
THE USE OF DIGITAL COMPUTERS I'N CANDU SHUTDOWN SYSTEMS

by R.S. Gilbert and C.W. Komorowski
Atomic Energy of Canada Limited

Since the early 1970's CANDU power plants have been controlled by a central

computer system. In the late- 1970's it was recognized there would be

operating and safety advantages in applying computers to the safety shutdown

systems as well. The latest applications of computers to these safety systems

are outlined below.

The CANDU power plants employ two independent Shutdown Systems, SDS-1 and

SDS-2. Each of these systems has three redundant channels of instrumentation

which have traditionally been implemented using industrial process controls

and relay logic. These systems have three functional areas where computers

are being or have been applied. The first is in monitoring and providing

enhanced displays of the SDS status. The second is in the initiation of

a reactor shutdown and the third is in the display of channelized instrument

reading and the testing of the channelized shutdown logic. Some

computerization of these functions has already been included in some plants.

In addition a fully computerized system which encompasses all of these

functions is being designed for installation in the Darlington 'A' station

in 1985.

Monitoring Systems (Bruce 'A' and 'B')

A monitor computer system is currently being commissioned at the Bruce 'A'

and 'B' stations. This system is made up of a central computer that receives

data from up to 9 multiplexers over fibre optic data links. Each of these

multiplexers asynchronously transmits the data which it acquires from one

of the three channels in SDS-1, SDS-2 and the Emergency Core Cooling System

(ECC).

The central monitor is designed to receive and store this field information

and it also provides the operator with coloured status displays of the SDS

and ECC systems. Special displays and printed alarms also alert the operator

to conditions which may result in an unnecessary shutdown or field

readings that could indicate an impairment of one of the safety systems.
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This system uses a Data General KP200 as the central monitor and Data

General MPlOOs as the multiplexers. Since the multiplexers are connected

directly to the channelized shutdown instruments, these processors have

been environmentally qualified for seismic, and conducted noise conditions.

Shutdown Computei-s (CANDU 600 MW Plants)

The first application of microcomputers to the shutdown initiation logic

occurred in 1981 when part of the shutdown logic was included in a

computer called a Programmable Digital Comparator (PDC). These were

required so that some safety setpoints could become a complex function

of the reactor power, and the number of main circulating pumps which

were in service.

Two PDC's have been installed in each channel of the two shutdown systems

in three CANDU 600 MW plants. These computers are Data General MPlOOs which

were modified to meet the environmental qualification requirements for

the CANDU 600 MW sites. They perform the shutdown decisions for six of

the nine shutdown parameters in both SDS-1 and SDS-2.

The software in these units is executed at least every 100ms. The PDCs

incorporate hardware and software self-testing to ensure fail safe

operation. These units have functioned very reliably and have demonstrated

the advantages of using programmed setpoints and logic.

Display/Test Computers (Darlington 'A')

The third functional area in an SDS design where computers can be applied

is for the display of analog signals from each instrumentation channel and

for the testing of each instrumentation channel while the plant is operating.

In a traditional CANDU design, analog signals are displayed by meters in the

main control room. Testing has also previously been accomplished by having

operators follow written procedures and sequencially manipulate hand controls.

The most recent SDS designs have computer driven CRT displays instead of the

traditional meters and they have computer programmed test sequences which

lead operators through the routine shutdown system tests. This application

has not been installed in a plant to date but it is being included as part

of the fully computerized system described below.
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Fully Computerized Shutdown System (Darlington 'A')

The Darlington station will have two SDS systems that use computers for the

three major functions outlined above. Each SDS system shall consist of

seven computers which communicate over fibre optic data links. The central

monitor computer shall receive data that is transmitted asynchronously from

three Display/Test computers. These latter processors generate bar displays

on CRTs and provide the outputs which control the testing of the

instrumentation channel. The Display/Test computers, in turn receive data

from three shutdown computers that perform the shutdown or trip decisions

for the system.

For the Darlington plant all of the computers in the system (except for the

SDS-2 shutdown computers) are General Automation 250 series processors.

To ensure hardware diversity between SDS-1 and SDS-2, DEC LSI 11/23 processors

and Computer Products process I/O have been selected for the SDS-2 shutdown

computers. The Display/Test and shutdown computers in each system shall be

environmentally qualified to the same standards that have been applied to

traditional hardware designs.

The functional differentiation of each computer in this system allows the

software to be simply designed, self-testing, and fail safe. It also allows

for the easy control and validation of the critical shutdown software in the

system.

