
- 1 3 3 — 

IMPROVING CANDU ANNUNCIATION - CURRENT R&D AND FUTURE 
DIRECTIONS 

L.R. Lupton, M.P. Feher, E.C. Davey, K.Q. Guo and S.H. Bhuiyan 
AECL Research 
Chalk River Laboratories 
Chalk River, ON, Canada KOJ 1J0 

ABSTRACT 

Annunciation is used to ensure that control room staff are promptly alerted to important changes in 
plant conditions that may impact on safety arid production goals. We are carrying out research and 
development to improve CANDU annunciation, in partnership with Canadian CANDU utility and 
design organizations. The main goal is to solve the "information overload" problem that occurs 
during major plant upsets, while providing operators with annunciation information needed to 
prevent, mitigate, and accommodate plant disturbances. To date, a set of annunciation concepts 
has been developed based on operational needs in a complex supervisory control environment. A 
prototype annunciùtion system has been developed and demonstrated with Point Lepreau 
Generating Station operations staff. Preliminary evaluations show that the system has the potential 
to solve many of the current problems associated with upset management. Further evaluation of 
this system is planned for 1994/95. This paper summarizes the project, including the current 
status, lessons learned to date, future directions of the research, and implementation by plants. 

1 . INTRODUCTION 

Feedback from operations staff at all CANDU stations continues to indicate that existing alarm 
annunciation systems need further improvement, especially during plant upsets when "alarm 
flooding" occurs [1]. During major upsets (e.g., reactor or turbine trip), hundreds of process and 
equipment changes are annunciated, many of which are irrelevant and unimportant for the plant 
situation. In some instances, this large number of annunciation messages may overload the 
capacity of annunciation presentation media and the ability of the operating staff to assimilate the 
messages. Managing the flood of alarms can limit the effectiveness of the operations staff to 
stabilize the plant and diagnose the cause of the upset. 

We are carrying out research and development to improve CANDU annunciation, in partnership 
with Canadian CANDU utility and design organizations. This research has a clear user-oriented 
focus: we have made a conscious effort to identify the information needs of all the users of the 
plant annunciation system and to then develop concepts that ensure the system better meets their 
needs. The Point Lepreau Generating Station (PLGS) has been used as the reference plant; Input 
and comments have been received from other Canadian CANDU stations. This paper summarizes 
the project, including the current status, lessons learned to date, future directions of the research, 
and implementation by plants. 
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2 . BACKGROUND 

2 . 1 Current CANDU Annunciation 

CANDU control rooms consist of an open room with instrumentation panels occupying two or 
more walls of the room. One wall contains instrumentation for the special safety, reactor, heat 
transport, boiler, feedwater, turbine and generator systems. Most of the routine plant operations 
and upset management can be performed from these panels and a central control desk. The other 
wall(s) contains instrumentation for on-power refuelling, instrument air, process water, access 
control, and the electrical support and distribution systems. 

The instrumentation panels are organized on a system basis and each panel contains annunciation 
indicators at the top, and conventional indicators (e.g., edgemeters, status lamps), computer 
displays and equipment controls (e.g., handswitches and analog controllers) throughout the rest of 
the panel area. 

Annunciated information is displayed to operations staff by two centrally located computer displays 
and a limited number of window annunciators at the top of each panel. The computer displays 
enable changes in the status of more than 6000 analog, contact inputs and calculated variables to be 
individually annunciated. However, these displays have a limited presentation capacity of only 20 
messages each. If more annunciation messages are available for display at one time, the most 
recent messages overwrite the oldest ones. 

The annunciation system supports operations staff well during normal operating conditions, and 
minor equipment failures or process upsets. During major plant upsets, process and equipment 
state changes can result in the annunciation of hundreds of messages. In some instances, this large 
number of annunciation messages may lead to "alarm flooding". In such instances, operations 
staff use the panel window annunciators to track changes in the plant safety and production state, 
until the annunciation message presentation on the computer displays re-stabilizes. 

2 . 2 Understanding the Current System 

Several analyses have been performed to characterize existing CANDU annunciation systems and 
to identify user requirements for an improved system. Activities performed include: 

• Definition of CANDU Annunciation - The functions, tasks and users associated with 
CANDU annunciation were identified through extensive discussions with Control Room 
Operators, Shift Supervisors, Computer System and Process System Engineers, and Design 
Engineers. This led to initial definitions of the functional role of annunciation and system 
users [2], Limited scope function and task analyses were performed for several scenarios to 
provide detailed information on operator information needs [3]. 

