perturbation vector

A is the (constant) system matrix




B is a constant matrix containing the coefficients of the

perturbation vector.
In the discrete-time case, we have the equivalent system of

difference equations

ka-l +’Euk._1

= ka

where
y is the vector containing the observable states

k is the time instant tk = kAT

AT is the sampling interval.

We also have the matrix relations

(mm?

exp(AAT) = I + AAT + 5T

2
eXp((AAt) - I)A-IB = AT(I + AAT + (AAT) .

X 30 .}B (6.5)

If we denote by yk* the measurement of the observable vector at
k, then the quantity to be minimized is
N

S= I
k=1

T
* - * -
(yk Cka_1 CEuk-l) (yk Cka_l CEuk—l)

where N is the number of observation points.
Now assuming a normal distribution for the data, the joint

probability density function of the measurements is given below:
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. 1
p(y*|0) = — /7 &XP)"
(2ng?)

i ad

N
Z(yk* CDx CEuk 1) P (yk* CDx CEuk 1}
=1

(6.7)
where
© is the vector containing the parameters to identify
I' is the variance matrix.
Since the minimization is done in the least-squares sense, equation

(6.6), the estimator of the parameter vector, O, is a least-squares

estimator, and the Cramer-Rao inequality (34) holds for it, namely

cov 0 z_M-I (6.8)
where
cov © = E *lo{(@ -0 -0h (6.9)

is the covariance of the estimator and

M. = E 3 log p(y*|9)\ /5 log p(y*|©) Tl .
0~ 4o
30 30 [ (6.10)

is the Fisher information matrix.

The inequality (6.8) gives a lower bound for the estimator
covariance, atainable theoretically for N»e , and M@ has to be calcu-
lated using equations (6.10) and 6.7). Only fhe matrices D and E are
functions of ©, through their relationships to matrix A (equations (6.4)
and (6.5)), since only the system matrix contains the parameters. Thus,

M@ can be computed, and its diagonal elements will give us the variance
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of the estimator, which could be used as a measure of the best estimation

accuracy possible.

6.7 Steam Generator Parameter Identification

In this section the results of the steam generator parameter
identification at full power and at low power are presented. The
physical parameters to be identified are the primary coolant specific
heat (Cpl), the steam exit quality (xeo), the primary to metal heat
transfer coefficient (HP), the tube metal heat conductance (UM), and the
metal to secondary heat transfer coefficient, both for the subcooled
region of the steam generator (HS1) and for the boiling region (HS2).
They are all nonmeasurable quantities with uncertainties on their values.
The choice of these parameters for a future identification work was
initially made by the group of the French Designer Framatome, working
within the framework of comparing this linear steam generator model with a
large, detailed, nonlinear code, and it was retained in this study also.
However, it should be noted that it is not a unique choice, and addi-
tional parameters may be included.

As with the core identification work, constraints were set for the
maximum allowable changes in the initial values of these parameters.

The magnitudes of these constraints were not chosen after a detailed
study of the uncertainties associated with the corresponding parameter
values. They were rather empirical choices in order to try the identi-

fication procedure. They were 10% for C and 20% for Xa0 and for the

| 12
heat transfer coefficients. Furthermore, all four components of the

overall primary to secondary heat transfer process (UP, UM, HS1, HS2)
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were assumed to change by the same amount (EZ). Therefore, the steam
generator identification is carried out on three parameters (Cpl, Xeo?
EZ).

The agreement between experiment and steam generator model
prediction with the optimal parameter values can be seen in Figure 6.11
at full power, and in Figure 6.12 at low power. The complete sets of
data at both power levels, along with the steam generator model equa-
tions, are given in Appendix II. The changes in the parameter values
from the identification are given in Table 6.2.

From the Table 6.2, we can see that Xe0 changed much more than any
other parameter. These changes are considered reasonable since the
optimal values found and the initiél values used are both close to the
steam exit quality of a U-tube steam generator of these two power levels
(see Kerlin (35), page 126). The small changes in Cpl are in accordance
with the higher confidence on the value of this parameter, and the
optimal values for the heat transfer coefficient stayed very close to the

initial values calculated by a nonlinear detailed code (22).

6.8 Conclusion on the Validity of the Models Used

In section 6.2, page 69, we had seen that even with nonoptimal
parameter values, the validity of the core and steam generator models is
good (Figures 6.1-6.4, pages 70-75). Using the optimal values found by
the parameter identification procedure, the agreement between experiment
and model prediction has improved (see Figures 6.9-6.12, pages 85-96).
The nuclear power and the hot leg temperature predictions of the core

model have the same form with the experimental transients, and they are



https://6.9-6.12

Arbitary Units

Arbitary Units

A.U.

PLANT

MODEL

STEAM PRESSURE

93

COLD LEG TEMPERATURE

Figure 6.11

Steam Generator Model Optimal Response to a
100-90% Power Demand Step Perturbation.



Arbitary Units

WATER LEVEL

94.

Figure 6.11

(Continued)



|
95 |
A.U. ' ,
-
i MODEL :

wt PLANT
Fe)
o

=
=

>

~

[}

& L
o
a
<

STEAM PRESSURE
t

n

)

oy

=

-

”

3]

-

Ll

g

< =

COLD LEG TEMPERATURE
t

Figure 6.12 Steam Generator Model Optimal Response to
a 30-20% Power Demand Step Perturbation.




Arbitary Units

WATER LEVEL

Figure 6.12 (Continued)




97

Table 6.2

Steam Generator Identification Results

Full Power Low Power
Initial Optimal Change Initial Optimal Charoe
cplt 1.30 1.34 3% 1.25 1.31 5%
x o
eo 0.21 0.19 -10 % 0.05 0.06 20%
EZ** 0.0 -0.066 - 6.6% 0.0 -0.04 -4%
*[Btu/1bm°F} **[Fraction]

only by a small percentage off the measured values (Figures 6.9 and 6.10).
The time at which the peaks of the cold leg temperature, steam pressure,
and the water level occur is exactly the same or within a few seconds of
the measured time. At the end of the transients, which corresponds
approximately to the new steady-state, we have very close agreement
especially with the water level prediction, in which we are particularly
interested in this study (see Figures 6.11 and 6.12).

Some of the reasons that may be responsible for the remaining
disagreement observed in these figures could be (a) the simplified
nature of the models, (b) the large size of the perturbations handled
by linear models and (c) the nonoptimal values used for parameters not
included in the identification.

However, for the purpose of simulating the reactivity control and
feedwater control systems, it is felt that the agreement of the low-order
linear models describing the core and steam generator dynamics with the
experiment is good, and that we can proceed using them in the rest of

the study, confident of their accuracy.
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Furthermore, some additional cases were examined:
(a) The identification was performed only on two parameters (CPl
and EZ) with the initial value of Xeo being kept constant. The final

changes in C_. and EZ after this identification, both at full power and

pl
at low power, were identical to the ones found by the three-parameter
identification. The final cost function value was higher since Xgo Was
kept constant. Thus, we are confident that the relatively larger changes
in Xeo (see Table 6.2) did not overwhelm the search for the Cpl and EZ
optimal values.

(b} The three-parameter identification on Cpl, xeo’ EZ was rerun
with the metal to secondary heat transfer coefficient in the subcooled
region (HS1) constant. This gave the same results as previously. This
could mean that changes in UP, UM, and HS2 are much more important than
changes in HSI.

(c) Efforts to reduce the cost function even lower, by starting
the identification again with the optimal values as initial values did
not succeed. The minimal value of the cost function and the optimal
parameter values found were the same. The consistent convergence to the
same cost function value and the same optimal parameter values for
several different initial estimates, and the physically reasonable
optimal values found at full power and low power, were considered to be
sufficient evidence that the optimal values found by the identification
procedure were acceptably accurate, within the scope of this study. How-
ever, one could possibly evaluate confidence levels on the optimal

parameters found, using the procedure outlined in Section 6.6.



CHAPTER 7
OVERALL SYSTEM SIMULATION

7.1 Introduction

In previous chapters, the effort to obtain good quality plant test
data, and the model paraﬁeter identification using this data, was
presented for the reactor core model and the steam generator model at
full and at low power. Thus, these two models can now be used to
represent the coupled core-steam generator system for control purposes.
The reactor control and feedwater control systems that close the loop
(see Figure 2.6, page 20) are presented in Chapter 2 and the corresponding
differential equations can be found in Chapter 3. Thére are 39 differen-
tial équations in total representing the dynamics of the closed loop
systeﬁ, and a listing of the 39 state variables, in the same order as
they appear in the state vector, is given in Table 7.1. Special care was
taken to simulate the nonlinear control rod motion, so that the reactor
core outputs, nuclear power and hot leg temperature, which influence the
responses of‘the control system and the steam generator, are as close as
possible to responses obtained in a real plant test after the same
perturbation.

