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ABSTRACT

This report presents the implementation of a model reference adaptive
control system based on the artificial neural network technique (MRAC,,) in
a fast breeder reactor (FBR) building block type (BBT) simulator representing
the Monju prototype reactor. The purpose of this report is to improve the
control of the outlet steam temperature of the three evaporators of the
Monju prototype reactor. The connection between the MRAC,, system and
the BBT simulator is achieved through an external shared memory accessible
by both systems. The MRAC,, system calculates the demand for the position
of the feedwater valve replacing the signal of a PID controller collocated
inside the heat transport system model of the Monju prototype reactor. Two
series of simulation tests have been performed, one with one loop connected
to the MRAC,, system (leaving the remaining two connected to the original
PID controller), and the other with three loops connected to the MRAC,,
system. In both simulation tests the MRAC,, system performed better than
the PID controller, keeping the outlet steam temperature of the evaporators
closer to the required set point value through all the transients.

* PNC International Fellowship Awardee
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1. INTRODUCTION

During the last few years the continuous appearance of faster computers
endowed with fancy graphic features and a variety of useful devices has
provided a powerful boost to all the engineering fields. Within a computer
work-station the functional behavior and the performance of large process
and production plants can be simulated down to each single component and
several operation and accident scenarios as well as new advanced control
and diagnosis systems can be reproduced, validated, and carefully analyzed.

In the Frontier Technology Section of the Oarai Engineering Center, an FBR
building block type (BBT) simulator! representing to the minimum detail the
component configuration and control system distribution of the Monju
prototype reactor has been installed within a computer work-station.

This report describes the implementation and performance testing of an
artificial neural network (ANN) based model reference adaptive control
(MRAC,,) system? in the FBR BBT simulator. The MRAC,, system has been

tuned to control the outlet steam temperature of the evaporator.

This report is the prosecution of two reports previously presented. In the
PNC-ZN9410-94-069 report the development of an MRAC,, system to control
the outlet steam temperature of a stand alone model of an FBR evaporator
was described. The report focused on the adaptive properties of the ANN
technique and on showing that the MRAC,, system outperformed traditional
PID controllers. In the PNC-ZN9410-95-210 report, the possibility of
improving the control mechanism of the MRAC,, system was investigated.
An anticipatory and a predictive control algorithms based on the ANN
technique were developed. Embedding the two algorithms in the MRAC, ,
system resulted in a considerable improvement of the control action
particularly toward the beginning and the end of transients.

The remainder of the report is organized as follow. A concise description
of the characteristics and features of the FBR BBT simulator together with the
connecting structural architecture that links it to the MRAC,, system is
presented in section 2. In the following section the implementation of the
MRAC,, system in the FBR BBT simulator is delineated. Simulation results
are presented and discussed in section 4. In section 5 some conclusive
remarks are proposed. A brief acknowledgment concludes this report,
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2. FBR BUILDING BLOCK TYPE SIMULATOR

The FBR BBT simulator, whose simplified schematic functional structure is
shown in Figure 1, mathematically simulates the operation behavior, based
on specification and design data, of the Monju prototype reactor.

Component Section

¢ o
R oy BHES
L
superheater @—4—
evaporator feedwater
PO valve feedwater

External

W/ System

Shared Memory Shared (MATLAB)

/////// _ N (MR%CM)

Control & Diagnosis Mechanisms Section

Malfunction

: PID
Set Point Detector

Demand Control

Sensor
Threshold

Figure 1. Schematic representation of the FBR BBT simulator component
and control and diagnosis mechanisms with shared memory for
internal and external data communication.
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The simulator is structured in a node-junction architecture that can be
constructed by arranging and connecting, using linking junctions, components
and control and diagnosis mechanisms represented by icoms. Underneath
each icon there is a nodal mathematical representation of the component
whose complexity (i.e. number of nodes) depends on the function and on the
intrinsic characteristics of the component itself. For example more nodes are
required to describe the evaporator than the superheater.

The component, and the diagnosis and control structure of the FBR are
grouped in two separated sections. The two sections are connected through
an internal shared memory where data flowing from both sides, such as state
variables from the components, and control action and alarm signal from the
control and diagnosis mechanisms, are stored. An external shared memory is
provided to connect the FBR BBT simulator with external systems and
functions. The purpose of the external shared memory is two-fold: to allow
the wutilization and analysis of data coming from the FBR BBT simulator, and
to provide a gateway for modifying and comparing the performances of
internal program routines, such as control and diagnosis systems, with
external ones.

The FBR BBT simulator physical variables and parameters are calculated
and, at the same time, upgraded inside the internal shared memory every
.15 seconds. On the other hand data are stored and upgraded in the external
shared memory omnly every second. At the same pace data coming from
external systems are transferred from the external shared memory to the
internal one.

