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par
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À mesure que les centrales électronucléaires CANDU deviennent plus com-
plexes et sont exploitées sous des contraintes plus rigoureuses pendant des
périodes plus longues entre les interruptions, le personnel d'exploitation
devra ingurgiter davantage de renseignements pour réagir correctement et
rapidement aux dérangements. À Énergie atomique du Canada limitée, un
programme de mise au point est en cours dans le cadre duquel on utilise des
systèmes experts et de supports d'information conversationnels pour aider
le personnel d'exploitation de centrales CANDU actuelles et futures. Le
système complet d'accès et de visualisation de 1;information, d'information
et diagnostic en ligne et de procédures d'exploitation conversationnelle,
s'appelle le Compagnon de l'opérateur. On met au point actuellement un
prototype comprenant des pupitres d'opérateurs, systèmes experts et modules
de simulation en une architecture répartie, pour démontrer les concepts du
Compagnon de l'opérateur.
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ABSTRACT

As CANDU plants become more complex, and are operated under tighter constraints and for
longer periods between outages, plant operations staff will have to absorb more information to
correctly and rapidly respond to upsets. A development program is underway at AECL to use
expert systems and interactive media tools to assist operations staff of existing and future CANDU
plants. The complete system for plant information access and display, on-line advice and
diagnosis, and interactive operating procedures is called the Operator Companion. A prototype,
consisting of operator consoles, expert systems and simulation modules in a distributed
architecture, is currently being developed to demonstrate the concepts of the Operator Companion.
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1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) has been a pioneer in the application of digital computer
control to CANDU* nuclear power plants [1-3]. The next generation of CANDU plants will
extend this leadership in the use of computer technology to the areas of:

- distributed control systems and data highways,
- computerized safety systems,

advanced control room design,
decision support systems, and

- advanced signal processing.

Recent developments in computer technology offer significant new opportunities to enhance
nuclear plant safety and to protect the investment by assisting and counselling the plant operations
staff in making routine and abnormal event decisions. Benefits to owners and operations staff will
be achieved through:

reduced safety and licensing concerns by providing enhanced plant monitoring systems
and decision aids,

- reduced operations staff stress from fewer but more informative alarm messages,
streamlined operational tasks, and
increased reliability and reduced operational costs through automated testing and
predictive maintenance.

Development work is underway within AECL to use expert systems and interactive media tools to
assist operations staff in existing and future CANDU plants. The complete system for plant
information access and display, on-line advice and diagnosis and interactive operating procedures
is called the Operator Companion [4]. Key functions that the Operator Companion will address
include alarm annunciation, fault detection and diagnosis, plant status and vital parameter
monitoring, and 'smart' operating procedures. AECL is working closely with CANDU utilities in
Canada to select the most urgent and beneficial Operator Companion applications and to
incorporate operating experience into them.

To operate a nuclear plant, operators continually access plant information - plant data, procedures,
flowsheets, operational constraints, equipment status and history, etc. - when performing critical
tasks (e.g., reactor shutdown) or performing routine tasks (e.g., system check-outs). Discussions
with the operating staff of Canadian CANDU's have led to the recognition that the amount of
information required to operate a reactor has increased with successive station designs. This
increase can lead to information overload of the operations staff. In response to this potential
problem, station personnel have indicated a need for enhanced support to operate these newer
reactors to their full potential.

This paper provides an overview of the work currently underway and being planned at AECL on
developing a prototype Operator Companion.

2 . OPERATOR COMPANION OVERVIEW

The Operator Companion is conceived as a family of expert systems and other advanced computing
systems communicating with each other and with the plant via a local area network (see Figure 1).
This architecture offers a number of advantages:

CANDU: CA^ada Deuterium Unnium. Registered in the U.S. Patent and Trademark Office.
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- a distributed computing network provides the necessary multiprocessor, multitasking
environment required to implement various strategies for multiple subsystems,
the data from the system can be made available in preprocessed form to match the
diagnostic strategy or strategies being considered,

- some modules can be dedicated, faster than real-time processors for plant data analysis,
real-time simulators or plant analyzers can be incorporated for on-line power plant
decision making and 'on-line' operations staff training,

- redundant workstations can be used for recovery from equipment failure,
a modular approach provides greater resistance to obsolescence as technology evolves,
and
a modular development and implementation strategy can be used.

The following technical activities for the Operator Companion project evolved from discussions
with CANDU design and operations personnel.

