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for examination.”
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research, ideas and developments in the field ofeau energy. In particular, its scope includes
reactor physics of all types, fuel management,oative waste disposal, environmental effects,
safety, siting and economics of reactors. Theralshioe strong links to the physics of the problem i
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“Originality:

Is the article sufficiently novel and interestirgg warrant publication? Does it add to the canon of
knowledge? Does the article adhere to the jourstdisdards? Is the research question an important
one? In order to determine its originality and apiateness for the journal, it might be helpful to
think of the research in terms of what percentilis in? Is it in the top 25% of papers in thiddi2

You might wish to do a quick literature search gsinols such as Scopus to see if there are any
reviews of the area. If the research has been edv@eviously, pass on references of those works to
the editor.

Structure:

Is the article clearly laid out? Are all the kegments (where relevant) present: abstract, inttomhyc
methodology, results, conclusions? Consider eaahett in turn:

. Title: Does it clearly describe the article?

. Abstract: Does it reflect the content of the aetitl
o] Where graphical abstracts and/or highlights arkided, please check the content and if

possible make suggestions for improvements. Fall@se links for more information on
graphical abstracts and highlights.

. Introduction: Does it describe what the author libfgeachieve accurately, and clearly state the
problem being investigated? Normally, the introtuttshould summarize relevant research to
provide context, and explain what other authomstifigs, if any, are being challenged or
extended. It should describe the experiment, thpotiesis(es) and the general experimental
design or method.

. Method: Does the author accurately explain howddwa was collected? Is the design suitable
for answering the question posed? Is there sufficidormation present for you to replicate the
research? Does the article identify the procedinlmved? Are these ordered in a meaningful
way? If the methods are new, are they explainatktail? Was the sampling appropriate? Have
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the equipment and materials been adequately ded@iboes the article make it clear what
type of data was recorded; has the author beemsprigcdescribing measurements?

Results: This is where the author/s should expiainvords what he/she discovered in the

research. It should be clearly laid out and ingidal sequence. You will need to consider if the
appropriate analysis has been conducted. Are #tistgts correct? If you are not comfortable

with statistics, please advise the editor when solimit your report. Interpretation of results

should not be included in this section.

Conclusion/Discussion: Are the claims in this sattsupported by the results, do they seem
reasonable? Have the authors indicated how thdtsemlate to expectations and to earlier
research? Does the article support or contrad@tipus theories? Does the conclusion explain
how the research has moved the body of scientiftswkedge forward?

Language: If an article is poorly written due t@ammatical errors, while it may make it more

difficult to understand the science, you do notdhee correct the English. You should bring

this to the attention of the editor, however.

Finally, on balance, when considering the whole&laitdo the figures and tables inform the reader,
are they an important part of the story? Do theirBg describe the data accurately? Are they
consistent, e.g. bars in charts are the same wiltitfgcales on the axis are logical.

Previous Research:

If the article builds upon previous research degsference that work appropriately? Are there any
important works that have been omitted? Are theregfces accurate?

Ethical Issues:

Plagiarism: If you suspect that an article is assamitial copy of another work, please let the
editor know, citing the previous work in as muchadleas possible.

Fraud: It is very difficult to detect the determinieaudster, but if you suspect the results in an
article to be untrue, discuss it with the editor

Other ethical concerns: For medical research, baBdentiality been maintained? Has there
been a violation of the accepted norms in the athiieatment of animal or human subjects?
If so, then these should also be identified togthi¢or.”
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Abstract

Being able to detect and describe hardware de&tioorin nuclear power plants benefits the nuclear
industry tremendously as it would enable approeriattage and maintenance planning. Being able to
detect and describe this faulty behaviour alscstssi fault analysis of nuclear power plants.

This thesis describes the development of narrovd lhlgnamic operating envelope that makes use of
real-time simulated plant measurements and corgp#rations to compare with actual plant
measurements and control operations. By simulatimg plant behaviour in real-time whilst
comparing it with the real-time transient the plentollowing, a second set of plant measuremests i
generated. The newly generated plant measuremeptesent plant measurements if the control
system did not introduce control operations toifyulhe effect of the fault.

This enables the calculation of the unknown distade introduced into the plant as a fault condition
The benefit of such a system is that plant faulst tare too small to detect (especially during
transients when the plant operating point is modraund) can be identified.

The behaviour of the control system is also comiursly predicted so the effect of the control system
compensating for fault effects (which in most casiges the fault condition) is used to characterise
the fault condition in terms of magnitude, positeomd subsystem being affected. The combination of
the fault detection and fault characterisationglpogs a complete fault identification system.

The approach is verified by making use of an im@etation of the fault identification system on a

simulated plant. Typical faults (small enough tougaletected for an extended period of time during a
typical transient) are introduced into the virtpédnt and continuously compared with another plant
simulation, producing the same transient withoetitliiroduction of the fault. A comparison is done

to evaluate the speed and detail provided by thdt fdentification system as opposed to the

conventional plant protection system. Using thecdbed methodology, the fault is detected and

characterised before plant design limitations aacihed or the fault is detected by the conventional
protection system.

In addition to the fault identification system,ghiesearch develops the functional requirementa for
full scope engineering and training simulator thaiuld allow the simulator to be fully utilised to
simulate postulated accident scenarios, plan ptadification procedures as well as provide an in-
transient real time reference for plant diagnosgistems.

To ensure practical implementation of the systemméregulated nuclear industry, an implementation
framework that keeps the conventional plant prataecsystem intact, is created. It allows the
implementation of narrow band dynamic operating edope operating within the conventional

operating envelope. The framework allows the im@etation of the developed fault identification

system and other plant diagnostic systems on egistiuclear power plants without impacting on

existing nuclear power plant licences as well adittensing process of new nuclear power plants.
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Definitions

Fault identification: The complete process of fault detection andasttarising the fault to
describe the location, magnitude and source ofaihi

Fault detection: Detecting the existence of an abnormal and uneggdatisturbance in
the system.

Fault characterisation: Describing the nature, magnitude, position andéarse of abnormal
or unexpected disturbance in the system.

Dependability: The ability to respond to faulty operation in areaot and timely
manner.

Sensitivity: The combination of accuracy, precision, andolg®n when
identifying faults.

Speed: The time it takes to detect, characterise aedrd fault condition in a
system.

Security: The confidence in the protection system decisitime ability of not

reacting to false alarms whilst acting quickly fare faults.

Transient: Transient as referred to in this thesis isgéod in which the plant is
in transition between operational modes.
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1. Introduction

This thesis contains a collection of four accratlijournal articles published or submitted for
publication over the last five years on the tofidawilt identification in nuclear power plants. Hee
papers cover a range of related topics, from tmeldmentals of fault detection in nuclear power
plants, fault identification development, systenpliementation architecture, to finally benchmarking
the developed system using the Three Mile Islaritaat scenario. Chapter 1 introduces the research
and principles the novel fault identification methe built on.

1.1. Problem statement

Nuclear plant protection systems creates an opegrahvelope around the operating point large
enough to allow changes in the operating point duexpected transients. Hardware failures with
effects too small to move the operating point al#she operating envelope goes undetected.

Implementing a dynamic operating envelope arouedogherating point to allow early fault detection
during transient operation in nuclear power plastproblematic due to the absence of a reliable
dynamic reference to compare plant measurementsdwiing transients. Often heuristic methods are
used to create a dynamic operating envelope. Thigs nature is problematic to implement in the
nuclear industry due to the uncertainty it introglinto the system.

The distributed application of control systems agiag independently to keep the plant operating
within the safe operating envelope boundaries cmengls the problem since the control systems
would not only operate to reduce the effect ofsramt disturbances but fault disturbances as well.

Implementing expert fault detection methods in r@vexisting nuclear power plants is problematic
due to the strict regulatory requirements in thel@ar industry.

1.2. Research objectives

The goal of the research is to develop a dynami&aijmg window that allows improved protection

dependability in nuclear power plants. The methoolid then be developed further to provide fault
characterisation that would otherwise go undeteatsdi undefined for long periods. The system is
developed to be effective during steady-state earsient conditions.

The main objectives of the research are:

1. Develop an early fault detection system makingafsereal-time simulator model of the nuclear
power plant as a dynamic reference, continuouslynitonng and comparing simulated
measurement data and control outputs of the plarteimwith the actual measured data and



control outputs from the plant. The fault detectsystem should detect small faults that would
normally go undetected as well as detect faultsxgyslant operating transients.

2. Develop a fault characterisation method, making efsmeasured and simulated data together
with the actual and simulated control system respoifihe fault characterisation system should
provide information on the magnitude and locatibthe fault.

3. Develop a control and protection framework thadvai nuclear power plant licensing within the
existing licensing framework, but is still able tmcover the benefits of expert control and
protection systems.

1.3. Conventional and proposed operating envelope

In Fig. 1-1 a typical conventional operating enypelds depicted, a load change transient causes the
100% steady state operating point to move to a steady state position following a path of large
pressure and temperature changes. The static mgeranvelope is specified large enough to
accommodate the various possible operating poistsvell as the paths that are followed during
transient states. The result is that hardware degicn or failures that do not cause large enough
changes in the operating point will go undetectetil .Wdeveloped to an extent where the plant
integrity is under threat, only then the fault viit detected and a trip will be issued. In suchsz @n
emergency shutdown procedure includes the actuatiosafety features that results in extended
downtime periods and costly start up procedures.
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Fig. 1-1.Typical operating envelope of a PWR

The proposed solution depicted in Fig. 1-2 is tleeetbpment of a dynamic operating envelope
around the operating point, moving with anticipatdthnges in the operating point. Should any



unanticipated changes result in a movement of gexating point, the operating point will move
outside the dynamic operating envelope indicatifiguét condition. This will happen whilst all plant
parameters remain well within the safe operatimgore of the plant.

To establish a dynamic operating envelope a dynaeifierence is required that can anticipate
operating changes in the plant. This is achievedripfementing a full scope plant simulator code to
run in real time in parallel with the plant whileceiving all external inputs from the control rotmt
the plant receives. All changes in the plant openatwould thus be mirrored by the plant simulator,
and so, the simulated and measured operating wiinnove together through operational changes.
If any unexpected disturbance such a componeniréaibr component operations deteriorate to
outside the accepted tolerance, the operating poihtove outside the dynamic operating envelope
and signal a fault condition.

Dynamic operating envelope moving with expected change in
operating point
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Fig. 1-2.Proposed dynamic operating envelope

1.4. Original contributions

The main scientific contributions of the thesis smenmarised as follows:

* A novel deterministic approach to establish a dyicamperating window around the operating
point to detect faulty plant operations as soornt @scurs. The faulty plant behaviour is also
characterised and the cause of the fault is desgtrib

*  The conventional control and protection architeztisradapted to allow for the introduction of
fault identification and data analysis systems thdl improve system dependability without
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additional risk to the protection system integatyd without impacting the licence or licensing
process of the plant.

The approach to detect and characterise faultywaedin nuclear power plants relies on a knowledge
base from varying disciplines as depicted in Fi§: 1

Plant simulation and modelling is used to providdyaamic reference to compare the plant
operations with, but also in providing referencatoal inputs, to isolate fault information from
expected transient information in the plant.

As all changes on plant operations, whether fromexgpected external input or due to faulty

equipment, are controlled or mitigated by the pleontrol systems, utilising these systems and
the fundamental theories they rely on is required detect small faults or equipment

deterioration.

Conventional plant protection systems rely on staperating envelopes in various systems if
any operating variable cross the boundary of theraijng envelope. By this time the plant is
already at the limits of the structural integritgdaa SCRAM and safety actuation process is
initiated. The safety system that responds to yistesn depends on the operating envelope that
detected the fault. Many of the principles usedéoide on which safety system to initiate is of
interest as describes in some way the nature ofathie and remains applicable in a dynamic
operating envelope.

All protection and control systems in nuclear ptaare implemented according to specific
implementation architecture. The architecture casegr various system philosophies that will
determine how information is shared between systamsvell as establishing a hierarchy of
system importance. Conventional control and praacimplementations architecture were
designed keep control and protection functions detaly separate. Modern control and
protection implementation architectures attemptedhare information between these functions
resulting in licencing difficulties. In order tolav expert fault identification systems to be
implemented in existing and new nuclear power glanbvel implementation architecture is
required building on lessons learned and strermgftbenventional architectures.
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Fig. 1-3.0riginal contribution knowledge pillars

In the following chapters, the state of each oSéhpillars is examined together with recent adveince
in research of these fields. The original contiitnutlescribed in this thesis will build upon thisnk.

1.5. Thesis layout

Chapter 3 to Chapter 6 consists of peer reviewtdes that examines the pillars used to build the
original contribution on, each pillar being studiedterms of recent research done in the field,
technological advances and the applicability ofngsthe gained knowledge as a tool in the
development of a dynamic operating envelope. Sigegibblems associated with the application of
the field in realising a dynamic operating envel@pilentified to be solve, or disqualify the fiedd a
supporting pillar.

In Chapter 2 a study on existing and proposed fault detectrmh éharacterisation methods is done.
In particular, fault identification research papars selected that highlight the limitations anddseat
the time of conducting this project. These papeovige a basis on which to develop the proposed
fault identification system.

The research article i€@hapter 3 describes the principles when using a real-tinatpsimulators
running in parallel with a nuclear plant to predibe control system behaviour and highlighting
unexpected plant behaviour. The basis of the théorgstablished in this chapter together with
preliminary results. The control and protectionhaercture for implementation is developed and the
system requirements of a nuclear plant simulatat thould enable the proposed system are
described.

In the research article @hapter 4 the method to adapt plant measurements that ésothe control
actions on the fault and re-introduces it intortesasurement data, thereby improving plant diagnosti
performance is described.



The research article i@hapter 5introduces the use of improved fault detectionrimfation received
from all distributed systems in the plant contrgétem and correlating the information to not only
detect the fault, but also to diagnose it basethernocation and magnitude of the fault cause.

The final research article i@hapter 6 makes use of the techniques and processes dedéloplee
previous papers and apply it to a case study ofHree Mile Island nuclear power plant accident. In
this way we can determine and showcase how theowagrinformation available could present the
operator with a better idea to the state of thaetplaring situations where a combination of faaltsl
transients prevents the operator and conventigis&sis to recognise the abnormal behaviour.



2. Literature analysis

When proposing and developing a fault identificati&ystem a number of obstacles to effectively
detect and characterise faults are encountereaselbbstacles are not new, with various solutions
proposed by researchers is shown in this chapher nfain obstacles are:

» providing a dynamic reference model with which donpare the plant during transients,

» extracting meaningful information when the plantpuis are compared with the reference,
especially since changes caused by faults are mhdgkdhe control system operation, and

» characterising the detected fault by combiningtfdidgnostics information from a number of
systems, each reacting differently to the same.faul

The nuclear industry is unique in the sense that fitighly regulated and strict requirements on the
analytical proof of proposed systems’ effectiversgsset. All nuclear plants are equipped withlla f
scope simulator that is able to simulate all exgbgplant transients. Because of these slight
differences between the nuclear industry and othéustries, unique solutions can be found to
common obstacles highlighted by the following reskdopics.

2.1. Dynamic reference model

In order to detect abnormal operations in any plameference with which to compare the measured
outputs, is required. Various methods of implemmentieference models exist. The conventional
method used in nuclear power plants is that okedfireference for each operational mode. Should the
plant measurements move beyond these fixed referpomnts, the plant's structural integrity is
compromised and a trip signal is issued.

The use of dynamic reference models provides irdéion on the abnormal behaviour of the plant
while the plant measurements are still well wittiie safe operating range of the plant. In mostsase
a dynamic reference is realised by means of bldiriirst principles model that represents the tplan
accurately within expected operating limits. Anaotb&ective way of providing a dynamic reference
is making use of learning systems such as neutaonles to learn the expected and unexpected plant
operations and to distinguish between them. Eaclthe$e methods has different characteristics
suitable for various fault detection applications.

Chen and Howell (2001) motivate their use of a doation of dynamic models and quantified
modelling errors used in machine fault detectiod diagnosis by stating that: “Although a lot of
approaches have since been developed, none caievwedvas having general applicability.” They
state that learning methods are fast and do natireeq plant model, but are comparatively brittle
because they cannot handle situations that arexpdicitly anticipated. The ‘brittleness’ referréal
makes the implementation of heuristic methods @algily problematic in the nuclear industry where
analytical proof of system dependability is reqdire



Chen and Howell (2001) also state that model-basekniques in comparison are less brittle, but
pose other problems: “Most industrial chemical psses are unique, it is expensive to build high
fidelity first principles models of these processesl very difficult to anticipate all the abnormal
situations that might arise.” In contrast to thige nuclear industry has been using plant simugator
aid training and design since the 1980s with omgamprovements in fidelity. This makes the use of
high fidelity first principles models possible foise in fault detection techniques in the nuclear
industry.

Embrechts et al. (2004) attempts to alleviate $sdeaiated brittleness problem with neural networks
in the nuclear industry by making use of a hybrdnal network methodology. Since a feed-forward
neural network trained with a back propagation @igm that are frequently applied to model
simulated nuclear power plant malfunctions presardlallenge to correctly identify unknown faults.
The hybrid neural network they propose proves toectly classify faults that have not been included
in the simulator training model. They state thadvpyus methods to identify nuclear power plant
transients were based on time series data of \ati@nsient signals which relied mainly on rule
based procedures to preselect proper combined gr@umalfunctions. They trained various neural
networks and used them to select the proper malbmérom an appropriate combination. The rules
for combined network selection were generally drilay variables that were derived from the time
series data. The drawback to their approach isititakes a certain amount of time into the fault
condition before the variables can be properly watgld, causing a slower response time in the
system.

Chen and Howell (2001) limited their system to tletection of abnormalities that occur during the
functioning of complex operations such as thosedon industrial processes. Their system does not
do any characterisation of these abnormalities.erBeth and McFarlane (2004) define the
requirements for process fault detection and disigras the following:

» the availability of well defined, accurate firstinmiples models (with any modelling errors
also suitably represented),

» clearly identified fault modes and models to représhese, and

» appropriately located sensors (often with levelsedundancy).

We have found these requirements to also be gemerairements applicable to the fault
identification system developed in this thesis.

Chen and Howell concentrated on the problem oftfdetection only, in order to remove the

requirement of fault modelling. Their methodologgmbines the use of dynamic models and
guantified modelling errors used in machine faeliedtion and diagnosis with a data-driven approach
to validate observed process dynamics. In thisightse requirement of fault modelling is also

removed by making use of the distributed configarabf the control systems used in nuclear power
plants with each control system revealing differehairacteristics of the fault as it attempts to
maintain the plant within the safe operating region

The methodology used by Chen and Howell (2001a#ed on the development of simple models via
system identification methods, the estimation &f todelling errors likely to have occurred and the
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application of model validation techniques with love data to determine whether a process
abnormality has occurred. The methodology describetiis thesis, on the other hand, is based on
first principles models as dynamic reference.

Most of the methods making use of artificial neuratworks to identify faults are all based on one
single artificial neural network, rather than condd and/or rule-based networks as Embrechts (2004)
proposed. The key advantages of their method ar@vhidance of statistical rules and the potential
for a faster and more reliable identification of ttault in question. Two different classes of auiifl
neural networks are compared in their study: thicsseed with raw time-series data (where the raw
signals are deviations from steady state valuesvaght include various drift phenomena), and those
trained with Fourier transformed data.

In Embrechts’ (2004) study, neural networks weeenegd for 20 distinct malfunctions where each
distinct malfunction had a two-sample pattern, iegdo a total of 40 training patterns. They uséd 2
malfunctions for testing where the last nine pagexere novel faults that were not encounteretién t
training set. The data were scaled between zermaadnd a standard sigmoid function was used as
transfer function. The neural network outputs fagse malfunctions are categorized with 20 distinct
output values. Depending on which transient occardifferent output value is set to one, and all
other outputs set to zero. For the faults in tisé et that were not encountered in the trainingtise
so-called ‘unlabelled faults,” all of the 20 outpuéiriables are set to zero. Various network
configurations were tested. The most successfuhargs had two hidden layers and required a
relatively large number of neurons (e.g., 35 andl iB5the hidden layers. The results were not
sensitive to the choice of the network size as lasdgwo hidden layers of neurons were retained and
at least 25 neurons were present in each hiddesr.|8yaining was halted as soon as all the
malfunctions were recognised during the traininggghand the reported least-squares error measure
dropped below 0.02.

All test networks gave satisfactory results for leelled transients. The unlabelled faults were no
necessarily recognised, but where an unlabellett feas confused with a labelled transient, the
network selected a labelled fault that was closeligted to the unlabelled fault.

