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Abstract

In this work, a PC-based thermal performance monitoring system is developed for the nuclear
power plants. The system performs real-ime thermal performance monitoring and diagnosis during
plant operation. Specifically, a prototype for the KORI-2 nuclear power unit is developed and exam
ined in this work. The analysis and the fault identification of the thermal cycle of a nuclear power
plant is very difficult because the system structure is highly complex and the components are very
much inter-related. In this study, some major diagnostic performance parameters are selected in or-
der to represent the thermal cycle effectively and to reduce the computing time. The Fuzy
ARTMAP, a self-organizing neural network, is used to recognize the characteristic pattern change of
the performance parameters in abnormal situation. By examination, this algorithm is shown to be
able to detect abnormmality and to identify the fault component or the change of system operation
condition successfully. For the convenience of operators, a graphical user interface is also construc-
ted in this work.
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1. Introduction

In Korea, the portion of the nuclear power gener-
ation is up to 43.2% of the total electric power gen-
eration and the average availability of nuclear power
plants is 84.5% (1992). It shows that the nuclear
power plays a very important role, and the availability
is high in comparison with the world average, 69.3%
[1]. A major goal of the nuclear power plant oper-
ation is to increase the electric output with emphasis
on safety, that is, thermal efficiency. In order to
achieve this goal, the plant operation should be per-
formed in consideration of both the availability and
the thermal efficiency. The effort to improve the nu-
clear power thermmal efficiency seems to be insuf-
ficient in comparison with that to improve the avail-
ability.

The benefits of using the thermal performance
monitoring system are the reduction of derated elec-
tric output and the saving of maintenance cost
through the early detection of abnormal component.
Conventionally, only the component-level perform-
ance calculation and analysis have been carried out
in the field. In recent years, however, the thermal
cycleJevel analysis methods have been developed
and the maintenance standard has been established.
The next step for the effective thermal performance
monitoring is the development of ondine and
real-time diagnostic monitoring systems[2). The con-
ventional performance analysis packages usually con-
tain the huge size software for the simulation of the
thermal cycle{3]. It is one of the major reasons why
those packages cannot run in real-time. What is wor-
se, additional database (knowledge base) is needed
to detect the root cause of the performance change
because the thermal cycle is highly complex and the
fault component affects the whole thermal cycle par-
ameters.

In this study, a prototype of the diagnostic moni-
toring system for the thermal performance of the
KORI-2 nuclear power unit is established. In this sys-
tem, some major diagnostic performance parameters

are selected and a self-organizing neural network sys-
tem is used to recognize the abnormal patterns. The
major performance parameters are selected in order
to represent the thermal cycle. The change of par-
ameters indicates either the abnormality of the ther-
mal cycle component or the change of operation con-
dition. Fuzzy ARTMAP, a self-organizing neural net-
work, is used to recognize the characteristic patterns
of the performance parameters in abnormal situa-
tions. By training with the diagnosis data, this system
is able to detect abnormality and identify the fault
component or the change of system operation con-
dition. The training data is produced by FISA-2/WS
simulator for KORI-2 nuclear power unit developed
in KAIST{4].

2. Selection of Major Diagnostic Performance
Parameters in KORI-2 Thermal Cycle

2.1. Description of KORI-2 Thermal Cycle

The BOP (Balance of Plant) of a nuclear power
plant contains SGs (steam generators), steam line,
turbines, moisture separator, condenser, pumps and
heaters. Heat generated by nuclear fission in core is
transferred to BOP through SG. Subcooled feed wat-
er becomes saturated steam through SGs and tran-
sfers its energy to turbine. Exhausted steam from tur-
bine is condensed at the condenser. The BOP sys-
tern forms the closed loop just as the primary loop.
However, it is more complex and it contains two
phase flow [4]. In KORI-2 nuclear power unit, the
high preSsure turbine has two extract lines to the
feed water heaters and the low pressure turbine has
three. There are five feedwater heaters and one
deaerator. There are also three banks of pumps in
feed line : One is the bank of main feed pumps, anot
her is the bank of booster feed pumps and the other
is the bank of condensate extraction pumps.