Since the FBR BBT simulator performs in real-time, the intercurrent time
between its mathematical calculations (.15 seconds) and the data entering
from external systems (1 second) may introduce some undesired oscillations
specifically when the external system acts as an on-line controller.

In this report the extermal system connected to the FBR BBT simulator is
the MATLAB numerical computation software environment3 within which
the MRAC,, system has been developed. A detailed representation of the
communication mechanism linking the FBR BBT simulator to MATLAB is
shown in Figure 2.

The two systems run independently one each other within the same work-
station. Each time the FBR BBT simulator stores the data in the external
shared memory the desired variables are selected by the receive module.



PNC TN9410 95-253

Subsequently the receive module writes them in a file that can be accessed
by the MRAC,, system. After the MRAC,, system has performed its
calculations, it calls a special program that transforms the data in a format
readable by the external shared memory and activates a send module. The
send module reads the data previously stored in the external shared
memory and send them to the FBR BBT simulator.

BBT SIMULATOR
4 ™
Monju FBR power plant
y 0
|| send module receive module
(ait970.x) (ait960.x)
\host_name.dt A serv_name.dt j
port : pdsmsnd_mat port : pdsmrev_ai
4 4
4 V A
receive module send module ||
(com.x) (com%60ugo.x)
serv_name.dt A host_name.dtl.ugo
fwrite
| shared memory
simtonn.da signal
SIGUSR1 A
CMEX-program
fread mat_ait()
A call
MRACnn
c
- MATLAB /

Figure 2. Communication system connecting the FBR BBT
simulator and the MATLAB numerical computation
software environment (external system).
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3. CONNECTING THE MRAC,, SYSTEM TO THE FBR
BBT SIMULATOR

The MRAC,, system has been connected to the PID control system that
determines the position of the feedwater valve regulating the flow entering
the evaporator. A logical switch module has been placed after the PID
control system in each one of the three loops of the FBR simulator. The
output of the PID control system and the output of the MRAC,, system are
fed as input to the logical switch modules that select the output command
according to the logical signal.

Due to the limitation on the utilization of MATLAB only one MRAC,,
system could be implemented. Consequently the control action calculated by
the MRAC,, system was equally transmitted to all the three loops. This
simplification did not affect the testing of the performance of the MRAC,,
system but it limited the range of possible transients that could be tested. In
other words it was not possible to test transients involving only one or two
specific loops.

The ANN used in the MRAC,, is multilayer with one input, one hidden, and
one output layer with, respectively, seven, ten and four nodes. In the
simulation tests performed on the stand alone model of the evaporator seven
input data were used by the MRAC,,, the outlet steam pressure, enthalpy,
and temperature, the feedwater flow rate, the inlet and outlet sodium
temperature and the intermediate heat exchanger outlet sodinm
temperature.  This set of data, except for the outlet steam enthalpy that is
calculated as function of pressure and temperature, are transferred from the
FBR BBT simulator to the MRAC,, system together with the pressure and the
feedwater temperature, the outlet steam temperature set point, the
feedwater valve position and its inlet and outlet pressure, and the simulation
time.

The MRAC,,, system returns the demand for the feedwater valve position
to the FBR BBT simulator.

3.1 Development of Valve Model for the MRAC,, System

The MRAC,, system was originally developed to calculate the feedwater
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flow demand for the evaporator. Since the MRAC,, has been connected to
the feedwater valve position it was necessary to develop a model of a valve
that determined the feedwater valve position given the desired flow.
Initially a traditional mathematical model of a valve calculating the flow
given the valve position was designed based on the data available from the
FBR BBT simulator. Then the model has been inverted in order to have the

valve position as output variable.
The valve position Yvlv is given by the absolute value of,

Cvlv
Yvlv = 5
2x A* x p x (AP — p x gr x Ah) (D)
> ~ Kfc — 1
Wiw
where,
Cvlv = valve conductance,
A = valve cross section area,
p = feedwater density,
gr = gravity acceleration,
Ah = elevation drop,
AP = feedwater pressure drop in the valve,
Kfc = friction coefficient, and
Wiw = feedwater flow rate demand.

It was necessary to retrain the connecting weights of the ANN of the
MRAC,, system. However since the ANN had been trained on a stand alone
model with specification and performance data of the Monju evaporator the
new set of connecting weights resulted very similar to the old one.

4. SIMULATION RESULTS AND DISCUSSION

Two types of simulation tests have been performed, a) connecting one
loop, and b) connecting three loops of the FBR BBT simulator to the MRAC;,
system. All the tests have been performed starting with the reactor at
nearly 100% full nominal power by inducing ramp transients of 5% per
minute rate in the reactor power itself.
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4.1 Results with one-loop connection to the MRAC,,

Three transients are presented to describe the performance of the MRAC,,
system for a one-loop connection.

Figure 3, 4 and 5 show the trend of the outlet steam temperature of the
loop controlled by the MRAC,, and of the remaining two loops, controlled by
a PID controller for a reactor download ramp power from 100% to 90%, 80%
and 70% respectively.