The perturbations introduced are step changes in the power demand
setpoint, as in the case of the plant tests. In order to evaluate the
performance of the simulated control system, the same magnitude of step
perturbations as in the plant tests were introduced, i.e., a 100-90%

power demand perturbation and a 30-20% power demand perturbation.
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Table 7.1

The State Variables of the Overall System (39%x39)

11-14,
15-18.
19,

20,
21,
22,
-23.
24,
25,
26
27.
28.
29.
30.
31.
32.
33-34
35.
36.
37.
38. .
39

ZD

N-l ._:-'l H;‘l >

':J"—] C—’
= O

[
g

cl
pl

- - -

CQe T . CQe"

aux

Nuclear power

The precursqgr state variable

Fuel temperature

Primary cbolant temperaturce in the core (1lst node)
Primary coolant temperature in the core (2nd node)
Upper plenum temperature

Hot leg temperature

Lower plenum temperature

Cold leg temperature

Primary coolant temperature in the steam generator
inlet plenum

Primary coolant temperature in node n° i,

Metal temperature in node n° i.

Primary coolant temperature in the steam .generator
outlet plenum

Steam generator water level
Nonboiling length

Steam pressure

Steam exit quality

Downcomer temperature

Hot leg-cold leg average temperature
Tavg after a compensator

Tavg filtered |
Change in reference temperature setpoint

Power mismatch V

Turbine power

Steam flow demand by the turbine

Filtered total steam flow signal for feedwater control

Intermediate state variables for the 3rd order filter

Feedwater flow

Steam flow correction

Auxiliary state variable = dQvlldt |
Final water level feedback signal for feedwater control
Water level feedback signal for feedwater control
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These simulations were executed on the minicomputer described in
the next section. Two integration methods were used, the matrix
exponentiation method and a fourth-order Runge-Kutta method in order to
check the results and compare the techniques. The matrix exponentiation
technique, allowing real-time simulation on the minicomputer, was
retained for the rest of the study. Various values were used for the
parameters of the control system components to identify values that
correspond to control performance as close as possible to the one

exhibited during the plant tests.

7.2 The Computing Facility Used (36)

The computations required in this study were implemented on a
SOLAR-16-40 minicomputer made by the Societé Européene de Miniinformatique
et Systémes in France. This medium size computer has the following speci-
fications for the central unit processor:

--16 bit word size

--625 to 875 nanoseconds for memory cycle time

--64k words memory size,

The execution time for the most important operations are listed below:

--load register from memory 5.5 microseconds

--store register into memory 6.4 microseconds

--binary addition 2.2 microseconds

--binary multiplication 51 microseconds
Using a 32 bit hardware floating point operator, the execution time for

the basis arithmetic operations is as follows:
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--binary multiplication 3.5 microseconds
--binary division 6.4 microseconds
--floating multiplication 5.2 microseconds
--floating division 5.3 microseconds
--floating addition 10.3 microseconds

The peripheral equipment of the computer gives great flexibility
for the input-output handling. It consists of:

--A moving head disc unit: this unit consists of a SM bytes
fixed disc and a removable disc with the same capacity, with a transfer
‘rate of 156k words/second and a maximum access time equal to 70 |
milliseconds.

--A graphical CRT display unit, Tektronix model 4012. This unit is
connected to a hardcopy system to reproduce the plots displayed on the
screen.

--A teletype mode ASR 33.

--A card reader with a transfer rate of 400 cards/minute.

--An incremental digital plotter Tektronix model 4662, The

configuration of the equipment is shown in Figure 7.1.

7.3 Method Used for the System Integration

The matrix state equation representing the system to be integrated

is of the general form: |
|

. |

x(t) = Ax(t) + Bu(t) (7.1) |

- - |

|

where A is the (39 x 39) system matrix with constant coefficients, B is

the (39 x 2) constant matrix containing the coefficients of the forcing
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Figure 7.1 Configuration of the Solar 16-40 Minicomputer.
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vector u, which consists of the control rod reactivity perturbation and
the power demand perturbation. Since the state variables represent
variations from the initial equilibrium, the initial condition on the

state vector X is
x(0) =0 . (7.2)

In order to solve equation (7.1) on a digital computer we need the
equivalent matrix difference equation, obtained by integrating (7.1) and
assuming that the forcing vector u is constant during the integration

time step. The recursive solution obtained is
x(k+1) =D ¢ x(k) + E *» u(k) (7.3)

with the matrix relations (6.4) and (6.5) for matrices D and E.

Several numerical problems are associated with the matrix exponential
calculations. The power series approximation will be valid only if (37):

(1) The series converges

(2) The numerical computation does not lose significance

due to overfiow, roundoff and truncation errors.

In order to satisfy the two previous conditions, the initial sampling
time interval AT is first reduced automatically to AT* by a convenient
power of two such that maxij]AijAT*l < 1, to insure the convergence of
the power series expansion. To avoid roundoff errors, the step size is

further reduced.
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This procedure takes into account the significant digits of the
floating point arithmetic computations (7 digits for single precision,
14 digits for double precision).

The system matrix A is a sparse matrix, and in practice many
industrial processes are characterized by dynamic models with sparse
state variable matrices. Thus, during the calculation of matrices D and
E special care is taken to eliminate computations with zero elements.

In general, throughout this work, matrix by matrix and matrix by vector
products were optimized to save both computation time and memory space,
and all programs were written in Fortran IV language.

The duration of the control rod step, corresponding to the fastest
control rod motion possible (72 steps/minute) is 0.§3 seconds, and thus
we need an integration step shorter than this value. A value of AT = 0.2
seconds was chosen because it allowed good resolution for the control rod
movement, numerical stability, and real-time simulation of the system,
With this integration step the matrix exponentiation code used six terms
in the calculation of matrices D and E in equations (6.4) and (6.5).

In order to verify the aécuracy of the integration provided by the
matiix exponentiation method described above, a Runge-Kutta method (38)
of the fourth order was usgd to integrate equation (7.1) for the same
perturbations. It was found that the maximum integration step AT to
give a numerically stable solution with this method was 0.008 seconds,
and the solution was exactly the same (to the fourth significant digit)
as the matrix exponentiation method using a AT = 0.2 seconds. Since the
matrix exponentiation method requires a much shorter time step, it was

adopted as the integration technique to be used.
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7.4 Control Systems Performance

The load following dynamics of the closed loop system (see Figure
2.6, page 20) were simulated at full power and at low power by introducing
power demand step perturbations of the same magnitude as the ones intro-
duced during the plant tests (Chapter 4), so that an evaluation of the
performance of the control systems used could be made.

"It should be emphasized that the main objective in these simulations
is to obtain a satisfactory control of the steam generator water level.
A good prediction of the primary loop dynamics though is also desirable.
To this effect, the nonlinear control rod motion (Figure 2.8, page 21)
was modeled together with the nonlinear gains involved (see Figure 2.7,
page 21) in the power mismatch control chain. However, the control rods
are assumed to move in a step-wise manner (instantaneous step transi-
tions), and the digital simulation with an integration step of AT = 0.2
seconds could introduce errors in the timing of the rod motion in
‘response to its driving signal. These two factors and the use of a
simplified core model could introduce inaccuracies in the prediction of
the primary loop dynamics, which would cause inaccuracies in the
prediction of quantities in the secondary loop. All these should be
considered when comparing the simulated transients with actual test
transients.

Since a large step perturbation was introduced on the secondary
side, the steam generator water level control is not affected significantly
by possible inadequacies of the primary loop modeling discussed above.

However, the feedwater temperature feedback mechanism was not modeled
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and thus its effect, discussed in Chapter 5, must be taken into account
when evaluating the performance of the overall system simulation.
Because of that, higher secondary pressures could be predicted (see
Figures 5.7 and 5.8, pages 65-66) and thus higher primary coolant
températures, which in turn would cause lower nuclear power predictions
because of the moderator negative feedback effect. The power mismatch
control channel would then be affected and so will the error temperature
signal that drives the control rods. Figures 7.2 and 7.3 (for the full
power and low power case, respectively) illustrate the effect of the
various assumptions made and discussed above, on the performance of the
system simulation in a load following transient. A discussion of the
results shown in these figures follows; the experimental transients are
also shown on the same figures.

At full power, the approximate step decrease in steam flow rate and
the resulting control action of feedwater flow rate change are considered
to be in good agreement with the experimental transients. The behavior
of the steam generator water level transient shows good control of the
. water level., The difference with the experimental transient could be
attributed at the early part of the transient to possible limitations
of the steam generator model used, as can be seen from the model
"Vélidation work (see Figure 6.11, page 93),and at the later part of the
transient to the constant feedwater temperature assumption, as can be
seen from the sensitivity analysis (see Figure 5.7, page 65). The
constant feedwater temperature assumption is also a plausible explanation
(see Figure 5.7) for the differences observed in the secondary pressure

and primary exit temperature. Primary exit temperature errors would
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result in errors in the cold leg temperature prediction and in the primary
coolant temperature in the core. This would result in differences in the
nuclear power prediction from the plant transients in the opposite
direction due to the moderator negative feedback effect. However, the
simulated transients predicted in general the experiments with good
accuracy. The nonlinear control rod motion was predicted also with good
accuracy and this indicates that the responses of all three control
chains of the reactor control (see Chapter 2) and the modeling of the
control rod motion were satisfactory within the scope of this study.

