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EXPERT SYSTEMS AND THEIR USE IN NUCLEAR POWER PLANTS

ROBERT =, UERIG*

I. INTRODUCTION

The application cf technologies, particularly expert
systems, to the control room activities in a nuclear power plant

has the potential te reduce operator errcr and increase plant

safety, reliability, and efficiency Furzhermecre, there zre 3
large number <f noncperating activitles (testing, routine
maintenance, cutace rplanning, eguipment dizgnestics, ani Iuel

management) in which expert systems can increase the efiiciency
and effectiveness cof coverall plant and corporate operaticns.[l,
2, 3, 4, 3] 7Table ! rresents a number of potential applications
cf expert systems in the nuclear power field.

4 recent studév by Bernard and Washio [6] icdentified 287

gxpert systems Zcr use in the commercial electric power industry,

France, znd 42 elsewhere. Decision suppcr: syetems cconstitured
the largest Zfractisn (20.8%) cif the poctential applicaticns,
fcilowed Ly real-time dizgnestic systems (13.0%), maintenance
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applicaticns include capturing human expertise, rlant cesign,
emergency response, and cognitive mocel development.

Although most ¢f the potential applicaticns described in the
study (e.g., decision support systems, real-time diagnestic
systems, and control) are intended to assist operators, most of
the expert systems in operation today, particularly in the United
States, are used outside the control room or by personnel other
than the reactcr cperaters. Such tasks as establishing fuel
181ing secuences, assuring compliance with technical

ns of operaticn, monite r*.g

- - s i
SReClILiTaTIONS anC .lmiTling cchdlT

1+
QO

Tageut status, monitering and diagnesing operaticn and
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nce cof components and eguipment, fuel leak cdetection,

cutage planning, welding zdvisers, and training ccnstitute most
cf the zpplicaticns today. Only a few expert systems actually

interact with plant cperatcers or deal with contrcl room
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ZI. JSE QOF EXPERT SYSTEMS

There are many situations in which expert systems cifer
-nizue advantsges cver ccocnventicnal Trograms '2ST 2LELLCE2TiICLS
=f expert systems todazv can pe classified into trRe fellowing six



configuring systems, (4) planning systems, (3) schedul:ing
svstems, and (&) dliagnostic systems.

Monitoring expert svstems are dedicated to data ccllection

zné analysis over a period of time. The ccllected values are
compared against expected performance, and if discrepancies are
{dentified the expert system generates recommendations and/or
notifies the cperator.

fontrQol expert svstems are monitoring expert systems in

whnizh zction (e.g., cpening 2 valve, turning on a neatsr, &tc.)

is zzaken as a rasult cf the discrepancy identified.

Cenfiguring expert svstems address problems in which a

Iinize set ¢f components is to be arranged in one of nmany
ocssible patterns. The classical example in this category is

XCON, an expert system used by & large computer manufaciurer to

- w

configure its ecuipment in zn optimal configuration ccnsistent

Scheduling and planning expert svstems cocrdinate the
Tzzazliliztles or compenents wizthin an corganizaticn To cztimice
sroductisn and, cr increase efficiency. The diffzrence between
T.znning and scheduling svstems is that the compenents fz2r a task

N2 2nasysis results to a set cf preblems. Once the troplems
nave oDegen ldentiiisd, the sys:tem recommends a so.uticn cased on
f227s 1n i1ts kKnowledze base and on <he c¢ther infzrmatizcn it can
zzyuiive.



IIZ. AFELICATION OF EXPERT SYSTEMS IN NUCLEAR POWER FLANTS

This pzper presents brief descriptions of several expert
systems that are typical cf thecse now in cperation cor under
development in the United States cr those with U.S.
participation. (Comparable develeopments are under way in many
cther countries, notably Canada, France, Great Britain, Germany,

Korea, Taiwan, Japan, and Sweden.) All of these applications are
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1 with nensafety-related

systems. U.S. utilities appear s be reluctant to introduce
expert systems that may interact with the safety-related systems

¢f their nuclear plants until the varicus implementing issues are

Oemands by the safety and environmental regulatery
zuthcricies Icr increased safety margins and lower environmental
impacts and these Ly the economic regulatcry authecrities and tb

ancizl community fcr increased efficiency in operation (fewer

systems se2m to be a natural zddédition to the contrel and



being developed in the United States today. These include:

RELCTCOR EMERGENCY ALZRM LEVEL MONITCR. One of the first

Tlectric Tower Research Institute (EPRI) projects in expert
systems was REALM (Reactor Emergency Alarm Level Monitor),
developed by Technology Applications, Inc.[7] There are about 20
pages cf cuidance on classifying an emergency as an unusual
event, an alert, a site area emergency or a general emergency.