In all mentioned cases the faults are detectedoarudfaracterised during steady state conditions,
where the only disturbance input into the systera that of the fault. Owing to the operation of the
control system during operating transitions andeeigd transients, both neural networks and model-
based fault detection systems find it difficult ismlate and identify the fault component in the
transient. The problem is also encountered duriegdy-state conditions where the fault disturbance
is of such a small magnitude that the closed-laoygrol system is able to return the operating ptmnt
the reference value and maintain this positiorefdended periods of time.

Hamelin and Sauter (2000) realised that most ofdéeeloped algorithms make many idealised
assumptions such as steady state conditions whelvaay often not satisfied, since in reality the
system parameters may either be uncertain or tiepertent, resulting in a mismatch between the
actual system and the associated mathematical ragddlfor reference. They state that even though
the problem of uncertain parameters is of cruecrgdartance to the industrial implementation of fault



detection methods, it has however received littierdion with only a handful of works so far devibte
to it.

Hamelin and Sauter (2000) also noticed that inratlgearch contributions, the robustness problem is
addressed in the time domain and has seldom baideoed in the frequency domain. In a fault

detection problem, it is known that faults as wadl unknown input disturbances have typical

frequency characteristics, which differ from eadheo and may thus be used as a criterion for
comparison. Their proposed approach has been cethpar another approach which does not

consider interval type parameters, and simula&sults have shown its effectiveness.

Hamelin and Sauter (2000) state that future dewedoys will be concerned with the incorporation of
the proposed approach into a closed-loop systera. dfftimal frequency of the detection filter is
given from the minimization of a performance indaxolving the transfer functions from fault to

residual and from inputs to residual. “Clearly,arclosed-loop system, the controller gain will also
have an effect on the residual output.”

Other work related to creating a system model wasedy Barhen et al. (2000) making use of an
information fusion method for system identificationformation fusion is the merging of information
from different sources with differing conceptuabntextual and typographical representations. It is
used in data mining and consolidation of data frovstructured or semi-structured resources.

2.2. Closed-loop control system fault masking

While Hamelin and Sauter (2000) recognise the etiedosed loop control system will have on the
residual output of a system, Chen and Howell (206thte that feedback control adds to the
complexity of fault detection in process plants tmasking measurement deviations that might
indicate a fault. By making it difficult to distingsh between a sensor, actuator, or plant failure,
control systems offer little decision-making assiste to an operator during the occurrence of psoces
faults or abnormal disturbances, and in many caesactions of the control system can mask
manifestations of the fault that would aid the aper in determining the cause of the process fault.
The problem is compounded during transient statateo plant as the control system acts upon a
combination of expected and unexpected disturba@ie=n and Howell (2001) have set requirements
for their proposed fault detection system to watlspecifies the conditions required to effectively

detect a fault:

1. The controllers themselves must perform to spedtific and all control loops must guarantee
zero steady state error, e.g. because they hagrahiaction.

2. The fault must remain until a new steady statedhed and that this change in steady state
must be detected.

3. Multiple faults can only be diagnosed if they aeparated either spatially, i.e. in different
parts of the plant, or by time, i.e. a new steddteds arrived at before the next fault occurs.

4. Analysis is performed qualitatively and hence nargitative results are obtained.

5. Controller outputs, together with measurementdefdontrol variables, must be available as
observations.
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The above requirements proposed by Chen and H@2@W1) limit the system to detecting faults
during steady state conditions. The objective efftult identification system developed in thissike
is to detect and characterise faults during travgiperation.

Simani and Fantuzzi (2000) explain that most methafdault detection are using dynamic models of
a process because faults are supposed to appesiataschanges caused by malfunctions. These
methods are often monitored using estimation tegles or parity equations. They state that the basic
idea is very simple: the behaviours (i.e., inpudutput time series) of the model and real systean ar
compared to generate residual signals, which, enptiesence of faults, take non-zero values. Again,
this assumes that the only disturbance input isdhthe fault disturbance and that the fault igéa
enough not to be masked by the control system tpera

To develop a fault detection system independenplaft dynamics, Simani and Fantuzzi (2000)
introduce a methodology in which a model-based @ggr and neural networks are combined to
detect and identify the fault occurring in indusltprocesses. Faults modelled by step functiorstere
changes in several residuals obtained by usingrdynabservers (Kalman filters) of the process
under examination. A neural network is exploitedider to obtain a link between a particular fault
input and output sensors to a particular residumlsuch a way, the observers generate residuals
independent of the transient state of the plantatedependent only on sensors' faults. Therefloee,
neural network evaluates static patterns of resdwehich are uniguely related to particular fault
conditions.

In 2001 Zhang et al. (2001) proposed a fault idieation scheme making use of the controller output

from the closed-loop control system to indicate xpeeted operations. The proposed method is
however only effective during steady state condgiand makes use of adaptive learning systems to
estimate the fault cause.

The fault detection system developed in this thésigitended to separate the fault and transient
disturbance inputs into a closed-loop system ireotd evaluate the effect of the fault disturbance
input on the open-loop control system during ptargrational mode changes.

2.3. Fault characterisation

Once a fault is detected in a system, a trip caimitiated to shut the plant down and to keep fésa
whilst being able to characterise the detected fawdssist in repairing the plant. The characating

of a fault could vary from indicating the sub-systen which the fault is located, to indicating the
magnitude and spatial location of the fault.

Roy et al. (1998) developed a fault characterisaigstem to address the need to have improved
predictive maintenance techniques in an operatiagtpGuidance into the methodology came from
one of the earliest applications of state estimaliased fault detection methods in nuclear plants.
Roy’s primary objective was to provide an early miag to the human operator regarding the failing
health of control equipment, in the process avgriimajor breakdown with its associated large plant
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downtime. Further, an attempt is made to identifigjcomponent faults, so as to carry out fault event
sequencing and root cause analysis. They state nlwst fault detection and characterisation
algorithms proposed up to 2000 have been essgniiimiited to the detection and identification of
global faults in a system and so, a further stepisowould be to develop fault identification medis

for identifying subcomponent faults in equipmergsulting in improved fault localization and
providing better predictive maintenance aids.

The methodology developed by Roy et al. (1998gsgatin the fact that different types of faults cause
changes in either the model structure, the modanpeters or in the function of the linear differaht
equation constituting the model. These changeseceasations in the residues, state estimates, and
covariances when a Kalman filter-based algorithemsisd for fault identification. As a first steptbé
parameter estimation process the recursive leasiragstimation technique is used to determine the
coefficients of the proposed difference equati@mfithe input—output data of the particular system.

The produced equations are then used as a modelefatalman filter and a filter for estimating the
states, residues, and covariances. The fault madédsned from the physics of the system are then
incorporated in the difference equation models thedresultant changes in the states, residues, and
covariances are observed for the different types pobtulated faults. The resulting fault
characterisation method indicates that effectieéatton of different types of subcomponent faults a
possible, based on suitable pattern matching dfiltee plots.

Once the faults are detected, they are charaatfdrigbe following manner:

1. Faults which cause parametric changes or strucharges of the nominal linear model result
in altered steady state values of the estimatéesstand residues.

2. Faults which cause addition of zeros in the tranéfimction result in altered speed of
convergence of the covariances during the initimhputation and an increased steady state
value.

3. Those which result in the addition of sine/cosieerts in the forcing function of the linear
model, then result in amplitude modulation of tteesestimates.

The fault characterisation is enhanced by studyimgy performance of the fault's generalised
likelihood ratio, whereby the patterns obtainedaloyo-correlation and cross-correlation of the filte
residues provide further isolation based on themdy state values.

The described method is very effective to char@seiaults while still being limited to only being
able to identify faults during steady state cowdis. The fault identification system developedhiis t
thesis aims to detect and characterise faults guramsient or operational mode change conditions
when a plant tends to be exposed to higher strésaesinder steady state conditions.

Cheon et al. (1993) make use of neural networkgd@oess alarms to aid in the diagnosis of nuclear
power plants, while a lot of work has been donddtect and locate faulty sensors in plants, such as
the work done by Dorr et al. (2007) and Ming et(2006). The research in this thesis does not éhten
to detect faulty sensors although it could potdgteid in locating such faults.

12



As recently as 2007 Yan et al. (2008) developedstilbuted fault identification system with the
objective to address problems arising from the rsodat typically exhibit complex nonlinearity and
compensates for the effects of the faults on thiglvals that are hidden owing to noise, both ofcwhi
can prevent an analytical solution. The noise reterto in this case can also be equivalent to
disturbances due to operational mode changes whitkes the method developed by Yan et al.
(2008) come close to identifying faults during s&emt states of the plant.

To realise the proposed system Yan et al. (2008)emee of a fault tracking approximator to detect
and identify system faults. A network of distribditestimators is constructed where the fault tragkin
approximator based on an iterative learning aljoriis embedded into each estimator. Compared
with a neural network-based fault identificatiorheme, the approach proved to be more efficient
although still based on approximation schemesdatevery difficult to license in the nuclear indyst

Similar to Yan’s approach Hadad et al. (2008) usedral networks to detect and characterise faults
occurring in the Russian VVER pressurised watectmraMing et al. (2006) made use of a hybrid
approach to diagnose faults with neural networlesrdfi et al. (2008) designed a fault isolation
scheme in an input-output discrete-time framewonkl aerived detectability and characterising
properties making is of analytical methods.

In 2010 Villez et al. 2010 initiated a project totdgrate diverse fault detection systems and
automation into closed loop supervisory controtays to reduce the human interaction when a fault
is detected. The integration approach in theiraederequires new control paradigms to be created
which would make the nuclear licensing of the ngsteams difficult.

2.4. Summary and conclusions

In the following chapters, a deterministic methadpursued that combines some of the practices
highlighted in this chapter while making use of adtages obtained from the nuclear industry (such
as the availability of accurate simulation moddislbplants) to develop a robust fault identificat
system that could be used as an early fault detestystem while being effective during transient
states of the plant.

From the literature study of fault detection systeand the state of control and instrumentatiofén t
nuclear industry the following was learned:

* Fault detection systems based on neural networles effective but brittle.  The
implementation of such systems will be difficult the nuclear industry because of the
uncertainties associated with such systems.

0 The possibility of developing a fault detection teys based on neural networks is
eliminated.

» Developing a model of a plant based on first pples to be used as a dynamic reference is
expensive and time-consuming.

13



0 Nuclear plants are equipped with engineering aaititrg simulators that can provide a
first principles dynamic reference for a fault d¢iten system. A set of specifications of
such a simulator was developed in chapter 3.

» The effectiveness of fault detection systems arénished by the closed-loop response of the
control system to disturbances.

0 A method should be developed to measure the effeitte fault on the system without
the closed-loop response of the control system.

» During expected transients the effect of the feautiidden further owing to the operation of
the control system on both the fault and the exgaedtsturbance.

0 A method should be developed to measure only thie éffect on the system outside the
closed-loop control system.

» Fault characterisation methods rarely make useéstriltlited control systems due to the fault-
hiding effect of the control system.

o0 Having a method that produces the full effect & fhult on each subsystem allows
distributed control systems to be used in faulratirisation. It should prove effective
in the sense that each subsystem responds diffetenthe fault disturbance and each
should reveal a part of the nature and cause datlie

In the following chapters the development processbath the fault detection and the fault
characterisation system will be described.
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fault as a control variable acting on the plant. The approach is illustrated by simulating a specific fault,
small enough to go undetected for an extended period of time, during a typical transient. This is contin-
ually compared with a plant simulation, simulating the same transient without the fault. Using the
described methodology, the fault is detected and characterised long before the plant safety is jeopardised
or the fault is detected by the conventional protection system.

© 2010 Elsevier Ltd. All rights reserved.

Online monitoring
Pressurised Water Reactor
Fault detection

Fault characterisation

1. Introduction the trend of various measurements inside the plant and interacts
with the plant to control these variables. The implementation of

With the advances of microprocessor technology and the devel- an exact replica of the control system and logic in a software envi-

opment of integrated simulation codes over recent years, it has be-
come possible to simulate large parts of a nuclear power plant as
an integrated system in real-time with an astonishing level of
accuracy. This has long been a focus area in plant simulator devel-
opment (Finc et al., 2006) and is resulting in the unification of the
traditional training simulator and the various simulation codes
used for engineering purposes, with a complete simulation model
based on first principle calculations, able to simulate a nuclear
power plant in real-time and so enabling real-time online monitor-
ing of the plant.

The effectiveness of such an online monitoring system is largely
dependent on the accuracy of the simulation model being used.
This is problematic since it would be very difficult to build and
maintain a simulator at the accuracy required for the application.
To overcome this problem, the implementation illustrated in this
study focuses on the operations of the control system, which re-
quire a lower degree of accuracy since the control system follows

* Corresponding author. Tel.: 011 800 2328; fax: 086 664 8796.
E-mail address: anthonie.cilliers@eskom.co.za (A.C. Cilliers).
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doi:10.1016/j.anucene.2010.11.025

ronment is fairly simple.

For a fault detection system to be effective it needs to improve
the system dependability. A dependable operation requires that
the fault be detected (sensitivity), that the detection process is
quick enough to be of value (speed) and that the decision taken
is the correct one (security). A completely dependable protection
system will always operate correctly for a detected fault (Wall,
2005).

e Sensitivity is critical to being able to detect actual faults as they
occur. The three measurement components measurement,
being accuracy, precision and resolution are independent qual-
ities of a measurement.

o Speed is important for limiting exposure and potential damage.
The time to clear a fault is mainly determined by the time it
takes the system to make the decision. This decision time is
based on the extent to which a value should drift from the norm
before it is flagged as a fault.

o Security reflects the sureness of the protection system decision.
In plant protection, it refers to the ability of not operating for
false alarms, but acting fast for true faults.
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Fault detection and characterisation in Pressurised Water Reactors
using real-time simulations

ABSTRACT

The use of real-time plant simulators running imaial with a nuclear plant to predict the control
system behaviour and highlighting unexpected gi@htaviour is presented. The study is performed on
a 910MW Generation Il Framatome Pressurised Wagact®r model and simulator. By simulating
the plant behaviour in real-time whilst comparibgyith the real-time transient the plant is followi

a complete second set of expected control opesatiod simulated plant measurements is generated.
This enables the calculation of the unknown sevariables introduced into the plant as a fault
condition. The benefit of such a system is thatipfaults that are too small to detect (especially
during transients when the plant operating poimh@ving around) can be identified as unexpected or
faulty plant behaviour. The behaviour of the cohsiystem is also continually predicted so the effec
of the control system compensating for fault sympdwhich in most cases hides the fault condition)
is used to characterise the fault as a controbbégiacting on the plant. The approach is illustidiy
simulating a specific fault, small enough to go etedted for an extended period of time, during a
typical transient. This is continually comparedhwé plant simulation, simulating the same transient
without the fault. Using the described methodoldbg, fault is detected and characterised long befor
the plant safety is jeopardised or the fault i®dietd by the conventional protection system.

1. Introduction

With the advances of microprocessor technologytarddevelopment of integrated simulation codes
over recent years, it has become possible to steddage parts of a nuclear power plant as an
integrated system in real-time with an astonistéwgl of accuracy. This has long been a focus iarea
plant simulator development (FINC, 2006) and isilté®y in the unification of the traditional traimg
simulator and the various simulation codes useefgineering purposes, with a complete simulation
model based on first principle calculations, ableitmulate a nuclear power plant in real-time amd s
enabling real-time online monitoring of the plant.

The effectiveness of such an online monitoring eaysts largely dependent on the accuracy of the
simulation model being used. This is problematicsiit would be very difficult to build and maimntai

a simulator at the accuracy required for the apptic. To overcome this problem, the implementation
illustrated in this study focuses on the operatiohthe control system, which require a lower degre
of accuracy since the control system follows tlesdrof various measurements inside the plant and
interacts with the plant to control these variabld® implementation of an exact replica of thetin
system and logic in a software environment is yasinple.

For a fault detection system to be effective it dee¢o improve the system dependability. A
dependable operation requires that the fault bected (sensitivity), that the detection procegpiisk
enough to be of value (speed) and that the dectaken is the correct one (security). A completely
dependable protection system will always operateectly for a detected fault (Wall, 2005).
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e Sensitivity is critical to being able to detectwadtfaults as they occur. The three measurement
components measurement, being accuracy, precisbmesolution are independent qualities of a
measurement.

e Speed is important for limiting exposure and pdtdmtamage. The time to clear a fault is mainly
determined by the time it takes the system to ntla&ealecision. This decision time is based on the
extent to which a value should drift from the ndsefore it is flagged as a fault.

e Security reflects the sureness of the protectiatesy decision. In plant protection, it refers te th
ability of not operating for false alarms, but agtfast for true faults.

Further requirements placed on the system arenthgtrevious knowledge of fault characteristics
should be required in order for the system to detad characterise the fault. This means that amy n
faulty behaviour, however unlikely, would be acctahfor and would be characterised.

To enable this increased dependability and inestligault detection any faulty operation is treated

a plant control system resulting in moving the @asi operating points away from the design value.
The plant control system, on the other hand, hasalte objective of keeping the operating poirhat
designed value. In other words, we accept thahmat glontrol system is designed such that:

For every possible movement of the operating pamtinstrumentation and Control (1&C) system is
in place to counteract the movement until the 1&Stem is operating at maximum capacity and
unable to counteract the movement.

The implication is that for every possible movemaifidult induces in an operating point or number of
operating points, there is a corresponding corftrottion or control functions that could in theory
counteract, or induce the same movements. Thig/allss to characterise the fault as a control system
providing us with specific details as to the natamed cause of the fault. When making these
conclusions, it is easy to lose track of the litnita that prevented such fault diagnostics frormgei
done in the past, i.e. being unable to predictrobsiystem behaviour during various transientssTéi
now made possible by real-time engineering simudato

This paper illustrates this philosophy with a dssion on PWR simulator requirements (section 2)
analysis of the plant protection and control systeithout (section 3) and with (section 4) the
implementation of the proposed fault detection ahdracterisation system. It then offers functional
proof (section 5), by way of an example, of theeefiveness of the system detecting and
characterising faults in the system. All impleméiotais done without affecting the existing opeuati

of the plant protection and control system (sec@iprwhich allows increased confidence in the syste
to only improve on the system dependability iniaditances and which should allow easier adoption
(Committee on Application of Digital Instrumentati@nd Control Systems to Nuclear Power Plant
Operations and Safety, 1997).

2.  PWR simulation accuracy

To enable the use of a plant simulator to imprdve dependability of a protection system, the
accuracy of the simulator model and numerical nithosed is required. If the accuracy of the
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simulator outputs are known during all conditiomsl dhe tolerance of the measurement instruments
are known, a fault can only be detected with cafie once the error levels do not overlap. During
transients that require complex calculations, ahvain inaccurate plant model implemented in the
simulator, the error band would become so largé ttha traditional protections system in the plant

would detect the fault before the new system will.

The accuracy of the outputs from the simulatorosanly based on the complexity of the calculations
used, but also on the quality and level of dethithe plant model used in the simulator. For this
reason it is important to develop the simulatohwfite plant to include all plant modifications.

The problem with inaccuracies is mitigated in twaya:

e The fault detection system will only compare thedated values with measured values used by
the plant protection system. Since the plant ptatecsystem is kept simple while limiting the
number of different measurements the need for anyeomplicated plant models are negated.

e During the development of the fault detection syst¢he focus was shifted from comparing
measured plant parameters to comparing controtisyparameters. This allows the adaptation of
the measured parameters to represent measured gpararthat would have been seen if the
control system did not counteract the fault by raining the parameters at certain set points. This
increases the difference between the measuredimnthted parameters once a fault occurs, and
so allows a simulator with larger error margin &tett faults effectively. This theory is developed
in this paper and forms the basis of the faultctede system’s effectives.

It is important to note that in order to prevenséafaults being detected the difference between th

adapted measurements and simulated parametersi shoué beyond the error levels of both systems
before a fault can be detected. The implicatioth&t if an inaccurate simulator model is used, the
fault would be detected by the plants tradition@tg@ction systems before the fault detection system
would detect the fault with certainty. At now powbuld the system be allowed to detect faults while
inside the uncertainty margin while accuracy imgments to the model or the algorithms would

result in faster detection fault times.

3. The PWR primary circuit control system

A typical Pressurised Water Reactor (PWR) usespr@mary control systems to keep the plant
operating at the requested power level and withindesigned safety margins (Koeberg, 2005). Each
system operates independently from the other withesshared information. The ten control systems
are:

e Pressuriser pressure control.

* Pressuriser level control.

» Reactor average temperature control.

e Atmospheric steam dump control.

e Steam generator level control.

* Steam generator feed water flow control.

» Steam pressure control.
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* Power control.
* Turbine speed control.

» Generator voltage control.

At this point is should be mentioned that althotig control systems operate independently many of
the parameters being controlled are interdependergach other and as such, during expected or
unexpected transients a number of parameters wwéd to be controlled to return to the reference
value. This implies that unexpected faulty planemgpion would have a number of control systems
operating on it to reduce its effects. The unexgdisturbance would then be modelled as a number
of control operations as opposed to a single cbmperation. The benefit obtained from such a
combination of modelled control operations is thatlescribes the nature of the fault in totality,
resulting in effective fault identification.