At low power, similar remarks as above could be made on the
performance of the simulation of the 30-20% power demand step perturba-
tion. In this case though two points that were already discussed in
previous chapters, should be stressed: (a) the experimental transients
were filtered with a three-second filter and (b) the water level signal
in particular was filtered with a 30-second filter. During the plant
test the water level was not controlled as desired to its zero setpoint
due to inadequate feedwater flow control. However, the simulated
transient shows a steady drop of the water level to its zero setpoint
due to a better action of the feedwater controller, as can be seen from
the feedwater flow rate transient.

The parameters of the various transfer functions of the control
system components, identified as optimal in obtaining a good water level
and reactor control, are given in Table 7.2 for the full power and low

power case. The notation corresponds to the one defined in Chapter 2

(see Figure 2.6, page 20).
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Table 7.2

The Optimal Parameter Data of the Control Systems Simulated

At 100% Power At 30% Power
K* = 9.9 1lbm/sec K* = 9.9 lbm/sec
T4 = 10, sec T4 = 12, sec
T_ = 2,0 sec T = 2.0 sec
P P
CK =0.7 CKk =1.0
cC = 1.0 cC = 1.0
CK1 = 0.5 CKil = 0.3
Ck2 = 1.0 CkK2 =1.5
T7 = 7.0 sec T7 = 5.0 sec
T, = 1.0 sec T2 = 10 sec
Tl = 80. sec Tln= 25. sec
13 = 1,0 sec 13 = 5.0 sec
ZKS = 0.30186 °F/% ZKS = 0.30186 °F/%
TS = 30, sec TS = 80, sec
T6 = 13,0 sec T6 = 15.0 sec
T = 35, sec T = 30. sec
v v
T = 2.5 sec T = 2.5 sec
e e
Td = 3.0 sec Td = 3.0 sec
Td = 5.0 sec Td = 15.0 sec
Gi = 17.6 lbm/s/% Gi = 2.86 1bm/s/%
T = 8+102% sec T, = 1.1-10°% sec
D=1, D=1,
B = 0.01 B = 0.01
A=0.25 A=0.1
C = 100. C = 100.
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Information on the nominal values of these parameters, available to
the author after the completion of this dissertation, has shown that the

parameter values found are within 30% of their nominal values.




CHAPTER 8

MODERN LINEAR CONTROL THEORY APPLICATION

8.1 Modern Approach to the Control of Industrial Process--The
Linear-Quadratic-Gaussian (LQG) Theory

in the control or incustriai processes, such as a large nuclear
plant, a multitude of couplings between different variables occurs.
This.situation makes it attractive to consider control methods which
~allow for the treatment of the control problem in a multivariate state
space, instead of assigning single loop controllers to single variables
and individually handling the coupling phenomena between them.

The mathematical theory of linear optimal control has developed
rapidly and it has become well established during the past 20 years. It
is concerned with predicting a continuous control function of time, or a
sequence of controls for the discrete-time case, which when applied to a
plant during a specific future control time interval, will cause it to
operate in some optimum manner. This optimum manner is specified by
constructing a (quadratic in our case) function of the state and control
variables, which is integrated over the central interval, and results in
a scalar quantity that measures the quality of plant performance in
response to the chosen control function.

However, the calculation of the control function requires the
accurate knowledge of the state of the plant. Since only some of the
state variables are measurable and also because of noise corrupted

measurements, the complete state vector of the plant has to be estimated.
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The results of the well established Linear Estimation theory are employed
for this purpose, using white Gaussian noise.

‘'The solution of the linear-quadratic deterministic control problem
and the solution of the linear-quadratic-Gaussian estimation problem,
lead, using the Separation Theorem (39), to the overall Linear-Quadratic-
Gaussian (LQG) method. The detailed discussion of these problems, solu--
" tion techniques and computa£iona1 aspects may be found in reference
(40). The formulation and the solution of the linear quadratic
control problem and the linear Gaussian estimation problem are briefly
described. The discrete-time case will be followed in this presentation
since the implementation of the final algorithm will be done on a digital
computer. The:feasibility of this method for the control of our

particular reactor core-steam generator system will be outlined.

8.2 The Linear Quadratic Control Problem

Although accurate descriptions of dynamic systems require nonlinear
differential equations, it is usually possible to obtain a good approxi-
mation to the dynamic behavior of the system by linearizing the nonlinear
equations around an equilibrium point. Thus, a time-invariant system

can be described by the state-space equations (presented in Chapter 6

but repeated here for convenience);

x(t)

Ax(t) + Bu(t) (8.1)

y(t) =

Cx(t) (8.2)

(8.3)
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where
X is the nth order state vector
u is the mth order control vector
y is the rth order output vector, containing the observable states
x is the nth order initial state vector

2

A,B,C, are constant matrices, describing the dynamics of the system.

In the discrete-time case, equations (8.1) and (8.2) must be
transformed into discrete-time difference equations. We assume that

u(t) is constant between the sampling instants ti and ti+ and equal to

1

u(i). Thus, integrating equation (8.1), we obtain
x(i + 1) = Dx(i) + Eu(i) (8.4)
y(i) = Cx(i) . (8.5)

with the matrix relations

. AT) 2
D = eA AT =1 + A AT + (a-am)" + (8.6)
n 2!
_  ASAT -1 CAAT  (A+AT)?
E=(e ~ -I)A B = AT(I +>p + - + .. .8 (8.7)
where

AT = tie - t. is the sampling time interval

In is the nxn unit matrix.

The cost function to be minimized is taken to be a weighted

quadratic function of the control vector and the observable state vector:
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N-1

J= I
i=0

() TRu(i) + yT(1)Qy (i) (8.8)

where
Q > 0 is a rxr weighting matrix
R > 0 is a mxm weighting matrix

N is the number of time sampies in the control iﬁtefval.

In order to obtain the optimal control we will use the Dynamic
Programming method ( 39 ), which is based on the Optimality Principle
that states: "Any control law which is optimal over the interval [i,N]
is necessarily optimal over the interval [i + 1, N]n.”

We can consider the problem starting at any time instant i in the
interval [0, N] and study the optimal 3(x(i)) defined by

N-ll T T
Jo= I (u (R +y YG))
j=1
If u(i) belongs to the series of optimal controls [G(i), G(i+l), . . . ,
i(N-1)] that were taken during the time interval [i, N—lj, the principle
of optimality indicates that the series of optimal controls [{i(i+l),

i(i+2), . . ., 4(N-1)] allows one to obtain the minimum value of the

quadratic criterion 3[x(i+l)} defined in the interval [i+1, N-1] by

N-1 T T
Jigp = T (@) RrRu@) ry () @ G)) . (8.9)
j=i+l .

i+l
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It is thus possible to define in a recursive way the minimal quadratic

criterion by the relation

3(x(1)) = min (u'(i)Ru(i) + YL Qi) + J(x(i+1)) . (8.10)
u

Now we can assume that J(x(i+1)) is of the quadratic form:

F(x(i+1)) = xT(E+1)K(i+1)x(i+1) (8.11)

where K(i+l) is a square, symmetric, positive definite matrix. Using

equations (8.4) and (8.11), equation (8.10) becomes

3()((1)) = min (uTRu + yTQy + (DX+Eu)TK(i+1) (Dx+Eu)) . (8.12)
u v

A
The minimum §i corresponds to the solution of 8J/3u = 0, i.e.

RG + EK(i+1) (Dx+Eu) = 0 (8.13)
or

-Lx o (8.14)

=>
u

where

[R + E'K(i+1)E] ~'ET

[
[}

K(i+1)D | (8.15)
Substituting equation (8.14) back into equation (8.2) yields:

3(x(i)) = xTLTRLx + xTCTQx + xT((DT-LTET)K(i+1)(D-EL))X
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I(x(1) = x (DK
where
K(i) = L'RL + C1QC + (D-EL) TK(i+1) (D-EL) (8.16)

which by regrouping terms and using equation (8.15) becomes

K(i) = -D'K(i+1)EL + C'QC + D'K(i+1)D . | (8.17)

The above recursive relationship for K is defined backwards in time.
Thus, for any given application K(i) has to be calculated in advance for
every time instant i of the time interval considered, and the results
should be stored. Whenever any of the elements of the above‘matrices
change, this calculation has to be repeéted, and this is a serious
constraint to most industrial applicatiéns.

We.should thus consider that the time interval we have in mind to
apply the control is practically infinite with respect to the time-scalé
of the physical phenomena considered. Thus, the criterion to be
optimized takes the form

J= I (u(DRu(i) + y (1)Qy(i))

nesg

i=0

With the conditions we have imposed on matrices R and Q (R > O,
Q > 0), it can be shown (41) that equation (8.15) converges to a
limiting unique solution when the system considered is controllable,

i.e., when
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rank(E, DE, D?E, . . . , D""'E] =1 . (8.16)

Thus, we can consider matrix K(i) as constant during the whole time

interval and equal to a symmetric positive definite matrix K given by

-DTKEL + C'QC + D'KD (8.17)

~
[}

where

[R + E'KE] 'ETKD . . (8.18)

ol
1]

The solution of equation (8.17) will be discussed later.