• Development of System Performance Assessment Tools - Methods and tools for assessing 
annunciation system performance (subjective and objective) were selected. These included the 
innovative use of video to supplement time on a training simulator, and situational awareness, 
workload assessment, and message comprehension measures [4]. 

• Benchmarking the Current Design - An existing annunciation system was analyzed based on 
international guidelines, combined with a usability evaluation using the tools noted previously 
[4]. 

The usability study of the existing CANDU annunciation systems identified information overload 
during plant upsets as a significant issue in existing system designs. The key source of the 
problem is that a large number of messages that are presented are irrelevant to the plant's situation. 
Based on the above activities, plus other internal studies performed by Canadian CANDU utility 
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and CANDU design organizations, work has proceeded to the generation of concepts to address 
many of the areas for improvement (described in Section 3). The work scope is focussed initially 
on understanding the use of and identifying improvements to the computer-based control room 
annunciation system. 

2 . 3 Definition of Annunciation 

Based on the above analyses, we have defined annunciation as a plant function that: 

• detects and may predict the occurrence of plant changes, 
• alerts users to changes important to the current operating situation, and 
• points users to additional plant information, to help them understand and respond to the 

changes. 
To detect means to identify all changes in plant conditions that are relevant to current or future 
operational goals. In many instances, detection thresholds can be established such that there is 
adequate time for operations staff to take decisions and action following a change in plant 
conditions. In some instances, the time available to respond to the change is too short or the 
consequence of the change is severe enough that the operations crew must be provided with 
advance warning of the impending occurrence. Such a warning can ensure that sufficient time is 
available for staff to attempt to prevent the change from occurring. 

To alert means to redirect an operator's attention from whatever task is being engaged to a pertinent 
change in plant state. This redirection can be physical or visual. A physical redirection means that 
the operator must physically move to attend to the stimuli. Visual redirection requires only that the 
operator adjust his or her focus of vision to the stimuli. 

To point means to direct attention to the relevant supporting information. Annunciation should 
offer the operator the pertinent information in an understandable, concise, and context-sensitive 
manner. 

2 . 4 Human Operator Behaviour Model 

CANDU operational practice assigns the control room crew full responsibility and authority to 
control all aspects of plant operation. To achieve specific safety and production goals, a number of 
high-level, and most middle- and lower-level, plant functions are automated. The operations staff 
are mostly in a supervisory role. Even so, many functions are carried out on a shared basis. 
Thus, there is a need for annunciation to help plant operators monitor the success of automated 
functions and take over their performance if they fail. 

Swain and Weston [5] have proposed a human operator behaviour model (see Figure 1). This 
model is consistent with other decision-making models, such as those of Rasmussen [6] and 
Rouse et al. [7]. Our concept development has used each of these blocks of behaviour to some 
extent. 

2 . 5 CANDU Operational States 

CANDU plants operate in several operational states that have different requirements and strategies. 
The principal states include: commissioning, start-up, shut-down, normal power operation, 
outages, and upsets. The work performed to date has focussed on the use of annunciation during 
upset conditions. Although we have not explicitly dealt with the other states, we believe that the 
concepts developed and documented in this paper are applicable to all phases of operation. Future 
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work will identify the functional requirements and information needs for these other areas of plant 
operation, and will then test, evaluate, modify and add to the concepts presented in this paper. 

Canadian CANDU utilities are formalizing the strategies to be used by operations personnel in 
responding to plant upsets. The development of these strategies has resulted from work on 
Emergency Operating Procedures and the need to operationally integrate them and the annunciation 
response procedures within plant operating manuals to support control room response to specific 
upset scenarios. For our work, we have used an enhanced version of the upset response strategy 
developed at PLGS (see Figure 2). The post-trip goals in Figure 2 represent upset response 
strategies as developed for and accepted by CANDU plants, including PLGS; we have added the 
pre-trip goals based on our understanding of the normal operation of the plants. 
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Figure 1: A Model of Human Decision-making. 
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Figure 2: Model of a CANDU Upset Response Strategy. 

3 . CONCEPT GENERATION 

In developing the concepts, the project team considered the successful aspects of current CANDU 
annunciation design and operations experience, plus the experience and lessons learned from 
international annunciation projects [8]. The design features proposed will reduce alarm flooding 
during upsets and make the annunciation system more usable and effective during all aspects of 
plant operation. This is achieved by: 

• an appropriate choice of annunciation media and improved presentation of annunciation 
information to better support all aspects of upset response tasks, and 

• automated information processing by the system to improve the context and relevance of 
alarms. 