Figure 1 shows the conceptual diagram of BOP
system in KORI-2 nuclear power unit. It is very hard
to present whole phenomena of BOP on a T-s {tem-
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Fig. 1. The Conceptual Diagram of BOP in KORI-2 Nuclear Power Unit

Fig. 2. Simplified T-s Diagram of BOP in KORI-2 Nu-
clear Power Unit

perature-enthalpy) diagram. A simplified T-s diagram
is shown in Figure 2. The enclosed area of T-s dia-
gram represents the work by BOP system. Saturated

steam at node 1 in Figure 2 is one of the major char-

acteristics of nuclear power plants.
2.2. Diagnostic Performance Parameters

Heat rate, the ratio of supplied heat to generated
electric power, is the representative measure of BOP
performance. Equations (1) to (7) show the calcu-
lation of heat rate of the KORI-2 nuclear power unit.
The parameters related to heat rate are selected as
the diagnostic performance parameters.
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In addition to heat rate and its related parameters,
TTDs (terminal temperature differences) of various
heaters and the condenser pressure are selected in
order to obtain the sufficient information for the di-
agnosis. The turbine work can be replaced by the tur
bine efficiency{4]. In order to consider the boundary
condition of BOP, the SG thermal outputs and the
turbine speed are included. The moisture separator
efficiency is excluded because measuring the steam
quality is not possible in plant operation. Totally 17
performance parameters are selected for the major
performance parameters in this study. The selected
major parameters represent the BOP status of
KORI-2 nuclear i:)ower unit. These are as follows :
(1)~(2) Thermal output of steam generator 1 and
2 respectively,

(3) Turbine speed,

4) High pressure turbine efficiency,

{5) Low pressure turbine efficiency,
(6)~(7)  TIDs of reheaters 1 and 2 respectively,
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(8) Condenser pressure,

(9)~(13) TTDs of FWHs {feedwater heaters) 1, 2,
3, 5 and 6 respectively,

(14) TTD of deaerator,

(15)~(17) Work of main feed pump, booster feed
pump and condensate exiraction pump
respectively.

2.3. Simple Estimation of Measurement
Uncertainty

In order to establish the setpoint for each perform-
ance parameter of the monitoring system, the meas-
urement uncertainty must be calculated. In this work,
a quite rough estimation is performed because it is
nearly impossible to know the accurate uncertainty of
whole instrumentation components in BOP system
during operation. It is assumed that the statistical
uncertainties of BOP instruments are the same as
those of safety related instruments and the uncer-
tainty estimation is done one year after calibration.
Table 1 shows the uncertainties of the process par-
ameters. The uncertainties of the performance par-
ameters are calculated by Equation (9) as follows[5] :

R =fn(P,P,..Py) (8)

_ R N2
Ur -‘ Z(éPIUPl) (9)

Table 2 shows the estimated uncertainties of the
performance parameters which are calculated based
on the uncertainty of the process parameters. In this
calculation, it is also assumed that the whole process
parameters can be measured in the form of tempera-
ture, pressure and flow rate and the plant is at the

nominal operation condition.

Table 1. The Uncertainty of the Process Parameters

Reference  Drift (12 months)  Uncertainty
uncertainty
Temperature 0.45% 0.33% 0.558%
Pressure 0.25% 0.5% 0.559%
Flowrate 0.92% 0.12% 0.928%

Table 2. The Uncertainty of the Process Parameters

Performance Estimated
parameter uncertainty
Qsc 1.33%
Whp-TBN 12.2%
Wep1BN 6.35%
Wrp.pvp 1.3%
Was.pmp 12%
Wecepmp 1.1%
TTDs of FWH 2.55%
Pcno 0.558%

3. Self-organizing Neural Network
(Fuzzy ARTMAP)

3.1. Architecture of the Fuzzy ARTMAP

The ARTMAP is a neural network algorithm by
which training can be done in supervised leamning
mode. Figure 3 shows the algorithm of the Fuzzy
ARTMAP. W2, Wb and WP are the weight matrices.
X2, X® and Xab are the output vectors of modules. A
is the input vector and B is the expected output vec-
tor. The ARTMAP consists of two ART modules and
a map field. The map field controls the weight vector
to meet the recognition criteria. A pair of ART mod-
ules (ART, and ART:) are capable of self-organizing
stable recognition categories in response to arbitrary
sequences of input patterns. The ARTMAP autonom-
ously leamns to classify arbitrarily many, arbitrarily

