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ABSTRACT

Simulators are playing an important role in the design and operations of CANDU reactors. They are used to
analyze operating procedures under standard and upset conditions.

The CANDU 9 nuclear power plant simulator is a low fidelity, near full scope capability simulator. It is
designed to play an integral part in the design and verification of the control centre mock-up located in the
AECL design office. It will also provide CANDU plant process dynamic data to the plant display system (PDS),
distributed control system (DCS) and to the mock-up panel devices.

The simulator model employs dynamic mathematical models of the various process and control components that
make up a nuclear power plant. It provides the flexibility to add, remove or update user supplied component
models.

A block oriented process input is provided with the simulator. Individual blocks which represent independent
algorithms of the model are linked together to generate the required overall plant model.

As a design tool the simulator will be used for control strategy development, human factors studies (information
access, readability, graphical display design, operability), analysis of overall plant control performance, tuning
estimates for major control loops and commissioning strategy development.

As a design evaluation tool, the simulator will be used to perform routine and non-routine procedures, practice
'what if scenarios for operational strategy development, practice malfunction recovery procedures and verify
human factors activities.

This paper will describe the CANDU 9 plant simulator and demonstrate its implementation and proposed utility
as a tool in the control system and control centre design of a CANDU 9 nuclear power plant.

I. INTRODUCTION

AECL is in the process of completing the design integration phase of the CANDU 9 (924 MWe) nuclear
generating station design. As a design tool a simulator will be used for control centre human factors studies
(information access, readability, graphical display design, operability), control strategy development, analysis
of overall plant control performance, timing estimates for major control loops and commissioning strategy
development

The CANDU 9 nuclear power plant simulator is a low fidelity, near full scope capability simulator. It is
designed to play an integral part in the design and verification of the control centre mock-up located in the
AECL Saskatoon design office. It will also provide CANDU plant process dynamic data to the plant display
system (PDS), distributed control system (DCS) and to the mock-up panel devices.

Nuclear power plant simulators (e.g. Darlington, Pt. Lepreau) have been commonly used in other CANDU
power plants for the training of operators. In such applications, the operator is able to perform the operating
procedures by observing the system's response and manipulating the panel devices (handswitches, pushbuttons,
controllers) by touching the appropriate portion of the display. Engineering simulators have also been developed
and used by CANDU power plants (e.g. Darlington, Bruce) to assist engineers in the design and validation of
process control programs.

The CANDU 9 simulator has been supplied to AECL by Cassiopeia Technologies Inc (CTI). It was developed
using a simulation development tool under the trade mark title CASSIM™.

The simulator model employs dynamic mathematical models of the various process and control components that
make up a nuclear power plant. It provides the flexibility to add, remove or update user supplied component
models.

During the initial phases of the design stage, control emulations, built into the simulator, can be used to activate
the PDS for evaluation purposes until such time as the DCS development is completed. At this time, the control
emulation code will be removed and the DCS will be interfaced to the PDS and simulator platform.
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II. SYSTEM MODELLING

The mathematical model of the CANDU 9 plant process model consists of the reactor, heat transport system
(HTS), primary pressure and inventory control system, steam and relief systems, steam generators, feedwater
system, steam turbine and generator, reactor regulation and shutdown mechanisms.

The control and monitoring system model consists of reactor regulating system (RRS), unit power regulator
(UPR), steam turbine control, steam generator pressure control (SGPC), steam generator level control (SGLC),
pressure and inventory control system (P&IC), shutdown system number 1, deaerator level and pressure control
(DLC & DPC).

Each of these process subsystems and associated controls is described in the following:

Reactor

The reactor model includes the computation of the neutron point kinetic equations as a function of time,
including the six delayed neutron group's concentration taken into consideration are: the corresponding
generation of thermal power released in fuel and decay heat, the effects of the various reactivity controlling
devices for power manoeuvring (absorber rods, adjuster rods and the light water zone controller), and the
changes in reactivity due to coolant voiding, control absorber's/adjuster's rod position, neutron power changes,
zone level changes, and xenon-iodine reactivity effects.

The model responds in a credible fashion to the actions of the regulating system, whether initiated by the
operator or by the digital control algorithm, as well as to the operation of the protective system.

Heat Transport System

The HTS model consists of a single loop containing two pumps, four steam generators, four reactor inlet
headers, two reactor outlet header, two "lumped" equivalent coolant channels through the reactor core.