A rapid prototyping approach was used to demonstrate and evaluate the new concepts. The 
following sub-sections summarize key components of the prototype annunciation system. 
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Figure 3: Proposed Annunciation System Interface. 

3 .1 Media for and Presentation of Computerized Annunciation 

Operators require information quickly and efficiently for the pre-trip, safety system check, plant 
stabilization, and restoration of power production of die upset response strategy. Workload during 
these phases can be high; time is of the essence and reliance on memory should be avoided. To 
meet Üiis challenge, a dedicated, centrally located display of the faults and status alarm messages is 
required (see Figure 3). These displays would replace the existing centrally located annunciation 
message screens. Specific presentation techniques adopted in the prototypes are summarized 
below: 

• Fault Message List - This display provides a single representation of the alarm state of the 
plant, for updating the operator's model of the state of the plant, and for identifying challenged 
operational goals and objectives based on the priority of various alarm conditions. The fault 
messages are ordered by priority, to ensure that the most important alarms are continuously 
available to the operators. Because the priority is context-dependent, it will aid in response 
planning. Further, because the order on the screen is by priority, it alleviates any concerns 
about colour-blind operators or the failure of a colour gun. 
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• Status Message List - This display provides cues for required operational activities, and helps 
maintain awareness of significant automatic activities, so that operators can be prepared to 
diagnose problems in the context of the state of the whole plant. The messages are ordered by 
time sequence, to help operators identify and maintain the temporal order of changes in the 
state of the plant, and to maintain situational awareness of the plant's state and its direction. 

• Expanded Text Messages Without Codes - This improves the readability and comprehension 
of the messages. The current message text in all CANDU stations is somewhat ciyptic and 
full of reference codes, acronyms, and abbreviations. For the prototype system, many of the 
codes were removed and the text was expanded to eliminate abbreviations and obscure 
acronyms where possible. Work in this area continues. 

• Colour Coding of Fault Messages for Priority - Colour coding provides a clear indication of 
the priority of a fault and provides a means of dual coding to indicate message importance. 

During the other two phases of the upset response (fault diagnosis and correction), the operators 
require less time-limited access to annunciation information. However, greater detail and flexibility 
in the form of presentation of the information is required. For this a facility dedicated to the 
interrogation and reorganization of annunciation information is required. The primary purpose of 
the facility is to provide support for specific operational tasks, and for diagnosis and decision-
making. A secondary purpose for the facility is to reduce the time and effort required to access 
annunciation support information (alarm response procedures, alarm reference information, and 
possibly trends, flowsheets and source signal information). 

3 . 2 Annunciation Information Processing 

A set of alarm processing techniques has been developed to reduce alarm flooding during upsets, 
and to make the annunciation system more usable and effective in supporting operational tasks. 
The annunciation processing techniques are organized into the following groups: 

• Signal Validation - to increase system tolerance to individual sensor errors and thus increase 
system reliability. 

• Plant Mode Determination - to categorize plant operating situations into a limited set of 
contiguous regions that provide a context in which to determine a message's relevance and 
importance. 

• Irrelevant Message Conditioning - extensive conditioning to eliminate irrelevant and nuisance 
alarms. 

• New Message Generation - to provide new, informative messages, including predictive 
warnings for the prevention of plant trips, safety margin reduction, or equipment protection, 
and indications of expected-but-failed-to-occur actions. 

• Improved Prioritization - based on the consequence to the plant and the urgency of operator 
response, and applied based on the current plant mode. 

3 .2 .1 Signal Validation 

Signal validation is essential to the success of the annunciation system: 

• The plant mode and events, which are used for alarm prioritization and conditioning, are 
determined based on the on-line signal values; the entire annunciation processing could be 
corrupted by erroneous data acquired from malfunctioning sensors. 
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• False alarming due to faulty signals, or so-called "crying wolf' phenomena, has been a 
problem in existing annunciation systems. It affects the operators' confidence and trust in an 
annunciation system. 

In addition to the conventional signal-validation techniques currently used in CANDU plants (such 
as a comparison of redundant sensors, irrationality checking, and periodic calibration tests), we 
have added analytical redundancy. This technique uses functional relationships between variables 
to provide a redundant source of information. For example, valve position and the differential 
pressure across the valve can be used to calculate the flow through the valve. This calculated value 
is a redundant indication of the flow, and can be used to validate the flow sensor. 