The decisicn as to the level cof the emergency has to be made

rapidly and sometimes in a time frame in which the true nature cof
The event is nct yet clear. while many sensory and manual

ohservaticns are available, certain needed data may be missing,
ambiguous, cr even cenflicting. Judgment is therefcre reguired

oY TmYyoper Iinatrarnr
IQr DrQoper LaTerctret
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ticn. REALM inccorperates what might be
called a real-time "first-level" diagnestic system that
identifies the cause of the emergency cn the basis of a
comparisen cf the symptoms ckserved and the events possible in a
nuclear power rlant {(which are steored in the knowledge kase).

boR=i b2l ¥ I, - - < N - a - 3 -
REARLM was develcped fcr Indizn Point-2 in cooperaticn with

COMPUTERIZED TrnACKING SYSTEM FOR EMERCENCY CPERLTING

2ROCEDURES. EFPEI, with the assistance of General Electric

(13
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Company and Taiwan Power Company, is develcping a computerized

tracking svstem for emercency operating procedures.(8] T
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expert system is co-resid

ent on the saiety parameter display
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system computer and is presently being tested in the Kuosheng
Nuclear Power Plant, a BWR-6 nuclear reacter in Taiwan. The
emergency operating procedures are written in absut 250 rules
that can be evaluated in less than 1 second. Ccnclusions as to
the steps that should be taken are available within seconds after
a parameter change. Its inference engine locks Ior pattern
matches between the rule premises and the operating conditions,

which then lead to the recommendaticn of actien o be taken. It

ig 3n cn=line system that reguires no input Irom the cperaters,
and explanztions fzr its conclusicns are avallakls to the
operators.

CLONES OF EYPERTS 2T FFTF. westinghouse Zanford Company

has develcped twa expert systems that are "clcnes'" of experts at

the Hanford Engineering Develcopment Labcrat
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FFTIF (Fast
Flox Test Reactcr).[9) Soth expert systems have direct

applicabkility to commercial nuclear power plants. CLEQO (Clone of

Leo, an expert on refueling the FFTF) is an expert system that,
given the rresent and future core configuration =% the FFPTF, is

able to generate a list of necessary refveling mcves in less than
€S as compared to davs or weeks using czcnventional

methods. CRAW (Clcne of Rawlins, an expert in Ziagnosing fuel

failure (i.e., tag gcas detection). Diagncsis &y an exXpert is
reguired within a shcrt period of time after de<=sction is

reguired, 24 hours z Zayv. This expert svstem

substitute when the resident expert is nct avai_zble.



INTELLIGENT EDDY CURRENT DATA ANALYZER. westinghouse is

alsc using its intelligent eddy current data analysis (IEDA)
expert system to analyze the eddy current data of the 45 miles
of tubing in a typical nuclear plant steam generator tube
bundle.[10] The analysis typically requires 60,000 judgments,
some extremely difficult. IEDA is based on a set of highly
defined rules (develcped from an "expert model data analyst") to
which the eddyv current <ata are compared. Incorporated into the

system is a versatile an
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er-friendly

n

u cperating mode that
allows manual evaluaticons of these signals the computer cannot
precperly categerize.

DIAGNOSIS CF MULTIE=LE ALARMS, An expert system called

Diagnesis of Multiple 2larms (DMA) has been used successiully for
several vears by the Du Zont Company[ll] at the Savannzh River
Production Reacters in Aiken, S.C. The system is ccnnected to
the 233 plant alarm annunciatcrs and uses an event-tree analysis

to identify rpatterns cf zlarms associated with specific plant

A ey

invelve combinations c¢f decisions and provides more infcrmation.

cperators, and the ccrrective procedure to be Zollowed is
. This display .5 automatically superseded :Z a higher

iagnesis is macde. This svystem is integrated with

(9 8]



IMPROVING NUCLEAR EMERGENCY RESPONSE WITH AN EXPERT SYSTEM.