Improved CANDU Alarm Annunciation Strategy

An improved alarm processing and annunciation strategy for CANDU plants is required
to assist the control room operator in obtaining a better and faster understanding of
plant upsets. Some remedies, such as alarm conditioning, sequence-of-event
recorders, classification of major and minor alarms, and sorting alarms by system, have
already been implemented into the design. Additional improvements are still required.

On-Line Fault Detection and Diagnosis

This activity addresses the broad problem of on-line fault detection and diagnosis for
any event, and providing advice to the operations staff on the most effective course of
action. Fault detection has traditionally been handled by interpretation of alarms.
However, diagnosis of the root problem is done manually by the operations staff
performing a time consuming search through flowsheets and manuals. The computer's
ability to continuously and exhaustively search through all plant data offers the prospect
for more automated fault detection and diagnosis and for providing a predictive
capability.

Plant Configuration and Equipment Status Monitoring

Advanced computer and interface tools will be used to enhance the ability of the plant
operations staff to monitor the physical status of the plant and major equipment. Plant
personnel currently have to interpret the status of the plant from diverse information
sources such as operations reports, manuals, drawings, control panel displays, and
alarm indicators. On-line access to this information using advanced display techniques
will provide a better indication of the plant status on which to base decisions.

Vital Operating Parameters

Expert system tools and novel information presentation methods will be used to provide
the operations staff with a concise picture of the overall plant profile based on key
operating parameters, normal and safety limits and other essential data.

Plant Operating Procedures

The aim of this work is to provide the plant operations staff with convenient and rapid
access to relevant operating procedures and plant data as events unfold, and could
include the use of adaptive procedures based on the state of the plant.
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Specialized Operational Tasks

Expert systems technology offers the opportunity of capturing scarce expertise and
making it readily available to operations staff. Specific examples include fuel
management, interpretation of plant chemistry data and identification of fuel defects.

3 . REQUIREMENTS FOR THE OPERATOR COMPANION

Discussions with Canadian CANDU plant owners have identified the monitoring of plant
configuration and equipment status as one high priority for Operator Companion development.
Another is the on-line detection and diagnosis of system faults. Functional requirements for each
of these two areas have been developed and are summarized below. These requirements have been
used to develop the prototype Operator Companion described in Section 4. The remaining
components of the Operator Companion for CANDU will be developed in the next phase.

3.1 Plant Configuration and Equipment Status Monitor

The configuration and equipment status monitor will provide a reliable and easily accessible record
of field component status and plant operating profile. Based on discussions with CANDU plant
staff, the system should offer plant personnel access to:

a display of the flowsheets for the various operating areas of the plant,
- a display of the current status of all operable devices on the flowsheets,
- the ability to provide hard copy prints of the flowsheets and operable devices,

a display of the current device status including physical state (i.e., Open, Closed,
Throttled) and Work Protection Code tag state (i.e., red, yellow, green, or orange
tags),

- the ability to perform simple modifications to the flowsheet displays to show temporary
system changes, and
the ability to display and modify a power supply list and/or an air supply list for
applicable equipment.

3.2 On-Line Fault Detection and Diagnosis

The on-line fault detection and diagnosis system should:

- act as an "intelligent" operator assistant,
- monitor plant components during normal operation to alert the operations staff of

incorrect operation and to detect changes in data profiles that indicate incipient
component failure or deterioration of economic performance, and

- reduce information overload during abnormal plant transients, to diagnose their causes,
and to suggest the appropriate human response to correct the situation.

4 . IMPLEMENTATION OF A PROTOTYPE OPERATOR COMPANION

4.1 Overview and Application

The prototype Operator Companion has been implemented using distributed workstations linked
together on a local area network (LAN). Three modules have been developed and are connected
together by the LAN: a plant database, an operator console and a subsystem advisor (see Figure 2).
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The requirements for the plant configuration and equipment status monitor lead to the need for a
plant database and an operator console. The plant database acts as a central data repository for :

- raw data, such as sensor readings, in a form that is usable by other Operator
Companion modules,
component status (open, closed, work protection code, etc.) and trend data,
component maintenance records,
component specifications, and

- shift logs.

The operator console serves as a high-level interface to automatically monitor selected data from the
plant database, and as an intelligent interface to the subsystem advisor module (described below).

The requirements for on-line fault detection and diagnosis lead to the need for modules dedicated to
specific subsystems of the plant. These subsystem advisors, which are based on advanced
computer technology, such as expert systems, communicate with the operations staff through a
message facility linked to the operator consoles or through more conventional alarm displays.