3 .2 .2 Plant Mode Determination 

The key to annunciation improvement is to process annunciation information so that only messages 
relevant to a particular plant situation are displayed to operators. To achieve this, the concept of 
plant mode is used to provide a context in which to determine the relevance and importance of 
annunciation messages. 

Plant modes categorize plant operating situations into a limited set of contiguous plant operating 
regions. In the prototype system, a goal-based approach is used to define plant modes. The 
primary operational objectives of a CANDU plant are to maintain safety and optimize economical 
electrical generation. These objectives can be achieved by maintaining the following four major 
operating goals: 

• control (control reactor power), 
• cool (transport heat to the heatsink), 
• contain (contain radioactivity), and 
• convert (convert thermal energy to electrical energy). 
Each of the above goals may have several possible states, called submodes, of the operating goal 
(see Table 1). A submode of an operating goal is characterized by a combination of the system 
configuration and/or the status of specific plant parameters associated with the goal. Submodes are 
defined such that, in any given plant situation, each operating goal has one and only one "active" 
submode. Note that the plant modes defined in Table 1 are preliminary; a utility should modify or 
extend the definitions to meet its specific needs. 

The plant mode, then, comprises the four submodes that pertain to each of the major operating 
goals for the current plant situation. For example, during normal plant operation, the four 
submodes are power, boilers, barriers intact, and generating. Not all of the combinations are 
practically possible, and therefore the number of plant modes is quite manageable. 

3 .2 .3 Irrelevant Message Conditioning 

One of the objectives of the alarm processing activities is to suppress annunciation messages that 
are irrelevant or of little importance to the current plant mode. The word "suppress" means merely 
that the message is not presented on the main annunciation presentation media; it is still available 
from the interrogation workstation on the operator's desk. The following three techniques have 
been incorporated into the prototype to identify irrelevant messages [9]: 

• Causal-State Conditioning: This technique identifies messages that are of little operational 
importance, and that are the direct consequence of some process or equipment state already 
annunciated. 
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• Transient Messages Conditioning: When an event such as a Shutdown System 1 trip occurs, 
a number of annunciation messages become active, and then automatically return to normal 
within a short period of time. These messages reflect the normal transient of the plant, not any 
real 'problems' with the underlying processes. Operationally, no loss of information occurs if 
these messages are suppressed. However, should any of these transient annunciation 
messages not return to normal within the time period, the prototype system will annunciate the 
condition to operators. 

• Coalescing: Many channelized messages can be coalesced to form a single summary message 
if they all occur within a short time period. 

Table 1: Definition of plant mode. 

Operating 
goal 

Goa l ' s 
submode 

Description of the submode 

Control 

Power Reactor power > 65% 

Control 
Low Power 5% < reactor power < 65% 

Control Zero power 10-1% < reactor power < 5% Control 
Shutdown Reactor power < 10"!% and stable 

Cool 

Boilers Boiler pressure maintained above 3.6 MPa and nominally at 4.6 
MPa 
Boiler level maintained as a function of reactor power 
Steam flow to turbines, condenser, or atmosphere 
Primary Heat Transport system (PHT) pressurized Cool 

Shutdown 
cooling 

PHT depressurized 
Cool 

LOCA-ECC PHT breached and emergency coolant injection to maintain heat 
transfer from fuel 

Contain 

Barriers intact All three barriers intact 

Contain 

Fuel failure Fuel sheath breached, PHT and containment intact 

Contain 
PHT breach 
failure 

Fuel sheath and PHT breached and containment intact 
Contain 

Reactor service Containment intentionally breached and fuel and PHT intact 
Contain 

PHT/boiler 
service 

Containment, PHT and boilers intentionally breached and fuel 
sheath intact 

Convert 

Generating Generating electricity 

Convert 
Motoring Absorbing power from grid to maintain speed and synchronization 

Convert Warmup Turbine speed < 1800 rpm and generator unsynchronized Convert 
Rundown Turbine speed decreasing and < 1800 rpm and > turning gear 

speed 

Convert 

Turning gear Turbine speed being maintained by turning gear motor 

Convert 

At rest Turbine-generator at rest 

3.2.4 New Message Generation 

Two types of new messages that currently do not exist in CANDU stations have been identified for 
operators and are incorporated into the prototype: 

• Expected-but-failed-to-occur action messages: Following an upset, current CANDU 
annunciation systems generate many messages that merely provide feedback on the actuation 
of automatic actions, contributing to the problem of annunciation overload. Such expected 
messages indicate changes in equipment status, and are viewed by operators as being less 
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important than any fault condition. However, if an expected automatic action does not occur 
within its expected time period, this information becomes very important and should be 
annunciated as a fault, because operator intervention may be needed. 

