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INTRODUCTION

A common problem to operators of complex industrial systems is the early detection
of incipient degradation of sensors and components in order to avoid unplanned outages, to
orderly plan for anticipated maintenance activities and to assure continued safe operation.
In such systems, there usually are a large number of sensors (upwards of several thousand
is not uncommon) serving many functions, ranging from input to control systems, monitoring
of safety parameters and component performance limits, system environmental conditions,
etc. Although sensors deemed to measure important process conditions are generally
alarmed, the alarm set points usually are just high-low limits and the operator's response to
such alarms is based on written procedures and his or her experience and training. In many
systems this approach has been successful, but in situations where the cost of a forced outage
is high an improved method is needed. In such cases it is desirable, if not necessary, to
detect disturbances in either sensors or the process prior to any actual failure that could
either shut down the process or challenge any safety system that is present. Recent advances
in various artificial intelligence techniques have provided the opportunity to perform such
functions of early detection and diagnosis. In this paper, the experience gained through the
application of several pattern-recognition techniques to the on-line monitoring and incipient
disturbance detection of several coolant pumps and numerous sensors at the Experimental
Breeder Reactor - II (EBR-II) which is located at the Idaho National Engineering Laboratory
is presented.

DESCRIPTION OF THE EBR-H PLANT

The Experimental Breeder Reactor No. II (EBR-II) is a small electrical power
producing, liquid-metal-cooled nuclear reactor operated by Argonne National Laboratory for
the U.S. Department of Energy. Its nuclear steam supply system produces about 20 MWc
when the plant is operated at its full nameplate thermal power rating of 62.5 MW. The plant



is currently being used for testing of fuel behavior after cladding failure, demonstration of
passive safety concepts and improved control systems, demonstration of a closed fuel cycle
based upon an advanced metallic fuel design and as a test bed for advanced surveillance and
diagnostic tools. Over 1000 signals from almost as many sensors are collected and routed
to a data acquisition system (DAS) for monitoring and archiving purposes.

Signal Validation and Disturbance Detection with SPRT

An expert system has been developed for signal validation and sensor-operability
surveillance in nuclear and industrial intelligent-control applications that require high
reliability, high sensitivity annunciation of degraded sensors or discrepant signals. Signal
validation and sensor-operability surveillance have recently taken on an elevated importance
in the context of advanced intelligent control applications. This is because the most well
designed control system, whether it is totally hardware based or retains a human in the loop,
can give rise to improper control actions if it is acting on erroneous input signals due to one
or more degraded sensors. This expert system comprises an interconnected network of high-
sensitivity pattern-recognition modules, each of which embodies a new and powerful tool for
automated parameter surveillance: the Spectrum-Transform Sequential-Testing (STST, or
ST2) algorithm.

In recent years the Sequential Probability Ratio Test (SPRT1'2'3) has found wide
applications as a signal validation tool in the nuclear reactor industry. Two features of the
SPRT that make it attractive for parameter surveillance and fault detection are (1) very early
annunciation of the onset of a disturbance in noisy process variables, and (2) the fact that the
SPRT has user-specifiable false-alarm and missed-alarm probabilities. One drawback of the
SPRT that has limited its adaption to a broader range of intelligent controller applications
is the fact that its mathematical formalism is founded upon an assumption that the signals it
is monitoring are purely gaussian, independent (white noise) random variables. We have
undertaken a detailed statistical analysis of a wide variety of plant signals at EBR-II that
show many »ypes of variables are contaminated by noise that is serially correlated. We have
found that the presence of serial correlation in a process variable monitored by a SPRT
module can lead to excessive false-alarm and/or missed-alarm probabilities.

To avoid these difficulties, and to expand the domain of automated signal-validation
methods, we have developed and patented a new technique for signal validation and for
sensor and equipment operability surveillance applications4. The technique is called the
Spectrum-Transformed Sequential Testing (STST or ST2) method. We call the ST2 method
a dual transformation method, insofar as it entails both a frequency-domain transformation
of the original time-series data and a subsequent time-domain transformation of the resultant
spectrally filtered data.

The ST2 method provides a superior surveillance tool because it is sensitive not only
to disturbances in signal mean, but also to very subtle changes in the stochastic patterns
comprising the noise associated with the monitored signals. It can be mathematically proven
that the ST2 module provides the earliest possible annunciation of the onset of anomalous
patterns in physical process variables.

For sudden, gross failures of sensors or system components an ST2 module would
annunciate the disturbance as fast as a conventional threshold limit check. However, for
slow degradation that evolves over a long time period (gradual decalibration bias in a sensor,
appearance of a new radiation source in the presence of a noisy background signal, wearout
or buildup of a radial rub in rotating machinery, etc.) the ST2-based system can annunciate
the incipience or onset of the disturbance long before it would be apparent to visual



inspection of strip chart of CRT signal traces, and well before conventional threshold limit
checks would be tripped.

A second important feature of the ST2 technique that distinguishes it from
conventional methods is that it has built-in quantitative false-alarm and missed-alarm
probabilities. This is quite important in the context of nuclear reactor applications, because
it makes it possible to apply formal reliability analysis methods to an overall intelligent
control system comprising a network of interacting ST2 modules that are simultaneously
monitoring a variety of plant variables. This amenability to formal reliability analysis
methodology will greatly enhance the Nuclear Regulatory Commission process of granting
approval for nuclear-plant applications of this system.

One example of the use of the SPRT algorithms to detect incipient failures during
operation of the primary coolant pumps in EBR-II was a transient and temporary change in
the rotational resistance of the shaft in one of the two pumps. A post-event analysis of the
measured data from the primary pumps (including, for example, shaft speed, pump motor
power and coolant flow rate, all digitized at 5 second intervals) indicated that the SPRT
provided an indication with a 99% confidence factor, that the disturbed pump was not
performing normally at least 6 minutes prior to any observable changes in the nominal signal
values. It is possible that even an earlier indication was possible, but the data tape was
available only for the 7 minutes preceding the observed pump changes.