Fig. 3. Algorithm of Fuzzy ARTMAP
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ordered input vectors into recognition categories[6]
{71(8][9]. The mismatch increases the vigilance par-
ameter p,, of ART, by the minimal amount needed
to comect the mismatch at ART. Search occurs if the
degree of match is less than p,, the ARTMAP is her-
eby a type of self-organizing expert system that cal-
jbrates its selectivity. Between input trials, p. relaxes
to a baseline vigilance p.™*. When p.”* is large, the
system runs in a conservative mode, wherein predic-
tions are made only if the system is confident of the
outcome [10]{11]. Where ART 1 dynamics are de-
scribed in terms of set-theoretic operations, Fuzzy
ART dynamics are described in terms of fuzzy
set-theoretic operations.

The Fuzzy ARTMAP provides more general use of

the ARTMAP system that learns to classify analog as

well as binary vectors. This generalization is ac-
complished by replacing the ART 1 modules of the
binary ARTMAP system with the Fuzzy ART mod-
ules.

3.2. The Diagnostic Monitoring System of the
Thermal Performance Using the Fuzzy
ARTMAP

The Fuzzy ARTMAP has many merits to be used
in the monitoring system. Especially, the self training
function of the Fuzzy ARTMAP can update its dat-
abase in adaptive manner by using at real plant. A
key to use the Fuzzy ARTMAP as a diagnostic moni-
toring system is how to keep the balance between
the accuracy and the continuity. The degree of the
discreteness in recognition is governed by the vigil-
ance parameter p.™*, so p.™* must be well tuned to
use the Fuzzy ARTMAP, a competition neural net-
work. The monitoring system must be able to dis-
tinguish each abnormal patterns of performance par-
ameters from others. It also must be able to recogniz-
e similar abnormality for the same. When subtle dif-
ferences of similar abnommality are detected, the
knowledge base of the monitoring system becomes

unpractically large.
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3.3. Results of Applying Algorithm

For the examination of monitoring algorithm, 5
data sets were used for training and 4 noisy data sets
were used for test. For the training data sets, selected
BOP conditions were normal condition, highly and
slightly increased condenser pressure conditions re-
spectively and the steam line break condition at full
power operation. The turbine load change condition
is selected to represent the change of the power lev-
el. Training data sets were obtained from FISA-2/WS
micro simulator which was developed in KAISTI4].
Noisy data sets for testing were arbitrarily generated
within the estimated uncertainty of performance par-
ameters. The vigilance parameter of the Fuzzy
ARTMAP, p.*< was tuned to 0.95. Table 3 shows
the training data sets and assigned outputs. Assigned
values are used in order to identify the training data
sets. Test data sets and their results are also shown
in Table 3. The expected test results are the assigned
output values which have been trained for each sel-
ected case. As can be seen in Table 3, the algorithm
successfully distinguished 5 individual data sets. It
also made adequate decisions for the noisy data

inputs.

