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ABSTRACT

Control and protective systems operating in the
older nuclear power stations are nearing the end
of their reliable operating life. These systems are
still subject to frequent logic changes. Testing the
software logic changes is becoming a significant
task with ever greater expense. The software
based systems can be replaced with systems
using configurable logic. These systems provide
new, more reliable technology, offer the capability
for change, and provide capability for complete
logic simulation and test before installation. There
is a base of operating experience with these
devices and many potential applications where
they can be used to advantage.

DEALING WITH CHANGE

The fuelling systems at the Bruce and Darlington
stations are ever-changing. The systems at Bruce
A have been in operation since 1977, carrying out
routine automatic on-line fuelling. The design had
evolved up to that time from the initial concepts
carried through the design and manufacturing
stages to actual operation of the systems in lab
testing at GE. The transition from concept to
smooth operation required many changes to the
operating and protective logic. Many changes
were made during the site commissioning phase,
as system parameters were fine tuned to cope
with actual site parameters. During station
operation, new modes of operation and the
addition of maintenance and inspection functions
have resulted in numerous changes to the logic.
The Bruce A protective logic is currently running
at software version 35, and the count started
some years after the commissioning was
completed. The Bruce B protective system,
theoretically a duplication of the A system, is
running version 50. The Darlington protective
system, on line at the station since 1990, is
running version 23. The certainty in these
systems is that changes, input and output circuits
and the logic to process them, will be required and
must be accommodated.

The other certainty that we are faced with is that
system changes become more expensive to
implement as time passes. The requirements for a
more thorough software design process have
become more stringent in recent years. Design
changes are implemented by personnel who are
not as knowledgeable about the system as those
who carried out the initial design. More extensive
design reviews and independent testing have been
added to the process to compensate.
Shoehorning code into the older computers with
limited memory capacity requires reorganizing
program and data storage locations; this changes
the program flow. This creates more uncertainty
in adequacy of test coverage when modifications
are made.

The original system hardware is becoming difficult
to maintain. Is it now time to revisit the control
and protective systems because of the equipment
obsolescence? Is it time to overcome some of
their shortcomings, including reducing costs for
hardware maintenance and for implementing
changes? Would a different approach offer the
opportunity to more fully test design changes and
reduce the site commissioning effort when
changes are made? From the point of view of the
technology available, the answers are 'Yes'.

For example: A hardware failure of the protective
system at Bruce A recently caused a breach of
station containment. The protective equipment is
over 25 years old, possibly approaching the limit
of its reliable operating life. Replacement parts
are no longer available. Other protective features
are designed as backup to prevent incidents, but
reliability of operation becomes a concern.

Another example: The Bruce A I/O system has
gone through periods of high unreliability, also at
the end of its reliable operational life. Equipment
outages put greater demands on the other
systems. We have had to reverse engineer and
build replacement parts in some instances to keep
the systems operational.
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ALTERNATIVES DEVICE HISTORY

Overcoming the problems presented by these
situations can be done in many ways. One of
these is to use relatively simple programmable
logic controllers to implement the protective logic.
PLCs offer ease of programming and program
change. For the control computers, purchase the
latest off-the-shelf model of equipment similar in
capability to the original controllers, make the
appropriate software conversions, and install the
replacement equipment. These are practical
approaches, offering another 25 or so years of
more reliable operation. The hardware capacity
can be expanded, providing capability of
accommodating future system logic changes. One
challenge is to rein in the costs of the software
conversion, while doing a sufficient level of
quality assurance on the changed software.

However, another uncertainty is introduced with a
new computer system. This relates to the design
of recent computer systems. There are more
complicated features used in the design of these
systems as compared to the design of the
currently operating 1970 vintage systems.
Greater use of cache memory, pipelining of data,
parallel fetching of program instructions, and a
myriad of other features provide greater speed of
operation at the cost of the greater internal
complexity. More complex real-time software
operating systems are required to harness these
features. Software conversion would be done
using higher level languages. There is uncertainty
whether the new system will behave like the older
systems. There are many examples of emulation
systems being used to reduce this risk. More
sophisticated tools are required to assist in system
debugging. Implementation challenges are not
insignificant.

OTHER SOLUTIONS

Another approach is to look at other solutions to
meet the requirements, whereby the software
element might be removed, yet a changeable
design implemented. The system could be
designed so that testing could be far more
thorough and more easily carried out than using a
software based approach. A design offering these
advantages could be implemented using
configurable logic devices. These are more
generically termed Programmable Logic Devices,
or PLDs.