SYSTEM MONITORING AND ANALYTICAL SENSOR REPLACEMENT WITH SS A

The second technique used for monitdring is the System State Analyzer of SSA which
is a state identification and estimation 'algorithm based on pattern recognition. This
algorithm can identify and estimate the current state of any system based upon its previous
operating history. The current state is determined by comparing a vector of sensor signals
that are closely associated with the performance of the system under consideration with
previously measured sets of the same signal vectors. This comparison by SSA is
accomplished by software-based pattern-recognition algorithms that establish pertinent
relationships (i.e., measure the similarity or overlap) between the signals within a defined
operational domain. These learned patterns or relationships among the signals are then used
to identify the learned state that most closely correspond with the current measured set of
signals. This process of system state identification is used to detect and diagnose deviations
in the operational characteristics of a system due to any cause as well as to estimate the
"true" state of the system. The SSA is presently being used as an engineering surveillance
tool for monitoring of EBR-II plant conditions.

Experience with the SSA at EBR-II has shown that the normal plant signal pattern
characteristics identified by the SSA during steady-state operation are highly repeatable
during a reactor run. When a sensor signal drifts or wher. a change in the plant occurs, such
as a slight adjustment in reactor power level, the current observed pattern no longer matches
the previously overlap with the previously learned states. The SSA evaluates and provides
a measure of the new pattern overlap with the previously learned states. The SSA flags
those signals which have the highest relative deviation from the expected pattern and
estimates the value for each signal that would make the pattern consistent with some
combination of the previously learned patterns. This feature of the SSA provides signal
validation capability similar to analytic redundancy techniques and opens up the possibility
of replacing the signal from a failed or degraded sensor with a validted estimate of the signal
value.

In several instances during routine monitoring the SSA has detected signal problems,
ranging from instrument drift to sensor failures. One of the occurrences was a degradation



of a thermocouple measuring the reactor outlet coolant temperature (which provides the basis
for the reactor core temperature rise) that is used by the reactor operator as a control
parameter. The degradation of the thermocouple resulted in a decrease in the indicated
temperature of about 7 °F over 40 minutes (see Figure 1). In the Figure, the central trace
is the estimated value and the two bounding traces represent the uncertainty in the estimation.
Over this same time period, the SSA estimated value indicated an increase of several
degrees. Later analysis showed that the reactor operator, observing the indicated decrease
in reactor temperature rise, slightly increased the reactor power to compensate. After noting
that the indicated signal did not respond to the change in power, the operator switched to
another channel for control. During this entire period of operation with this degraded
thermocouple, the SSA-estimated temperature provided an accurate value for this parameter,
including the proper response to the operator adjustments. As can be seen from the data in
Figure 1, the comparison of the estimated signal with the measured signal provided a direct
indication of a developing problem with that sensor rather than a change or disturbance in
the operating state of the reactor. Following this experience, we performed a series of
controlled tests to show that in a real-time operating mode, SSA could determine the "true"
state of the reactor system based upon 11 previously learned operating stated in the presence
of multiple sensor faults as well as predict the values of signals in the presence of these
simulated sensor failures and/or malfunctions. To accomplish this, the code was used in a
learning mode to establish a leamed-state matrix embodying information from 115 signals
covering 11 separate operating states of the plant. Then, simulated failures in 15 individual
signals were sequentially instituted through programming changes in the data acquisition
system. The types of failures included sudden shifts in values as well as total loss of signal.
As the signals were failed, the code was used-ifl a real-time monitoring mode where all of
the signals were estimated and compared with the actual plant measurements.

The SSA algorithm estimates the current state of the system by comparing the current
sensor measurements with the previously learned states of the system. Even though 15
sensors were providing erroneous data, the pattern recognition scheme was able to identify
the system state and estimate real-time values of all 115 signals. As shown in Figures 2 and
3, which show faulted signals as well as the estimated signals from SSA (and are
representative of all the other data), it can be clearly inferred that: (1) the state of the
system has not changed since there is no change in the estimated signals; and (2) the specific
sensors shown (here the reactor flow rate and inlet temperature) have developed faults since
they have deviated from the estimated signals.

SUMMARY AND CONCLUSIONS

The pattern-recognition techniques embodied by the SSA and SPRT continue to be
exploited for use in sensor validation, fault detection and in other applications. The SSA is
being applied at EBR-II in several specific areas related to fault-tolerant control, operability
surveillance and plant-life extension. One application is the substitution of the on-line SSA
calculated estimate of the temperature rise of the primary coolant across the reactor core to
replace the signal from a failed, inaccessible thermocouple in the reactor outlet pipe.
Because some of the originally installed primary system instrumentation has failed and is
inaccessible for replacement the capability to replace key parameter sensor signals with
validated calculated signal values is important to continued long-term availability of EBR-II.
The other application is the use of the SSA along with SPRT for long-term degradation
monitoring of the EBR-II primary pumps which are critical to extended-life operation of
EBR-II.



Although these applications are in their early stages, the initial results together with
the results of other SSA and SPRT application at EBR-II, have indicated that pattern-
recognition techniques can be very useful in plant surveillance.
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Figure 1. Detection of a
Natural Disturbance in the
Sensor Indicating Reactor
Temperature Rise
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Figure 2. Estimation of the
Inlet Temperature when the
Temperature Sensor has been
Artificially Failed
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Figure 3. Estimation of the
Flow Rate when the Flow
Sensor has been Artificially
Failed