4. Prototype of Monitoring System Including
Man Machine Interface (MMI) System

For the convenient use of this diagnostic monitor-
ing systern, MMI is designed. The graphical user inter-
face method is applied. Figure 4 shows the demon-
stration screen of developed MMI system. Perform-
ance parameters are displayed in the left side of the
window. In nomal performance condition, historic
thermal performance problems are displayed and the
background color of the window is white. Back-
ground color varies along the thermal performance
and the root cause of abnormality is displayed in rig-
ht side. When the pattern of parameters is absolutely
a newcomer, i.e., it has not been trained, this moni-
toring system is still able to detect the problem, but
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Table 3. The Training Data Sets and Assigned Outputs (left half) and Test Data Sets and Their Results
{right half)
Training Test
Cond. pr. Cond. pr. Turbine | Noisy Noisy NoisySL  Noisy
Para # | Normal increased increased SL break load normal cond. Pr.  break TBN load
slightly highly change inc. change
(1) 943091.8 943091.8 943091.8 943091.8 848782.6 |950191.8 943091.8 943091.8 848782.6
2) 943091.8 943091.8 943091.8 943091.8 848782.6 1943091.8 943091.8 943091.8 8487826
(3) 18000 18000 18000 18000 18008 18010 18100 18000 18008
(4) 0.828 0.828 0.828 0.828 0.828 0.818 0.828 0.828 0.828
(5) 0.726 0.726 0.726 0726 0.726 0.726 0.700 0.756 0726
(6) 5.090 5.090 5.090 5.090 3.796 5.100 5.000 5.090 3.796
(7) 11.70 11.70 11.70 11.70 11.23 12.00 11.70 11.60 11.23
(8) 4.75e-03 3.36e02 7.36e-02 4.75¢-03 4.55e03( 4.75e03 2.86e-02 4.75¢03 4.55e03
9) 8.165 8165 8.165 8165 73231 8265 8.165 8.165 7.323
(10) 1691 1691 1691 1691 16.62 1691 1691 1751 1572
(11) 2890 2890 2890 2890 2894 2890 2590 2942 2894
(12) 33.26 33.26 33.26 33.26 3255 3426 3326 3326 3255
(13) 2220 2220 22.20 2220 21.29 2290 2220 2220 21.29
(14) 145.7 145.7 145.7 145.7 1427 1450 147.7 145.7 141.7
(15) 837272 83898 84124 8307.1 82301 | 842272 83898 8600.1 8330.1
(16) 436891 43778 43896 45956 42945 436891 43778 45956 42945
(17) 310354 31200 31417 33916 31799| 315354 31250 33916 31799
Assigned
Output 0.0 10 20 30 40 0.0 10 30 40
(Result)
xom-z -NGclear Powdr Linit Thermal Perfomance - ( -
+ %<, Dlagnostic, Maonltoring System - |+ .+ -1+ —| L Data acquisition 1
PARAMETERDEV. _____ Y/
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Fig. 4. The Demonstration Screen of Developed MMI
System

can not identify the root cause. It will ask the engin- enlarge

eer or operator what the problem is. When it takes

the answer from the engineer, it can automatically

Fig. 5. The Schematic Diagram of the Developed

Monitoring System

its knowledge base on this abnormality.

Figure 5 shows the schematic diagram of the de-
veloped monitoring system. It consists of data acqui-
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sition, parameter calculation, pattern generation, mon-
itoring algorithm, knowledge base, training algorithm
and MMI display. Training algorithm works when the
operator requests to generate a new pattem or when
the input pattem is not familiar to the monitoring

systern.

5. Conclusions

A diagnostic monitoring system for the thermal per-

formance improvement using the Fuzzy ARTMAP al-
gorithm and the graphical user interface was devel-
oped in this work. Specifically, the prototype for
KORI-2 nuclear power unit was developed and exam-
ined. It is believed that the thermal efficiency and the
convenience of nuclear power plant operation can be
improved by using this monitoring system since it
provides operators with continuous information on
the current thermal performance as well as the his-
toric data through the graphical MML

In this work, we used the data from the
FISA-2/WS micro simulator to establish the database
of the monitoring system which is one of the most
critical parts of the system. As we improve the dat-
abase by using more accurate simulator and as we

select more number of performance parameters mon-

itored in the future work, we expect we can establish
the better monitoring system.

Nomenclature and abbreviation

Hr Heat rate

Q Supplied heat to the BOP from the primary
loop through SGs

Generated electric output

Wr Net output work of the turbine

Wwe  Work of the high pressure turbine

Wua Work of the low pressure turbine

Wowe
Wm  Work of the main feed pump

Total work of the pumps

J. Korean Nuclear Society, Vol. 28, No. 1, February 1996

Was  Work of the booster feed pump

ch Work of the condensate extraction pump

m; ~mg Mass flow rates shown in Figure 1 and Fig-
ure 2

hi~his Enthalpies of nodes shown in Figure 1 and

. Figure 2
Ur The uncertainty of the calculated parameter,
R
Un The uncertainty of the measured parameter,
Pi
BOP  Balance of plant
SG Steam generator

FWH Feedwater heater

TID  Terminal temperature difference

MMI  man machine interface
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