This paper will focus on the control systems thegally impact on the primary coolant system of the
PWR, being the pressuriser controls: pressure @iprtvel control, reactor average temperature
control (that is used to control power), and tesser extent the steam generator controls: atmosphe
steam dump control, level control, feed water flawmtrol and steam pressure control.

3.1. Pressuriser pressure control

Pressure control measurements of the pressuriseused while the pressure is controlled by a

proportional heater as well as a backup heaterdar pressure (Fig. 1). For high pressure, the

pressuriser spray and relief valves are used. Témsteol parameters are able to control the pressur

level for any disturbance until it reaches maximoperational capacity. Any unexpected disturbance

to the pressuriser pressure can therefore be neddali a heat source for high pressure and cooling
spray or opening of relief valves for low pressubesturbances due to expected transients would be
predicted by the real-time simulator with no unestpd operations identified.
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k) Level Control
:
i<
PP2
PL
J,] ]
Pressuriser
Pressuriser
Pressure
Control
- - onvon
ooy ED Heaters
<« To Steam Generator - Hot Leg — From Reaclor _<€—3%
o From Steam Generator - Cold Leg — To Reactor —» 3

Fig. 1. Pressuriser pressure and level control
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The pressuriser pressure and level control diagiféign 2) depicts the logic used to control the
instrumentation. Under steady state conditionsy \itte control actions take place since equilitni

will be reached at some point with a stable corggstem. A disturbance is introduced into the plant
due to certain expected transients or due to arpamted fault introduced into the system. In such a
case the control actions will counteract the eftddhe disturbance. In all cases, a real-time Riou
can predict the effect of each control instrumentell as the expected transient. The unexpected
fault, however, cannot be predicted but affectsajperation of all the other control instrumentsragt

on the same operating point. The operating speetasacterised by the transfer equation (figure 2),
that is the response the system will have to aqodatt input. The pressuriser level is controllgd b
opening let down and charging valves to and fromdabld leg of the coolant loops. The logic that
controls the level is discussed in the followingtsmn.

Disturbance due to transient
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Fig. 2. Pressuriser pressure control diagram

3.2. Pressuriser level control

The pressuriser level control logic (Fig. 3) cotdgrthe timing and size of the let down and charging
flow valves. The level set point is a function bétaverage reactor coolant temperature. It inclades
dead band that allows for natural temperature iaddevel variations. This allows the restriction of
charging flow variations during slight power vaitais. Once the dead band threshold is breached, the
let down and charging valve opening is controllgdatiransfer function (Fig. 3) dictating the resg®n

to the disturbance. The effect of an expected @xpected disturbance is compensated for by the
feedback control system and would result in a retarthe reference pressuriser within the designed
control system time. Since the pressuriser leveltm fully controlled by the let down and charging
flow, any unexpected operation in the pressurisgell control can be modelled as a let-down or
charging flow action for which the pressuriser les@ntrol is compensating.

In the case of the average reactor coolant temperaemaining in the dead region of +-0.8°C on
either side of the full power reference and +2°@ &@PC on either side of the no-load reference
temperature, the control system would not intengtt pressuriser level changes and thus would have
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no unexpected operation acting on the pressueset.lin such a case the information from the level
measurement input is clean and can be comparéx texppected pressuriser level from the simulator.
During expected transients the behaviour of thelleentrol system could be predicted by a real-time

simulator with unexpected operation identified.
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Fig. 3. Pressuriser level control diagram

3.3. Average temperature control

Average temperature control (Fig. 4) is achievedcbgtrol rod movement inside the reactor. It is
designed to maintain the average temperature witHirB°C of the set point. This includes accepted
measurement error and a dead band. It is designatioiv for expected operating transients during
which time the control margin is extended beyorel4kl.8°C margin, after which the control system
is expected to return the measured temperaturéhow-0.8°C of the specified set point.
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The control function is generated by combining meed average temperature, neutron flux and
turbine power. The control diagram of the averageperature control by control rod movement (Fig.

5) compensates for any expected or unexpectedioistce of the average temperature by the moving
of the control rods inside the reactor. Any unexpeanovement of the control rods inside the reactor
could be attributed to unexpected changes in coneep turbine power or average temperature. Since
these changes are fully controlled by simply adjgsthe speed and position of the control rods, any
unexpected disturbance can be modelled as a contiainovement in the opposite direction of the

control rod operation.
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4. Implementation of proposed fault detection and ¢ haracterisation
system

To implement the proposed fault detection systeamingerface between the real-time simulator and
the actual plant is required. The interface (Fga@ only compares measured parameters of the plan
with the simulated parameters from the simulatat;diso compares the control system actions of the
plant with the simulated control system actionghefsimulator.

Often the control system information is of moreueathan the measured and simulated parameters,
but rarely used for fault identification purposesthis system, all plant measurements as welhas t
control outputs are compared with the simulatedwedents. As long as the measured and simulated
variables remain within the accepted error margind the actual and simulated control systems
remain within the accepted error margins, the ptansidered to be operating as anticipated.

When a small fault occurs, the measured and siedilparameters would remain within the error
margins, since the control system would keep ihimm at the operating set point. The simulated and
actual control parameters would however differ meyathe error margins. This allows the

manipulation of the measured plant parameters twudg the effect of the unexpected control
operations but still include the effect of the exted control.
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Fig. 6. System for comparing real and simulated measurenat control parameters

The information available to the comparator is rpatsted to isolate the information describing the
unexpected plant behaviour. This can be done simeémage received from the plant and the image

24



received from the simulator differs only by theamhation that the simulator is unable to predict:
unexpected plant behaviour beyond previously cemed faults as well as small faults that would
normally remain hidden as the control system caante them.

In a typical example of a 100% power to 80% powangient (Fig. 7), the power change is initiated
after 400 seconds and as the power changes, thargrpressure drops with the proportional heater
adapting to return the primary pressure to thespiresset point using the PID control (Fig. 2).Hist
particular nuclear plant, fast transients requmes turbine to follow the load by bypassing stearhwi
the reactor following at a slower rate, changing teactor power. The turbine reduces load linearly
and reaches its new load position at 1,627 secamldish is reflected in the pressure with a slight
change in the pressure response.

During the complete transient the proportional éeds able to return the pressure to within the
required 0.8% of the set point. The coolant spralyes only operates once the required pressure is
reached to reduce the settling time. When compahegpressure change with the heater operation
shown in Fig. 7, the proportional relationship isac. The pressuriser level control and average
temperature control systems are evaluated in thme saanner (Figs. 8 & 9) with a direct relationship
between the measurement and the control resporssieleyi practically showing that for every
disturbance in the system, a control function existcounteract the disturbance.
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Fig. 7.No Fault 100% power to 80% power pressure trahsien

The relationship between the pressuriser levelthadesidual in/out flow from the charging and let
down flow valves (Fig. 8) becomes proportional raftee initial dead band tolerance is breached It i
also worth mentioning that for various power leydle pressuriser level has different set points,
hence the settling of the control system at 54%nftioe original 62%. Again a large flow spike isrsee
at 1,627 seconds due to the stop in load reduoticihe secondary side.
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The neutron flux power (Fig. 9) is used to conttw@ average coolant temperature. This is done by
lowering the control rods into the reactor coree Hffective negative reactivity inserted by thesrod

results in a proportional lowering of the reactivf the core.
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5. Fault detection system functional proof

When a fault is introduced in the system, the satmulwould be unable to predict the operation ef th
plant correctly since the simulator would be unanair the fault. The measured and simulated fault
(Fig. 10) differs the moment the fault is initiatéat 500 s), however, the full extent of the pressu
drop due to the fault cannot be seen due to theetlarg effect of the pressure control system. Base
on the simulated and actual operation of the ptapwal heater in the pressuriser, the unexpected
over-operation of the heater can be used to cadcthe pressure drop in the pressuriser if therobnt
system only controlled for expected transients.
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Fig. 10.Pressuriser pressure — measured, simulated ssutiedf

The Reactor Coolant System Volume is calculatededam the pressuriser level (Fig. 11). The
simulator predicts the level of a healthy plantidgithe power change transient. The measured values
show a slight variation due to the fault, but thatcol system - by means of the charging and letrdo
flow valves - reveals that the plant system is cengating for a more significant level drop than
expected.
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Fig. 11.Reactor Coolant System Volume - measured, simukateddeffective

This information allows us to calculate the actBalactor Coolant System volume if the control
system did not compensate for an unexpected drdipeipressuriser level, with the resultant drop in
pressuriser level due to the fault calculated byp#¢ subtraction. The gradient of this resultaopdn
pressuriser level provides us with valuable insight the nature of the fault. The flow response du
to the fault (Fig. 12) highlights a result corresgimg to a typical response to a step input from th
control system, more specifically:

K23(1 + LJ
T,,S

K,s = 7%/ Y%level @
T,; =720sec

from the pressuriser level control system funct{®ig. 3), controlling the rate of change when
charging or let down flow is required. The resslvery meaningful since it practically shows thwed t
system reacts to faults in an exact but oppositectibn at a rate dictated by the control transfer
function. Since the transfer function is known, thelt can be calculated. It also allows us to dalie

the size and severity of the fault, in this casgnig coolant at a rate of 17,000kg per hour.

The process of locating the source of the faultyalv@ur - in this case a small loss of coolant dect

- is done by first calculating the size of the ldmsed on the rate of loss of coolant. A number of
components may then be eliminated as a possibkedauthe fault due to the physical characteristics
of the component. In the case of this example en¥.feak was the cause of the loss of coolant, which
could be due to a valve stuck open or a leakingppseal. However, piping or seals with an effective
area smaller than 0.5émould not cause such an accident.
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6. Proposed control room implementation

Throughout the described in this paper, an attdraptbeen made to keep all new technological and
philosophical introductions into the nuclear indysh line with regulatory requirements in order to
ease the licensing process and maintain safetglatds already achieved and proven in the nuclear
industry. The safety case is usually proven usirapabilistic risk/safety assessments (PRA/PSA).
With the use of specialised systems, it is impdrtantouch on the challenges associated with the
licensing of digital 1&C, as it is the use of d@ii&C that allows the implementation of such syste

The new control and protection philosophy is basetiaving a simple robust outer operating window
that prevents fuel and other structural damages $ystem is required to have a*iter year or better
failure frequency and should have no common motligrés with the second operating window inside
it. It should consist of a number of fixed opergtimindows, based on the mode in which the plant is
operating.

The second operating window will make use of cdntri@rmation available from the control system.

The PRA requirements for the complete system aréaee a failure frequency of 101t is
recommended that this be achieved by demonstritenfpliowing:

The protection and safeguard system has a faitacriéncy of at least Tovith 99% confidence. The
control and protection system needs to includeeastl all protection functionality as that of the
protection and safeguard system implemented dilets@revent common mode failures. The control
and protection system should have a failure frequer at least 18 with 99% confidence. The fault
detection system described in this paper and attieanced fault detection systems will be embedded
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in this plant control and protection system, havaggess to all actual measurements and control
functions as well as simulated measurements antotdanctions.

In addition to the protective functions, the cohtamd protection system will include the control
functionality to control the plant during non-faglbnditions as well as shutdown control in the ¢ven
of early fault detection. All safety actuation ftienis are controlled by the protection and safedjuar
system. All software-based systems need to denaiastr PFD of 16 with 99% confidence using,
regardless of whether implementation is in the gmodn and safeguard system or the control and
protection system.

The method allows the maintaining of existing plaafety requirements, with the provision of
introducing and implementing advanced safety aadrmbstic systems into the control and protection
system. The benefit is that of early fault detectibat would not result in a SCRAM with the
associated safety actuation systems, but rathea icontrolled soft shutdown or even online
maintenance to repair the fault. It is importanntde that the implementation provides the opegatin
personnel with the information on the nature of fdndt as well as the control functionality to dgfe
shut the plant down. Since the faulty operatiotieiected before it becomes an accident, the opgrati
personnel have the option of rectifying the fauithaut shutdown (if possible) or opting for a plant
shutdown to rectify the problem.
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Fig. 13 depicts the implementation of the protectmd safeguard system, having a static operating
window (changing for various plant operating modasyl maintaining the structural integrity of the
plant. The control and protection system maintandynamic operating window inside the static
operating window, which detects faulty operatiofobe it affects the safety of the plant.

7. Conclusion

The purpose of the research as described in thedinttion is to use modern sophisticated plant
simulator technology in a novel fault identificatioapplication. The requirement of the
implementation is to improve on the integrity oétéxisting system providing more sensitive, faster
and more reliable with increased detail informatregarding any unexpected operation inside the
plant. The chosen example, that of a small brea& & coolant accident has proven that the system
detects the fault well in advance but also providesailed information about the fault within a
relatively short period of time. A fault of this grtude would not be recognised by the protection
system while the control system would be able tontaan the operating point indefinitely. This would
result in contaminated coolant leaking into thetaomment vessel which could be avoided.

The system is not limited to the detection of lo§goolant accidents. Any unexpected event in the
plant can be identified using the exact same dlyos. The power of the system is unlocked due to
the added information from the real-time simulaad simulated control system, without which the
number of unknown variables would exceed the nurabé&rnctions.
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3.2.

Additional notes

In the above paper a system is described that maeesf a first principles plant model or simulator
as dynamic reference. In order for such a systebetoealised, the plant model needs to adhere to a
number of system requirements.

3.2.1. Modelling and simulation needs for advanced nuclear energy systems

In 2006, the “Workshop on Simulation and Modellifay Advanced Nuclear Energy Systems”
identified a number of shortcomings in the currstate of the simulations industry. The workshop
also identified a number of research and developfiglds that should be pursued in order to address
the shortcomings and enable better utilisationiwmiukators throughout the nuclear industry (Finc,
2006).

These themes are:

Uncertainty quantification and error estimatiorsimulations,

methods for systems that couple multiple models egvament away from empirical models
toward physics-based first-principles models,

methods for systems with multiple scales,
algorithms and software that scale well on highat@ély computational platforms, and

simulation workflow management, including data anciyg and automated discovery.

The following are some of the high-level findingstee workshop:

1.

The code base currently used for advanced nuclgsterss is insufficiently predictive to
guarantee attainment of the ambitious technologstddt goals of the Global Nuclear Energy
Partnership.

A significant opportunity exists to apply advancewbdelling and simulation and high-

performance computing to improve designs of futtgactors, reduce uncertainty in facilities
development and construction costs, improve sagetgl,reduce development times of new fuel
types needed to close the nuclear fuel cycle.

Significant research challenges remain in devetppind scaling multi-scale and multi-physics
codes to the performance levels on advanced highspgance computers needed for
fundamental studies, as well as for design andneeging use. These research challenges are
similar (but not identical) to those faced in otlserence and engineering domains; thus, many
methods can be leveraged from other disciplines.

The creation of new physics-based high-fidelity detion codes offers the possibility of
accelerating the licensing process if the regwapsocess can be modified to incorporate first-
principles simulations as a basis for risk analgsi@ design approvals.
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From these findings, it is clear that a common dfeéixists that processing speed and parallel
processing technology have advanced to such a 8tag@eew simulation paradigms can be formed.
The investment in these research areas promisaddanuch value to the current state of nuclear
plant design, safety, and control. This researdh gealposts for simulator development that new
simulator technologies need to attain to enablentteebe used in the control and protection process
of the nuclear plant.

3.2.2. Nuclear plant simulator requirements for fau It identification

As the trends in simulation technology are knowaditonal requirements are defined to specify a
state-of-the-art simulator, allowing not only omimonitoring and plant diagnostics, but also
improved design tools and safety verification tools

We have developed a user requirement specificdtits) that includes all requirements to which a
modern plant simulator should adhere, based onfitittngs of this research. This will enable
traditional tasks associated with plant simulaewsvell as allow the simulator to be implemented in
new tasks, such as the providing a dynamic referémca dynamic operating envelope described in
this thesis. The main requirements from the URSdmscribed in the following paragraphs. It is
important to note that not all requirements arewtsal for enabling the implementation of a dynamic
reference, but are deemed important, since they part of the envisioned tasks for which simulators
will be used in future.

Simulator model requirements
To achieve the described improvements, an origipgroach to the integration level of solvers is
required:

1. The simulator should adopt a first-principles aoig utilising advances in both hardware and
software platforms, which will open the possibilttya new simulation system with advanced
capabilities.

2. An integrated high-fidelity system of software t®ahould describe the overall nuclear plant
behaviour, taking into account coupling among theent systems and physical phenomena
during reactor operations and transients. The dog@hould link neutronics, fuel behaviour,
fluids and heat transfer, and structural mecharmissyell as radiation dose dispersion models
during severe accident simulations. The system Idhalso be coupled with the structural
mechanics software model.

3. The new system should be able to perform sensitiaitd uncertainty analyses to assess
margins and be able to qualify, validate, and ojstindesigns (IAEA, 1999).

4.  The plant fidelity should be scalable to enablenhigsolution, high-accuracy calculations used
for engineering design and specification appliceticor lower-resolution, lower-accuracy
calculations optimised for real time and fastemthaal-time simulations used for transient
analysis and training.

5.  The simulator should be benchmarked to be ableutmtify the accuracy of the plant model
and mathematical solver combination in real timgrduthe simulation process. The simulation
accuracy should be available to plant diagnosstesys at all times.

33



The V&V of simulation software is very challengirmpcause of the difficulties associated with
uncertainty propagation through multi-physics msttale simulators and lack of integral

experiments. It remains a very important requirdmbafore implementation as a full-scale

engineering and training simulator (Common PositidrSeven European Nuclear Regulators and
Authorised Technical Support Organisations, 2010).

Simulator functional requirements

The full-scope NPP simulators shall incorporateatied first-principles modelling of systems and
components of the NPP as base architecture for dmitrol room simulated environment and the
engineering simulator. The simulator will be usediriterface with the operator in the simulated
control room, as well with the design engineehm office environment.

1.  The simulator shall calculate and demonstrate @éggdquant responses to normal and abnormal
operating conditions, including malfunctions.

2.  The simulator shall contain all systems and comptmeiecessary for complying with
ANSI/ANS-3.5-2009, including, but not limited to:

o Plant simulator hardware and software,
0 acomprehensive virtual model of the NPP,

o plant control software from the DCS vendors, where controller algorithms can be
compiled and executed on the simulator platformeurtde control of the simulator real-
time executive,

o software modelling tools required to maintain armtify the simulator software models,
o0 a graphical interface allowing the configuratioropkration scenarios, and

o0 a system for the recording, archiving, and playbafckimulator operations and simulated
transients.

3. In addition to the dynamic capabilities, the sintoitaool shall have the capability to solve all
models in steady state to provide a steady-stdtdicn. This will be used for mass/energy/heat
balance calculations as well as real time synckatinin with the actual nuclear plant.

Reactor response simulation

The objective of reactor core simulations is todme a series of plant parameters (fluxes,

temperatures, stresses, damages, etc.) during hanttaabnormal events, during static and transient
events, for short-term operational times up to mtlding plant end of life. These parameters are
important for the plant efficiency and safety famgle components, system reliability, and system
lifetime.

Neutronics

A model allowing simulation and modelling of nuadle@actor physics shall be included. Most
industrial modelling is specific to current reactigsigns. Departures from these designs, such as
using reprocessed fuel, will require higher-fidelimulation tools, based more on first principles
than on normalisation to current designs.

Fluids and heat transfer

A model simulating fluid flow and heat transfer ke included for core modelling, as well as for
the rest of the plant, including steam generatpiges, pumps, and condensers. Because of the
complexity of the phenomena and geometries invoh@drent codes often rely on empirical
correlations. It is often not clear whether theseralations can be readily extrapolated to new
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situations. The scientific challenges are in phglsimodelling, nhumerical methods, and computer
science. The physical modelling must rely moreimst-principles methods for single-phase and two-
phase multi-fluid flows, for steady and unsteadw8, and with or without heat transfer. Numerical
methods must be more robust and must provide thienalpmix between accuracy and stability.
Codes must deal with a large number of mesh elesr@et enable easy multi-scale and multi-physics
coupling.

Dose dispersion

A puff and plume model for projection of thyroiddatotal effective dose equivalent (TEDE) in 16 km
should be included. The model should take into aetgeographic information of the site and allow
for wind speed and direction changes.

Control and instrumentation

The control and instrumentation of the plant shobkl modelled based on the exact control
philosophy and configurations of the plant desigrshould also include the protection systems as
described in the plant design.

Seismic analysis and design

Enabled by modern solution algorithms and highgrenfince computing, more rigorous and realistic
seismic simulation models should be included. Thesadels will significantly increase the
understanding of seismic events, enable performbhased design for significant cost savings, and
increase design efficiency. Also included in thedeloshould be the philosophy behind the
earthquake events, which spans from energy rebdabe causative fault, to energy transport through
seismic wave propagation in a highly heterogenenedia, to ultimate shaking and response of the
structure. The phenomenon is inherently three-d#ioeral, and the response occurs in two distinctly
different, but closely coupled, domains: the eartd a structural system.