380
. Set Point

—~ B ---  PID Control i
% 375 —  MRACnn System
£ 370
8,
g
S 365
E
S
§ 360} T~ Reactor Power Transient 7]
D .. A
g m_“l / (100 % to 90%)
8 355} N ]

350

0 160 200 300 400 500 600
time (sec.)

Figure 3. Outlet steam temperature trend of the PID controlled loops and of
the MRAC,, controlled loop for 10% decrease in reactor power.

The MRAC,, performs better than the PID controller in all the transients.
- However the performance of the MRAC,, slightly decreases when the
magnitude of the reactor power ramp transient increases. It is believed that
two causes could be responsible for this behavior, the time delay existing
between the two systems (MRAC,, and FBR BBT simulator), and the training
of the ANN in the MRAC,, system. The ANN was trained on a stand alone
model of an evaporator by inducing random variations to its inlet sodium
temperature and feedwater flow rate. Although the stand alone model was
designed based on the specification of the Monju evaporator, and a large
range of operability scenarios could be covered, it is believed that the
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Figure 4. Outlet steam temperature trend of the PID controlled loops and of
the MRAC,, controlled loop for 20% decrease in reactor power.
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Figure 5. Outlet steam temperature trend of the PID controlled loops and of
the MRAC,, controlled loop for 30% decrease in reactor power.



PNC TN9410 95-253

behavior of the secondary sodium loop, and, comsequently the variations of
the input variables of the evaporator during large reactor power iransients
could not be simulated accurately. The mismatch between the two sets of
input variables could introduce an unbalanced behavior in the control action

of the MRACGC,,,.
4.2 Results with three-loop connection to the MRAC,,

Three transients are presenied to describe the performance of the MRAC,,
system for a three-loop connection.

Figure 6, 8 and 10 show the trend of the outlet steam temperature when
the three evaporators are controlled by the MRAC,, and when they are
controlled by a PID controller for a reactor download ramp power from 100%
to 90%, 80% and 50% respectively. Analogously, the related feedwater valve
percentage opening positions are presented in Figure 7, 9 and 11,
respectively.

Since the three loops have an identical behavior throughout the simulation
test, the trends of only one loop are represented in the following figures.

380 .
...  Set Point

— - PID Control
Q 375F __ MRACnn System | |
2 :
=

30 e el e -
g-;- ERNEEEr L e et e e W= o e el L
=]
= 365 .
:
§ 360 -« . Reactor Power Transient
) ~.
9 ... (100 % to 90%)
8 1355k '*-._-_._._._._._:_.4{... .....................

350

0 100 200 300 400 500 600

time (sec.)

Figure 6. PID and MRAC,, system controlled outlet steam temperature
trend for 10% decrease in reactor power.
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Figure 7. PID and the MRAC,, system controlled feedwater
valve percentage opening position for 10% decrease
in reactor power.
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Figure 8. PID and MRAC,, system controlled outlet steam temperature
trend for 20% decrease in reactor power.



PNC TN9410 95-253

0.8

75l ---  PID Control .
0 —. MRACnn System

0.7 o

0.65

o
o

Feedwater Valve % Open

0.55

0.5
0 100 200 300 400 500 600 700

time (sec.)

Figure 9. PID and the MRAC,, system controlled feedwater
valve percentage opening position for 20% decrease
in reactor power.
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Figure 10. PID and MRAC,, system controlled outlet steam temperature
trend for 50% decrease in reactor power.
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Figure 11. PID and the MRAC,, system controlled feedwater
valve percentage opening position for 50% decrease
in reactor power.

The MRAC,, performs better than the PID controller in all the transients.
However, the performance of the MRAC,, decreases, as already noticed in
the one-loop connection case, when the magnitude of the reactor power ramp
transient increases. As in the previous case the time delay between the two
systems and the ANN training procedure are thought to be the causes of the
oscillations observable in the control action of the MRAC,, system.

It is also possible to notice that the MRAC,, system performs better in the
one-loop connection tests. At a first sight this could seem an anomalous
sitnation, instead it evidences the time delay problems explained previously.
Since the three loops of the reactor are connected each other in the upper
and lower plenum of the core, when only one loop is controlled by the
MRAC,, system, the PID controller controlling the remaining two loops act as
a smoothing factor reducing the oscillations generated by the MRAC,,
system.
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5. CONCLUSIONS

The implementation of the MRAC,, system on the FBR BBT simulator has
been successfully achieved. The MRAC,, system performs better than the
PID controller installed inside the FBR BBT simulator even if the presence of
a time delay between the two systems affects its efficacy when large ramp
decrease transients of the reactor power are executed.

It is believed that by using an MRAC,, with an ANN trained on data
originated by the FBR BBT simulator, and by embedding it inside the
structure of the simulator a better control action capable to cover any kind of
transient scenarios could be achieved.
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