The hardware is expected to be delivered to the site by mid 1985. The full

computerization of those SDS systems is also expected to lower design,

construction and operating costs, and be more flexible in adapting to any

changes in the shutdown logic.
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1. INTRODUCTION

This paper summarizes the application of computers in
CANDU shutdown systems. A general description of sys-
tems that are already in service is presented along with
a description of a fully computerized shutdown system
which is scheduled to enter service in 1987.

In reviewing the use. of computers in the shutdown sys-
tems there are three functional areas where computers
have been or are being applied. These are (i) shutdown
system monitoring, (ii) parameter display and testing and
(iii) shutdown initiation. In recent years various factors
(References 1 and 2) have influenced the development
and deployment of systems which have addressed two
of these functions. At the present time a system is also
being designed which addresses all of these areas in a
comprehensive manner. This fully computerized shutdown
system reflects the previous design, and licensing exper-
ience which was gained in earlier applications. Prior to
describing the specific systems which have been design-
ed a short summary of CANDU shutdown system charac-
teristics is presented below.

2. SHUTDOWN SYSTEM CHARACTERISTICS

CANDU reactors have two Shutdown Systems. These
systems are referred to as Shutdown System One (SDS-1)
and Shutdown System Two (SDS-2). Table 1 provides an
outline of the typical parameters and conditioning mea-
surements used in these systems.

Each shutdown system is composed of three indepen-
dent and redundant channels of instrumentation. The
outputs from these three channels are combined in a two-
out-of-three voting scheme which is then used to initiate
a reactor shutdown. For the SDS-1 system these three
channels are designated as channels D, E, and F while
SDS-2 channels are labelled G, H and J.

Some general design requirements which impact these
systems are:

(i) The system status, plus the trip or shutdown para-
meters and their setpoints must be continuously dis-
played in a central location,

(ii) The system must be testable from a central location
and these tests should demonstrate system opera-
tion from the primary sensor to the shutdown
mechanism if possible,

(iii) The voting scheme used may be based upon local
coincidence or general coincidence logic,

(iv) The channelized logic must be environmentally
qualified.

(v) The design of SDS-1 and SDS-2 must be done by
independent groups and implemented with different
hardware.

(vi) The system must demonstrate an unavailability of
10"3 and should minimize the number of spurious
trips.

(vii) Two diverse measurements must be available in each
channel of each shutdown system to provide protec-
tion for each design basis accident. These
measurements are described as "primary" and
"backup" trip parameters.

Computers are being used in the CANDU shutdown
systems to further improve the production and safety
reliability of the systems. These computers also offer
significant advantages in terms of cost, and they are much
more flexible in terms of the logic and operator displays
which can be implemented. Further details of the benefits
of these digital systems in these areas are outlined in
Reference 2.

TABLE 1 TYPICAL CANDU SHUTDOWN
PARAMETERS & CONDITIONING
MEASUREMENTS

Primary Process Parameters

Primary Coolant Flow Low
Pressurizer Level Low
Steam Generator Level Low

Backup Process Parameters

Primary Coolant Pressure High!
Primary Coolant Pressure Low f
Steam Generator Feedline
Pressure Low

Other Trip Parameters

Moderator Temperature or
Level High
Reactor Building Pressure High
Neutron Power High
Rate Log Neutron Power High

TOTAL

Measurements
Per Channel

4
1
4

4

1-4

Conditioning Measurements

Log Neutron power

Average Neutron Power

Number of Circulating Pumps
Operating

Compensated Log Neutron
Power

1

1
15-20

1

32-40

Typical
Conditioning Values

0.1%, 1%, 5% & 10%

10% through 100%

2 or 4 pumps

100% to 5%
power rundown curve



3. DETAILS OF SPECIFIC INSTALLATIONS

3.1 Monitor Computers (Bruce A and B)

There are two 4 x 750 MW stations situated at the Bruce
nuclear power generation site. A monitor computer system
has been designed for both these plants and these
systems are currently being commissioned. For the Bruce
B station the monitor system was installed before the plant
started up while the system for the Bruce "A" plant is be-
ing retrofitted to an operating station.

Figure 1 shows the complete monitor system for one
station. The central monitor is a Data General MP/200
Micronova. This computer is completely isolated from any
channelized SDS equipment because it receives data over
fibre optic links from nine remote multiplexers. Each
multiplexer is a Data General MP/100 Micronova. These
multiplexers collect data from each of the channels in
SDS-1, SDS-2 and Emergency Coolant Injection (ECI)
Systems. The active portions of these three safety systems
consist of conventional analog instrumentation.