Structural mechanics

Modelling of advanced material constitutive modéist can accurately represent the time-dependent
behaviour of materials in extreme environments khbe possible. These models should address the
effects of high irradiation levels, extreme temperas, and chemical interactions on material
behaviour. Advanced materials models should accmuritily 3D, multi-axial states of stress both at
low strain rates (normal operations) and at higtairst rates (accident scenarios). Graphical
information on structural damage due to accidemad e shown.

3D models should also allow for the design of wi@iving:

* Radiation shielding: areas of high radiation shduddindicated on the 3D model and allow for
the insertion of proper shielding for use in engitreg analysis and specifications.

* Provide real-time navigation through the 3D-rendegsvironment.

» Allow highlighting components and seamlessly previdformation on components from the
simulator platform database — should also updadegds to the simulator database.
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3.2.3. Conclusion

In this chapter we described the principles whengua real-time plant simulators running in pardalle
with a nuclear plant to predict the control systeghaviour and highlighting unexpected plant
behaviour. The basis of the theory is establisloggther with preliminary results. The control and
protection architecture for implementation is depeld and described and the system requirements of
a nuclear plant simulator that would enable theopsed system were described.

In the following chapter the method to adapt plaetasurements that isolates the control actions on
the fault and re-introduces it into the measureméata, thereby improving plant diagnostic
performance will be developed and described.
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4. Article 2: Adapting plant measurement data to
improve hardware fault detection performance in
Pressurised Water Reactors.
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With the fairly recent adoption of digital control and instrumentation systems in the nuclear industry a
lot of research now focus on the development expert fault identification systems. The fault identification
systems enable detecting early onset faults of fault causes which allows maintenance planning on the
equipment showing signs of deterioration or failure. This includes valve and leaks and small cracks in
steam generator tubes usually detected by means of ultrasonic inspection.

Detecting faults early during transient operation in NPPs is problematic due to the absence of a reliable

ﬁ?’c‘?’e‘;’rds"lam safet reference to compare plant measurements with during transients. The distributed application of control
Diagnostli)cs v systems operating independently to keep the plant operating within the safe operating boundaries com-

plicates the problem since the control systems would not only operate to reduce the effect of transient
disturbances but fault disturbances as well.

This paper provides a method to adapt the plant measurements that isolates the control actions on the
fault and re-introduces it into the measurement data, thereby improving plant diagnostic performance.

Fault detection
Predictive maintenance

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

All online plant diagnostic approaches rely on the availability of
areference to compare the measured plant output to. With the use
of plant training simulators in the nuclear industry since the 1980s
and the continual improvement of computational speed and math-
ematical modelling methods, with increasing processing speed and
improving model accuracies a full scope engineering simulator
running in real time becomes the ideal reference to indicate faulty
plant behaviour and degradation of plant hardware.

With this availability and advances in nuclear power plant sim-
ulation technology, a research project was initiated to make use of
simulators to provide a deterministic dynamic reference for in-
transient fault detection (Cilliers et al., 2011).

The primary objectives of the research were to:

1. Develop an early fault detection system by using real time sim-
ulators of nuclear power plants, continuously monitoring and
comparing simulated measurement data and control outputs
of the model reference adaptive control negative feedback sys-
tem with the actual measured data and control outputs from
the plant. The fault detection system should detect small faults
that would normally go undetected as well as detect faults dur-
ing plant operating transients.

* Corresponding author. Tel.: +27 829202954; fax: +27 866648796.
E-mail address: cilliean@eskom.co.za (A.C. Cilliers).

0306-4549/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.anucene.2012.05.027

2. Develop a fault characterisation method, making use of mea-
sured and simulated data together with the actual and simu-
lated control system response. The fault characterisation
system should provide information on the magnitude and loca-
tion of the fault.

3. Develop a control and protection framework that allows NPP
licensing within the existing licensing framework, but is still
able to uncover the benefits of expert control and protection
systems.

This paper introduces a section of the first objective, with fol-
lowing papers presenting the second and third objectives.

Petersen and McFarlane (2004) define the requirements for pro-
cess fault detection and diagnosis as the following:

o the availability of well defined, accurate first principles models
(with any modelling errors also suitably represented),

e clearly identified fault modes and models to represent these,
and

o appropriately located sensors (often with levels of redundancy).

We have found these requirements to also be generic require-
ments applicable to the fault identification system developed as
part of this research.

Plant diagnostics in the Instrumentation and Control discipline
has been researched and developed over the last 40 years with var-
ious methods of providing dynamic reference models. In 1976,
Willsky (1976) examined statistical techniques for the detection
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Adapting plant measurement data to improve hardware fault
detection performance in Pressurised Water Reactors

ABSTRACT

With the fairly recent adoption of digital contrahd instrumentation systems in the nuclear industry
lot of research now focus on the development expault identification systems. The fault
identification systems enable detecting early offiselts or fault causes which allows maintenance
planning on the equipment showing signs of detation or failure. This includes valve and leaks and
small cracks in steam generator tubes usually titdyy means of ultrasonic inspection.

Detecting faults early during transient operationNPPs is problematic due to the absence of a
reliable reference to compare plant measuremeilisduiing transients. The distributed applicatién o
control systems operating independently to keep glamt operating within the safe operating
boundaries complicates the problem since the cbaysiems would not only operate to reduce the
effect of transient disturbances but fault distades as well.

This paper provides a method to adapt the plansareaents that isolates the control actions on the
fault and re-introduces it into the measuremenrd,dhtereby improving plant diagnostic performance.

1. Introduction

All online plant diagnostic approaches rely on &lvailability of a reference to compare the measured
plant output to. With the use of plant training slators in the nuclear industry since the 1980d an
the continual improvement of computational speed amathematical modelling methods, with
increasing processing speed and improving modeliracies a full scope engineering simulator
running in real time becomes the ideal referendedirate faulty plant behaviour and degradation of
plant hardware.

With this availability and advances in nuclear popwkant simulation technology, a research project
was initiated to make use of simulators to provaddeterministic dynamic reference for in-transient
fault detection (Cilliers et al, 2011).

The primary objectives of the research were to:

1. Develop an early fault detection system by using) tene simulators of nuclear power plants,
continuously monitoring and comparing simulated soe@ament data and control outputs of the
model reference adaptive control negative feedsskem with the actual measured data and
control outputs from the plant. The fault detecteystem should detect small faults that would
normally go undetected as well as detect faultsaduplant operating transients.

2. Develop a fault characterisation method, makingafseeasured and simulated data together with
the actual and simulated control system resportse fault characterisation system should provide
information on the magnitude and location of thdtfa
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3. Develop a control and protection framework thatvali NPP licensing within the existing licensing
framework, but is still able to uncover the bersefit expert control and protection systems.

This paper introduces a section of the first objectwith following papers presenting the second an
third objectives.

Petersen and McFarlane (2004) define the requirenfienprocess fault detection and diagnosis as the
following:

« the availability of well defined, accurate firstinmiples models (with any modelling errors
also suitably represented),

« clearly identified fault modes and models to represhese, and

» appropriately located sensors (often with levelsediundancy).

We have found these requirements to also be gemgpicrements applicable to the fault identificatio
system developed as part of this research.

Plant diagnostics in the Instrumentation and Cardiscipline has been researched and developed
over the last forty years with various methods ofvjling dynamic reference models. In 1976,
Willsky (1976) examined statistical techniques fbe detection of failures in dynamic systems
revealing key concepts, similarities and differenge problem formulations, system structures, and
performance. Specifically, they discussed the problem of detgctabrupt changes in dynamic
systems.

Chen and Howell (2001) notes that statistical aaaning methods are fast and do not require a plant
model, but are comparatively brittle because thagynot handle situations that are not explicitly
anticipated. The ‘brittleness’ referred to makes ifmplementation of heuristic methods particularly
problematic in the nuclear industry where deterstiaiproof of system dependability is required.

Simani and Fantuzzi (2000) notes that Fault DaiacBystems have been widely developed during
recent years with model-based methods, fault tpgEo@ches and pattern recognition techniques
amongst the most common methodologies utilizedush gasks with neural networks used in Fault
detection problems for model approximation andgpattecognition.

Iserman (2004) presented an introduction into #ut fdetection field by describing how model-based
methods of fault detection were developed by usipgit and output signals and applying dynamic
process models. These methods are based on anotingst, parameter estimation, parity equations or
state observers. Also signal model approaches weweloped with goal is to generate several
symptoms indicating the difference between nomamal faulty status. Based on different symptoms
fault diagnosis procedures follow, determining tia@lt by applying classification or inference
methods.

The development of steady state fault detectiotesys making use of the steady state references to
detect control operation deviations in the nuciedustry has been done since 2000 with Chen and
Howell (2001) commenting:
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“Little has been written about distributing diagtiostasks presumably because traditionally, the
diagnostic engineer’'s view of feedback control hattit complicates, rather than aids, diagnostic
reasoning. Feedback control adds to the compl@fiiault detection in process plants by masking
measurement deviations that might indicate a fault”

Also, Hamelin and Sauter (2000) realised that mbshe developed algorithms make many idealised
assumptions such as steady state conditions whelvery often not satisfied, since in reality the
system parameters may either be uncertain or tiepemtlent, resulting in a mismatch between the
actual system and the associated mathematical meddl for reference. They state that even though
the problem of uncertain parameters is of crucigddrtance to the industrial implementation of fault
detection methods, it has however received littierdion with only a handful of works so far dewbte

to it. Hamelin and Sauter (2000) also state thatréudevelopments should concern the incorporation
of the proposed approach into a closed-loop systating that: “Clearly, in a closed-loop systeng th
controller gain will also have an effect on theidaal output.”

This fault masking effect is compounded during expe plant transients when the various control
systems are operating to the return the plantdadst state. The fault masking effect of the control
system prevents makes plant diagnostics very diffighen small slow acting faults occur.

To address the fault masking effect of the feedlwackrol system, not only are the measurements and
simulated measurements compared, but also the aimaubind actual control operations. With the
primary objective being to improve plant performaraand fault detection dependability, a secondary
benefit was achieved when early onset faults atectll while the control system manages to mask
the fault completely. These faults often take agltime to develop large enough for conventional
plant protection systems to detect the fault caoorlit

The benefits from detecting early onset faults thee ability to execute online maintenance on the
affective systems when possible or plan maintenancéhese systems during outages. This results in
increased uptimes as well as the reduction ofieffay losses due to faults.

This was also used by Roy et al. (1998) who dewslap fault characterisation system to address the
need to have improved predictive maintenance teciasi in an operating plant. Guidance into the
methodology came from one of the earliest applicetiof state estimation based fault detection
methods in nuclear plants. Roy et al.’s (1998) priymobjective was to provide an early warning ® th
human operator regarding the failing health of manequipment, in the process averting major
breakdown with its associated large plant downtime.

2. Fault masking by the control system

It is important to keep in mind that the purposeha control system is to control the output of the
nuclear plant, thus continuously providing contvaliables to steer the plant to reach the reference
value. The only reasonable method of control inlegarcplants is closed-loop negative feedback
control as opposed to an open-loop system as @dpictFig. 1. The closed-loop is depicted in Fig. 2
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using a block diagram. A block diagram represeomatf the system relationships is prevalent in
control system engineering. The control diagraresaaualysed in the ‘s’ domain, this allows analysing
steady state and transient conditions in stategdhdomain, rather than the time domain. This isluse
to model linear time-invariant systems and resporsea function of the input and output (transfer
function) of the system.

R(s) C, Up(s) P, Yo(s)

Fig. 1. Open-loop system

The closed-loop control system compares outputegaluith a reference. This reference indicates a
desired value, and the difference between thearéer and measured values is used to set the control
variable. This is not done to raise alarms or ifgfaults; in fact, the difference between theareihce

and the measured value is expected, since theeneevalue is set to the value the operator waets t
plant to reach.

Eq(s) Uss) Yy(s)

Fig. 2. Closed-loop control system

R(s) |

With:
* R(s)representing the reference the output is compared
* Cy(s)representing the control system,
* Py(s) representing the plant,
* §(s)representing the sensor or measurement equiparant,

* Ey(s) represents the error between the reference valdehe output from the measurement
equipment.

In the case of the Model Reference Adaptive Cor(ftiRAC) system introduced by H Whitaker in
1958, the plant is controlled to follow a referemedel provided by a lookup table. The reference
value R(s) would change to allow various plant ¢tioals. In many cases, such a variable reference is
used with the reference value sourced from a lodkbfe, as in the case of a typical Generation Il
PWR we consider in this research. When the referechanged the control system should follow to
produce an output as close as possible to theerefer Analysing the feedback control loop confirms
this:

Ep(s) = R(s) = Sp(s)Yp(s) (1)
and

Yp(s) = G ()R, (S)Ep(s) (2)
thus

Ep(s) = R(s) = Sp($)Cp ()P, (S)Ep(5) 3
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resulting in

Ep(s) = -

145, (s)Cp(s)Pp(s)

R(s) (4)

To ensure a steady state error as close as possibI&,(s)G,(s)Py(s) needs to be selected as large as
possible over the operating rangesoBinceP,(s) is the model of the plant, ong(s) andCy(s) can be
selected by the control system designer. The effécthe control system designed to follow a
changing reference also affects the system’s regptundisturbances or faults.

Making use of a closed loop negative feedback gordition has specific benefits that make its use
attractive to the control system engineer:

« disturbance effect rejection,

e guaranteed performance even with model uncertaintiden the model structure does not match
the real process perfectly,

» unstable processes can be stabilised,
« reduced sensitivity to parameter variations, and

« improved reference-tracking performance.

These benefits of the closed-loop negative feedbackrol system which is implemented behind the
measured outputs of the plant reduces the effeztfadlt introduced (disturbance effect rejectiong

the system. For this reason a system designedtéotdemall faults or faults during transients canno

only compare the measured output of the plant thithsimulated output, as the control system in the
plant is working behind the measurements to mairdaitain operating levels.

3. Measurement adaptation process

To develop a measurement adaptation process méthodill cancel the fault masking and transient
effect in order to have a meaningful plant measergras reference with the simulated measurements,
we make use of the primary functionality of any ttohsystem — to react to any external disturbance
with an opposite response. For an ideal zero stetatg error system, the eventual response is the
negative equivalent of the external disturbancerafer to keep certain variables within the allowed
limits. This allows us to treat any faulty operatithe same as a plant control system input (wih th
opposite effect) resulting in moving the variousging points away from the design value. The
principle is formalised by stating that the objeetof an effective plant control system is that:

For every possible movement of the operating poaxpected or unexpected, a control and
instrumentation (1&C) system is in place to couatgrithe movement until the 1&C system is operating
at maximum capacity and is unable to counteracntbgement.

The implication: for every possible movement a fandluces in an operating point, a corresponding
control function could counteract the movement.c8im control system is designed to move the
operating point in any direction, a control opearatishould also exist that could replicate the
movement that the fault induces in the system. Thisnade possible by the use of real time
engineering simulators in the nuclear industryotimer words, having access to all plant inputsepkc
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the fault input, and having access to all outpexpected and measured, as well as the expected and
actual actuation signals, allows the calculatiotheffault disturbance as a control input.

F(s)

R(s) -

S |

D(s)

PDS

Simulator

Ys(s)

T

Fig. 3. Fault identification control diagram

In Fig. 3, the system to compare control varialkesvell as measured outputs is depicted. SH)D
does not provide enough information to detect staallts, we introduce an additional comparison
point Ug (S) comparing the controller outputs. For an acceptabturate plant simulation model the
measured and simulated measurements and contiabhesr should be the same for all non-fault plant
operating conditions and transients, since the Isitmuwould be provided with the same reference
input R(s)as well as expected disturban&4s) due to changing operating conditions. The simulato
would not be supplied with unexpected disturbararefaults F(s) since a fault is an unpredictable

event.

Uk(s) can be calculated from Fig. 1 whBfs)# 0.
Ur(s) = Up(s) — Us(s)
And
Up(s) = Cp(S)E',(s)
while
Us(s) = Cs(s)E'5(s)
E'p(s) = R(s) = Sp ()Y (5)
Substituting (8) into (6) produces:
Up(s) = Cp(s) (R() = S, (S)Y’p(s))
and
Up(s) = Cp(SHR(s) — C,(5)Sy (S)Y’p(s)

To solve the unknown plant output we write from.FRg

(5)

(6)

(7)
(8)

(9)

(10)
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Y',(s) = Cp(S)P,(S)E',(s) + P,(s)F (s) 1y
and substituting (8) into (11) we get:

Yip(s) = 14Cp(5)Py(5)Sp(s) R(s) + 14Cp(5)Py(5)Sp(s) F(s) (12)
and so, by substituting (8) into (6) we produce:
_ _ Sp(S)Cp(S)ZPp(S) _ Cp(8)Sp(5)Py(s)
Up(s) = (CP (s) 1+Cp (5)Pp(5)S, (5) R(s) 1+Cp(5)Pp (55, (5) F(s) (13)

Then, ifC,(s)S(s) is selected to be much greater tlamver the designed range ofo achieve a zero
steady state error, we obtain the approximatetresul

Up(s) = (Cp(s) = Cp(s))R(s) = F(s) (14)
and subsequently
Uy(s) = —F(s) (15)
In the same way we derive that for the simulatatesrihe same conditions:
— Ss(s)Cs(s)*Ps(s) Cs(5)Ss(s)Ps(s)
Us(5) = (G ~ G RO~ Taimine 0 (16)

Thus, ifC4(s)S(s) is selected to be much greater tHamver the designed range of s to achieve a zero
steady state error, we obtain the approximatetresul

Us(s) = =D(s) 17)
and since

Ur(s) = Up(s) — Us(s) (18)
then

Up(s) = —F(s) (19)

The result is valid as long as the control instrataton remains in designed operating region and is
not expected to operate beyond the maximum capasi(for all small faults). If the control systes
operating close to the limits of its linear regidure to theD(s) disturbance, the plant will be unable to
compensate for the combination®@fs) + F(s) disturbance and only a partial masking of thetfaul

the control system will occur. Thus, the resul{is) will only show the partial fault that was magk

The fault information now available to the faultelgion system provides a more realistic presemtati
as to the state of the plant. While the controteaysis keeping the plant within the accepted opegat
region the fault detection system has access texpected plant measurements from the simulator as
well as the measurements from the plant if thet feffect was allowed to move the operating point
beyond the safe plant limitations. From these tets sf information fault detection is realisedwot
ways:

1. If the expected and simulated plant measuremeiftsagivay from each other beyond the known
accuracy of both the measurement equipment andsithalation the plant can be said to be
behaving unexpected and a fault is detected.

2. Since the control system maintains the operatinigptpwithin the safe operating region, the
conventional protection system will only detect aulf once the control system is unable to
compensate for the effect of the fault and a tepmint is reached. Having access to the adapted
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measurements information these conventional trippeats will react much sooner as a fault is
detected earlier.

4. Reintroducing the fault information into the mea surement data

Comparing the control operation of the plant whik tontrol operation of the simulator as derived in
(19), provides the inverse of the unexpected (fanlut to the plant. With the fault input to the
system known, it would be useful to use this faftbrmation to calculate the effect it would have o
the plant if the control system did not compensatehe fault, while still compensating for expette
disturbances. This would produce measured valuas the plant with the full effect of the fault
visible.

This is achieved by introducing the effect of thealf back into the plant measuremeYiigs) outside
the closed loop as depicted Fig. 4.

Fig. 4. Unmasked measurement generation diagram

We have shown in that:

Cp($)Pp(s) Py(s) Pp(s)

) = onese XSt roenese ! S T rgonese 2O (20)
and from Figure 2 the ){s) becomes:
_ Cp(S)Pp(S) Pp(s) Pp(s)
v, (s) = 1+Cp (5)Pp (55, (5) R(s) + 1+Cp(5)Pp (5)5, (5) F(s)+ 1+Cp (5)Pp (5)5, (5) D(s) + Ru(s)F(s)

(21)
SinceCy(s)S(s) is selected to be much greater tHaover the designed range of s to achieve a zero
steady state error, we obtain the approximatetresul

_tr
Cp(S)Sp(S)

1 1

5O F(s) +

D(s) + Ru(s)F(s) (22)
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1

. 1
With —F(S) + W

D(s) approachind for large values o€,(s)S(s) and results in:
Cp(S)Sp(S)

Vu(s) = 5 R) + Pu()F () (23)

The resulting equation (23) provides a result rédiem the reference output with the effect of the
expected disturbanc®(s)) and unexpected fault reducde(g)) by the closed loop and the effect of
the unexpected fault reintroduced outside the obitop. The result includes the complete effect of
the fault since the portion of the fault that waasked by the control system is reintroduced inéo th
system in an open loop.