The network can contain any number of operator consoles and advisor stations. Each workstation
can be dedicated either to monitoring specific parts of the plant or to meeting the needs of a specific
operations group (e.g., operators, maintainers, etc.). One workstation of each type has been
implemented for the prototype.

The AECL Slowpoke Energy System (SES) heating-type nuclear reactor [5] has been selected as
the application to support the development of the prototype Operator Companion as:

the system contains a sufficient number of components, sensors and alarms to
adequately test the concept, yet is not overly complex (so as to minimize the
development effort required to cover the system), and
the control computer provides access to the plant data.

Figure 2 shows this reactor with its own dedicated data acquisition system (DAS) together with the
structure of the prototype Operator Companion. The reactor and its data acquisition system are
considered to be independent of the Operator Companion; the only connection between the two
systems being through a high speed, uni-directional communication link. This link allows data
collected by the DAS to be transferred periodically to the plant database for use by Operator
Companion modules.

Networking is a key component of the Operator Companion and LAN's offer a means of
connecting low-cost systems into a more powerful distributed architecture. The LAN approach is
seen as offering the Operator Companion numerous benefits:

the cost of a modularized PC-based system is usually less than the cost of a large
centralized system,
the processing power of the newer PC-based workstations rival that of minicomputer-
based processors,
a simple Operator Companion network can be expanded to include multiple operator
consoles, multiple expert system advisors, multiple plant databases and fault-tolerant
redundant networks as the need requires,
equipment failure (e.g., of a single operator console) would not seriously impair
Operator Companion operation. Redundant workstations and networks can offer failure
recovery possibilities, and
a distributed approach provides greater resistance to obsolescence as technology
evolves.
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4.2 Hardware

Development of the prototype Operator Companion has been centered around the Digital
Equipment Corporation (DEC) VAXstation computer for the plant database, the Apple Macintosh
family of personal computers for the network workstations, and Ethernet for the local area
network.

The VAXstation was selected because it is an industrial-grade computer that can support the short
term development of the prototype and allow for the direct transfer of the technology into the field.

Reasons for selecting the Macintosh workstations for the prototype include:

- a highly developed user interface,
- good support of a graphics work environment,

the ability to upgrade Macintosh II to Texas Instrument's MicroExplorer for AI
applications,
access to multi-megabytes of memory,
access to a built-in, low-cost, LAN network solution (AppleTalk) that offers reasonably
high data rates (230 kbaud) and the ability to add higher speed Ethernet (10 Mbits/s),
access to in-house LAN-based file server technology for early proof-of-principle
experiments, and
access to off-the-shelf information management software.

Although IBM-PCs and compatibles occupy a large portion of the market, they were rejected
because of their poor user interface and an overabundance of varied graphic 'standards'. In
addition, the current IBM family can not match the performance of the Macintosh in high-level
graphical information management functions. This could change with the introduction of the OS-2
operating system and information management software such as Lotus 'Agenda'.

Ethernet was selected as the physical layer for the LAN because it is an industrial standard.

4.3 Software

The following commercial software has been used in developing the prototype Operator
Companion:

Software Vendor Function

HyperCard Apple Computer, Inc Operator Console

NEXPERT OBJECT Neuron Data Subsystem Advisor

ORACLE ORACLE Plant Database

TSSnet Alisa Systems Network Protocal (DECnet)

4.4 Plant Database

The plant database has been implemented using the ORACLE relational database product on the
VAXstation computer. ORACLE was selected because it is one of the top industrial database
products that meet the requirements of the project, including the ability to directly integrate with
HyperCard and NEXPERT OBJECT over a networked multi-vendor environment.
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A single database has been created for the prototype, with separate tables for each type of
information. Extensive use is being made of ORACLE'S concurrent access control system to
manage multiple data-retrieval queries from the different modules that form the prototype Operator
Companion.

4.5 Operator Console

The operator console has been implemented using HyperCard on the Macintosh personal computer
and linked to the plant database using the ORACLE HyperCard interface. HyperCard is a
powerful multimedia software environment that allows the management of information in the form
of text, graphics, animation and sound. As such, it was well suited to provide the high level user
interface identified in Section 4.1.

The operator console interface is patterned after the Macintosh 'point and click' style. The pointing
is currently achieved through the use of a mouse or a track ball. A touch sensitive screen is being
considered for a future upgrade.