The monitor computer has 32K words of RAM memory
and it executes a series of disc resident programs every
two to six seconds. Most of the software in this system
for the monitor and the multiplexers is written in assembl-
er. The multiplexers sample the field inputs and convert
the data to engineering units before transmitting this in-
formation to the central monitor. The multiplexer software
is about 4K words long and it is stored in read only
memory (ROM). The multiplexers are channelized com-
ponents and have been qualified to meet the same en-
vironmental requirements as other components in the
shutdown system. Reference 3 gives further details of the
hardware and software in this system.

The main purpose of this central monitor is to receive
field information and provide the operator with CRT status
displays which incorporate information from all channels.
The initial reason for installing the system was to provide
margin-to-trip alarms and displays for the Neutron Power
High trip measurements. However as the design progress-
ed functions were added to further improve the presenta-
tion of information to the operator. These additional
features included:

(i) Display of the process parameter values and
setpoints.

(ii) Historical data storage and trend displays.
(iii) Recording of the parameter value at trip during

testing,
(iv) Special alarms to indicate system impairments.

At the present time the commissioning of this system
is well advanced. The monitor has demonstrated that it
can warn operators about pending trips and it is an-
ticipated that when fully commissioned it will prove to be
a valuable operator aid.

The licensing of this system was relatively straightfor-
ward because the monitor system is buffered from the

critical shutdown logic. The Canadian licensing authority
did request that commissioning tests be conducted to pro-
ve that multiplexer failures (e.g. input short circuit) could
not impair the normal safety system functions. After these
tests were completed no other issues were discussed con-
cerning the system.

3.2 Shutdown Computers
(CANDU 600 Plants)

The first major application of microcomputers in a CANDU
shutdown system occurred in 1982/83 when four CANDU
600 plants started up. Part of the SDS logic in three of
these plants was implemented in a computer called a Pro-
grammable Digital Comparator or PDC.

The CANDU 600 PDC's represent the most extensive
use of computer based logic in a CANDU safety system.
In this system six of the nine trip parameters in the plant
are handled by microprocessors.

Several references (1, 3 and 4) present many of the
details and background of this design. A short summary
of this information is included here.

Two PDC's were installed in each channel of SDS-1 and
SDS-2 at these plants. These units were installed after
the SDS designs for these plants were almost complete
and these computers were designed to fit into the shut-
down logic so that they would act as alarm units which
followed programmed decisions rules (Ref. 5). One PDC
handled the primary process trips (see Table 1) and a se-
cond PDC handled the backup process parameters.
Figures 2 and 3 show how the PDC was integrated into
the SDS system. The primary and backup parameters
were implemented in separated PDC's because this was
the first significant application of computers in a shutdown
system and some licensing concerns were expressed over
the possibility that a single failure could disable both the
primary and the backup trip parameters.

The PDC's themselves are Data General MP/100
microprocessors which had been modified to meet the
environmental qualification requirements for the CANDU
600 plant sites. Each of these PDC's uses about 4K words
of program which is retained in read only memory. The
programs are executed as a simple loop at least every
100 ms.

The licensing effort required to obtain approval for the
PDC's was extensive. The process started with a prelimin-
ary proposal to the Canadian licensing authorities explain-
ing (i) the basic reasons for using the computers, (ii) the
basic concept of the designs and (iii) the design process
to be followed including the hardware and software design
methodologies. These early discussions suggested that
since this was the first major use of computers in an SDS
system then to be conservative, the primary and backup
parameters should be separated into independent pro-
cessors. These discussions also indicated that Ihere was
no objection in principle to the use of a digital computer
in a shutdown system.

Several more discussions were held as the implemen-
tation of the design progressed. These discussions focuss-
ed on all the details of the PDC design. When the review
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of the system was completed the following aspects of the
design were examined in detail:

(i) The PDC functional requirements and rationale for
these requirements

(ii) Each PDC program
(iii) Site commissioning tests
(iv) Hardware qualification tests
(v) Software validation tests

As a result of this extensive review, some software logic
changes were required before the system could be plac-
ed in service.

The operating experience with these units has been ex-
cellent. The units have proven to be very reliable and they
have demonstrated the flexibility of programmed logic.
The software for these units is at revision 2 and there is
currently a plan to issue revision 3 to sites in the near
future. The changes that have occurred incorporated the
licensing changes mentioned earlier. The revision which
is currently proposed is required to implement a new trip
parameter in SDS-1.