It is important to note that although the contggtem response is linear, the plant itself, andothat
model might have a non-linear response to distudanputs. As such, care should be taken in
implementing the described equations only as simalémental changes around operating point of the
previous time step. In the following example, tlpgiaions were implemented in this way. The result
was benchmarked against a simulation where the saxpected and faulty disturbance was
introduced, but the control system was limitedityaesponding to the expected transient disturbanc
and not the fault disturbance. The exact sametseselre obtained.

5. In-transient fault example

During a transient operation with(s) # 0 it is difficult to detect a faulE(s) since the plant operating
point is in transition as well as the control sysseare actively operating to reduce the effed@ ().

By making use of a typical example (small primaygtem coolant leak during load change), the two
sets of information are depicted in Fig. 5. Here theasured and simulated pressures are depicted
during the load change transient and a loss ofacb@ccident fault. By comparing the expected and
actual control system operations, the compensafiiegt of the actual control system is removed from
the measured data and plotted as uncompensatesliedhis pressure line shows us what the
reactor coolant system pressure would have bedhe i€ontrol system only attempted to control the
disturbance due to the expected trandi¥s) and not the unexpected fault infis).

a7



15.7

156

y'o(t)

155

-
=
=

Pressure (MPa)

@
w

15.2 Actual RCV pressure
w—— Simulated RCV pressure

=== Calculated pressure uncompensated

15.1

0 500 1000 1500 2000 2500 3000

Time (s)

Fig. 5.In-transient pressure measurement and adapted reezsut

This adapted measurement can now be used as aga@fstence to detect faults as soon as they start
having an effect on the plant output or the corggsitem. The method is based on first principlestpl
modelling and as such provides a deterministic omeasent adaptation that starts deviating from the
reference as soon as the plant hardware stargradiein operation.

6. Inaccuracies in the plant model or measuremente  quipment

When using plant models to adapt the plant measnmemutput, the effect of inaccuracies in the
model need to be evaluated. The accuracy of theehisdffected by the numerical method used as
well as the level of discretisation. These inacciescan always be known throughout the simulating
process. Since the inaccuracies in the processnatite measuring equipment are known, an error
band can be created around the adapted measurenpeatent faulty trips. The effect of a magnitude
error in the plant model however does not directyrelate to the error of the output. To evaluhts t

effect we introduce an inaccuracy factey ifito the simulator physics and instrumentatiordediand
we set:

(T+&)Py(s)Sp(s) = Ps(s)Ss(s)

(24)
and so (19) becomes:
3 146 3 1 2
Ur(s) = (1 A +6)C6)P,(5)5,(5) 1+C(S)Pp(s)5p(s)>sp(s)P p(S)C(S)R()
1 1+¢
(5 FCOPS,6) T+ +ez)c‘(s)Pp(s)sp(s))S”(S)P”(S)C(S)D(S’
_ C(5)Sp(S)Pp(S) F(s)
1+ C(s)Py(s)Sp(s) (25)

Writing the terms in brackets over a common denatoin
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1+ C(s)Pp(s)Sp(s) (26)

Equation 26 results in a multiplication factor @ttt the reference inpiR(s)and the disturbance input
D(s), both of which should reduce to zero for the etodnave a minimal effect on the resultidgs).

In Fig. 6 the resulting multiplication factors atepicted for different errors and changing values o
C(s)R(s)S(S). From the control system design objectives we ktioat C(s)Ry(s) is designed to be
much larger thad for all anticipated frequencies, and so both tiseucbance and the reference input
should reduce to values very close to zero. Thisidn of fault effect can be attributed to theeetfof
the closed loop control system to adapt to modeérainties.
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T T T T
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b
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Fig. 6. Multiplication factor for changing values of C(g$)Sp(s) due to inaccuracy

7. Conclusion

We have shown that having an accurate first priasigeal time simulator available aid in fault
detection and characterisation.

The methods developed in this research are apitalall industries, unfortunately not all induss
could benefit from this right away, as the nucleaustry are unique in a few instances:

Plant operation simulators as a dynamic referesdduglear power plants can easily be implemented

as nuclear power plants have rather slow dynamitlk,control systems using transfer functions with

time constants in the order of seconds or even tesnT his allows a first principles approach impla
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operations modelling to be done to a high levehafuracy, and in real time. Other industries might
find that f developing a model of a plant basedimt principles to be used as a dynamic referésce
expensive and time consuming (Chen and Howell, PONiiclear plants, on the other hand are
required to be equipped with engineering and tngirsimulators. This can now be used to provide a
first principles dynamic reference for a fault dwien system.

Fault detection systems based on neural netwoeksféective but brittle. The implementation of such
systems will be difficult in the nuclear industredause of the uncertainties associated with such
systems (Embrechts, 2004). The possibility of dewielg a fault detection system based on neural
networks is eliminated, whereas this type of faatection method could serve other industries very
well.

The problems addressed in this research are apldita all industries, but especially effectivetie
nuclear industry as described above, the probleldseased were:

The effectiveness of fault detection systems amgrdshed by the closed loop response of the control
system to disturbances (Hamelin and Sauter, 2@0#)ethod is developed in this research to measure
the effect of the fault on the system without thesed loop response of the control system.

During expected transients the effect of the fehidden further due to the operation of the aantr
system on both the fault and the expected distedhaA method is developed in this research to
measure only the fault effect on the system outigideclosed loop control system.

Fault characterisation methods rarely make usastfilslited control systems due to the fault hiding
effect of the control system. Having a method thedduces the full effect of the fault on each
subsystem allows distributed control systems touded in fault characterisation. It should prove
effective in the sense that each subsystem respbiffieisently to the fault disturbance and each $thou
reveal a part of the nature and cause of the fault.

The results in this research are made possiblebiynd) access to real time plant data and beingtable
perform manipulations on the data. The method afigus real time plant simulator to provide
expected measurement and control data produceagitdure of the component and system health is
only one example of making effective use of avadatlant data.
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4.2. Additional notes

For more information on how the equations in theovab article is utilised to generate the
uncompensated fault, the additional notes is pealid

The calculation that as performed in Fig 4. is:
Yu(s) =Y’ (s) — Pu(s)(Uy(s) — Us(s)) (4.1)

with all variables known excep(s).

The plant process modét(s) is based on the physics of the actual processhén piant and
implemented in the simulator, unfortunatd®ys) as it is used in the simulator is not available to
implement separately outside the negative feedbarttol loop as the simulator code is proprietéry.
is therefore required to model the effecPg$)for each process to enable the usB(@).

4.2.1. Deriving the plant process from the simulato  r

The process of deriving a model f8(s) is described at the hand of the RCS pressureat@ystem
as depicted in Fig. 4-1.

The pressure control system uses measured prdssoréhe plant and compares it to the reference
pressure. The error signal is fed into the corgystem that calculated a pressuriser heater opertati
increase the pressure, or a coolant spray valvairgdo reduce the pressure. In the case of RCS
pressurdJ(s) is a heater or valve operation. Subsequddilg) = -F(s)would also be heater or valve
operation.P(s) receives the heater or valve operation and traessld to a pressure increase or
decrease.

To determingP(s) the heater and valve operations are set to vasialues in turn, and then recording
the effect it has on the pressure.

Backup Heater On/Off trigger
A
—» A "
\d oft
-0.17MPa

% Heater Power function
generator

» 100%

S P(s)
C(s) U(s)
R(S) + E(S) 1 Spray Valve opening function -
generator
155MPa—» Ko 1+ ——+T,8 > oo Plant Process —
A T,
C D
Relief Valve Open/Close trigger
[
) Open “
Close V
0.7MPa
Up-(t) up(t)

Fig. 4-1.Pressure control block diagram
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In Fig. 4-2 4-2 it can be seen that, for examgléhe heater is at 10% the pressure would incratae
rate of 0.3544 MPa per second and so it can beptet¢hat the effect of a fault is to reduce theSRC
pressure at a rate of 0.35444 MPa per second.

15663
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15643
A Heater 20%
2.4169KPals
15623
2.12;.26a/s d Heater 30%
15603 1.830:KPals
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[9]
8 /// (5.9467KPa/s Heater 60%
o 15543 !
Heater 70%
15523 —]
Heater 80%
15503 - ; "
0 25 50 75 100 125 150 175 200 225 250 275 300
Time (s)

Fig. 4-2.Pressuriser heater effect on pressure in time

From Fig. 4-2 the rate of pressure change can dtéedl against heater power as is done in Fig 4-3.
Adding a trend line through the data points resuli straight line through all the points indicagtia
linear relationship between the rate of pressuemghl and the heater power. The gradient of the line
indicates that for every 1% increase in heater palaepressure will increase at 0.2987KPa/s.

Rate of pressure change (KPa/s)

0 10 20 30 40 50 60 70 80
Heater Power (%)

Fig. 4-3.Pressuriser heater power effect on pressure chatge
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Having access to the simulatBfs) models makes the process of removing the faultpemsating
effect of the control system less troublesome stheesimulator calculates the measurements as well
as the response of the plant. The described @moaesbtaining the plant process would thus be
unnecessary.

With a model of the plant procegft) available in the time domain, att(s) calculated as(t) = uy(t)
— w(t) in real time as it is received from the simulatbe plant response can be calculated in the time
domain as well.

The equivalent time domain calculation for the unpensated pressure (4.1) taking a single sample at
time t=0:

Yu(0) = y'p(0) — pu(0)(up(0) — us(0)) (4.2)
with:

* y,the uncompensated presswgQ) at time= 0,

* Yy, the pressure measurement from the plant and refetée effect is subtracted frogi,(0)
at time= 0,

* Py the effect on the measured output due to the dosysiem minimizing the effect of the
fault, p,(0) at time= 0,

* Uy the control instrumentation operation on the faahd expected disturbance input, and

e Usthe control instrumentation operation on the etgubdisturbance input only.

Sincey,(t) is starting to deviate from the measugegt) once the fault is introduced (for> 0), to
calculatey,(1) the reference is now ngf(1) as it would have been if using (4.1) ) - (y's(1)-
y'p(0)) so the general formula for calculating the uncomspéed measurement is:

Ya(® = ya(t= D = (¥, = ¥/, (t = 1)) = pu(0)(p(0) — u(0)) (4.3)

The difference between up and us denotes the caanparf the control instrumentation operating to
reduce the effect of the fault disturbance. Thishisn multiplied by the effedfp,) of the control
instrumentation on the measurement to producelém gesponse to the fault disturbance.

In the case of the pressuriser heatél) = 0.2987KPa/s/Heater%hich is a constant.

In some casep,(t) would not be a constant linear relationship inngg andp,(t) could also be
piecewise constant depending on another paramitethé case of the heater and pressure the
relationship is constant between 13 MPa and 15.6&)Mor any other relationship to the measured
output could be used. The advantage of having alator code at hand is that these relationships hav
already been implemented in the simulator code.

Analysing (4.2) and (4.3) reveals that wheg(t) = ugt) the compensating effect in the system is 0.
This is expected, since the control system is notpensating for any unexpected transients or fault
Conditions.

By removing the masking of the fault effect of ttantrol instrumentation from the measured data, we
produce transient data with only the expected distuce behaviour apparent. It should be mentioned
that, up to this point, the actual plant is op@gtexactly as it normally would. All fault isolatio
calculations are made simply from data being fedht PDS from the plant, with two sets of
‘measured’ data now available for diagnostic pugsos
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4.2.2. Conclusion

In this chapter the method to adapt plant measuretbat isolates the control actions on the fault
and re-introduces it into the measurement dataellyeimproving plant diagnostic performance was
developed and described.

By using the improved fault detection informati@teived from all distributed systems as in thetplan
control system described in this chapter we cancamtklate the information to not only detect the
fault, but also to diagnose it based on the looadiod magnitude of the fault cause as describéukin
following chapter.
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Early fault identification systems enable detecting and diagnosing early onset faults or fault causes which
allow maintenance planning on the equipment showing signs of deterioration or failure. This includes
valve and leaks and small cracks in steam generator tubes usually detected by means of ultrasonic inspec-

We have shown (Cilliers and Mulder, 2012) that detecting faults early during transient operation in
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NPPs is possible when coupled with a reliable reference to compare plant measurements with during
transients. The problem introduced by the distributed application of control systems operating indepen-
dently to keep the plant operating within the safe operating boundaries was solved by re-introducing the
fault information it into the measurement data, thereby improving plant diagnostic performance.

This paper introduces the use of improved fault detection information received from all distributed sys-
tems in the plant control system and correlating the information to not only detect the fault but also to
diagnose it based on the location and magnitude of the fault cause.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

With the availability and advances in nuclear power plant simu-
lation technology, a research project was initiated to make use of
simulators to provide a deterministic dynamic reference for in-tran-
sient fault detection (Cilliers et al., 2011; Cilliers and Mulder, 2012).

The primary objectives of the research were to:

1. Develop an early fault detection system by using real time sim-
ulators of nuclear power plants, continuously monitoring and
comparing simulated measurement data and control outputs
of the model reference adaptive control negative feedback sys-
tem with the actual measured data and control outputs from
the plant. The fault detection system should detect small faults
that would normally go undetected as well as detect faults dur-
ing plant operating transients.

2. Develop a fault characterisation method, making use of mea-
sured and simulated data together with the actual and simu-
lated control system response. The fault characterisation
system should provide information on the magnitude and loca-
tion of the fault.

3. Develop a control and protection framework that allows NPP
licensing within the existing licensing framework, but is still
able to uncover the benefits of expert control and protection
systems.

* Tel.: +27 829202954; fax: +27 866648796.
E-mail address: cilliean@eskom.co.za

0306-4549/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.anucene.2012.10.020

This paper introduces the second objective, with a following pa-
per presenting the third.

Owing to the use of distributed control systems in nuclear
plants, the same fault will affect a number of plant measurements
during which the affected control systems will operate to counter-
act the effect of the fault on the system. The plant diagnostic sys-
tem re-introduces this fault effect into the relevant measurement
information (Cilliers and Mulder, 2012). As a result, the fault is de-
tected early in more than one system, each system revealing some-
thing about the nature and possible cause of the fault.

Plant diagnostics in the instrumentation and control discipline
has been well researched and developed over the last 40 years in
with various methods of providing dynamic reference models. In
1976, Willsky (1976) examined statistical techniques for the detec-
tion of failures in dynamic systems revealing key concepts, similar-
ities and differences in problem formulations, system structures,
and performance. Specifically, they discussed the problem of
detecting sudden changes in dynamic systems.

The development of steady state fault detection systems mak-
ing use of the steady state references to detect control operation
deviations in the nuclear industry has been done since 2000 with
Chen and Howell (2001) commenting:

“Little has been written about distributing diagnostic tasks pre-
sumably because traditionally, the diagnostic engineer’s view of
feedback control is that it complicates, rather than aids, diagnostic
reasoning. Feedback control adds to the complexity of fault detec-
tion in process plants by masking measurement deviations that
might indicate a fault”.
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Correlating hardware fault detection information fr om distributed
control systems to isolate and diagnose a fault in pressurised
water reactors.

ABSTRACT

Early fault identification systems enable detectamgl diagnosing early onset faults or fault causes
which allow maintenance planning on the equipméotnsng signs of deterioration or failure. This
includes valve and leaks and small cracks in stganerator tubes usually detected by means of
ultrasonic inspection.

We have shown (Cilliers and Mulder, 2012) that citg faults early during transient operation in

NPPs is possible when coupled with a reliable egfee to compare plant measurements with during
transients. The problem introduced by the distédupplication of control systems operating

independently to keep the plant operating withie g8afe operating boundaries was solved re-
introducing the fault information it into the measment data, thereby improving plant diagnostic
performance.

This paper introduces the use of improved faulecten information received from all distributed
systems in the plant control system and correlatisgnformation to not only detect the fault blsoa
to diagnose it based on the location and magnibfitkee fault cause.

1. Introduction

With this availability and advances in nuclear powkant simulation technology, a research project
was initiated to make use of simulators to provadeéeterministic dynamic reference for in-transient
fault detection (Cilliers et al, 2011, Cilliers antulder, 2012).

The primary objectives of the research were to:

1. Develop an early fault detection system by usirg tene simulators of nuclear power plants,
continuously monitoring and comparing simulated soe@ament data and control outputs of the
model reference adaptive control negative feedlsyskem with the actual measured data and
control outputs from the plant. The fault detectaystem should detect small faults that would
normally go undetected as well as detect faultsrduyplant operating transients.

2. Develop a fault characterisation method, makingafseeasured and simulated data together with
the actual and simulated control system resportse fault characterisation system should provide
information on the magnitude and location of thdtfa

3. Develop a control and protection framework thabwafi NPP licensing within the existing
licensing framework, but is still able to uncovéetbenefits of expert control and protection
systems.
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This paper introduces the second objective, withilawing paper presenting the third.

Owing to the use of distributed control systemsuiglear plants, the same fault will affect a number
of plant measurements during which the affectedrobeystems will operate to counteract the effect
of the fault on the system. The plant diagnostiteay re-introduces this fault effect into the raleyv
measurement information (Cilliers and Mulder, 2014 a result, the fault is detected early in more
than one system, each system revealing somethg #ie nature and possible cause of the fault.

The development of steady state fault detectiotesys making use of the steady state references to
detect control operation deviations in the nuciedustry has been done since 2000 with Chen and
Howell (2001) commenting:

“Little has been written about distributing diagnimstasks presumably because traditionally, the
diagnostic engineer’s view of feedback controlhattit complicates, rather than aids, diagnostic
reasoning. Feedback control adds to the compleitiault detection in process plants by masking
measurement deviations that might indicate a fault”

We have shown that the fault masking problem deedrhere can be overcome by re-introducing the
fault information into the measurement data in paroloop (Cilliers and Mulder, 2012). The use of
distributed diagnostics now becomes possible.

Once a fault is detected in a system, a trip camitiated to shut the plant down and to keep fesa
whilst being able to characterise the detected fawdssist in repairing the plant. The characating

of a fault could vary from indicating the sub-systan which the fault is located, to indicating the
magnitude and spatial location of the fault.

Plant diagnostics in the Instrumentation and Cantiscipline has been well researched and
developed over the last forty years in with variousthods of providing dynamic reference models.
In 1976, Willsky (1976) examined statistical teijues for the detection of failures in dymam
systems revealing key concepts, similarities difterences in problem formulations, system
structures, and performance. Specifically, thesgased the problem of detecting sudden changes in
dynamic systems.

Roy et al. (1998) developed a fault characterisaigstem to address the need to have improved
predictive maintenance techniques in an operatiagtpGuidance into the methodology came from
one of the earliest applications of state estimaliased fault detection methods in nuclear plants.
Roy’s primary objective was to provide an early miag to the human operator regarding the failing
health of control equipment, in the process avgriirajor breakdown with its associated large plant
downtime. Further, an attempt was made to iderdifgcomponent faults, so as to carry out fault
event sequencing and root cause analysis. They stat most fault detection and characterisation
algorithms proposed up to 2000 have been essgniiimiited to the detection and identification of
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global faults in a system and so, a further stepisowould be to develop fault identification medis
for identifying subcomponent faults in equipmergsulting in improved fault localization and
providing better predictive maintenance aids.

The method used by Roy et al. (1998) is shown teeng effective to characterise faults although sti
being limited to only being able to identify faultburing steady state conditions. The fault
identification system developed in this researchsaio detect and characterise faults during trahsie
or operational mode change conditions when a pantts to be exposed to higher stresses than under
steady state conditions.

In other research Cheon et al. (1993) made useewfah networks to process alarms to aid in the
diagnosis of nuclear power plants, while a lot afrkvhas been done to detect and locate faulty
sensors in plants, such as the work done by Dat. ¢2007) and Ming et al. (2006). The research in
this paper does not intend to detect faulty senabbh®ugh it could potentially aid in locating such
faults.

As recently as 2008, Yan et al. (2008) developatistibuted fault identification system with the
objective to address problems arising from the rzodteat typically exhibit complex nonlinearity and
compensates for the effects of the faults on thiglvals that are hidden owing to noise, both ofciwhi
can prevent an deterministic solution. The noiderred to in this case can also be equivalent to
disturbances due to operational mode changes whadtes this method come close to identifying
faults during transient states of the plant althotigs is not shown.

To realise the proposed system Yan et al. (2008)emee of a fault tracking approximator to detect
and identify system faults. A network of distribditestimators is constructed where the fault tragkin
approximator based on an iterative learning algoriis embedded into each estimator. Compared
with a neural network-based fault identificatiorheme, the approach proved to be more efficient
although still based on approximation schemesdatevery difficult to license in the nuclear indyst

Similar to Yan et al.’s (2008) approach, Hadad let(2008) used neural networks to detect and
characterise faults occurring in the Russian VVE&gurised water reactor. Ming et al. (2006) made
use of a hybrid approach to diagnose faults witlr@enetworks. Ferrari et al. (2008) designed & fau
isolation scheme in an input-output discrete-timamework and derived detectability and
characterising properties making is of analyticatimds.