Up to this point, we are able to calculate in a digital machine the
feedback control, equation (8.14), of a linear deterministic system,
that forces it to go from one steady-state towanother in an optimal
manner, as dictated by a quadratic criterion; However, in order to
calculate this control, the complete state vector x of the physical
process under study is assumed known, while only a few of its components
are measurable,

In addition, the existence of noise associated with the actuators
and the sensors, and the uncertainties in the system modeling, force us
to consider a stochastic model, as representing more accurately the
physical process. Then, results of the Linear Estimation Theory can be
used to compute an estimate of the complete state vector, and the
Separation Theorem allows us to use this estimate in calculating the

optimal feedback control obtained so far.
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8.3 The Linear Estimation Prcblem

In order to adapt a stochastic model to represent the physical
process under étudy, there are three sources of uncertainties which
must be taken into account (Figure 8.1):

1. Uncertainties associated with the system modeling: In addition
to the control signais driving the system, there may be additional,
stochastic, disturbances. Also, simplifications in the deterministic
model can introduce errors, and despite the system identification study
for certain key parameters, there may be inexact values for some
parameters of the system.

2. Uncertainties associated with the actuators: The actual plant
inputs are the translation of the commanded inputs u(t) by the actuators.
There are always uncertainties introduced by the actuators since this
translation of signals into actual inputs (reactivity, etc.) is not
exact.

3. Uncertainties associated with the sensors: The physical
quantities we measure (temperatures, pressures, etc.) are different
from the true values since any sensor has a limited accuracy and also
additional error may be introduced along the data transmission and
acquisition chain.

The various uncertainties described above can be modeled in the

stochastic case, by introducing white noise processes in the deterministic

equations. The uncertainties associated with the modeling and the
actuators are taken into account in the equation describing the state of
the system, while the uncertainties associated with the sensors are

taken into account in the observation equation.
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(8.19)
Y = X + vy (8.20)

where the two random vectors Wy and vy are assumed white, discrete,

Gaussian, uncorrelated, with zero mean, such that

E{wk}

E{vk} =0

E{xo} X

T
E{wkwj } =w 3§, .

!

n
<
o

E{vkvj
. - . T
E{ (xo-xo)(xo-xo) } = Wo

Ty

1]
o

E{wkxo

T
o}

"
o

E{vkx

We will further assume that the noise characteristics are invariant in
time, i.e., the covariance matrices W and V are constant.

The estimation problem now is formulated as follows: Given the
stochastic linear system of equations (8.19) and (8.20), find for each

k=0,1, 2, . . ., the best linear gstlmator xk+1/k of the system
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state at time k+1, X1 in terms of the output sequence up to and
. . . k
including time k, Y, = {yj} i=0
This estimation is optimal in the sense that the expected value of

the square of the error magnitude, xklk-l = xk'xklk-l’ is minimized,

i.e.,

VI k-1 Kex-1? -

is minimum and that Xk|k-1 is unbiased, i.e.,

} = E{x, } .

E{X) 5 k

Various approaches to the solution of this problem can be found in
the literature (43)-(45). Due to its length, the derivation of the
solution will not be given here. However, the solution itseif with the
procedure to compute the estimator is outlined below (44).

The best linear esfimator 2k+1|k of Xee1 in terms of the output
sequence Yk = {yj}kj =g may be expressed recursively using the estima-
tion in the previous step, ﬁklk-l’ and the newly available measurement

yk according to the recursive relation

A - A A
xk+1|k = kalk—l + Euk + G(k)[yk-ka!k_l] (8.21)

= x_. The gain matrix G(k) is given for all

with initial conditions %
o|]-1 = %o

G(k) = DP(K)C [CP(K)CT+v]™* | (8.22)
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where the nxn positive definite symmetrix matrix P(k) is the covariance

of the estimation error

X

k-1 = *k 7 *k|k-1

and may be precomputed using the iterative relation

P(k+1) = -D'P(K)CG(K) + D'P(k)D + W (8.23)
with initial condition

P, = cov {xo; xo} .

If the initial time t, at which observations have started is the
distant past with respect to the phenomena studied, it can be shown

(39) that the solution for P{k) converges to a constant, steadv-state

value P, if the system under study is observable, i.e.

“rank[C, cD, CD%, . . . "' = n o (8.24)
Then, equation (8.23) becomes
P = -DTPCG + DTPD + W | (8.25)
with G given by
G = ppci[cect + vt . (8.26)

The computational structure of this estimator is described below:

Initial estimate is the % =x .
ol-1 =~ %o
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At each time step k = 0, 1, 2, . . . the model of the system

generates the best linear estimate

Xee1]k-1 ° DXyjk-1 * B

is also computed. Using the newly available measurement Yy the error

of the output estimation ¥ K|k-1 is computed

Mejk-1 = Y% " Yi)k-1 T % T SRylke1

which canvbe shown (44) that is uncorrelated with past measurement
k-1 ~ X

= d by the

sequence Yk_1 {yj}j=0 ) The above Yk!k-l is operated on by the

gain G to generate the best linear estimate of the state X4 in terms of

i

Yk|k-1
Glyy = CRyyx-1)

The two parts of the best linear estimate of x are added together to

k+1
give

+ Eu, + G(yk-Ci (8.27)

a1k = DXefr-1 * B9y k|k-1)

which is the best estimate of Xpel®

A flow diagram of the Linear Estimator is given in Figure 8.2

(44).
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8.4 The LQG Algorithm--Feasibility Study for the Reactor
Core Steam Generator System

The solution of the Linear Quadratic control problem provided us
with the optimal feedback control given by equation (8.14) as a function
of the’states of the system, using the feedback gain L given by equation
(8.18). Due to noise-currupted measurements and the fact that only some
of the states are measurable, the estimation of the entire state vector
was necessary and this estimate is given by equation (8.27) after solving
the Linear Estimation problem by assuming white Gaussian noise. The
calculation of a gain matrix (the Kalman gain matrix) was necessary in
this step, and it is given by equation (8.26). Using then the separation
theorem, this estimate can be used in the computation of the feedback

control, so that equation (8.18) becomes
u=-L% . (8.29)

However, in order to compute the feedback gain matrix and the Kalman
gain matrix, equations (8.17) and 8.25) must be solved. They are

rewritten below:

K = -D'KEL + D'KD + C1QC (8.17)
with
L=1[R+ ETKE] YE'KD (8.18)
and
T T
P=-DPCG+DPD+W (8.25)

with
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T -1

G = DPCT[CPCT + V] (8.27)

Equations (8.17) and 8.25) are both of the saﬁe,form. They are matrix
equations of the Riccati type and since we are seeking the steady-state
solutions, the controllability and observability condition should be
satisfied (equations (8.16) and (8.24), respectively).

There are many methods‘proposed for the solution of the matrix
Riccati equation, notably Vaughan (46), Hewer (47), Dorato and Lewis
(48), and many authors have contributed to the development and under-
standing of the steady-state and transient solutions of the matrix
Riccati equation {49)-(53).

In this study, an algorithm written by 3arraud (54) for the
solution of the discrete, steady-state matrix Riccati equation was used.
It is based on an iterative solution not on matrix K, equation (8.17),

T = K. The numerical

but on a factorization S of K, such that SS
stability of this hethod is reportedly superior to the other methods
and the algorithm, consisting of about 1,000 Fortran statements, was
furnished by its author for free use.

The main problem reported (55) in the solution of the matrix
Riccati equation is the loss of the positive definiteness property of
the matrix X, equation (8.17), after a number of iterations. However,
if the solution converges to a positive definite matrix for both the

control problem, equation (8.17), and the estimation problem, equation

(8.25), the feedback gain L and the Kalmon gain G are readily computed,

so that the simulation of a transient can start.




135

The flow diagram of the feedback control with estimator is shown in
Figure 8.3 and it summarizes the LQG algorithm to be programmed. The
reference control vector u* is the amount of external control needed to
bring the system to the new steady state, and the reference measurements
y* are the changes in the measurable states from the initial to the final

steady-state, i.e.
}’* = Cx*

where x* is the state vector at the new steady-state computed by setting

in equation (8.1) X = 0, i.e.
Ax* + Bu* = 0 .

In our case the overall system of reactor core and steam generator
together was considered as the system to be controlled, so that
comparison could be made with the performance of the classical control
system applied and simulated in Chapter 7. It is a set of 24 differen-
tial.equations (nine equations representing the core, Appendix I, and
15 equations representing the steam generator, Appendix II). The four
control variables are: steam exit flow, feedwater flow, feedwater
temperature and control rod reactivity. The five measurable variables
are: nuclear power, hot leg temperature, cold leg temperature, steam
pressure, and steam generator water level.