3.3 Fully Computerized Shutdown System
(Darlington A)

The Darlington A station is a multiunit station patterned
after the Bruce B station mentioned earlier. This plant is
currently under construction and the first unit will enter
service in 1987. One of the unique features of this station
is that the shutdown systems use computers for each of
the three functions described in the introduction.

from the display/test computers at least every two
seconds. In addition to the monitor functions discussed
previously these monitors also provide:

(i) An operator interface for the control of routine test
sequences

(ii) Recalibration of the neutron power flux detectors

(iii) A backup display facility for the channelized displays

The c,**erator interacts with these monitors in two ways.
As pointed out above the operator can obtain information
from either monitor by making requests through the SSMC
at his control console. In addition the operator can select
functions through special keyboards at the two MCR panel
areas dedicated to SDS-1 and SDS-2. Beside each of
these keyboards are General Purpose Display (GPD)
CRT's which present any display selected. The GPD CRT
is primarily intended for prompting the operator through
test sequences and flux detector recalibration procedures.

3.3.4 Channelized Display/Test Computers

In each channel of both shutdown systems there is a
Display/Test (D/T) computer. This processor receives
data at least once a second from its associated trip com-
puter. This data is converted to engineering units, and
displayed on two or four channelized CRT's. This data is
also retransmitted to a monitor computer. These D/T pro-
cessors not only provide the channelized displays but they
also act as a buffer for the channelized test controls and
other channelized inputs or outputs which must be
isolated from the monitor computer.

3.3.1 System Configuration and Function 3-3-5 Trip Computers

Figure 4 shows the computers which are used in the shut-
down system for one unit at Darlington. SDS-1 and SDS-2
utilize a total of 15 computers which are buffered from one
another and communicate over fibre optic data links.
These data links are designed to operate asynchronous-
ly at up to 19.2 K bits/sec and each link transmits about
500 bytes every second.

3.3.2 Safety System Monitor Computer
(SSMC) or Unit Monitor Computer

This computer is included in the design so that informa-
tion from the SDS-1 and SDS-2 monitors can be presented
to the operator at a central location. It controls the equip-
ment at an operator's desk which is located in the centre
of the Main Control Room (MCR). This computer receives
information from either the SDS-1 or the SDS-2 monitors
and it directs this information to a CRT or a line printer
at the operator's console.

3.3.3 SDS-1 and SDS-2 Monitor Computers

For the Darlington plant separate monitor computers are
being used for each shutdown system. These two com-
puters provide functions which are similar to the monitor
computers described for the Bruce station. Each of these
monitors functions independently and each receives data

The trip computers process all of the parameters required
for the two shutdown systems. The trip computers pro-
vide these functions:

(i) Sample field inputs

(ii) Initiate channel trip decisions

(iii) Provide trip seal-in logic

(iv) Compensate flux detector readings

(v) Receive and apply flux detector recalibration factors

(vi) Transmit data to the D/T computer

(vii) Make local coincidence logic decisions (SDS-2 only)

3.3.6 Computer Hardware

The processors in this design are standard off-the-shelf
products. All of the computers in the system except for
the SDS-2 trip computers are General Automation 250
series CPU's which are connected to General Automa-
tion I/O hardware. The SDS-2 trip computers are DEC LSI
11 /23 processors which are connected to Computer Pro-
ducts I/O. All computers have 16 bit central processors.
The SDS-1 and SDS-2 monitors have 64K words of mem-
ory and a 10.2M Byte disc.

The D/T computers and the SSMC have 32K
words of RAM and 16K words of ROM. Typical inputs
and outputs and associated hardware are listed in



Table 2. These computers and the trip computers are
stand alone devices and they execute their ROM resident
programs in a continuous loop.

3.3.7 Display Hardware

The Video Display Generators which provide the CRT
displays are RAMTEK model 6221 display generators. The
generator is capable of color graphic and alpha numeric
displays with a maximum resolution of 640 x 480 pixels.

Environmentally and seismically qualified CRT's are
connected to the display/test VDG's. The monitor com-
puters have colour displays which are not seismically
qualified. The monitor VDG's have additional hardware
which provides a vector plotting facility for trend displays.

3.3.8 Field Connections

All of the computers in the system are connected to the
field signals via a specially designed termination module.
This module can be used with several different makes of
computer hardware and has been designed to provide
passive noise suppression and filtering for all of the in-
puts and outputs for each computer. In addition this
module contains fibre optic transducers, state indication
for digital inputs and outputs and a watchdog for each
processor.