Feed and bleed system for pressure and inventory control is modelled in detail and includes:

• Pressurizer

• D2O direct feed and reflux feed, including the spray circuit

• Bleed circuit includes the bleed valves, bleed condenser, shutdown/bleed cooler, along with the associated
pressure relief system

• Variable and on/off heaters for pressure control

At this stage of the simulator design, Bleed purification system, shutdown cooling system, D2O transfer system
are not included in the scope. The heat transport system model interacts with the reactor and steam generator
feedwater circuit under a wide range of operating conditions from zero power hot to full power, including some
major malfunctions such as HTS liquid relief valve failed open.

Realistic HTS liquid mass swell and shrink effects, boiling and voiding effects in coolant channels, feed and
bleed mass inventory balance, HTS pressure responses can be observed from the model.

Steam Utilization and Feedwater System

The steam utilization and feedwater system model covers the following subsystems:

• Steam Generator Dynamics - The effects of liquid mass swell and shrink during power manoeuvring and
plant upset, pressure response and steam flow response are realistically modelled.

• Feedwater System - The feedwater system is modelled in detail, featuring feedwater supply from three
33.33 % steam generator feed pumps, through two banks of high pressure heaters, to four banks of level
control valve stations, with each station assigned respectively to a specific steam generator. Standby steam
generator main feed pump, as well as auxiliary feed pumps are modelled for back-up situation. The single
element/three element PID controller logic is modelled as part of the steam generator level control scheme
which facilitates valve transfer from large valve to small valve during low load operation,
single-element/three-element control logic switching, level setpoint ramping as function of thermal power
at low power and of steam flow at high power.

• Steam supply to turbine and steam bypass system - The turbine generator, condenser steam discharge
valves, and the atmospheric steam discharge valves constitute the steam loads in the model. Regulation of
these steam loads under normal power manoeuvring conditions, and upset conditions can be observed from
the model as these loads are under the control of overall unit control algorithms - unit power regulator and
steam generator pressure control program.
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• Deaerator - A simple deaerator model accounts for the effects of deaerator feedwater heating and
interaction with poison-prevent steam supply during turbine trip. Deaerator level and pressure control logic
are included.

• Main steam turbine - A simple turbine model includes calculation of turbine mechanical power from steam
flow, and hence the rotational frequency deviation based on the mismatch of turbine mechanical power and
turbine electrical power. A simple turbine run-up logic is included to facilitate turbine startup after trip.

• The condensate system, condenser, and electrical system are not included in the scope of modelling in this
phase.

HI. SIMULATOR STRUCTURE

Simulation Development Environment

The CASSEvI™ is an advanced computer real-time dynamic simulation development system. It is based on
three common core technologies:

CASSBASE: the database engine which is used as the block-oriented simulation

modelling tool

CASSENG: the simulation run-time engine

LABVIEW for Windows™ the graphical user interface.
The seamless integration of these three tools provides a powerful Windows-based dynamic real-time model
development environment, and a user-interface development environment for producing high fidelity,
user-friendly simulation applications.

CASSBASE and CASSENG together form a robust model development environment. CASSBASE is the
block-oriented simulation modelling tool used for building, debugging and maintaining simulation models.
CASSENG is the simulation run-time engine. Models developed using CASSBASE are run in real-time using
CASSENG. CASSBASE provides an on-line, interactive debugging facility which allows a developer to debug
a simulation while it is running. Furthermore, the developer can dynamically modify simulation values on-line
without recompiling the simulation code.

Graphical screens with buttons, iconic symbols, pop-up dialogs, etc. are developed using Lab View for
Windows. User interface symbols, and special-purpose modules are provided in the form of Lab View libraries.
Custom made Lab View libraries provide power-plant simulation related symbols, modules for pop-ups, for
performing Windows dynamic data exchange (DDE) and TCP/IP communication with CASSENG. Through
either DDE or TCP/IP, user interface screens request data from the simulation running in CASSENG for display
and monitoring. Likewise, user inputs such as specific control actions, button presses, and setpoint changes are
transmitted to the simulation running in CASSENG.

Block-oriented Modelling

Process simulation is the use of mathematical models to develop an imitative representation of the behavior of a
real process. Usually the models are developed using programming languages such as FORTRAN, C, Pascal,
etc. In CASSBASE, the programming language used for mathematical algorithm development is Microsoft
FORTRAN Development System™ Version 5,1 (16 bit) for Windows and DOS. Note that 32 bit Microsoft
FORTRAN compiler will be used once CASSFM is ported to Microsoft Windows 95™ and Microsoft
Windows NT™T

CASSBASE models are real-time dynamic models which are based on the systematic application of first
principles to all plant process subsystems.