Programmable logic devices have been around and
evolving since the 1970s. Some of the earlier
forms were application specific integrated circuits,
ASICs, which were fabricated by IC suppliers
based on a customer's logic design. Later came
programmable array logic, or PALs, a more generic
device that could be configured by the user.
These early devices were limited in I/O and logic
capacity. They use various logic configuration
approaches such as fusible links, where a device
was "burned" for a particular application. Later
still came programmable gate arrays; these are
configured using configuration data that
interconnects the gates within the chip to
implement a required logic design. These devices
are being manufactured with as many as one
hundred thousand gates per device, offering
capabilities for highly complex logic, or many logic
paths, to be implemented in a single device. The
pinouts on these devices offer up to several
hundred configurable connections to the outside
world, providing the capability of connecting to
hundreds of inputs and outputs, and of
implementing complex logic functions.

PARALLEL LOGIC PATHS, FUNCTION
INDEPENDENCE

An important feature of the gate arrays is that the
interconnected gates of the logic provide
independent parallel paths for the various logic
circuits that are implemented. The transfer
function connecting an output to any number of
determining inputs operates independently of all
other circuits within the chip. Logic timing for
each path is a function of the number of gates
and interconnections used by the particular set of
logic, with pin to pin transition times in the order
of tens of nanoseconds; the circuit can be
modeled to determine precisely the timing
characteristics. Furthermore, predefined time
delay characteristics can be designed in.
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CHANGEABILITY CASE STUDY

PLDs can be configured by a user who has the
relatively inexpensive PC based design tools.
Logic designs and changes can be implemented by
the "customer" without requiring manufacturing
support. Device logic can be reconfigured in the
field, with a very short outage, without the need
to remove the device from its application.
Although logic devices can be changed in situ, the
logic can be fixed into a storage device so that it
does not change during system operation or
outage. Non changeable devices could be
selected if the required level of system security
requires that feature. However, for a system that
undergoes frequent changes, system unreliability
can be easily introduced by having to remove
modules or chips to make changes. Field
configurability can be accommodated by providing
the on-board connections to accept the logic from
a PC and "permanently" retain it in a storage
device for transfer to the logic device on power
up.

ADVANTAGES

The flexibility and capability of PLDs offer many
significant advantages for applications within fuel
handling, as well as other nuclear applications.
The speed and logic capability offer the possibility
of completely dedicated logic for functions such
as the protective interlocks. Implementation of
the protective logic in the older software based
systems has worked well. The cycle times of
most processors, including the minicomputer
systems of the early 1970s, have performed the
job adequately. However, there are many logic
paths that are processed sequentially in the
protective software cycle. There is timing
dependence, as well as system function
interdependence, of all logic paths on all others.
It is not practical to design tests that would test
all situational combinations. There is not enough
time in the next millennium to run such a suite of
tests. At the other end of the technology
spectrum, hard-wired relay logic can be readily
implemented using PLDs. Rewiring of relay
contacts to make logic changes would be
eliminated. The logic replacement offers
"programmability" for any future changes.

The Bruce A protective function can be readily
handled by separating the protected drive
subsystems into a number of sets. Each set of
drives could then be protected by a single logic
device. The fuelling system drives fall naturally
into sets: There are the four unit bridge and
carriage systems, the service area drives, the
trolley, the fuelling machine, and the system
auxiliaries. The drives controlled by the outputs
for each subsystem are independent. Input
signals from the various subsystems are required
for the interlock logic of each of the subsystems.
Eight identical modules would accommodate the
inputs, outputs and logic for the eight
subsystems. The logic for the programmable gate
arrays would be unique for each of the eight
modules. This set of modules would be identical
for each of the six control systems that make up
the station complement of fuelling systems, one
for each of the two fuelling machines associated
with the three trolleys. These modules could be
used for other general purpose logic functions as
well.

DESIGN TOOLS

The tools for creating the configuration data for
gate arrays and for simulating the performance of
the resulting "circuit" offer full computer aided
design capability. Schematic capture tools can be
used to input the logic in various familiar
representations. Logic can be entered as Boolean
logic statements, truth tables, logic symbols or as
ladder diagrams, for example. The tools provide
the capability of designing a higher level user
design entry language that is best understood by
the designer, and can then present the logic in
other formats, as preferred by the customer.
After the logic design is complete, the tools
generate the configuration logic directly; there is
no "hands on" manipulation of the "code". Then,
a logic "fit" can be done, based on a target gate
array device. The gate utilization factor can be
determined, that is, defining the spare capacity in
the device. This factor defines the growth
capacity for logic changes as the design or system
matures. The system signals can be simulated to
determine the time response of the various circuits
implemented in the device. All of the design and
system testing can be simulated before
committing the design to actual circuitry.
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OTHER APPLICATIONS LOGIC SIMULATION AND TESTING

PLDs are of interest at this time because of the
numbers of gates available on a single device, and
especially because of the increase in the pinout of
the devices. The speed and logic capabilities have
led to their use in other areas within nuclear
applications. These devices form the logic
elements on many modules making up modern
computers and especially emulators of older
technology machines. Recently the PDP-11/70
computers and memories of the fuel handling
controllers in the Darlington station were replaced
with a single module, functionally equivalent, but
much faster than the original.