In 2010 Villez et al. (2010) initiated a project iotegrate diverse fault detection systems and
automation into closed loop supervisory controteys to reduce the human interaction when a fault
is detected. The integration approach in theiraederequires new control paradigms to be created
which would make the nuclear licensing of the ngsteams difficult.

In the chemical process industry, Chillin et al¥@Gand 2012) focuses their research on monitoring
and reconfiguration of distributed model predictaantrol systems. Here the focus is not to detect
and isolate faults, but rather to adapt the distet control parameters of the control systems to
maintain system stability when actuator faults eccu
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Also in the process control industry a similar aggmh to this research was taken by Frank and Ding
(1997) with the aim to research and design a refigenerator that eliminates effect of processtinpu
signals and other disturbances, evaluate the segntt where elimination of process input signats an
disturbances are not fully possible, to optimise glhocess to achieve approximate results. In #ss c
the reference model is created by estimating ostpfithe process. The evaluation of the results is
done by fuzzy logic. Similar work was also surveyeyl Frank (1990). Although this research
provides clear guidance to the problem at handedsas the methodology to approach the problem,
the nature of the nuclear industry requires thagrdanistic systems are used in both the reference
model as well as the evaluation of the results.

The nuclear industry is in a unique situation ivihg access to first principle simulation models,
developed and improved over the last 30 yearscimatbe used as a reliable reference model in fault
detection systems.

The system described in this research is detertiwmisnature and makes use of conventional nuclear
plant protection philosophies. This results in pnatic fault identification system that can easity b
adopted into any existing or new nuclear power fghaotection approach.

2. Fault characterisation

For fault characterisation, it is possible to comebithe isolated fault information from various
measurements inside the plant and to correlatértfiemation with various typical plant faults. Bhi
would identify the fault with an increasing levdlaertainty as the fault effects unfold over timeda
this information becomes available to the real-tisggtem. The system does this in the following
sequence:

1. The system detects that various control system$einaving unexpectedly (Cilliers and Mulder,
2012).

2. The fault effect is reintroduced into the measunengata of each affected control system (Cilliers
and Mulder, 2012).

3. The adapted measurements drift away from the esgaueasurements beyond the conventional
trip set point and a fault is detected (Cilliersi&nulder 2012).

4. The unexpected behaviour is characterised by nragdhie behaviour with the known behaviour
of certain fault categories.

5. The fault is characterised further, as the behantrend is identified.

6. The location of the fault is found by combining theasurement equipment that indicated the fault
with the location and cause becoming more accasitbe fault is detected in other subsystems.

7. The magnitude of the fault is calculated from thagmitude of the variation from the expected
transient.

The first three stages deals with detecting a faadidition early while the operating point has yet
shown any movement due to the fault condition asciileed by Cilliers and Mulder (2012). The
following stages deals with fault characterisatmnfault diagnosis. In order to develop a fault
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characterisation method it is important to understdne conventional plant protection and operating
envelope.

3. Conventional and adapted operating envelope

In Fig. 1 a typical conventional operating envelapedepicted with operating boundaries due to
physical limitations in the plant.

A load change transient causes the 100% steady gpatrating point to move to a new steady state
position following a path of large pressure andgerature changes. The static operating envelope is
specified large enough to accommodate the variossilple operating points as well as the paths that
are followed during transient states. The resuth&t hardware degradation or failures that do not
cause large enough changes in the operating pdlrgomundetected until develop to an extent where
the plant integrity is under threat, only then, fdueit will be detected and a trip will be issuédsuch

a case an emergency shutdown procedure includeactination of safety features that results in
extended downtime periods and costly start up phaoess.

100% Power operating pom

16 / !
High pressure trip set
point 50% Power operating point

Low pressure trip set

Load change path
point / /

/ Shift due to irradiation

),
N

Pressure (MPa

==

Minimum
pressure for
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pressure

-30 20 70 120 170 220 270 320

Temperature (C)

Fig. 1. Temperature — Pressure operating envelope

The effect of the process described by Cilliers lstodder (2012) could be implemented in one of two
ways:

1. The adapted data causes an increase in operatimgnpovement due to a fault since the control
system will not mask any unexpected movement. Téslts in the operating point moving
outside the operating envelope much sooner whemdware fault is present.

2. The adapted data creates a much smaller operatugdope with the size based on instrumentation
and simulation tolerances. This operating envelgilanove dynamically with the operating point
during expected transients but will be static foexpected transients due to hardware faults.

Both these methods rely on the same measurementrdatipulations with only slight differences in
the fault indication philosophy. The first methooutd use all the conventional plant trip indicagpn
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the trip will only occur sooner as the fault efféstnot masked. This is a benefit in the nuclear
industry as extensive operating experience withventional protection systems exists. The second
method can be implemented to indicate a fault egmer as the operating point will move beyond
the tolerance limits of the instrumentation and aiyit reference before it moves outside the static
operating envelope limits.

The operating envelope depicted in Fig. 1, is ohenany operating envelopes each indicating an
operating range in various independent systemsau €ausing the pressure to change for example
could be detected due to the pressure moving @uthiel pressure boundary. The same fault would
also cause another plant measurement to move elitsidllowed operating range. Correlating these
fault indications allows us to not only indicatéaalt but also diagnose the fault cause as well.

4. Plant fault diagnosis

A combination of fault indications results in thefiding the fault cause. Tab. 1 depicts the various
combinations of measurements that would move oaittiee operating envelope when a certain
hardware fault occurs. A steam tube rupture fomgta would cause the primary pressure to drop
below the allowed pressure and would cause thenstgenerator level to increase above an allowed
level. A loss of coolant accident (LOCA) would hasimilar effects although the steam generator
level should be unaffected while the pressure & d¢bntainment would increase. This method of
diagnosing the fault is possible using conventigplaint protection philosophies since the same
effects would be seen once the fault grows largaigim that the control system is unable to mask the
effect of the fault.

Strictly speaking it is not always necessary toehpre-simulated fault data such as that of Tali. 1 a
hand, as the characterisation of the fault as tarthance input as described by Cilliers and Mulder
(2012) presents the analyst with information onolihof the distributed control systems are affected.

The information might not in all cases reveal thaat fault, but based on the effects of the fanlt o
the uncompensated system the fault location andhimate of the effect can be deduced.

If the second approach is followed, the adaptedsoreanent data is not compared to the fixed
operating envelope boundaries, but rather withettpected operating point of the dynamic reference.
In this way, the maximum and minimum limits frombld are changes to dynamic expected values
from the dynamic reference. Once the adapted measmt moves outside the reference and
instrumentation tolerance boundary for all affedgstems, a fault is detected and diagnosed.
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Tab. 1.Fault groups with initiating measurements
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Intermediate range neutron flux > max X
Intermediate range neutron flux doubling time x
> max
Power range neutron flux rate of change > X X
max
Reactor thermal power > max X X
RCP speed < min for > 1 loop X X
PRZ level > max X X X X X X X X
PRZ pressure > max X X X X X X X X
PRZ pressure < min X | x
SG pressure > max X X X X
SG pressure drop > max X
SG pressure < min X X
SG level A <min X X X
SG level A > max X
Containment pressure > max X X X

To further diagnose the fault, the magnitude ofdbmtrol system operation that attempts to mask the
fault is analysed. During small faults, this magdé is the opposite of the fault since the control

system is attempting to cancel the effect of thdtfan the system. This principle and the specific

operation of some of the control systems are dssslis Cilliers et al (2011).

The above principles can be best explained at dmel lof examples where the measurement data is
adapted, and compared with the dynamic referenpeotdde detailed fault diagnostic information.

4.1. Fault diagnosis examples

The examples described in this section are a sbrakk loss of coolant accident and a steam
generator (SG) tube rupture. The cases are spbjifselected as they provide good benchmarking in
terms of fault detection, as well as a comparidothe two examples provides an indication as to the
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effectiveness of the fault diagnostic process asttino accidents have many similarities. In the
examples, and expected load change transient (10@®%) was used as with the fault disturbance
adding additional stress on the control systemirigua load change transient, the various systems ar
operating to stabilise the system and additiorgtldbances from the fault are difficult to isolate.

4.2. Loss of coolant accident

A typical fault, and one of the most documentedesypf accident causes, is the LOCA. LOCAs are
categorised as large break and small break LOCdh) with specific characteristics. A small break
LOCA is defined as a break with an equivalent dimméetween 0.95 cm and 0.25 cm; in other
words, a break smaller than 0.95 cm translatesantopening surface area smaller than 0.709 cm
When the equivalent diameter of a break is less @5 mm, the leakage can be compensated for by
make-up flow from the reactor chemical and voluroetl/reactor boron and water make-up system
(REA) systems, thereby maintaining the pressulesasl.

In this case, the fuel cladding is not damaged,aniy radioactive products normally contained ia th
primary system are released into the containmehis &lso means that the conventional plant
protection systems remain unaware of the faulafoextended period of time.

Tab. 2.Loss of coolant accident configuration

Accident configuration

Description Loss of coolant accident (cold leg)
Delay time 100 s

Ramp time 0s

Failure fraction 0.5cm’

Transient configuration

Description Load change
Transient size 100-80%
Transient rate 5% per minute

Event sequence

Action Time (s)
PZR proportional heater capacity change 0.0
PZR proportional heater capacity change 22.0
PZR proportional heater capacity change 157.0
PZR back-up heater capacity change 241.0
PZR proportional heater capacity change 641.0
PZR spray valve #1 position change 702.5
HPSI start high RB press 1.30 psia 3752.0
HPI pump #1 position change 3752.0
HPI pump #2 position change 3752.0
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Letdown valve #1 position change 3752.0
HPI pump #3 position change 3752.0
Ctmt vent valve #1 position change 3752.0
RBS pump #1 position change 3752.0
Ctmt spray starts 1.3 kg/cm? 3752.0
Letdown valve #1 position change 37525
Reactor SCRAM 3753.0

The selected break size for the reference LOCA8sc@f, which is smaller than a defined small

break LOCA. Tab. 2 lists the LOCA configuration wagll as the plant operation sequence. The
primary protection system detects a fault after B@utes and 53 seconds, with the fault still

unidentified. The trip is due to overpressure @ atmospheres (0.13 MPa) in the containment
building.

When comparing the expected values with the medstateies during the transient, a slight variation
from the expected values is seen. This is, howewararge enough to detect or diagnose a fault
using the primary protection system. In Fig. 2, #wpected and measured RCS pressures are
depicted, with the slight variation seen. WhendRkpected pressuriser heater operation and thel actua
pressuriser heater operation are compared, ie&r ¢that the proportional heater starts to comgensa
for the transient much earlier than expected, wlhih back-up heater switched on, and maximum
heater operation is also reached before expected.
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Fig. 2. RCS pressure and heater operation

With this information, it is possible to calculatke reduced pressure by removing the pressure
increase caused by the additional heater operasoshown in Fig. 2. During the time that the
expected and actual heater operation reached amuaxi the control systems were unable to
compensate for the fault, and so no compensatiegspre was removed from the measured pressure.
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The uncompensated pressure drops to below 13.5 MRigh is quite significant, since, at this
pressure, the conventional protection system wbalk initiated a reactor SCRAM. Making use of
the proposed system the trip would have occurreshiblites 14 seconds after the fault had started, 49
minutes and 39 seconds before a fault was detbegtéte existing system.

The analysis does not stop there. With the adgptessure now moving much further away from the
expected pressure, a fault condition can be detdmtéore the plant system would have initiated a
trip. In Fig. 3, the difference is depicted, witth% difference in pressure reached after 8 min2@es
seconds and a 10% difference reached after 10 esni@epending on the specified simulator
accuracy, the fault can be detected within thesedi The information about the fault with the
analysis so far already reveals more than the iegigprotection system, which only reveals
containment overpressure.
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Fig. 3.RCS pressure and percentage difference

The information revealed by analysing other meabarel simulated parameters should provide even
more information as to the nature and cause ofddtected fault. Comparing the RCS average
temperature with the expected temperature in Frgvéals no significant variation as well as cdntro
rod reactivity and core power. The implication Itt the average temperature control system has
remained unaffected by the fault and is not comgims for any unexpected change in operation.

In Fig. 5, the actual pressuriser level is compdoethe expected level, with a variation reaching a
maximum of 5% during the transient. However, tredeal inflow into the pressuriser to maintain the
coolant level is substantially larger than expectiedicating a compensating effect from some
unexpected cause. The RCS coolant volume is cédculay the plant control system from the
pressuriser and pressure vessel levels. Sinceotime is used in m3 and flow is measured in ton per
hour, it is much easier to use the RCS volume uit faalculations. The discontinuities in the
pressuriser level depicted in Fig. 5 are due topase flow as steam is released. This is depioted
other Figures as well, where coolant flow is présen
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The RCS coolant volume is depicted in Fig. 6. Aucatl volume is calculated by removing the flow
into the pressure vessel that compensates foretheced level due to the fault. The volume without
compensating flow provides us with an indicatioratvteduction in volume the fault is causing, and
thus, the actual effect of the fault. The loss atume without the compensated flow produces more
information on the nature of the fault. Since thlow into the RCS is not fully reflected in the
increase in volume or pressuriser coolant levetsaltant outflow of coolant could be the only @us
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Since the charging and letdown flow is governedabgontrol transfer function, the inflow will
eventually match the outflow out of the coolant andicate the exact flow of coolant from the
identified leak. In Fig. 7, the coolant inflow th@@mpensates for the unknown outflow is shown.

The calculated flow stabilises after 20 minutesuhéng in an outflow of 17.06 ton per hour of
coolant lost. At 17.06 ton per hour and at a pnessfi 15.66 MPa, the break size is calculated as
0.5 cm2 when it settles after 20 minutes. The presased to calculate the break size is that of the
actual measured pressure, since the outflow thrtheglioreak is a direct result of the actual pressur
in the system.

45 1

o
©

40 1

w

a
o
@

)

S
o
3

)

a
o
o

Flow (T/H)
o
@

Area (cm”"2)

o
'S

i
o

o

w

i
A

=
o

o
N

N
8
N
wwm\b

— Introduced Fault

5 —— Unexpected flow T01
—— Break size

. | T |,
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Time (s)

Fig. 7. Unexpected flow and introduced fault flow

Fig. 8 depicts the pressure change in the containmbere the fault is eventually detected and the
SCRAM is issued.
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By combining all of these effects, the fault candegived as a LOCA from Tab. 1 as the fault was
detected in the following control systems:

*  Pressuriser level control
o Control: Pressuriser makeup flow larger than eguct
0 Measurement: Pressuriser level lower than expected.
* RCS Pressure control
o Control: Pressuriser heater operation larger txpeaed,
0 Measurement: Pressuriser pressure lower than edgect
* Containment pressure monitoring
0 Measurement: Containment pressure larger than niswiatllowed pressure.

The diagnostic system results are summarised in3.ab

Tab. 3. Loss of coolant accident diagnostic system results

Accident results

Proposed fault diagnostic system Conventional protection system

Categorised as Loss of coolant from RCS to Containment over pressure
containment

Time faulty operation | 700 seconds 3650 seconds

detected

Time fault diagnosed | 1200 seconds 3650 seconds

Failure fraction 1 17.06 ton per hour NA

Failure fraction 2 0.5cm’ NA
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4.3. Steam generator tube rupture

An SG tube rupture is quite common, with the SGsdary side being exposed to water and steam
during the steam generating process. When an S& ruitures, a path between the primary and
secondary coolant systems is created. Since theapricoolant system is at a higher pressure (15.5
MPa) than the secondary coolant system (6.9 MBa)coolant would flow out of the RCS into the
steam generator secondary loop. When looking aRtB8, we expect to see the same results as we
see in a LOCA, since coolant is lost. In the seamndystem, we should see some indication that
unexpected coolant is entering the system, for wthe control system is compensating. Tab. 4 lists
the SG tube rupture configuration as well as tla@tpbperation sequence.

Tab. 4. SG tube rupture configuration

Accident configuration

Description SG tube rupture
Delay time 100 s

Ramp time 0s

Failure fraction 10% of 1 tube

Transient configuration

Description Load change
Transient size 100-80%
Transient rate 5% per minute

Event sequence

Action Time (s)
PZR proportional heater capacity change 0.0
PZR proportional heater capacity change 21.0
PZR proportional heater capacity change 165.0
PZR back-up heater capacity change 251.5
HPI pump 3 position change 309.0
PZR proportional heater capacity change 633.5
PZR spray valve 1 position change 691.0
PZR back-up heater capacity change 727.0
PZR spray valve 1 position change 730.0
PZR spray valve 1 position change 949.5
PZR spray valve 1 position change 950.0
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Fig. 9. RCS pressure and heater operation

When comparing the expected values with the medstateies during the transient, a slight variation
from the expected values is seen. This is, howenatrlarge enough for the reactor protection system
to detect or categorise a fault. In Fig. 9, theeexed and measured RCS pressure is depicted,heith t
slight variation seen. When the expected pressunisater operation and the actual pressuriser theate
operation are compared, it is clear that the propual heater starts to compensate for the trahsien
much earlier than expected, with the back-up heatgéiched on, and maximum heater operation is
also reached before expected.

With this information, it is possible to calculatkee reduced pressure by removing the pressure
increase caused by the additional heater operagashown in Fig. 9. It is clear that, during thedi
that the expected and actual heater operation edaeimaximum, the control systems were unable to

compensate for the fault, and as a result no cosgiery pressure was removed from the measured
pressure.

The uncompensated pressure drops to below 14 MRaX0% crack in one SG tube. In Fig. 10, the
difference is depicted, with a 5% difference inga@e reached after 8 minutes 20 seconds and a 10%
difference reached after 10 minutes. Dependingherspecified simulator accuracy, the fault can be
detected within these times. The information atibatfault with the analysis so far appears to revea
a fault condition, with the existing protection ®m unaware of any changes in the plant health.

The information revealed by analysing other measarel simulated parameters should provide even
more information as to the nature and cause ofdétected fault. Comparing the RCS average
temperature with the expected temperature in Figrelveals no significant variation as well as

control rod reactivity and core power. The implioatis that the average temperature control system

has remained unaffected by the fault and is notpemsating for any unexpected change in operation,
similar to a LOCA.
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In Fig. 12, the actual pressuriser level is compaioethe expected level, with the variation reaghan
maximum of 5% during the transient. However, tredeal inflow into the pressuriser to maintain the
coolant level is substantially larger than expectedicating a compensating effect from some
unexpected cause. The RCS coolant volume is caédcllby the plant control system from the
pressuriser and pressure vessel levels. Sinceotbme is used in m3 and flow is measured in ton per
hour, it is much easier to use the RCS volumeudiit faalculations.
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The RCS coolant volume is depicted in Fig. 13. Ranpthe compensating flow into the pressure
vessel produces reduced volume if the control aysliel not compensate for a loss of coolant.
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Fig. 13.RCS volume

Before the RCS volume drop is analysed, the resd@iltsomparing the secondary system parameters
also indicate the control system compensating daresunexpected behaviour. This was not the case
for the LOCA, since the fault was limited to a Idaém the RCS to the containment building. In Fig.
14, the variation in SG level is seen, with theutl feed water inflow into the SG to compensate fo
the increased level due to the tube rupture.

The difference between the expected feed flow ihé0SG and the actual inflow into the SG should
provide us with the amount of flow coming from theexpected source. In the RCS, the increased
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flow into the pressuriser compared to the expefited would result in the expected outflow to an

unexpected sink.

55

54

/

SG L;vel SG Tube Rupture
NF SG Level No fault

SG Flow SG Tube Rupture
SG Flow No fault -

53

Level (%)
0
N

514

50

49
0

2000

1900

1800

1700

1600

1500

1400

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Time (s)

Flow (T/H)

Fig. 14.Steam generator level and inflow

The unexpected outflow from the RCS and the undrpeinflow to the SG should be in the same
order, with slight variations due to the dead baonfisboth level controls expected and steam
accumulating in the top of the pressuriser.

In Fig. 15, the comparison is made with the siz¢hef actual fault flow. The actual flow from the
RCS to the SG secondary system is 12.1 ton pet hour

The results from the diagnostic system indicatd 1@ per hour from the RCS and 11 ton per hour
into the SG.
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With the pressure difference between the primay secondary coolant loops as well as the flow
through the break, the break size is calculate@l 4 cri. It is interesting to note that the break size
is very similar to that of the LOCA in the previoegample, although the flow through the break is
less. This is simply due to the lower pressureediffitial when the break is into the secondary loop
instead of into the containment building.

Since the break does not feed into the containrbeitdling, no pressure change is seen inside the
containment building. For this reason, the faulhéver detected, and no SCRAM is issued. The
diagnostic system allows the identification of thelt within 10 minutes.