• Early -warning of approach-to-limits messages: One important operating goal is to maintain 
plant parameters within acceptable limits, so that the protective functions, such as reactor 
stepback and shutdown systems, are not actuated. Operators have indicated a need to be 
warned about the impending actuation of protective functions. Warnings are generated in the 
prototype by estimating when a given protective function trip parameter will reach its trip limit. 
The estimated time is based on the rate of change of the parameter and the current operating 
margin. 

3 .2 .5 Improved Prioritization 

A new prioritization scheme has been developed and uses two factors to determine the priority of 
an annunciation message: the consequence to the plant and the urgency of operator response. The 
priority determination is dynamic, because the assessments of the two factors are based on 
individual plant modes. As a result, a message may have different priority values for different 
plant modes. 

The consequence factor is defined by the impact that an annunciation condition has on plant safety 
and production goals over time. The consequence factor of a given message is based on the level 
of severity and the time to realize the consequence, should the alarm information not be received 
and acted upon by operators. Typical plant conditions that can be used to determine the 
consequence factor of a message's priority include: danger to people or the environment, Critical 
Safety Parameters/Functions endangered, danger to the plant or major component, satisfaction of 
an Emergency Operating Procedure's entry conditions, a less-economic operating configuration, 
loss or damage to a safety component, and loss or damage to a production component. The plant 
conditions and their order can be changed to meet an individual station's needs. 

The urgency factor is a combination of the required urgency of response (i.e., the time required for 
the operator to perform the corrective task) and the type of action to be performed (i.e., the level of 
cognitive and physical resources demanded for completing the task). 

4 . CONCEPT TESTING AND RESULTS 

Over 500 hours of station input has been obtained on the concepts over the past two years. 
Preliminary subjective evaluations of this system show that known annunciation problems, such as 
message overload during two selected upsets, have been addressed. Some of the specific features 
and their impact are: 

• The separation of fault and status messages into two lists enhanced the operators' ability to get 
quickly up-to-date and track the changes in the plant associated with upsets. 

• The capability to search and sort either the fault, status or historical message lists, and to 
access additional message details, such as response procedures on-line from the interrogation 
workstation, was considered to be a most beneficial concept. 

• The use of plant modes to establish contexts, coupled with a prioritization approach based on 
plant consequence and operator response criteria, resulted in: 

reduced operator effort to determine individual message relevance and importance and 
maintaining an awareness of which alarms were most important to address, 
a realistic prioritization of fault messages for operating contexts away from 100% full 
power, and 
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a consistent re-ordering of fault conditions by importance as operating conditions 
changed. 

• Cause-consequence conditioning and coalescing reduced the message volume to 60% of the 
original volume without the loss of any relevant information. 

• For the two upset scenarios studied, the total number of fault messages displayed at any one 
time exceeded the screen capacity of the fault screen only once for a very short period of time 
(<20 seconds). The messages that were not visible on the central annunciation screen were 
the lowest priority messages and were always available on the annunciation interrogation 
workstation. 

• Plant modes and coalescing resulted in a clear indication of calibration problems for multi-
channel safety system parameter messages. 

The use of plant modes, situation prioritization and cause-consequence conditioning provided the 
biggest impact in improving how annunciation messages could be better presented to control room 
staff during upsets. Station staff believe that an on-line annunciation interrogation workstation 
would offer immediate operational benefits and could be introduced with many of these new 
concepts into the control room environment within the next two years. 

Validation of the processing and presentation techniques with a more diverse range of scenarios is 
planned for 1994/95. A combination of subjective and objective assessment measures is planned, 
and will be performed at the full-scope training simulators at PLGS and the Gentilly-2 Generating 
Station. The scope of each evaluation will be tailored by the fundamental importance of the 
concept in the overall design. 

At the conclusion of the validation trials, it is anticipated that one or more of the CANDU stations 
will upgrade their annunciation systems. 

5 . CONCLUSION 

A comprehensive research and development program to improve CANDU alarm annunciation has 
been established. The project has reached the stage where improvements to alarm processing, 
presentation and human-system interaction are being evaluated by station staff. Based on initial 
evaluations, the staff feel that the implementation of the concepts could result in potential savings 
of over $2 million a year per unit in reduced trips, and improved equipment protection. 
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