-

A protetype expert system to help cocrdinate cverall management
during emergency conditions at a nuclear power plant has been
developed at Rensselaer Polytechnic Institute.{12] 1Its knowledge
base consists of the New York State (NYS) Procedures for
Emergency Classification, the NYS Radiclogical Emergency
Preparedness Plan, and knowledge of exXperts in the NYS
Radiologizal Emergency Preparedness Group a2nd the Qffice of
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uthcrizy. It is pertable, modular, and can interact with
external programs and interrogate data bases. Future planned

carabilities include directly accessing data from the safety
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display svstems cf nuclear power plants in the state of

New York.

REACTCR SAFETY ALSSESSMENT SYSTEM. The reactor safety
assessment system is an expert system under development by Idaho
Naticnal Englineering Laberatecry for the Nuclear Regulatory
mmissicn.[13] I2 is desizned for use at the NRC Operaticns

, Maryland, in the event cf a sericus incident

izuzticn assessment that uses clant parametric data to generate

rcousisns Zcor petential use -y the NRC Reacter Safetry Team. It

2ses multiple rule bases and clant-specific data files to be
apr.icable to severzal licensed U.S. plants. It currently cocvers
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Calvert Cliffs Nuclear Plant tocday. Undue reliance on this
expert system is handled by having the operatcr of this system as
only one input in the discussions arcund the table where
decisions about an accident are made.

RESIDUAL HEAT REMOVAL EXFPERT SYSTEM, Odetics, Inc. has

developed a residual heat removal (RER) expert system for use
during shutdown under DOE Small Business Innovation Research

(SBIR) awards.[1l4] A proteotype system has been constructed that

b

prevides 3 Sunctionzl demonstr

j14

<izn ¢f its ability to (a) mcniter

data from zlant senscrs, (k) prcvide early disgnoses cf abnormal
conditicons in the system, and {(c) previde an explanation of the
underlying rocot cause of system failure as well as the corrective
acticn needed. Since €3% cf all RER svstem failures involve
human factors (inadeguate procedures and/or cperator/technician
error), this system has the potential to reduce significantly the
risk associated with RHR system preoblems. A demonstration unit
was tested con the Zion Nuclear Power Simulatcr in 1988.

HZNDLING PQTENTIAILY TNVALID SENSCR TATA. Recent work at
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Iram has cconcentrated on
the prcblem of diagnostic expert svstem performance and its
applicability to the nuclear power plant domain.[13) It is
cencerned about the diagnostic expert svstem performance when
using petentially invalid senscr data. The expert system

develcped can perfecr
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HALDEN REACTOR ERXQJECT EXPERT SYSTEMS. Through the NRC, the

United States is participating in the Halden Reactor Preject,(16)
which includes develcpment of the following three expert systems:
DISKETT ~ a rule-based diagnosis system to aid cperaters in
analysis of plant disturbances. It is an expert system designed
for process control ¢f dynamic phenomena and uses symbolic
descriptions of dynamic behavior in which characteristic changes
of important parameters during a transient
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ZARLY FRULT DETECTION - a computer-based cperator aid

designed to assist cperators in diagnosis cf feedwater system
faults. It is a computerized operator support system designed to
detect faults befcre the traditional alarm limits are reached.
Small changes in process parameters are detected, measured as
deviations between calculated reference measurements from
mathematical models and actual plant values, and discriminated as

being normal cr abacrmal.

COPMA - a computer-based rroced

)

cperaters. It is an cnline svstem for computerization cf
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rocedures, zimed
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infeormation in a way compatible with

crocedures. It assists the coperatcr in identifying the relevant

rrocecures as well as moniteoring plant response.

These expert systems are part cf <¢he Halden

Program, which
Hazlden Wcrksnop Meeting cn "Computerization

cf Procedures and Infcrmation Presentations."'14]



QTHER EXPERT SYSTEMS. Literally hundreds of expert
svstems are being developed fcor applications to varicous aspects
2f nuclear power plant operaticn. Several systems being
developed in the U.S. are listed in Table 2 to indicate the
breadth of the scope of arplications.

Other reported applications of expert systems in various
stages of develepment include outage planning, heat rate
improvement, diagnostics for instruments and eguipment, welding

332 selecticon zdviscr,

m
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enerating welder rrocedures that comply
with regulatery codes, signal validation, disturzance analysis,
ccndensate feedwater monitor, radwaste processing system advisor,
myrass-incperarle status indizator system, sequencing boiling
'ater reactor (3WR) contrel rods zfter maneuvering, water
hamistry control, cressure-temperature contrecl <uring startup
{ve aveoid pressurized thermal shock problems), real-time
amergency evacuation planning, and real-time radiation exposure

management.