By combining all of these effects, the fault candegived as a SG tube rupture from Tab. 1 as the
fault was detected in the following control systems

*  Pressuriser level control

0 Control: Pressuriser makeup flow larger than exgubct

0 Measurement: Pressuriser level lower than expected.
* RCS Pressure control

o0 Control: Pressuriser heater operation larger txpeaed,

0 Measurement: Pressuriser pressure lower than edgect
*  SG Level control

o Control: SG Let down flow larger than expected,

0 Measurement: SG level higher than expected.

In Tab. 5, the diagnostic system results are sumsatr

Tab. 5. SG tube rupture accident diagnostic system results

Accident results

Proposed fault diagnostic system Conventional Efiote system
Categorised as Loss of coolant from RCS to secondary | Not categorised

coolant loop
Time faulty operation | 700 seconds Not detected
detected
Time fault diagnosed 1 200 seconds Not categorised
Failure fraction 1 12 ton per hour NA
Failure fraction 2 0.47 cm2 NA

5. Conclusion

The difference between a LOCA and a steam tubeirgpg merely the location of the damage to the
primary system. In the case of the LOCA the primsygtem leak is directly into the containment
whilst the leak of a tube rupture is into the se@og coolant loop. The pressure and level contybls
the reactor primary coolant system should be siiyikffected by both faults. In the case of LOCA
the pressure measurement in the containment waulaffected, and for the steam tube rupture, the
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steam generator flow, and level controls are affibicThe combination of magnitude of additional
control at measured pressures and temperatureg @dldo calculate the magnitude of the damage to
the system.

We have shown that fault detection and diagnos#ssrmanner is indeed possible without relying on
statistical models of fault signatures. The effeatess of the system lies in the use of accurate
mathematical models of the plant combined with emtional deterministic reactor protection
principles. The described technique is somewhatdias it cannot be applied to unstable systems
stabilised by the closed loop control systemso#sdhowever make it an ideal technique to use when
the aim is to detect small faults that would notgngb undetected as well as to detect faults during
expected plant operating transients as describetilligrs and Mulder (2012).

In follow on work a case study is done on the Thviéle Island accident. To implement this system a
control and protection architecture is also devetbfm enable separation of systems while still gpein
able to benefit from control information in planagnostics.
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5.1. Additional notes

5.1.1. Conclusion

In this chapter we introduced the use of improvadltf detection information received from all
distributed systems in the plant control system e@mdelating the information to not only detect the
fault, but also to diagnose it based on the looadiod magnitude of the fault cause.

We have shown that fault detection and diagnos#ssmrmanner is indeed possible without relying on
statistical models of fault signatures. The effeatess of the system lies in the use of accurate
mathematical models of the plant combined with ewmtional deterministic reactor protection
principles. The described technique is somewhatdamas it cannot be applied to unstable systems
stabilised by the closed loop control systemso#sdhowever make it an ideal technique to use when
the aim is to detect small faults that would notgngb undetected as well as to detect faults during
expected plant operating transients.

In the next chapter we will make use of the techesgjand processes developed in this and previous
chapters and apply it to a case study of the Thiée Island nuclear power plant accident. In this
way we can determine and showcase how the impraviedmation available could present the
operator with a better idea to the state of thaetpdaring situations where a combination of faaltsl
transients prevents the operator and conventigis&sis to recognise the abnormal behaviour.
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Benchmarking an expert fault detection and diagnost Ic system on
the Three Mile Island accident event sequence.

ABSTRACT

Early fault identification systems enable detectamgl diagnosing early onset faults or fault causes
which allow maintenance planning on the equipméotnsng signs of deterioration or failure. This
includes valve and leaks and small cracks in stganerator tubes usually detected by means of
ultrasonic inspection.

We have shown (Cilliers and Mulder, 2012) that cietg faults early during transient operation in

NPPs is possible when coupled with a reliable egfee to compare plant measurements with during
transients. We have also shown (Cilliers, 2012) Hyacorrelating the fault detection information as

received from distributed systems it is possibleditagnose the faults in terms of location and

magnitude.

This paper makes use of the techniques and pracdeseloped in the previous papers and apply it to
a case study of the Three Mile Island accidentthis way we can determine how the improved
information available could present the operatahve better idea to the state of the plant during
situations where a combination of faults and tremisi prevents the operator and conventional systems
to recognise the abnormal behaviour.

1. Introduction

With the availability and advances in nuclear powiamnt simulation technology, a research project
was initiated to make use of simulators to provadeéeterministic dynamic reference for in-transient
fault detection and diagnosis (Cilliers et al, 20CHliers and Mulder, 2012; Cilliers, 2012).

The primary objectives of the research were to:

1. Develop an early fault detection system by usirg tene simulators of nuclear power plants,
continuously monitoring and comparing simulated soe@ament data and control outputs of the
model reference adaptive control negative feedlsaskem with the actual measured data and
control outputs from the plant. The fault detectaystem should detect small faults that would
normally go undetected as well as detect faulttdyvlant operating transients.

2. Develop a fault characterisation method, makingafseeasured and simulated data together with
the actual and simulated control system resportse fdult characterisation system should provide
information on the magnitude and location of thdtfa

3. Develop a control and protection framework thabwafi NPP licensing within the existing
licensing framework, but is still able to uncovéietbenefits of expert control and protection
systems.
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This paper functions as a benchmark of the firg¢citve described by Cilliers and Mulder (2012)
and the second objective described by Cilliers 220With a following paper presenting the third
objective. In these papers we have shown that &mitction and diagnoses in this manner is indeed
possible without relying on statistical models afilf signatures. The effectiveness of the system li
in the use of accurate mathematical models of thet wombined with conventional deterministic
reactor protection principles. In this paper a csggly is done on the Three Mile Island (TMI)
accident.

The TMI accident can be considered as a watershdemt in the nuclear industry which led to
numerous safety analyses and advances following.elient itself has been studied to determine the
exact sequence of events (Hochreiter and Robir@dy) as well as the cause and mistakes made
(Cummings, 1980). Other research was done on ptiegethe deterioration of the situation in the
direct aftermath of the accident (Gonzalez and i@ey, 1980).

The event has also been used as case studiessstieit af Le Bot (2004) that illustrated their goin
of view through the analysis of the TMI accidentli®79. Analysis of this accident allowed them
them validate their positions regarding the neechéwe, in the case of an accident, from the concept
of human error to that of systemic failure in thEemtion of systems such as a nuclear power plant.
Their retrospective analysis of the TMI accidenbwbd that the operators’ mode of operation
resulted from an overall logic, reflecting emergewperation logic upon which the design of the
operating system was based. It helps to get othieotleadlock reducing the TMI accident either to a
commissioning error of the type ‘Inappropriate slowin of the safety injection’ or to an error of
diagnostic and misrepresentation of the situafidre main theme of the research is acknowledging
that although operator actions was to blame forattedent after a minor plant fault occurred, thal r
problem was the limited information available te thperators and that automated actions would have
resulted in the same effect. They conclude byrgjati

“The operating system did not foresee the meansatbige actually necessary to fulfil the mission
required by the situation.”

The work by Le Bot (2004) is very relevant to tlesgarch in this paper as we focus on manipulating
measurement data combined with detailed modelseoplant to increase the available information to
the operator or system.

2. The TMI accident sequence of events

The event occurred at 04:00 on 28 March 1979. Attitme, routine maintenance was being carried
out on the ion-exchange system for feed water Ipiolis The accident was caused as a result of two
block valves in the auxiliary feed water pump puesslines that had been left closed after
maintenance work had been conducted on the linesdays prior to the accident. The fault was
initiated when the primary auxiliary feedwater pufaped. This should not have caused an accident
as the secondary feedwater supply system shoultincento supply feedwater to the steam
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generators. With the two block valves closed, tkedfvater supply was cut off completely
(Cummings, 1980).

This prevented feed water from entering one ofsteam generators and so reduced the plant’s ability
to evacuate heat from the core. Because of therisemperature in the core, the Reactor Coolant
System (RCS) pressure increased, which causedotherfperated relief valves (PORV) to open.
Once the pressure had been reduced, the pressiefevedve failed to reseat and a leak occurred
corresponding to a small break LOCA.
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Fig. 1. Three Mile Island faulty valves (Cause 1)

The closed auxiliary feed water block valves weasealered closed after eight minutes and opened.
This should have enabled the steam generators (8@spacuate the heat correctly from the core, and
the accident would have been prevented.

The small break LOCA caused by the leaking PORV @rdg discovered two and a half hours later,
by which time the accident was well under way. Dudault trigger (the closed block valves in the
auxiliary feed water pressure lines) being coriéeted the PORYV indication light in the control room
indicating that it had been de-energised, the aperalid not expect a small break LOCA, and since
the plant was already in a recovery transient friti@ accident, it was difficult to recognise
unexpected behaviour of the plant. In fact, whea #afety injection system started operating
automatically after two minutes, the operators cvat it off, believing that it would overfill the
pressuriser (Hochreiter and Robinson, 2004)
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It would be valuable to test the plant diagnosggtam in these conditions. The event can be syt i
two distinct phases. The first phase is the blagkihfeedwater flow to one SG, and the second phase
the PORYV stuck open after relieving pressure. Tdiees involved in these two causes are depicted in
Fig. 1 and Fig. 2.

3. Cause 1: Feedwater supply block to Steam Generat or

The closed feed water block valves caused a langi that was detected within 114 seconds on the
RCS high pressure setpoint by the conventionalt estection system. The affected control systems
during this phase of the accident were the:

*  Pressuriser level control
0 Control: Pressuriser letdown flow larger than expéc
0 Measurement: Pressuriser level higher than expected
* RCS Pressure control
o Control: Pressuriser spray operation larger thareebed,
0 Measurement: Pressuriser pressure higher than texbec
*  SG Pressure control
0 Measurement: SG pressure increase larger thantexipec
0 Measurement: SG pressure higher than expected.
*  SG Level control
0 Measurement: SG level lower than expected.

Making use of dynamic setpoints and control operatioperating beyond the expected operations the
fault is detected within 4 seconds, with the corabon of systems correlating to an “Inadvertent

84



closure of secondary loop isolation valve” in Tallleeached within 56 seconds as depicted the
following figures.
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Fig. 3. Pressuriser level and feed flow

Figure 3 depicts the pressuriser level and fead,fiodicating an almost immediate rise in levelhwit
the pressuriser level control system following withreased letdown flow in an attempt to reduce the
pressuriser level. The increase in pressuriser isva direct effect of the reduced heat evacuation
capability of the steam generators which resulteithcreased pressure in the RCS and subsequent
increased pressuriser level. Figure 4 depicts nbheease in RCS pressure and the activation of the
pressuriser spray after 35 seconds in an attenmptltece the pressure.
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Fig. 4. RCS pressure and spray

In the secondary coolant loop the effect of theckdal auxiliary feedwater flow resulted in an
immediate drop in SG level due to the continuatbsteam being removed from the SG without the
coolant being replaced. The reduced capacity fat le¥acuation caused an increase in coolant
temperature and pressure. The reduced level anehised pressure in the affected SG is depicted in
Figure 5.
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During the accident the closed auxiliary feedwateck valves were discovered after 8 minutes (480
seconds) and opened by which time the reactor Waady tripped. Although the use of the PDS
would detect and characterise the fault within &osids, it is accepted that closing of the valudato
still take some time. For this reason we assumeeen with the use of the plant diagnostic system
the opening of the valve could have occurred 480rsds after the fault was initiated.

The reactor SCRAM event due to high RCS pressutiee 414 seconds coincided with the opening of
the power-operated relief valve (PORV) with thesiiiton of reducing the RCS pressure. The PORV
should have remained open only temporarily ungl phessure was sufficiently reduced, but after the
PORYV was de-energised it remained stuck open. fio&k pen PORV is considered to be the start of
the second phase of the accident.
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Fig. 5. SG pressure and level

4. Cause 2: Power-operated relief valve failure

When the auxiliary feedwater block valves were @gkeand since the reactor was already tripped the
plant was expected to continue with the automaaéekys actuation functions that would put the plant
in a safe shutdown state. The plant was now infetysactuation transient which coincides with
various operations. These operations make it diffiior the operator to know if what he is obsegvin

in the plant is what he should be observing andrs® effect of the failed stuck-open PORV went
unnoticed.

The exact size of the stuck-open PORYV could ndbbed in literature, so a size of 10% of maximum
was used for the case study purposes.

Since the plant diagnostic system is specificaligigned to detect small faults early, it shouldvpro
effective in guiding the operators to the leaki@R®/. In Table 1, the basic configuration and event
sequence are listed.
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Tab. 1. Three Mile Island accident configuration

Accident configuration
Description Three Mile Island accident
Delay time 0s
Ramp time Variable
Failure fraction Variable
Transient configuration
Description Steady state
Transient size
Transient rate

Event sequence

Action Time (s)
SG feed water block valves closed (Initiating event) 600
PZR safety relief valve auto open 714
Reactor SCRAM 716
PZR safety relief valve fail open 716
SG feed water block valves opened 1080
Safety injection system auto start-up 1139
Safety injection system shutdown 1259
Main coolant pumps 1 and 2 shutdown 4 200
Main coolant pumps 3 and 4 shutdown 6 600
Fuel cladding oxidation, fuel melt 8 700
Close pressure relief block valve 9 600
Safety injection system start-up 12 600

The first parameter to analyse is typically the RZ&ssure. The RCS pressures depicted in Figure 6
are those of the TMI plant with the auxiliary feedter block valves closed and opened after eight
minutes (480 seconds) in all instances. The exgegessure line represents the simulated

information that recognises the closed/opened ianxifeed water block valves, but does not predict

the failure of the PORV.

In this case, the plant still SCRAMSs, but sinceviatve leak is expected, the high-pressure injection
(HPI) system is not activated. Incidentally, thiswhat the operators believed was happening, and
when the HPI system was activated, it was turnédvwdith the PORV leaking an additional drop in
pressure is seen until the HPI system is activakdtich returns the pressure to normal. Since the
pressuriser heater is working at maximum capacitiyout being able to return the pressure to normal
in both cases, the HPI system is seen as the ¢tegst®m compensating for the fault.
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Fig. 6. RCS pressure

If the compensating effect of the HPI is removedlear pressure drop is withessed. Again, since the
operators turned off the HPI system, this is thesgure line as it actually occurred in the plarhew

the question is raised why this did not alert tperators to a possible leak in the RCS, it shoeld b
noted that the operators did not have the luxurpafing a correctly operating plant simulation as
reference, and if the PORV valve closed as expédtiegressure should have decreased due to the
safety actuation, just not at the rate it did. 8itite events at TMI were not limited to a singldtfat
would be very difficult to recognise a fault frontransient without the simulated reference.
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Fig. 7. Actual and expected pressure difference

In Figure 7 the difference between the expected actdal measured pressure is depicted. The
difference produces a straight line with a 1,7klPesgure drop per second. This pressure drop rate
corresponds with a 10% valve open leak as modek#ag the simulator model. This difference is
seen at 724 seconds, 8 seconds after the PORYV twels @pen. This would have provided the
operators with an immediate and accurate indicatibithe additional fault that occurred in the
system.
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In Figure 8, the pressurised levels of both the P@ scenario at TMI and the simulation without
the PORYV failing are depicted. It is interestingnimte that, with the PORYV failing, the pressuriser
level is at a much higher level than without iifag, this without the control system actually hayi
started to compensate for the fault yet. This isstgient with the events at TMI, as the steam fhgwi
out of the open PORYV located more water in thequnéser, causing voids in other areas of the RCS.

With the effect of the HPI system seen after 60fbsds, the high pressuriser level is maintained,

although the operators shut the HPI down in ordeprevent the pressuriser being filled solid with
coolant.

The calculated RCS volume is depicted in Figurelé&e the volume with the PORV failing and the
reference volume without the PORYV failing are showtith the HPI system being activated, the
slight reduction in volume is compensated for, #mal reactor is kept safe. With the compensating
effect of the HPI being switched off, the volumeésluced significantly. The fact that the HPI was,
indeed, switched off was one of the primary reastirsd meltdown occurred. The effect was

exacerbated by the coolant pumps that had to biedslwn due to vibrations caused by pumping a
two-phase coolant mixture.

The average rate of change of the RCS volume skowsolant loss of 18 ton per hour. This is

consistent with the PORYV leak and indicates anvedgmnt break with surface area of 0.6 cm2 (or

10% valve opening). The 0.6 cm2 break is smallantthe area of 0.709 cm2 defined for a small
break LOCA. The implication of this is that if tkentrol system had not already been responding to
the closed auxiliary feed water valves, the faudtild have gone unnoticed for a much longer time.
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Figure 10 depicts the flow out of the stuck-openRRO At first, the PORV opens to relieve the
overpressure in the RCS and releases steam at afrd96 ton per hour. When it closes, it does not
seat properly and keeps on releasing steam irethierr of between 15 and 18 ton per hour.
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Fig. 10.Flow out of open PORV

The fact that the operators literally shut downdbatrol system that would have allowed the plant t
shut down safely — the system that would have mlanaged to hide the effect of the leaking valve -
provides us with a very interesting case study.lgiie HPI system was operating, the operators had
no way of knowing whether the plant was shuttingvdaorrectly or not. When the HPI system had
been shut down, it should have been clear fromplaat-measured parameters that coolant was
leaking out of the system — as it is with the usthe PDS. This was not the case, since the operato
had no reference transient with which to compage glant measurements. The PDS provides this
reference as well as information on the compengadffect of the HPI, which enables much better
interpretation of the same information that therap®s had in front of them.
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5.  Summary and conclusions

From the above results, it can be argued that im@hting a plant diagnostic system will result in
detecting faults that would otherwise take a ldngetto detect or would not be detected at allah ¢
also be argued that the manipulated informatios gaivided by the plant diagnostic system, which
exclude the control system compensating effectldcbe very effective in providing information on
the nature of the fault. In the case of TMI, thanplcould have been stabilised immediately, with th
effect of the fault seen in the uncompensated inédion leading to a clear small loss of coolannéve
inside the containment.

In conclusion, it is important to combine all medsodeveloped in this research to recommend an
acceptable and licensable control and protectiohit@cture in which the plant diagnostic system and
other specialised fault identification and contsyistems can be implemented whilst maintaining
separation of systems. This will be presentedfailawing paper.
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6.1. Additonal notes

6.1.1. Conclusion

In this chapter we made use of the techniques amtkpses developed in the previous chapters and
applied it to a case study of the Three Mile Islanatlear power plant accident. In this way we
determined and showcased how the improved infoomativailable could present the operator with a
better idea to the state of the plant during simat where a combination of faults and transients
prevents the operator and conventional systenectmgnise the abnormal behaviour.

From the results, it can be argued that implemgrdiplant diagnostic system will result in detegtin
faults that would otherwise take a long time toedebr would not be detected at all. It can also be
argued that the manipulated information sets peavidy the plant diagnostic system, which exclude
the control system compensating effect, could g gfective in providing information on the nature
of the fault.
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7. Conclusion

7.1. Introduction

As discussed in Chapter 1, the main concern othhesis is to develop a novel dynamic operating
envelope used for fault identification togetherhngn implementation framework that would allow
the implementation of the system in existing and NPPs without negatively impacting the existing
licensed systems.

Chapter 2 through Chapter 6 examined the pillaesius build the original contribution on, each
pillar being studied in terms of recent researchedm the field, technological advances and the
applicability of using the gained knowledge as al o the development of a dynamic operating
envelope. Specific problems associated with theliagpn of the field in realising a dynamic
operating envelope is identified to be solve, sqdalify the field as a supporting pillar.

In Chapter 2 a study on existing and proposed fault detecti@h@haracterisation methods was done.
In particular, fault identification research papesese selected that highlight the limitations aeeads

at the time of conducting this project. These pajpeovided a basis on which to develop the proposed
fault identification systemChapter 3 described the principles when using a real-timanfpl
simulators running in parallel with a nuclear plaat predict the control system behaviour and
highlighting unexpected plant behaviour. The cdnémod protection architecture is also developed
and described together with the simulator requirgs¢o enable the realisation of the systém.
Chapter 4 the method to adapt plant measurements that ésothe control actions on the fault and
re-introduces it into the measurement data, therieiyroving plant diagnostic performance is
described Chapter 5 introduced the use of improved fault detection infation received from all
distributed systems in the plant control system emrelating the information to not only detect the
fault, but also to diagnose it based on the looadiod magnitude of the fault cauS#apter 6 makes

use of the techniques and processes developee jprélvious papers and apply it to a case study of
the Three Mile Island accident. In this way we datermine how the improved information available
could present the operator with a better idea to dtate of the plant during situations where a
combination of faults and transients prevents therator and conventional systems to recognise the
abnormal behaviour.

The research process as described in the abovemedtichapters, combines work on real-time
simulator codes with fault identification systenvadces as well as the ever-present nuclear industry
licensing process.