TABLE 2 TYPICAL HARDWARE
CHARACTERISTICS

Computer

Item

RAM

ROM

Serial Links

Disc

Keyboard

VDG's

CRT's - Colour

Mono

D/l

D/O

A/I

A/O

Safety
System
Monitor

32KW

16KW

3

-

1

1

1

-

16

32

-

_

SDS
Monitor

64KW

-

5

1

1

1

1

-

64

32

-

4

Display/
Test

32KW

16KW

4

-

-

2

-

2

64

128

16

4

Trip

16KW

16.KW

1

-

-

-

-

-

32

48

48

4

3.3.9 Communications and Interlocks

All of the regular communciations in this system are pro-
cessed by DMA controllers in each computer. The infor-
mation is passed asynchronously in all cases and most
of the time in one direction only. The design does allow
an operator to pass data from the monitor computers to
a D/T computer and a trip computer. However this feature
is interlocked so that the downward transmission of data
can only occur in one channel in each SDS at a time. The
interlocks which control this type of data transfer are ex-
ternal to the computers themselves and are part of the
fibre optic transducer circuits in each termination module.

The ability to send data to an individual channel is used
by the operator to control the testing of channelized in-
strumentation and to recalibrate the flux detector readings
in a trip computer.

The data transmission format which is used throughout
the system is similar to that used in the Bruce monitor
system and it has characteristics which are similar to the
format described in Reference 6. The system is design-
ed so that a failure of the data transmission would only
represent a minor inconvenience and cannot impair the
ability of the system to initiate a shutdown.

3.3.10 Software

All of the application software in this system is specially
designed. Most of these application programs including
the SDS-1 trip software will be written in FORTRAN. A ven-
dor supplied operating system will be used in the monitor
computers.

The SSMC, D/T and trip processors have very simple
software architectures and execute one pass through the
main program loop approximately every 30 to 100 ms.
Since the SDS-2 trip computers are supplied by a different
vendor, their software is written in PASCAL rather than
FORTRAN.

As has been the practice on previous projects each
computer will contain several self-checking features.
These are most extensive in the trip computers and they
are designed to ensure that the CPU, memory, and I/O
hardware function properly. If a computer detects a seri-
ous self-check fault or fails to execute its programs within
a predefined time period, the watchdog for that computer
places the computer outputs in a safe state.

One of the challenges in designing the application soft-
ware for this system was the need to provide test se-
quence software which would be easy to use. Traditional-
ly, operating personnel were responsible for drafting and
reviewing the SDS test sequences and these sequences
were frequently revised and updated during the commis-
sioning of a system. A versatile, and standard interface
for these sequences has been created by designing an
interpretive command language. This language is describ-
ed elsewhere (Ref. 7) and it is designed to be used to con-
trol most of the interactive functions in the system. The
use of this interpreter allows the operators to easily draft,
review, and execute test sequences or recalibration pro-
cedures without extensive programming expertise.
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4. DESIGN PROCESS

The design of this computerized safety system follows all
of the normal practices associated with the design of con-
ventional shutdown systems. However, since software is
more extensive in this design than on previous projects
the software development methodology is outlined in a
software development plan. This plan describes the soft-
ware development life cycle and it identifies the valida-
tion, verification and testing activities which are being
followed in designing the software. A top down structured
approach is being used along with three levels of software
testing. These tests include unit or module tests, sub-
system integration tests and final system or validation
tests.

The software being designed for the trip computers is
the most critical in the system and some other general
guidelines which are being applied to its development are:

(i) The software for the SDS-1 and SDS-2 trip computers
will be written by separate designers.

(ii) The trip software will be functionally specified and
functionally validated by an independent group.

5. LICENSING

The licensing of this system is in its early stages. However
there has been significant discussion with the Canadian
licensing authorities about this type of project previously.
Prior to committing this design for the Darlington plant On-
tario Hydro and Atomic Energy of Canada co-sponsored
a development program which prototyped several of the
aspects of this design (References 1,3 and 8). During this
project the Canadian licensing authorities were invited to
comment. Because of this involvement several issues
which could pose a licensing concern were discussed and
some of the more experimental aspects of the prototype
were deleted as a result of the feedback which was
received.

This prototype project served as a good introduction to
a fully computerized system and provided some insight
into the aspects of licensing the actual design.

At the conclusion of these discussions the Canadian
licensing authorities reiterated their previous position that
there were no objections in principle to the use of com-
puters in a special safety system.

6. CONCLUSION

Over the past several years CANDU power plants have be-
gun to employ computers in their shutdown systems. This
movement to use computers in special safety systems has

been based on the expectation of reducing costs, plus im-
proving the production and the safety reliability of the
system.

At the present time a comprehensive system which uses
computers for three distinct shutdown functions is being
designed. This system will start service in 1987. It is anti-
cipated that it will fulfill the expectations noted above and
continue the good operating results experienced to date
with similar computer applications.
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