The need for testing of the software changes for
the Bruce stations has been met by designing an
interface module around one of these devices.
This interface makes a dual port memory resident
in a PC appear as a simulated fuelling system.
The PC has sufficient speed to simulate the
actions of the fuelling system. The control or
protective computer software can be tested
without intrusive changes that would otherwise
be needed to simulate system operation.

This same interface module has been adapted for
other functions. By changing the configuration
logic, and with minor software changes in the
control computer, logging data can be passed at
high speed transmission rates from that computer
to a PC for transfer to a station local area
network, providing up-to-date log data in the
technical office. Having this log data on-line on a
PC offers the capability of easier sorting and
analyzing log to determine system problems and
maintenance needs.

The problem of the unreliable I/O equipment at
Bruce A can also be resolved by making use of the
interface module mentioned above. This device
can be reconfigured to provide an interface
between the current control computer and a
recent model I/O system. This approach permits
the selection of the best available I/O hardware,
providing an interface whereby the controller
software remains unchanged and continues to
interact with the system in the same way as
before the change. System qualification and
testing can be done in the lab, reducing the
commissioning effort after installation of the
replacement system.

One of the greatest benefits of using this
technology is the ability to more completely test a
logic implementation than is the case with a
software based design. In the case of the
protective system noted above, there are four
drives associated with the bridges and carriages
for each of the reactor units. There are numerous
input signals that define the protective logic for
each of these drives, many of the signals common
to all four drives. With the current software
based system, these four drives are included in
the same protective logic system as the other
fuelling system drives. It is practically impossible
to test all combinations of all signals occurring in
the common processor in testing the logic for an
individual drive. Limitations have to be placed on
the test cases to achieve reasonable assurance
that the logic is correct. With the alternative
independent logic of a PLD, more complete testing
can be done to provide assurance that
requirements are met. Since it is practical to
segregate the logic for the subsystems into
separate modules, a change in one subsystem has
no effect on the others. Of course, multiple
software systems could also be used. In this case
there would still be more significant timing
variations resulting from the variable paths
through the software logic. Software quality
assurance objectives can be met, but there is still
a greater compromise between exhaustive and
practical testing levels.

DESIGN CYCLE TIMES

Recently there was an opportunity to propose a
design for a ventilation system control for the
Bruce A station. This control uses channelized
data from 24 temperature monitors at critical
locations within the plant to activate the
ventilation system. The logic requirement was
that if any of the signals was determined by two
of the three channels to be over the temperature
limit, ventilation would turn on. The logic for this
circuit was defined, the configuration logic for a
particular gate array was established, and
simulation tests were run to prove the design
concept within relatively short design time. The
design implementation cost for this control would
be negligible compared with a software based
approach. The front-end testing that could be
done to prove the design would significantly
reduce the commissioning effort after installation
of the equipment.

12



FIRST CNS INTERNATIONAL CONFERENCE ON CANDU FUEL HANDLING SYSTEMS, MAY 1996

RISKS

Any new design approach is not without risks.
The main risk in use of the technology is the fact
that "custom-designed" hardware is required for
its implementation. There are no off-the-shelf
general purpose modules available offering a
customer base of experience. The problems of
designing the appropriate interface for the logic
devices to withstand the environment in which
they will be operating depends on the skills and
experience of the design group. The upside of
this is that the design can be tailored to fully meet
the requirements of the particular application
without the need for costly modifications of a
"standard" product line. Reliability of
interconnection to external devices provides a
design challenge. From another perspective, there
is the potential for delays in acceptance of
changes to use this newer technology by the
regulatory authorities.

SUMMARY

Field programmable gate arrays provide an
inexpensive, yet versatile means for implementing
control and protective logic within a nuclear
power station. The reconfigurability of the logic
devices will accommodate the changes and
expansion found necessary in logic functions. The
system logic and its timing can be well defined
and tested due to its deterministic nature. The
capabilities for completeness of testing will reduce
the level of effort required during the system
commissioning phase. Separating the logic into
individual modules greatly reduces the
interdependence of functions within the "logic
processor". The completeness of definition and
testing of the logic functions should ease the
burden of getting regulatory approval for design
changes.
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