CASSBASE uses a block-oriented approach to simulation modelling. In block-oriented modelling, a simulation
model is described as a sequence of interconnecting blocks, where each block represents a component (e.g. a
piece of equipment, a process, a logical unit, etc.) in the simulation. The output(s) of one component (e.g. flow,
enthalpy) feeds into one or more subsequent component(s) downstream. When the simulation runs, each
component is executed in sequence, producing output which is passed onto the next connected component(s).
This next component in turn operates based on its inputs, and produce outputs for subsequent blocks connected
to its outputs. When all the blocks in the model has executed once, the simulation has completed one iteration.

In CASSBASE, each generic component is called an algorithm. Other special purpose algorithms can be added
to a library of generic algorithms. In any model, each block defined is a customized version of one of the
algorithms from the library. For example, a customized valve block can be created as the generic valve
algorithm is customized with a stroking time parameter of, say, 5 seconds, while another valve block can be
created using the same generic valve algorithm, but with different stroking time parameter. The stroking time
parameter in the valve algorithm is called a "coefficient".

- 3 -



The relationship between model, algorithm, and block is illustrated in Figure 1. A CASSBASE simulation
model consists of blocks which are customized versions of generic algorithms from the algorithm library.

Thermohydraulics Network Modelling

Solutions to differential equations representing the thermohydraulics of a power plant contain a wide spread of
time constants, i.e. some components of the solutions have a fast response, while the remaining components are
slowly varying. The eigenvalues caused by the mass conservation equations (flow and pressure) are generally
very large while the eigenvalues of interest caused by the thermodynamics (temperature) are small. A system of
equations with a wide spread of eigenvalues is referred to as stiff set of equations. Stiff equations cannot be
solved economically (in time domain) using explicit integration techniques. Instead, implicit algorithms are
usually used due to their inherent stability in solving such equations.

However, standard implicit methods in solving these equations, usually require finding the Jacobian for the
equation set during each iteration (Newton's method), as well as solving the resultant set of linear algebraic
equations. These techniques can provide solutions with a high degree of accuracy and stability, however they
cannot be solved in real-time.

CASSBASE employs a real-time solution technique for thermohydraulic modelling which involves identifying
control volumes within the simulated system, where pressures are calculated. These control volumes are known
as nodes. The flow between these nodes can be obtained from momentum equations, and are known as links.
Each node pressure can be obtained from mass balance around the node. A linearized solution method is
employed for the nodal representation of the flow network. This method involves linearizing the momentum
equations, and solving the resultant set of linear algebraic equations implicitly using matrix methods.

By specifying nodes and links, the flow network problem can be defined using the modular block structured
technique, that is, each node and link can be represented using standard blocks. Properties of the nodes or link
(e.g. size of node, valve size, pump dynamic head, etc.) will be coefficients or inputs to these blocks.
CASSBASE has a computerized network generation program which automatically creates the matrix elements
for the network defined by the nodes and links blocks. As the flow network problem generally creates sparse
type algebraic systems, the network generation program can reduce the time it requires to obtain a solution by
rearranging the algebraic equation set This computerized network generation program produces a data file
which can be run during each iteration. If the topology governing the nodes and links has been changed, the
network generation program has to be used again to re-generate the network.

Using the CASSBASE network solution block-oriented technique, complex thermohydraulic flow network
problems can be solved fairly quickly by splitting the flow network into nodes and links, together with
equipment such as pumps and valves expressed as individual blocks.

Simulator Platform

The simulator hardware consists of PC equipped with a Pentium 90 MHz CPU with 16 MB RAM and 256K
external cache. A one GB hard drive and a 2 MB VRAM are installed.

IV. APPLICATION

As a design evaluation tool, the simulator will be used to evaluate routine and non-routine procedures, practice
'what if scenarios for operational strategy development, practice malfunction recovery procedures and verify
human factors activities.

At the time of writing this paper, the CANDU 9 simulation is nearing completion of the phase II stage
consisting of those process models and control emulations described earlier in Section II. The simulator will be
interfaced to the PDS to activate operational displays and annunciations to allow control centre mock-up
evaluation to proceed. In the pre-project phase, the goals are to eliminate any risks to successful project
completion, to ensure that all tools are in place to conduct design activities, and to provide the work process to
facilitate verification and validation activities.