The controllability and observability criteria, equations (8.16)
and (8.24), were satisfied with the matrices of our system. However,

the Riccati code failed to find a positive definite solution after the
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sixth iteration and thus no further action could be taken with the LQG
algorithm for the system under study. Since this code was never tried
for systems bigger than order 14, it is believed that the size of the
system was too big to implement on this code, and this is actually one
of the major problems cited in the literature with the matrix Riccati
equation solution.

Since the reduction of the system size or a different strategy to
attack the problem would require much additional time, not available
because of the specific duration of the given project, further investiga-
tion of this solution technique was not attempted.

However, the major part of a future effort, i.e., the outline of
the theory behind the method, the procedure to be followed in an applica-
tion, the literature survey on the LQG method and on the matrix Riccati
eguation solution and finally the operational state of the Riccati code,
is already accomplished. Since there are other authors (18), (19)
who obtained good results with this method using low-order models for
their systems, it is believed that a major effort to reduce considerably

the size of the core-steam generator system could also lead to good

results,




CHAPTER 9

CONCLUSIONS AND RECCMMENDATIONS

The need to study the control of the water level of a PWR U-tube
steam generator, which is an important aspect of PWR control, led to an
overall effort that covered many diverse areas of interest. The final
system to be studied included the reactor core and the control system
associated with it. |

The model validation work, which is of capital importance in the
study of the control of any physical process, was undertaken for the core
and the steam generator low-order linear models, at full power and low
power. The identification of the optimal values of certain key,
nonmeasurable, pa&ameters was done using experimental data after large
step perturbations in power demand. Consequently, a time domain,
multi-input, multi-output least squares parameter identification was
carried out. The results have demonstrated that the simplified physical
models répresent the dynamic behavior of the main components of the
pressurized water reactor satisfactorily. They realize a very good
trade off between accuracy and complexity, and even though the linearity
assumption is questionable for large relative perturbations (in the case
of the 30-20% perturbation), they still predict well the experimental
transients.

A program to perform the parameter identification rcutinely, using
data from different experimental transients was written to be executed

with minimum effort and cost on a minicomputer. Therefore, one can very

138



139
easily undertake studies on the improvement of the model prediction by
trying to identify additional parameters (for example the ratio of
pressure drops in the boiling region and the recirculation loop (RP) in
the steam generator model), using more detailed models, especially for
the reactor core, or employing different optimization schemes for the
cost function minimization. In another direction, a systematic error
analysis could be undertaken to furnish quantitative confidence margins
for the optimal parameter values found by the identification.

In this work it was also pointed out that particular attention must
be attached to the distortion of the experimental signals due to problems
associated with the electronics of the transmition,. acquisition, and
recording of the data. Since experimental data of high quality are
necessary in order to have meaningfulAresults from the identification
work, every effort must be taken to overcome problems of this nature.

It was shown that problems of filtering encountered with the signals
used as inputs and outputs for the modeis to be identified, can be
solved systematically using standard procedures of noise analysis. The
reconstruction of the approximate, nonfiltered, steam flow rate signal
used as input to the steam generator model, is another example of
important subtasks that might have to be undertaken to accomplish the
identification work.

The study of a control system is usually the final objective in
pursuing model validation work. In this study the currently used
feedwater control system in a U-tube steam generator was examined and it

was found (taking into account the constant feedwater temperature
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assumption and possible limitations of the optimal behavior of the models
used) that it is sufficient in controlling the water level after large
step perturbations in power deﬁand, at full power and at ~ 30% power. The
reactor control system predicted also satisfactérily the experimental
transients. A real-time, simple and inexpensive way to simulate the
entire multivariate industrial process was obtained. Thus, evaluation
of possible changes in the control component setpoints can be made
readily, and addition of control components or use of more detailed
models can be handled easily (provided that expansion of the minicomputer
capabilities is also undertaken). Simulating the feedwater temperature
feedback mechanism and using a more detailed core model are some of the
possible efforts in this direction.

The effort to use modern linear control theory, and in particular
the Linear-Quadratic—Ggussian theory, for the eventual direct digital
controliof industrial processes, showed that there are numerical
problems with the solution of the associated Riccati equation for high-
order systems ((24x24) in this study) and thus with the implementation of
the method. The use of the isolated steam generator (with a model of
order 15) could result in better numerical behavior and would give
the possibility to evaluate the performance of this aoprcach in the
control of the water level, as compared to the classical method used at
present. The work done in this study and the steps taken for such a
control approach could be used as the starting point for a new effort.

Finally, the implementation of all computations in this study on a

medium size minicomputer should be emphasized. It was possible to
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simulate a large, complex industrial process in real-time to achieve
| safety and functional analyses with economy, flexibility, and accuracy.
The integration package written in FORTRAN IV can be adopted in almost

any digital computer, but its use on a minicomputer could also allow

on-line studies.
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APPENDIX I

THE REACTOR CORE MODEL

I.1 Derivation of the Model Equations

Linearizing the point kinetics equations, using one delayed neutron

group and assuming constant primary pressure, yields (56):

B Q
dsQ _ T "0
bl 8Q + ASC + 7T'(uf6Tf + 08T, + Gprod)
d_GE-BlSQ-Xac
dt A

where § represents variations from the initial equilibrium.

Q nuclear power, Btu/sec
Q0 = equilibrium power, Btu/sec
B

T = total delayed neutron fraction

Y = average decay constant for one effective group of delayed
neutrons, sec '
a,. = Doppler coefficient, Ak/k/°F

a = moderator temperature coefficient of reactivity, Ak/k/°F

T. = fuel temperature, °F

T1 = average temperature of coolant in core, °F
A = generation time, sec.
P

rod = control rod reactivity .
Since we simulate the reactor core at full power and at low power,

we are interested in expressing the nuclear power state variable in
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percentage changes with respect to the nominal power Q (100%) (regardless

the actual equilibrium power Q ). Thus, we need Q. = Q. 100 as a new
P o N

- Q
state variable. We also use the product &X = A %g + 100 as a new

Q

precursor state variable and the equations above become

- T aQN + X + K(E « 100) (qchTf + aa'rl + Gorod) (1.1)
B.. X% ‘

désX _ T

'd’c"T‘SQN Y (8.2)

Using Mann's model, i.e., having two coolant nodes for each fuel
node for the core heat transfer (see Figure 3.1, page 26), each coolant
section is considered to be a well-stirred tank with its average
~ temperature equal to its outlet temperature. The energy conservation
equations then become

de

ey S :
i T e AT - T

daT h
MC) 1 _ “fc « A
pc = > (Tf - Tl) - (WCP) (T1 - TQP)

dT, hg,

(MC_) - A '

where

-3
-3
1}

) reactor coolant temperatures at the two sections, °F

-3
[[]

temperature of reactor coolant in lower plenum, °F



(MCP)f = product of mass and specific heat of coolant, Btu/°F

(MCP)c = product of mass and specific heat of coolant in one
section, Btu/°F

Wp = reactor coolant mass flow rate, lbm/sec.

A = total core heat transfer area, £t2

hfc = average fuel to coolant effective heat transfer

coefficient, Btu/hr sq. ft °F.
Linearizing the above three equations and taking into account that
the new state variable for nuclear power is 6QN = 8Q + 100/Q, and that
2 Mc/wc =T, is the coolant residence time in the core, the core heat

transfer equations become

déT h, A

£ _ (Q/100) o _ _fc )
T )T SQy [Canp (8T - 6T)) (1.3)
doT h, A
1 _ fc . _ 2 - )
3 = oy " (Tg - OTp) - 7= (6T - OTp) (1.4)
pc c
déT h, A
2 _ fc 2
T 70T, (8T, - 6T)) - T (8T, - 6T)) . (1.5)

The equations for the lower and upper plenum and the hot leg and

cold leg piping are obtained using the well-mixed tank model:

oT,_ .
T L S L | (1.6)
up up
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déT :
HY 1 1
= — 8T - — 4T (I.7)
dt up up Ty H2
dsT
2p 1 s 1
= T, - — 6T (1.8)
dt sz cl sz Lp
dsT
2.1 g _ 1
dt T 6TPO T GTcz (1.9)
2 2
where
up’ 18p = coolant temperatures at upper and lower plenum, °F
THZ’ Tcz = coolant temperatures at the hot and cold leg, °F
TPO = coolant temperature at the steam generator outer

plenum, °F,
The parameters represented by T's (sec) are the residence times in each
node and they are calculated by T = M/Wp, where M is the coolant mass of

the corresponding node.

1.2 Data Used

The design parameters for the core model are given here. The
parameters having the same value at full and at low power are listed
first, and the rest of the parameters follow, for each power level. The
optimal values, as found by the identification work (Section 6.6,
page 81) are used for the optimized parameters. The notation is explained
in Section I.1.

Q

W
p

2.5142+10% Btu/sec (nominal power at 100%)

2.8+10% 1bm/sec



(MCp)f

T
up
p
he

cl

At Full Power

1.63+10* Btu/°F
5.393+10* ft?
0.88 sec

1.50 sec

0.48 sec

2.40 sec

1.94 sec

0.082 sec!