Specific functions built into the prototype console, to meet the requirements of a plant
configuration and equipment status monitor role, include:

an overall process system overview, including on-line help and search-and-find
capability (see Figure 3),
an intelligent subsystem overview, including a live representation of component status
information (read from the database) (see Figure 4),

- specific component data, such as log data, specifications, trends and pictures, available
on demand,
the ability to change the physical state (open, closed, etc.) and the work protection tag
state (red, yellow, green, etc.) of a component in the plant database (though not directly
controlling the component in the field),

- the ability to print any screen of information to a high quality printer, and
the recording of all component logs and network users into a plant shift log.

The interface to the subsystem advisor has been achieved through the use of advice records within
the plant database. If a change is detected by the advisor, the operator is requested to check the
advice record for further information.

4.6 Subsystem Advisor

The subsystem advisor has been implemented using the expert system shell NEXPERT OBJECT
on the Macintosh. NEXPERT is linked to the plant database through Neuron Data's ORACLE
software bridge. A diagnostic knowledge base has been developed that monitors system
parameters in the central plant database. Diagnostic messages generated by the advisor are dropped
into a 'mail box1 in the central database where their presence is detected and indicated to the
operations staff on the operator console.

The knowledge base development effort has focused on only one of the four subsystems in the
SES reactor. A symptomatic or shallow rule base of approximately 70 rules has been implemented
for the Secondary Heat Transport System (SHTS) (see Figures 5a and 5b). At present, the expert
system acts much like a shadow for the control system; however, message generation has been
enhanced to provide more information.

Ir. NEXPERT OBJECT, the basic form of knowledge representation is the production rule (IF
<predicate> THEN <consequent>); however, as the name implies, both objects and/or frames are
also part of the knowledge representation scheme. All entities are represented as objects, be they
classes, hypotheses, or data. Each object can have one or more properties associated with it, its
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value is always one of these. An object can be linked to procedures that are executed during the
reasoning process, NEXPERT also implements pattern matching that allows the knowledge base
to reason about entire classes of objects or their properties. Further, NEXPERT provides both a
'rule' and 'object' network display that visually illustrates the structure of the knowledge base.

All messages are represented as objects in a class called 'messages'. They have two properties;
text and status. If an abnormal condition is detected, the status of the message is set to 'true' by
the rule base. If at any time a condition clears itself, the message is retracted by setting the status
'false'. The rule network that supports the issuing of messages uses a combination of forward and
backward chaining logic to resolve the status. The 'status' property is used as the terminal (last)
hypothesis of the rule network for the given condition. This allows the status to be set and reset,
as conditions dictate, without having to explicitly set and clear the status. Other rules running in
the knowledge base monitor the 'messages' class for changes and reissue the advise file as
required. Pattern matching is used to simply generate a list of all messages in the message class that
have a status of true and subsequently write these messages to the central mail box.

Use of an expert system shell to generate messages in this manner provides an easy and flexible
means of expanding the knowledge base to incorporate additional conditions and diagnostic advice.
Further, the shell's rule network allows for easy viewing and traceability through any given
diagnostic condition.

• ' & •

5 . FUTURE DEVELOPMENTS

Work is in progress to add a model-based fault detection and diagnosis module, based on
qualitative reasoning [6-9], to the prototype Operator Companion. Improvements being considered
for the subsystem advisor include the following:

the message class and associated objects can be enhanced to provide message
prioritization, thereby leading to a form of message filtering, and

the knowledge base can be enhanced to provide alternate diagnostic advice with a lesser
associated degree of confidence. (In this scenario, the operator would be allr ,ved to
reject the advisor's advice as presented and the expert system advisor will then present
what it considered to be its next best advice.)

Further enhancements to the prototype will be made based on feedback from CANDU designers
and station operating staff.

6 . CONCLUSIONS

The concept of the Operator Companion consisting of a networked arrangement of engineering
workstations communicating with each other via a plant database, has been developed and
demonstrated at AECL. The database is connected to the plant via a link to the control system.
Expert system technology forms the basis for the subsystem advisors while interactive media is the
key technology for the operator consoles.

A prototype Operator Companion has been implemented using VAX and Macintosh hardware and
hypermedia and expert system software. A functioning plant configuration and equipment status
monitor console and a subsystem advisor have been developed to prove the concept. Work
continues on the development of a full scale Operator Companion.
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