Furthermore, the CANDU 9 design project has committed to following a human factor engineering (HFE)
program plan through all phases of the CANDU 9 design. The simulator will play a significant role in this
strategy to allow both the static and dynamic evaluation of operator indications, annunciations, and controls
from the CRT based PDS.

For example, displays that are developed according to system requirements and appropriate HFE design guides
can be evaluated at related station operating states for completeness and correctness of indications. Next, the
simulation can be manoeuvered to evaluate the operator automatic control input, manual actions, transition state
indicators and alarms. Finally, adequacy of the display and display suite for operability during an abnormal or
upset state can be tested. .

The CANDU 9 design employs a DCS that is independent of the PDS. Figure 2 illustrates the CANDU 9 control
and monitoring design strategy. DCS will be designed to perform most plant control and data acquisition
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functions while most plant monitoring functions will be performed in the PDS. A limited group of manual and
automatic controls will be performed outside the scope of the DCS and the PDS. These controls will be
available on the stand-to-operate control room panels which are equipped with controls devices hardwired to
the plant

The DCS is made up of a number of functional partitions, each of which performs data acquisition and control
functions for a set of process systems, with a minimum of communication with other partitions. Functional
partitioning is used in order to maintain the independence of groups of safety-related process systems. The basic
configuration of all partitions will be similar, but may differ based on the input and output signals requirements
and the processing requirements of the application programs.

Data are transmitted via the PDS/DCS interface gateway between the PDS and DCS. The engineering
workstation will interface directly to the DCS (independent of PDS) in order to allow DCS control model
maintenance activities including control loop tuning parameter changes.

During the engineering phase of the design, a full DCS partition will be prototyped in the CANDU 9 control
centre mockup facility. The simulator data will be transmitted through a data acquisition PC, equipped with ISA
standard data acquisition cards, which convert the data from binary to analog and digital signals and vice versa.
The terminals of the data acquisition cards are wired directly to the DCS input/output modules and to the
stand-to-operate control room mockup panel devices. The simulator PC and the data acquisition PC will be
connected via a TCP/IP data link.

In order to allow a parallel development of the PDS screen displays and analyze their functionality and human
factors aspects, the simulator will be linked directly to the PDS computer (bypassing the DCS) via a TCP/IP
data link. This link is only used during the engineering phase, and no such direct data acquisition, separate from
the DCS, is anticipated for the actual plant control and monitoring system design.

V. MODEL ENHANCEMENTS

Future development is expected to enhance the fidelity of the component models, provide a graphical model
development interface and develop more refined models of the reactor and reactivity components, major
systems (such as the heat transport systems) and other plant components such as electrical loads.

In the short term forecast, simulator model modifications will be driven mainly by the requirements specified by
the PDS and DCS system designs and the corresponding prototyping activities. For example, additional models
may have to be added to allow the generation of additional alarms and displays not covered under the current
state of the model. During the testing of the DCS control programs, the simulator control routines may have to
be modified to allow the integration of the DCS control loops with the control loops already emulated within the
simulator. Where a more realistic representation of the process is required, a further refinement of the models
would be undertaken as long as simulation iteration time is not compromised.

In the long term forecast, special safety systems might be modelled to allow the testing of initiation logic and
providing a realistic feel to the design of the control centre special safety system monitoring, testing and control
functions.

Another long term activity is the enhancing of the component models. More accurate models would be
investigated as faster processors become available to permit real time simulation to be performed.

VI. CONCLUSIONS

An overview of the CANDU 9 nuclear power plant simulator was covered in this paper. The simulation
development environment provides the flexibility required during the plant design stage where various design
issues need to be verified such as the DCS functionality and the PDS and control centre functionality and human
machine interface issues.

Low fidelity models are employed in order to allow rapid simulation, prototyping and evaluation to be
conducted. This is considered acceptable, because the applications of the simulator do not warrant more
accurate algorithms. In the case of control system design, the simulator is not used as a tool to fine tune the
control algorithms, rather, it is used to provide rough tuning parameters and to proof the data transfer from the
plant and operator to the DCS/PDS and vice versa. For PDS system design, the simulator is used as the facility
to replicate the plant data and allow the generation of the required alarms and annunciation for the various plant
events in order to design the screens and to analyze the human factor engineering aspects, in all these cases high
accuracy is not an overriding requirement, rather model completeness is a more immediate need to allow the
analysis of alarm overflow following abnormal plant events.

Simulator model enhancements will be on-going to deal with changing needs of the engineering design teams of
the CANDU 9 project, and to provide more complete and more realistic state of the plant
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