2.42+1075 sec .

100%
6.4.107°

1.665+10" Btu/°F node
236 Btu/hr. sq. ft. °F
-1.52 Ak/k/°F

-2.9 Ak/k/°F .

30%
7.27+1073

1.61+10* Btu/°F + node
215 Btu/hr. sq. ft. °F
-1.6 Ak/k/°F

-4.5 Ak/k/°F
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APPENDIX II

THE STEAM GENERATOR MODEL

II.1 Derivation of the Model Equations

A brief description of the steam generator model was given in
Section 3.3, page 25,and a diagram of the nodes representing the model
can be seen in Figure 3.2, page 28. For the purpose of completeness,
the derivation of the model equations from the mass, energy and momentum
conservation equations, presented in Ali's dissertation (21) will be
given here, following the nodal description of Figure 3.2. Minor
modifications made to the original Ali's version will be presented at
the end together with the steady-state calculation iterative procedure.

A list of the notation used in this Appendix is given below. Since
the model is linear, all state variables represent variations from
equilibrium.

$: Represents variation from equilibrium.

o: Index denoting value at equilibrium.

T, .+ Hot leg temperature.

h2

T T,,,T T,.: Average coolant temperatures in the

p1°Tp1°Tp22 Tp32Tpa»Tpo

primary loop nodes.

Torq s Tagns Tage T

M1 M2 Tu3, M4: Average tube metal temperatures in the metal

nodes.

CPl’Cm’CPZ: Specific heats of primary coolant, tube metal and

secondary coolant, respectively.

wpi,wpl,wpzz Primary coolant mass flow rates at the P 1° and

RI’ PR

PR2 nodes, respectively.
153
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wfi: Feedwater flow rate.

wl,wz,ws,w4: Secondary coolant flow rates at the exits of the nodes

D, Sl’ 52’ and 53, respectively.

Mp; sMpy sMpy Mps:

and PR3, respectively.

Primary coolant mass in the nodes PRI, PR1l, PR2Z,

Md,Td: Mass and temperature of the water in the downcomer.

pp’pm’psl;pr: Densitites of the primary coolant, the U-tube metal,

the saturated water and the water in the riser.

Ap,Am,Afs: Cross sectional areas of the primary coolant flow, the

U-tube metal and the secondary coolant flow.

wa: Feedwater temperature.

WS: Steam exit flow rate.

LSI’LSZ: U-tube lengths corresponding to the subcooled and boiling
regions, respectively.

L: Variation in the water level, in percentage of the minimum-
maximum margin.

P: Secondary side pressure.

X * Steam exit quality.

Tsat: Secondary coolant saturation temperature.

U o’ Heat transfer coefficient between the primary coolant and the
tube metal (per unit tube length).

Umsl: Heat transfer coefficient between the tube metal and the

secondary coolant in the subcooled region (per unit tube length) .

U Heat transfer coefficient between the tube metal and the

ms2’

secondary coolant in the boiling region (per unit tube length).



V : 1Initial steam dome volume,

L_: Height of the riser.

T
Vr: Volume of the riser.
Rp: Ratio of the pressure drops in the two-phase region to the sum

of the pressure drops in the recirculation loop.

The Primary Side

One equation is used for each of the six nodes in the primary side

(PRI,PR1,PR2,PR3,PR4,PRO). Each node is assumed to be a well-stirred

tank (outlet temperature equal to the average temperature) and the

primary flow rate, specific heat
--Inlet plenum (PRI)

Energy conservation:

d -
HE'(MPicplTPI) - wpicpl(Thz

Linearizing the above yields:

i S R
dt Mps hd

T

PI)

--First Primary Node (PR1)

Mass conservation:

d(p AL _.)
__ ppsl” _ W.. - W_. .
dt Pi P1

and density are assumed constant.

- Tpp)

b (I1.1)
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Since WPi is constant, linearizing the above yields:

d6le i

Energy conservation:

d -
o1 I (ppApleTpl) - wpicplTPI ~ Woi%1Tp1 - Upnls1 _le_zl - Ty

Linearizing the above and using (II.2) yields:

doT, U U
PLo(L - Bm Ver . (L. P )er
dt T, 2C PI ~ \T pl

pl  “Cp1Pdfd pl  251Pdlq
Uom Yom 1 7
+ —B0_ 8T -——P—-——(-(T +T ) - T ) L. - “
CplpdAd M1 CplpdAdleo 2 “'PI 'pl Ml/o sl
(I1.3)
where Tpp = Mplo/wpi .
--Second Primary Node (PR2)
Mass conservation:
L oAaL y=w, -w
dt “"p ps2 pl p2
Since Lsi + Ls2 = constant, linearizing the above yields:
ddle 7
ppAp T 6Wp2 - Gwpl . | (11.4)

Comparing (II.2) and (II.4), we have Gwpz =0,
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Energy conservation:

+T

T
Co1 3t (Catilss To2) = Wo1%1To1 = Wp2Cp1Tp2 Umesz< 7 Tvz

Linearizing the above and using the mass conservation and Mp2° = ppApL520
we obtain:
T2 Tp1Tpdo L1 /1 U ) 6Ty - (L
dt L520 dt sz 2Cp1ppAp sz

U

o P ___Jl___

*X_ oA ) Tp2 * *Twz
pl'p P “p1%"p

U T . +T
+ ——pm ,< P12 P2 _ 7 > 6L, (I1.5) 3

Clep20 M2 .

where sz = Mp20/wpi .

--Third Primary Node (PR3)
The mass and energy balances for this node are analogous to the ones

for the PRl node. Thus; we have

dséT U U
p3 _ /(1 _ pm sT . - (1. pm
dt ‘rp3 2C .p A p2 T 2C A 6T

pl'p p p3 p1Ppp p3
_i’pm___L
+ 0T, . + ( (T - Ty-) Fon
CplppAd M3 pl p3° 2 p3 M3° 8L, (I1.6) (4

where Tps = sz since Mp3° = Mp2° .

--Fourth Primary Node (PR4)
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The mass and energy balances for this node are analogous to the

ones for the PR2 node. Thus, we have

dGTpﬁ,_ (sz-Tp4)o dGle _ ( L upm >6T ] (.l_
dt leo dt TP4 2CplopAp p3 Tp4
O N\er L _pm
YT o A >5T 4 * T o i STua
pl'p 'p pl'p 'p
U m (1 -
-l (S (T +T ) - T SL o
cplmp40 2 'p3 p4 M4)o sl <
(I1.7)
where Tp4 = Tpl since Mp4o = Mplo .

--Outlet Plenum Node (PRO)
The equation for this node is analagous to the inlet plenum node
equation:

_Eo_z ._1_. - {}'/'_
® T, (6Tyy - 8T ) U (11.8)

where 1. =M /W . .
po po p1

The U-tube Metal Side

An energy balance is written for each of the four metal nodes (M1,

M2, M3, M4). The movement of the boiling boundary le is taken into

account as follows: For a change SLSI, an energy quantity of

pAC TGJSL . is transferred between the two nodes on each side of the
mm pm sl

boundary, where Tﬁ is their average temperature.

--First Metal Node (M1)
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PI pl _ _
Cﬁpm m dt (le Ml) pm sl< 2 Tml Umlesl TMl

Clat Tsar) e <TM1 * TM2> 4oLy,
2 mmm 2 dt

Linearizing the above yields:

= 6T + _&
dt %o Ac V'pr *2pAac °lpi
mmnm mmm

dt 2L

chTM1 +<TM1 - TM2> dGle _ Upm
sl

(U__+U 1) 4] 1
-_u_GT + L 8T

pmAmCm M1 zpmAmCm d

@
. Umsl 8Tsat Sp )
20 A C oP )
mmnm

--The Second Metal Node (M2)

T ,+T
= Pl p2 ;). -
CnPrfm dt(LSZ T2) = Upnls2 ( 2 Tva) = Yus2252 (Tyz = Tsad)

oA (TM1+TM2) dLsy
mmm 2 dt

dL52 dL
Linearizing the above and taking 5 - dil , yields:
déT, T, .. -T déL §) U
dth * M%L M2> o = e 0Ty * e T,
s2 mmm P mmm P
) (Upm+Um52)6T Uns2 ( sat) :
o AC m2 p AC
mmm mmm

(I1.10)
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--The Third Metal Node (M3)
The energy balance in this node is analagous to the one of the

second node. Thus, we have:

OTys | (TM4'TM3> By U 5T Uom 51
dt 2L52 o dt 2pmAmCm p2 2pmAmCm p3
_(U mwmsz)(ST . Um52 aTsat 5p ‘@7i
g AC M3 p AC oP ‘ =
mmm mmm

(I1.11)
--The Fourth Metal Node (M4)
The energy balance in this node is analagous to the one of the

first node. Thus, we have:

dsST T, -T déL §) : U
dtM4 +< MgL M3> cu:s1 = e 0Tos * e T,
sl /o pm mm P pm mm P
(U +U0_ ) U
_ pm msl 5T . msl §T. +
c AC M4 20 AC d
mmm mmm
+ Umsl (aTsat>6P |
2pmAmCm op (11.12)

The Secondary Side

The secondary coolant side consists of the nodes representing the
downcomer (D), the subcooled region (S1), the boiling region (S2), the
riser (S3) and the steam dome (S4). The mass and energy balances are
written for each node and also a quasi-static balance of the pressure

drops along the secondary loop, between the highest points of the

downcomer and the riser.