Fotential rcroblems in imrlementing expert systems in nuclear

power plants can be projected from past eXperience with the

.o -

lants need to be addressed. These

-



Quantitative and Objective Performance Guidelines feor

Expert Systems. The introducticn of expert systems into nuclear
plant operations has the promise of significant contributions to
improved cperaticon and safety. These applications may occur
natur?lly with plant upgrades, system obsolescence, and perhaps
with plant life extension. Alternately, the introduction may be
driven by the preoductivity ccncerns of the utilities.

The crimary concern sbout the intreoduction cof any new system
in a nuclear power plant would appear to be the potential
impact it can have on a safety svsTtem when something goes wreong.
The ultimate question in judging any new system must be "Can the
failure of the system lead to a challenge of the existing safety
systems?" Abcve all, replacement cf an existing system with an
expert system must nct introduce new unresolved issues (i.e., new
unreviewed safety hazards). :

Introductien cf a new system must not iead té confusicn cf
cperaters or cther plant personnel. New tocls, including
, may e rneeded

to evaluate and measure the perfcrmance of expert systems and the

ing methodcleogy, and validaticn means



within the requirements specifications and is usable fcr the
intended purpeoses. However, expert systems go beyend the
procedures of conventional software engineering. EXpert systems,
especially those operating under uncertainty or with incomplete
data, may have so many states as to make exhaustive testing and
cther V&V methods unfeasible. Hence, new approaches to V&V are
needed for expert systems. A major issue in the use of expert

systems in nuclear power plants undoubtedly will be the adeguacy

of the valiidaticn and verification
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User Accertance. A primary human factors concern is that

the expert system should present information to the user in a way
that is comprehensible and understandable. Information must mesh
well with the perspectives of the users, and the wayv in which the
information is displayved should correspond to their mental models
of the plant.

Another concern is user reacticon to the expert system. Will

they accept the system and use it when needed? 2bove all, will
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Expert systems should relieve some of the physiczl and cognitive
worklcad cn users and not overlead them. The system should make
human jobs more efficient. Clearly users shoulé pe involved in

this analysis.

4. Accident Management. One of the major potential

applications of expert systems is accident management, especially
those extremely rare acaidents that invelve an unusual
combination of events and could have severe conseguences. They
could srevide the expertise of the werld's experts on severe
accidents teo an isolated plant at any time.

An expert system could also be very helpful under severe
accident conditions. It is reascnable to expect reactor
operateors <o handle 2ll sorts of upset cenditions, but it may not

‘o p

be reasonable to expect them to handle all sorts of "beyond
design basis" accidents that are beyond the scepe of mest

cperator =Training. Expert systems could be the greferred method

o]
th
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eparing for low-prebability, high-damage events. For
instance, an expert system might be used f£cr centzinment

assessment--there cresently are cnly a limited rnumber of experts

izn who are capable cf zssessing the status cf =z

=

containment under accicdent conditiens.

V. USE OF NEURAL NETWORKS IN NUCLEXR POWER PLANTS

wWhen a nuclear power plant is coperating sazifely, the outputs
cf the hundreds, cr even thousands, of senscrs cr instruments

unizue set) cf readingcs that represent a

[
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‘safe" state of the plant. when a disturbance occurs, the senso

T
2ts or instrument readings undergo a transient and fcrm a
different pattern that represents a different state of the plant,
which may be safe or unsafe, depending upon the nature of the
disturbance. The fact that the pattern of sensor outputs or
instrument readings change cr are different for any given

condition is sufficient to provide a basis for identifying the

state c¢f the plant at any given time. To implement u dilagnostic

-—an  maae - -

<ozl zased on this principle zhat is useful In the cperation cf
nuclear power plants reguires a real-time method cf pattern
recognition. Networks of artificial neurons, a cencept inveolving
a acn-algeritnmic apprcach to informaticon processing, can provide
this capability.