~--Downcomer Node (D)

We assume that the water density in the downcomer varies linearly
with temperature. The range of the water level corresponds to (0%) and
(100%) with respect to the metallic plate on top of the U-tube bundle
(see Figure 2.5, page 17), and its variations are calculated in percentage
using a conversion factor k (%/ft).

Mass conservation: (V +KA GL)) = W + (1-x )W - W, where

d
at (Pq 1
(l-Xe)W4 = Wr is the recirculation flow rate. Linearizing the above

yields:

st Vg apd\ oy

k it " oA ( 3T ) It T DA (wai * (l_xe)o Sy - W406xe - Gwl)
Pad dd
(11.13)
Energy conservation:
Cp2 qr 0V + KAL) = Coa (=X IWT o * WeiTey - WiTy)
Linearizing the above equation, we obtain
Z_d< T(a:rd)> d—?g+de %&:%[_w T e X, +
d t o dt Pary 4o S3t, €
* (1 “Xe ) sato 4
aTsat
+ (1-xeo)w4[ 5| 0P - T, 0W,

T W1o8Tg * TeioWey * Wfio‘STfi} '

(I1.14)




--Subcooled Node (S1)

In this node the water temperature increases from Td to Tsat' Its
density is taken as the average of the density in the downcomer (pd) and
the density of saturated water (psl). The variations of psl in time are

negligable compared to the variations of Py-

P
fon- :‘_(M. =W -
Mass conservation: It > leAfs) = w1 w2 .

Linearizing the above equation yields:

ddL L ap ddT
s1 ( s1 ) d 2
+ (Gw - W) . (I1.15)
dt Ps1*Pq /o Wr] dt A (psl+pd) 2
"Energy conservation:
c A 51—(L Ps1*P4 . Ta*Tsat U L T - Ta*Tsat
p2 fs dt \ 's1 2 2 msl sl | ml 2

T ,+T
d “sat
* Umlesl [Tm4 - 2 ]

+C 2(w1 d ~ ZTsat)

Linearizing the above equation‘yields:

AgsCpalsio 904 4Ty
z ((Td+Tsat)o (371 (g9, ) &

3T dsL
sat 7 dSP fsAp2 sl
* (psl+pd)o [ aP dt ] * (psl d) (Td+Tsat)o dt

= (U

+ (C_W

(GT + GTM4) + U p2"10

ms1 slo msl(TM1+nW4-Td-Tsat)o 6le
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- U L _)8T

msl slo (c

8TS at
.- _____]5p + €y Ty,

p2w20 ¥ Umleslo) [ oP

W

- TSato 2) (I1.16)

--Boiling Node (S2)
The steam quality in this node increases from zero to the exit
quality X, (Mean value x = xe/Zl. We assume a homogeneous water-steam

mixture and we define a mean density and a mean enthalpy as follows:

Py 1/(vf + ;Vfg) (1I1.17)

com. S = W -
Mass conservation: It (pbAstsz) = w2 W3

Linearizing the above equation, we obtain

dSL dép
A -p sl b { _ YT,
fS{ bo dt + L52° T } = (Sw2 (SW3 (II.IS)
dép
The calculation of W is performed by taking the time derivative of

equation (II.17) and then linearizing it, to obtain finally

dépy d6p déx,

& "h 3 " (II.19)
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v
£ X Vg AL
= - 2 £ = g
b L - Tgp » Dy = py, ( 2 )o : (I1.20)

Thus, equation (II.18) becomes

d(Sle dép déxe
AecPho Tt - Mests20”1 Tt AeclsaoP2 aE T M2 t 3 (11.2n
Energy conservation:
4 o A ) =U L (T, -T...) +U (Tyz-Ty,e) * Woh
dt *"b fc thb m52 $2° M2 “sat ms2 52 MS 2°f

- w3(hf+xehfg)
Linearizing the above equation yields

' dh L _.h
shf . Xe “gg\| dsp [Pbis2'fg
Age [LSZhbDl + prsz( 3 "7 P )]o T ‘( 3

dee dGle
-L zhsz> Tt~ Phoo ~dt (= VUns2 (T Tvs 2Tsat) o Slsi

+U (GT +6T

ms2 520 M.'S)

oh
sat f
[ZUmSZ s2 P * wZSoxeo 9P }GP

+xehfg) o SW

+

h 5W2 - (h

fo f

- Wohe %o - (11.22)
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--Steam Dome Node {S3)

The steam volume in this node consists of the volume of the upper
part of the steam generator, between the free water surface and the
separators

Mass conser&ation:

d -
dt (pg(Vs - kAdGL)) = XMy - W

where W is the steam exit flow and p = 1/v .
S0 g g

Linearizing the above equation, we obtain

9

vV =2 . Qﬁg - kp A dSL =x OW, +W, 6x - &W
eo 4 40 e

s opP dt gd dt so (11.23)

--Pressure Drops in the Recirculation Loop

At any time the difference in static pressure (Ap) between the
downcomer on one side and the heating channel with the riser on the other
side, is equal to the sum of pressure drops (Aps, Apd) in the loop. The
recirculation ratio at a given steady-state is assumed to be known.

Momemtum conservation: Ap = Aps + Apd

where Ap C W? (single-phase flow) ,
s s p

Apd = CdWQ (two-phase flow)

where the mean flow rate W is defined as a weighted average of w1 and WS:

W=¢ -
7] W1 + (1 €)W3.

Thus, Ap = (CS + Cd)W'2 and W = -LE—L

vCs*Cy (1I.24)
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Linearizing equation (II.24) yields

W= —2— o/Bp - —BPe e, = Mo sy - —YBRPe 4

m 2(Cso‘kcdo)‘% ¢ /Bee 2(Csoqlhcdo)% ‘
(11.25)

We also have

Ap = pyly - {pd;‘zps'l' sy * Pplsy * prLr} (11.26)
where the steam density in the riser (pr) is given by

pp = 1/ (Vg + x Ve ) - | (11.27)
The above relationship, similar to equation (II.17), gives

S0y = D1,0p - Dy 8%, | (11.28)
where

Dip = 'proz 2%; t Xe E%gé o Dop = prozvfo ' . (11.29)

Thus, evaluating &§/Ap from equation (II.26) and using (I1.28) yields

s Bp = —1 1o kst +(o U A - (L D+L. D. )&P
P ZVZEZ do b 2 o sl s201 "ro 1r
L ap
sl d
¥ (LgpaDptly Do) 6% + (Ld ol ) st STa( . (11.30)

0
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In order to evaluate GCd for equation (II.25), we assume that C, is
preportional to the mean specific volume of the steam water mixture

22):

1 xe xe Vfg xe
C,=—=—]v (1 - ——) +v —|.C, = (1 + ——-] C
d vf f 2 g 2 ds L Ve 2 | ds . (I1.31)

Assuming that variations in Ve and vg are neglibable compared to

variations in X > We have

) vfg Sxe i Cdo vfg 8x
ch ~ “dso 2 v X 2
Vf (1 + ._f._g.. —eo_) Vf
ve 2 (11.32)
_ APy _
But using Apd = de we have Cdo = — and using Ap = (CS+Cd)w we
0
2
3 (8p)7
obtain (Cs+Cd)02 =— so that the last term of equation (II.25)
wo
becomes
APo _ 1 Apd wo Vfg
2(C +C ) %.. Cq =7 Bp, ) Zf& X, VE O%q
d "d’o (1+ v 7) (II.33)

Substituting (II.30) and (II.33) in equation (II.25), and knowing that

W = Edwl + (1-€) 5w3, we obtain
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wo pd+psl
€ - = - —_— -
GWI + (1 €)6W3 ZAPO pdokGL + <pd 5 3 GLS1 (LSZDI

+# 1D, ) 8P+ (LD +L D)) 8x_+ (Ld

s2 2
L 3 R W v
sl) pdGT _ P o} . _fg Sx
4 v X Ve e
o) T
Ve o
(I1.34)
--Riser Node (S4)
. d
Mass conservation: I (p \'4 ) 3 - W4
Linearizing the above and using equation (II.28) we obtain
déx
dsp el_
e\ P1r F& " D2r w7 W3 - M, (I1.35)

Steady-State Calculations (22)

Before the calculafion of any transient, it is necessary to have
coherent data for the steady-state to be used as the starting point.
This is done in the beginning of the steam generator code, the unknowns
being the primary side temperatures, while the secondary side variabes
are imposed (Actually the reverse could be done equally well.).

The parameters assumed known for this calculation are: W_, T

P

f s W with W = wfi' The global heat transfer coefficients for the

subcooled and boiling zones are:

sat’

1 1

) : - |
pm Uns1 2 “pm Uns2 _ (11.36) |

1 _ .1 1 _ 1 .
T VA R I




The unknowns are the heat quantities QI’QZ’QS’Q4 transferred (see
Figure II.1), the boiling boundary le and the primary temperatures.

The energy balance for each node is written:

Q = WGy (Tpp - T)) (11.37)
h.L
17s1
Q =77 (Tpr * Tp1 = Tq = Teany (11.38)
Q = W Loy (Tz - Tpp) (II.39)
h,L
17s1
Q == (Tpz * Tpg = Tq = Tgpy) (11.40)
Q = W.Co1(Tpy - Tp2) (I1.41)
h,L
27s2
Q= =7 (T * Tpo = 2T,y (11.42)
Qg = W01 (Tpa - Tp3) (11.43)
h,L
27s2
Q = =3 Ty + Toz - 2Tggy) (11.44)
Q +Q =Q (I1.45)
Q + Q= Qp -
The nine equations above (II1.37-I1I.45) are then solved in an
iterative way for le.
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sat

i
Vv
N
|

P W Ty P

—~————»: Mass Transfer

>: Heat Transfer

Figure II.1 Schematic Diagram of the Heat Balances in the
Steam Generator Used for Steady-State Calculationms,
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Defining o = wpcpl” B = hlle/z , B = h2L52/2 , the system of

- equations above can be written as
P+ XI = UI ' (I11.46)
where XI = [Q.,Q,Q,,Q4,TarsT 1,T o, T o, T 17
, 1772273347 "PI* 'pl’ 'p2’ p3’ p4

and UI = [0, -B(T+T_ ), O, -B(TH#T ) , 0, - 2yT 0,

t sat’

T
B ZXTsat ’ QB] '
The square (9 x 9) matrix P is a function of a, 8, and 1

Equation (II.46) is solved by matrix inversion to give

Xr =p ' .Ul

Then the quantity QNB is calculated and the criterion-Q1 + Q4 - QNB

5;10-3QNB has to be satisfied. If not, the value of LS is modified as

1
a function of the error and the system is to be solved again. Our
experience shows that convergence is achieved in about four to five

iterations.

Modifications to the Original Version

Severél modifications were made to Ali's original model and they
are included in the presentation given in this Appendix. They were made
in order to improve tﬁe agreement between this linear model and a
nonlinear detailed code (22), and they are listed below:

(a) The heat transferred between the primary side and the tube

metal is calculated on average primary temperature, for
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example T 1 . .
mel = Umesl [2 (Tpl + TPI) TMI] instead of

mel = Umesl(Tpl - Tyy)

(b) In the calculation of the recirculation flow, the average

secondary flow was taken as W = ewl + (1-€)W,, with an optimal

3>
value for the weighting factor € equal to 0.5, found by
comparing the results with the response of the EVA code
(22). In the original version W = W, (i.e., e=1).

(c)» The real cross section of the downcomer was modeled while
initially the downcomer was assumed cylindrical. In this
way we can define separately the downcomer volume Vd and
the downcomer cross sectional flow area Ad near the free
water surface.

(d) In the initial version, the pressure drop in the boiling

region was assumed independent of the steam quality (Rp=0

in equation (II.34)), and the subcooled water density was

Spd )
assumed constant(-sﬁr =0).

I1.2 Data Used

The design parameters for the steam generator model are given here.
The parameters having the same value at full and at low power are listed
first, and the rest of the parahetefs follow, for each power level. The
optimal values, as found by the identification work (Section 6.7, page 91)
are ﬁsgd for the optimized parameters. The notation is explained in

Sections II.1 and in Chapter 6.




NT (total number of U-tubes) = 3388

Do (outside tube diameter) = 7.297 - 10-2 ft

3 oge

T (tube thickness) = 4.3965 « 10~
W = 9.3377 - 103 1bm/sec
o = 530 Ibm/ft? '
C = 0,1055 Btu/lbm + °F
pm
Vp (volume of primary coolant) = 1.077 - 103 £t3
v, = 3.884 - 10° ft3
Ao (heat transfer area) = 5.1538 - 10" ft?

ppr (primary pressure) = 2280 psi

Py

Vd (initial downcomer volume) = 1.12 - 103 ft?

= 45 1bm/ft?

Ad (downcomer cross sectional area) = 1.036 - 102 £t?
D2 (initial water height) = 42,19 ft

fs

A. = 54.88 ft?
V =7.119 - 102 ft?

T
L = 11.81 ft .

At Full Power

W =1.102 - 10° 1bm/sec

s
Ps (Secondary pressure) = 854 psi
TSat = 524.3 °F

wa = 463.7 °F

Pgq = 49.07 lbm/ft?

sz = 1.169 Btu/lbm °F

R_= (Ap /Ap ) = 0.6
p = (4p/8p)
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3pd/3T = "1 .6

L = 4,92 ft
slo

X = 0.19
eo

Cp1

HP = 5950 Btu/hr. ft? °F

1.34 Btu/lbm °F

Kt (Tube metal (Inconel) heat capacity) = 10.07 Btu/hr. ft °F
UM = K /T = 2290 Btu/hr. ft2 ° F

HS1 = 5590 Btu/hr. ft? °F

HS2

11000 Btu/hr. ft? °F .

At Low Power (30%)

W, = 3.307 - 102 1bm/sec
Ps = 970 psi
- °
Ty, = 542. °F
- (-]
Te, = 343.4 °F
] , \
Py = 46.88 lbm/ft ‘
- Q
cp2 = 1.236 Btu/lbm °F
R = 0.45
P

apd/aT = -1.8

L = 6.56 ft
slo
|
X = 0.06
eo ! |
|

- [-]
Cp1 = 1,31 Btu/lbm °F

HP = 6120 Btu/hr. ft? °F

K

¢ 10.354 Btu/hr. ft °F

UpP

Kt/T = 2350 Btu/hr. ft? °F



HS1

HS2-

5750 Btu/hr. ft2 °F

11300 Btu/hr ft? °F .
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APPENDIX III
THE SIMPLEX OPTIMIZATION ALGORITHM

The Simplex method minimizes a function of n variables f(xl, . e ey
xn) = £(x) by comparing the values of the function at n + 1 points
Pi in the n-dimensional space. The set of these n + 1 points is called
a simplex. For two variables it is a triangle, for three variables it
is a tetrahedron, etc. Then, the point with the highest value is
replaced by another point. The simplex adapts itself to the local shape
of the error function surface in the n-dimensional shape, and contracts
on to the final minimum (32).

Let us define as

Ph the point corresponding to fh=max(fi), i=1,2, . . . , n+l
Ps the point corresponding to fs=max(fi), i=1,2, . . . , n+l, i#h
PI the point corresponding to f1=min(fi), i=1,2, . . . , n+l
Po the point corresponding to fo=f(xo), where X, is the center of
gravity defined as x 21 n;l X
-0 n 7. =i-
i=1
i#h

At each stage in the process Ph is replaced by a new point; three
operations are used: reflection, expansion, and contraction. These are
defined as follows: the reflection of Ph is denoted by Pr and its

coordinates are defined by the relation (Figure III.1(a)).

Pr = (1 + a)Po - aPh

where o is a positive constant, the reflection coefficient.
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If fs > fr > fe’ we replace Ph by Pr and we restart the procedure
with the new simplex.
If fr < fl, we can expect that following the direction defined by
the reflection, we can have a further decrease in the cost function and
thus we expand the simplex to that direction. The expansion consists of

replacing Pr by Pe by the relation, Figure III.1l(b)
P, = §P. + (1 - )P,

where Y is a constant greater than unity, the expansion coefficient.

If Ye < Y the expansion has succeeded, and we replace Ph by Pe
to restart the process.

If Ye > Y1 the expansion has failed and we replace Ph by Pr to
restart the process.

If after the reflection we had f_ > fr > fs’ we define a new Ph, by

h

either the old Ph or Pr’ whichever has the lower f value, and we contract
the simplex (Figure III.1(c) and (d)) defining a new point PC according

to

PC = BPh + (1 - B)Po

where the contraction coefficient 8 lies between 0 and 1.

1f fc < f,, the contraction has succeeded and we replace Ph by

If fC > fh, we reconstruct the simplex around P1 and the vectors

X; of the new simplex are calculated by



1
=7 (%

X4 *x,)

and we restart the process.

The coefficients o, B, §° give the factor by which the volume of the
simplex is changed by the operations of reflection, contraction or
expansion respectively and it was found (32) that convenient values
are: a =1, 8 =0.5, y= 2.

The criterion adopted by Nelder and Mead to halt the procedure is
concerned with the variation in the f value over the simplex rather than
changes in the x's. The form chosen is to compare the error of the y's

with a preset value € according-to

L3 (f(x.) - £x ))2%<'€
n ~i -0

i=1

and to stop when it falls below this value.
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