4 network cof artificial neurons (usually called a
netwerk) is a data processing svstem consisting of z number of

simple, highly interconnected processing elements in an

architecture inspired by the structure of the cerebrzl cocrtex
Derticn o the brain. Hence, neural netwerks azre cizen capable
ci Zdcing things which humans or animals do well but which
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Neural networks may be designed so as to classify an input

1 25 one of several predefined types (e.g., the various
cr tTransient states cf z power plant) or to create, &S

¢cf svstem states which zar
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interpreted hy a human cperater. Neural networks have tne
ability tec respond in real-time to the changing system state
descripticons provided by continuous sensor inputs. For complex
systems invelving many sensors and poééible fault ty@es (such as
nuclear powerkplants). real-time response is a difficult
challenge to both human coperaters and expert systems. Howevef,
cnce a neural network has been trained to recognize the various
condicicns cr states of a complex system, it cnly takes cne cycle
=he neural netwerk to detect a specific cecnditien ¢r state.
Neurzl netwcrks have the ability to recognize patterns, even
when the infeormation comprising these patterns is noisy, sparse,

cr incomplete. Unlike most computery programs, neural network

ct

implementaticns in hardware zre very fault tolerant; i.e. neural

netwerk systems can cperate even when some individual nodes in
the netwerk are damaged. The reduction in system perfcrmance is

abcut grcportional to the amecunt of the network that is damaged.

Thus '

-aa i

svstems cf artificial neural networks show great cromise

for Use In envircnments in which rcobust, fault-tolerznt pattern

"

recogch

1 s necessary in a real-time mode, and
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neural netwwcrks ¢ identify
six different transients introduced into the simulatiecn cf a
& nuclear power plant. The number cf senscr

outputs monitcred ranged from 2 to 4, the number of trazining




senscr cutput from 0 to 90% of the mean amplitude. As the number
of training cycles increased, the number ¢f sensor signals
processed increased, or the amount of noise decreased; the
performance of the neural network improved. An index of
performance based on the average error in the six transients
studied showed that there is a trade-cff between the number of
variables, the number of training cycles and the amount of noise

in the sensor signals.
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Table 1. Potential Utility Applications of Expert Systems

in the Nuclear Power Field

Field

Function of Expert System

Diagnostics and
surveillance

Outage planning

Compliance with
specification

Operational
adviseor

Nuclear training

Mitigation of
accident
consegquences

Reacter safety

"~ assessment
system

Reviewer aid

Monltorlng plant behav1or

Predicting incipient failure of components

Monitoring for long-term gradual deterioration
Diagnesing equlpment malfunctions

Optimal sequencing of refueling activities
Optimal fuel handling
Minimizing radiation exposure

complying with technical specifications
Complying with limiting conditions of operation
Proper classification of emergencies

Resolving ambiguous situations

analyzing plant "trips"

Tracking emergency procedures

Guiding and monitoring plant maneuvers
Ensuring the ability to remove residual heat
Monitoring “bypassed/inoperable" eguipment
Data logging and interpretation

Emergency management

Intelligent computer-aided instruction

Real-time management of evacuation
Fast-time prediction of plume travel
Minimization of radiation exposure

Gives "big picture" to NRC safety team

Monltors and projects coreconditions,
containment conditions, and fission
product barriers

Provides a consistent framework and
interactive process for reviewing
licensing applications submitted by
power plant licensees

22




Table 2. Expert Systems Being Develcped in the U.S.

Expert System Developer
Trip Buffer Expert System([l7] Middle South Utilities
Technical Specification Monitor(18] Stone and Webster

Metor-Operated Valve Expert System({19] Arnold Energy Center &
Iowa State University

Alarm Diagnosis and Filteringl[20] Qak Ridge National Lab.
alarm Filteringl{zl, 22] Idaho National Engr. Lab.
Spare Parts Inventery Contrel[23] University of Califcrnia
Plant Status Moniter System[24)] E.I. Services

Search Procedure for Fuel Shuffler(25] Oregon State University
BWR Fuel Channel Tracking System[26] Mississippi State Univ.

ATEENA Code Input Model Idaho National Engr. Lab.
Preparation {27]

Operational Control ocf PWR Ccres[28] Stanfcrd Univ, Expert EASE

Diagnestics Using Model Base EXpert EASE, Inc.
Reasoning{29]

Nuclear Zlznt Technical

University of Illineis
Specification Tracking[30]

Fault Tree Znalysis in EXFERT SYS.[31] Expert EASE, Inc.

Use cf PRA in Expert Systems[32] Oak Ridge National Lab.

hecident Diagnosis and

Tecnnical Applications,
Progncesis Aide [33]

MOAS: A Real-Time University of Maryland
Operatcr Advisory Svstem|34)

CORPILOT: an Expert System Pickard, Lowe & Garrick
& —

Cr Reactor Operation{33]