The study of simulator technologies and capalslitrethe nuclear industry allows the development of
a functional requirement specification for a futlope simulator that can be used as a dynamic
reference model in fault detection systems. Theresuand study of existing and proposed fault
identification systems allow the identification pbssible limitations and problems needed to be
overcome to achieve the objectives of our propdaelt identification system. By selecting possible
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solutions to researched limitations and combintngith the real-time simulator requirements a fault
detection method is derived and analytically ev@daA method is also derived to re-introduce the
fault that is masked by the control system outsideclosed loop. The combination of the fault re-
introduction into all subsystems and the analy$ithe conventional distributed control systems in a
nuclear plant enable the development of a faultagttarisation method.

The methods are tested by setting up a virtual@mphtation with one simulator representing the
plant with the fault introduced and another simuatepresenting the dynamic reference model. A
number of typical faults are tested on the sysanwell as a Three Mile Island case study.

Finally, the control plant knowledge, combined withe conventional control and protection
architecture and nuclear licensing requirementswal the development of a revised control and
protection architecture framework. This framewortuld enable the introduction of expert systems
such as the fault identification system developethis thesis without impacting the licensing psxe
of nuclear control and instrumentation.

7.2. Conclusions

The conclusions presented are grouped accorditige timllowing thesis objectives:

1. Develop an in-transient fault detection system by real-time simulators of nuclear power
plants, continuously monitoring and comparing siabed data with the actual measured data
from the plant.

2. Develop a fault characterisation method, making o$aneasured and simulated parameters
together with actual and simulated control systesaponse. The fault characterisation system
should provide information on the magnitude anchtammn of the fault.

3. Develop a control and protection framework thabals nuclear power plant licensing within the
existing licensing framework, but is also able xpleit the benefits of the latest available control
and protection technologies.

7.3. Simulation-based fault detection system

The fault detection system developed in this thissise primary objective of the research.

The system was required to improve on the exigilagtdependability by:

1. Detecting faults that are of such a small magnittidg they would go undetected when
comparing plant measurements to a reference su@xpected operating points or even a
simulator predicting the expected operating point.

2. Detecting faults during transients when operatioigforeferences are unavailable.
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3. Detecting and characterising faults that have eenlpreconceived and simulated to provide
a reference fault signature.

The research presented in this thesis was initisi@sed on the premise that changes between
measured parameters in a nuclear power plantsamadpters predicted by a simulator simulating the
same transient would point to faulty plant behaviband when it occurred. This proved to be tnue i
cases where the faulty behaviour was larger thamtaximum counteraction of which the control
system was capable. In most such cases, the faglisw large that the traditional protection system
would have detected the fault and tripped the plahis is caused by the fault-masking effect of the
control system that counteracts a small fault digtnce to maintain a reference operation point.

To work around the fault-masking effect of the cohsystem, we present a method to also compare
the control system operations of the simulator #uwednuclear plant. This allowed the calculatioraof
new set of ‘measured’ parameters that did not gelihe compensating effect of the control system
on the fault. The controlling effect of the system expected transients was not removed and so,
allowed the identification of small faults duringeady state and transient conditions thus satigfyin
the abovementionedkEpendability criteria 1 and 2.

The effectiveness of the system was proven expetatg using a plant simulator representing the
real-world system as well as the plant simulatdtimétely, the method was tested on a recreation of
the Three Mile Island accident, with the plant diastic system predicting the non-fault behaviour
and providing a non-fault reference to the plargrafors.

7.4. Fault characterisation method

Once a fault has been detected, it is necessatgdide upon an action to be taken in preventing an
accident developing from the fault. In order tothis the fault needs to be characterised. The pyima
method developed in this thesis is not completelyeh it uses known methods of identifying the
parameters affected by the fault, then, based minalfault patterns, it predicts the cause offthdt.

It also adds additional control system operatiosdaalt indications. It builds on the novel fault
detection system which provides a much better ataio to the extent of which the fault affected the
specific parameters. In this way better predictitmghe cause of and in particular the magnitude of
the fault can be made.

The proposed method satisfies thependability criteria 3 by providing uncompensated information
of all plant measurements to produce informatiortt@nsource of the unexpected fault transient as
well as the location and magnitude.
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7.5. Control and protection implementation framewor Kk

The development of the nuclear power plant con&modl protection implementation framework
provides a key to add practical value to the nudiedustry by the seamless addition of expert fault
identification systems.

To ensure the effective implementation of suchaatptliagnostic system, the 1&C philosophies used
in the nuclear industry were studied, with variatidoeing recommended and changed as the research
progressed. Finally, a complete I&C implementatitamework with probabilistic risk assessment
requirements was set, which should prove acceptatile international regulators and allow the
implementation of digital control systems as weallaher sophisticated fault identification systems.
The concern of cyber security was discussed, wighadvantages the 1&C implementation platform
as well as the diagnostic system allowed in premgrénd detecting cyber threats.

The additional implementation of other existing Ifadentification systems or the development of
more fault identification theories into the platfois made possible by the way the framework is
structured: all the plant diagnostic modules haseess to the measured plant information without
affecting the operation of any other diagnostic oied or the operation of the primary protection
system.

The IAEA (1999) mentions that:

“Digital 1&C systems are expected to continue asaaea of rapid technological development. Future
designs of nuclear power plants will require newsons both in sensing technologies and in digital
control. Advanced sensors, detectors, transmittand, data transmission lines are needed to meet the
requirements imposed by the operating conditionses¥ designs (e.g. high temperatures and high
flux) and the harsh environment of ‘beyond desigsi®d conditions. Additional monitoring and
diagnostic systems will need to be developed, rgalse of on-line condition monitoring techniques,
reactor noise analysis for incipient failure idditation, wireless sensor networks and
communication, and integrated remote operation.”

The research contained in this thesis provides#iopm on which these technological developments
can be implemented, as well as providing a spexdie!| online diagnostic technique. The successful
implementation of the system on an existing or memlear power plants should be pursued in order
to demonstrate the effectiveness in practice. €hrs be done without impacting the existing plant
safety systems.

7.6. Recommendations for future research

The ultimate goal of this research is the impleragom of the fault identification system to be
implemented as a supervisory system in the Koebectpar power plant as well as including it into
the control and instrumentation systems to be implged in Eskom’s proposed new build program.
In order to achieve successful implementations&urtesearch needs to be done, in particular:
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The fault identification system needs to be vaédabn actual plant transient and fault data.
This would require logged transient data of startioad change, and other transients as well
as similar data while a fault occurred. The valwfain this thesis was done under controlled
conditions with specific known faults being usedoyihg the system on actual plant data
would add to the validity of the system.

Implementation of a background supervising systémwith the testing of the system on
logged data, a lengthy implementation on the agblait using real-time measurement and
control parameters from the plant without beinduded as a protection system, will ensure
complete validation as well as build the trust Ire tsystem. The interaction of control
personnel with the system should also be testeduatieer developed.
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A. Appendix

A.1l. General nuclear plant control and protections  ystems

This section describes the distributed control jprdection systems used in Generation |l pressairise
water reactors and stipulates the relevant operatonditions. The understanding of each of the
control systems is required for the developmerat fafult characterisation method.

A.2. The protection operating window of a pressuris ed water reactor

The reactor trip system monitors process variathlas are directly related to equipment mechanical
limitations, such as pressure, pressuriser watet [¢go prevent water discharge through safety eslv
and uncovering heaters), and variables that dyreftbct the heat transfer capability of the reafar
example, flow and reactor coolant temperaturedf)eOparameters utilised in the reactor trip system
are calculated from various process variables. \Wemna direct process or calculated variable reache
a set point, the reactor will be shut down in orleprotect against gross damage to fuel cladding o
loss of system integrity that could lead to releafsedioactive fission products into the contaimtme

The following parameters are monitored for direetator trips:

Nuclear flux

Reactor coolant temperature (J and “AT")

Reactor coolant pressure (pressuriser pressure)

Pressuriser water level

Reactor coolant flow rate and reactor coolant pongaker position
Reactor coolant pump speed

Steam generator steam and feed water flow rates

Steam generator water level

Operating status of the turbo-alternator set

10 Safety injection, containment spray, or Phase Baioment isolation

©CoNOOGORWDNE

These parameters have specific set points on vemeutomatic direct trip is initiated; these sah{m
are depicted in Tab.A.1 from the Koeberg SafetyeAsment Report (Koeberg, 1997).

Tab.A.1. Trip set points and time delays of a reference RRitberg, 1997)

Trip set point
) ) Trip time delay
Trip function Limiting trip Nominal trip
(seconds)
set point set point

Power range

¢ High neutron flux 118% 109% 0.6
. Low neutron flux 350 250, 0.6
¢ High neutron flux rate of
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increase 6.7% withT=2s -5% 0.6

*  High neutron flux rate of +6.7%With T=2s +5% 0.6
decrease
Overtemperature AT Variable Variable Variable
AThom =38°C

Thom = 295.9 °C
Prom = 15.51 MPa
K1=1.31

K2 =0.105 MPa™
K3 =0.026 °C™
K7=0.35
Tl=4s

T2=4s
T3=30s
T4=4s

Overpower AT Variable Variable Variable
K4 =1.181

K5 = 0.0308 (°C)™*
K6 = 0.00338 (°C)*

K8 =1.154
Tl=4s
T5=11s
T7=8s
Pressuriser
¢ High pressure 16.72 MPa 16.66 MPa 1
*  Lowpressure 12.93 MPa 13.1 MPa 1
Reactor coolant
e Low flow in one or two loops 85.8% 88.8% 1
¢ Pump low rotational speed
91.8% 91.9% 0.7
Steam generator
¢ Lo-lolevel 0% 15% 2
¢ High level - isolation of main 85% 75% 2
feed water system and
turbine trip
. Low level coincident with
steam/feed water flow
15% 25% 2

mismatch

In the case of variable set points suchAdsat the overtemperature and overpower set pomts,
number of formulas are derived for changing sentgoivith changing conditions. These formulas
translate to Fig.A-1, which displays the trip seinps under varying conditions.
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Fig.A-1. Overtemperature and overpower protection (Koeberg, 1997)

The fixed high-pressure and low-pressure trip ssttpcan be displayed on a pressure temperature
graph such as Fig.A-2.
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Input signals to the reactor trip system are derifrem signals that are direct measurements of unit
operating parameters. The signals are generatednhijogue channels, which include the input
sensors, the associated circuitry, and the set palisys. Each unit operating parameter is monitore
by two, three, or four redundant channels, dependim the nature or importance of the parameter
measured. For additional redundancy, the logicadfggenerated by the set point relays are processed
identically by two logic trains, A and B. Each diettwo trains, A and B, is capable of opening a
separate and independent reactor trip breakertWhedrip breakers in series initiate reactor trip b
interrupting the power supply to each of the cdntoa drive mechanisms, thereby unlatching the
rods.

A.3. The PWR primary circuit control system

The main parameters to be adjusted and contralladypical PWR are:

» Steam flow, adjusted by the turbine governor valves
» reactor power, controlled by the control rods, and
+ feed water flow, controlled by feed water pump spbaed feed water valves.

The primary purpose of the PWR control system im#intain the reactor coolant flow rate constant
under all operating conditions to evacuate heaeggead in the core at a constant rate. To match the
reactor power with the turbine load, the heat gateerin the core needs to be varied. This is aeliev
by moving the control rods in or out of the readtareva, 2006). A typical Generation Il (GEN II)
PWR can operate between 15 and 100% Pn (unit nabeger) with the following capabilities
(Koeberg, 1997):

e Steps oft10% Pn of turbine load.
* ramps o&:5% Pn/minute of load variation without dumping stet@ the condenser, and
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* load rejection from 100% Pn to the auxiliary povearel (5% Pn) with the use of the steam dump
to the condenser.

A typical PWR uses seven primary control systemisetp the plant operating at the requested power
level and within the designed safety margins (Kogh£997). Each system operates independently of
the others with some shared information. Thesercbsystems are as follows:

e Power control
0 Reactor average temperature control
0 Rod cluster control
e Pressuriser control
0 Pressure control
0 Level control
» Steam pressure control
0 Condenser steam dump control
0 Atmospheric steam dump control
e Steam generator level control
e Condenser level control
e Turbine speed and load control
e Generator voltage control

The general PWR control schematic with all primeoptrol systems is depicted in Fig.A-3.

The control systems that directly impact the priyneoolant system of the PWR are those of the
pressuriser pressure and level control and reavtnage temperature control. It is also influented,

a lesser extent, by atmospheric steam dump comra| control, feed water flow control, and steam
pressure control (Westinghouse, 2007).
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A.4. Power control

The reactor power is controlled by controlling tresactor average temperature; this, in turn, is
controlled by inserting or removing control rodgoinor from the reactor core (Areva, 2006),
(Westinghouse, 2007). In the long term, the reagtaver is also controlled by the reactor chemical
and volume control system (RCS) changing the baantentration in the coolant. The slow-acting
control does not affect the parameters used toawepthe control and protection used in this researc

A.5. Average temperature control

Temperature control depicted in Fig.A-4 is achielsgdtontrol rod movement inside the reactor. It is
designed to maintain the average temperature withifi °C of the set point. This includes accepted
measurement error and a dead band. It is designatioiv for expected operating transients, during
which time the control margin is extended beyone #1.8 °C, after which the control system is
expected to return the measured temperature tanw@8 °C of the specified set point (Koeberg,
1997).

—NF——3» TAVG Control  [€——ATAVG——

Speed Direction
A\ 4

CRDM Control
(PE)

N
]% TAVG Auctioneering

TCxTH
2

FAL 1 %A

TH3 TC3 TH2 TC2 TH1 TC1

Hot leg
Stear
Genergt

Hot leg t
Steam
Generatqr

~~—

Cold leg from
Steam Generator

Cold leg from
Steam Generator

Reactor

Fig.A-4. Average temperature control
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The average temperature is obtained by calcul@tiegverage temperature from the cold- and hot-leg
thermocouples.

1
Tavg =3 (Tcota + Thot) (A-1)

Three separate average temperature values arggededm three independent channels; from these,
the highest value is selected.

The control function is generated by combining mead average temperature, neutron flux, and
turbine power. The control system calculates tifferdince between the reactor power and the turbine
load, followed by a derivative controller, whosetput increases with the time derivative of this

power/load difference and decreases with the tarboad. The result is passed on to a summing
module with a single output passed to the contool speed and direction controller (rod cluster

control system) (Koeberg, 1997). The control diag& the average temperature control by control-
rod movement depicted in Fig.A-5 compensates fgr expected or unexpected disturbance to the
average temperature by moving of the control radgle the reactor.
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A.6. Rod cluster control system

The rod cluster control system uses the informatemeived from the average temperature controller
to move the control rods in or out of the reactorec This position is determined by the difference
between the average temperature and set point tatape being positive or negative. The control rod
speed is determined by a function generator taievg, 2006).

Any unexpected movement of the control rods ingltke reactor can be attributed to unexpected
changes in core power, turbine power, or averagpéaeature. Since these changes are fully controlled
by simply adjusting the speed and position of thetl rods, any unexpected disturbance can be
modelled as a control rod movement in the oppalsitetion of the control rod operation.

The control rod clusters consist of four controhk&— A, B, C, and D — and two shutdown banks —
SA and SB. Each bank contains two sub-banks, dorgief four rods each. The control banks are
operated in sequence with an overlap of 100 steprinimise axial flux asymmetry in the reactor
core. The rod cluster control system is capablerarfing the control rod speed from six to 72
steps/minute (Koeberg, 1997).

In addition to the control capabilities, the systamludes monitoring and interlocking systems to
prevent inadvertent control rod operations. Thaskide the following:

* Rod cluster position monitoring system to:
o know at any specific time the position of any rduster,
0 detect incorrect positioning of a control rod clush relation to the required configuration at
the time,
o notify by means of alarm signals once insertion aitthidrawal limits have been reached,
and
0 give warning that either a control or shutdown ohaster has unexpectedly been dropped
into the core.
* Rod stop interlocks to:
0 inhibit inadvertent rod withdrawal (not insertiorgince this could result in unsafe plant
operations.

A.7. Pressuriser control

The pressuriser’'s main function is to maintain ghenary coolant system pressure constant at all
times. The two parameters within the pressurisatr dhe controlled are pressuriser pressure andl leve
(Westinghouse, 2007).

Pressure control
Pressure control measurements of the pressuriseused, while the pressure is controlled by a
proportional heater and back-up heater for lowgures
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For high pressure, the pressuriser spray and redibfes are used as depicted in Fig.A-6. These
control parameters are able to control the predsues for any disturbance until it reaches maximum
operational capacity. Any unexpected disturbanceh® pressuriser pressure can, therefore, be
modelled as a heat source, for high pressure, aaling spray or opening of relief valves, for low
pressure. Disturbances due to expected transiemikivibe predicted by the real time simulator with
no unexpected operations identified.

Pressurizer
Level Control

A

PP2

1

@ ~« Pressurizer

Pressurizer
Pressure
Control

_I'

Proportional
Heaters

¢ €= To Steam Generator - Hot Leg — From Reactor <€—%¢

PL

]

On/Off
Heaters

i From Steam Generator - Cold Leg — To Reactor > ¢

Fig.A-6. Pressuriser pressure and level control

Fig.A-7 depicts the logic used to control the instentation. Under steady-state conditions, very few
control actions take place, since equilibrium vii# reached at some point with a stable control
system. A disturbance is introduced into the pldue to certain expected transients or due to an
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unexpected fault introduced into the system. Inhsaccase, the control actions will counteract the
effect of the disturbance.

In all cases, a real time simulator can predict éffect of each control instrument as well as the
expected transient. The unexpected fault, howeasmot be predicted, but affects the operatiorlof a
the other control instruments acting on the saneraijmg point. The operating speed is characterised
by the PI+D transfer equation:

1
K21 (1 + m + Tzzs) (A-Z)

that is the response the system will have to aidianhce attempting to move the operating point from
the reference (typically, 15.5 Mpa).

The response output is passed on to four chanaeteoding the:

e Pressuriser spray valve,

e proportional heaters,

« on/off switches for the back-up heaters, and

< on/off channel controlling the pressuriser reliafves.

The pressuriser level is controlled by openingdetd and charging valves to and from the cold leg of
the coolant loops. The logic that controls the leveliscussed in the following section 0.
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Level control

The pressuriser level control logic depicted in.&i§ controls the timing and size of the letdowml an
charging flow valves. The level set point is a fimt of the average reactor coolant temperature. It
includes a dead band that allows for natural teatpes-induced level variations. This allows the
restriction of charging flow variations during sligpower variations. Once the dead band threshold
has been breached, the letdown and charging vaeeing is controlled by the proportional-integral
(P1) transfer function:

Kas (1+ 12145) (A-3)

dictating the disturbance response.

The effect of an expected or unexpected disturbancmpensated for by the feedback control
system. This would result in a return to the rafeespressure within the control system’s designed
time. Since the pressuriser level can be contraligly by the letdown and charging flow, any
unexpected operation in the pressuriser level oboin be modelled as a letdown or charging flow
action for which the pressuriser level controlasnpensating.

The pressuriser level set point is dependent onctimdant temperature, with higher temperatures
resulting in a higher acceptable pressuriser lsiete the coolant temperature varies continudily,
dead operating band is created to prevent the yisss level control from continually operating. In
the case of the pressuriser level remaining irddaa region between £0.8 °C on either side ofuhe f
power reference and +2 °C and -3 °C on either afidbe no-load reference temperature, the control
system would not interject and, thus, would haveunexpected operation acting on the pressuriser
level. In such a case, the information from thesleweasurement input is clean and can be compared
to the expected pressuriser level from the simuldaring expected transients, the behaviour of the
level control system could be predicted by a rigaé tsimulator with an unexpected operation detected
when it occurs (Koeberg, 1997).

At this point, it should be mentioned that manyhef parameters being controlled are interdependent,
and as such, during expected or unexpected trassiamumber of parameters would need to be
controlled to return to the reference value. Thiplies that unexpected faulty plant operation would
have a number of control systems operating on iethuce its effects. The unexpected disturbance
would then be modelled as a number of control dmrs opposed to a single control operation. The
benefit obtained from such a combination of modktlentrol operations is that it describes the matur
of the fault completely, resulting in effective flacharacterisation.

In 2007 Hu K and Yuan attempted to optimise thev@&Eer level control method by implementing a
multi-model predictive control method since the aymcs of a nuclear SG vary according to the
power levels and changes as time goes on. Inrdss@arch, a robust model predictive control (RMPC)
method was developed for the level control prob{el and Yuan, 2008).
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Fig.A-8. Pressuriser level control diagram

When implementing the fault identification methaesdribed in this thesis, an optimised method such

as that of Hu and Yuan (2008), would not affectdffectiveness of the fault identification systdm.

114



fact, being able to control the pressuriser levithiw a narrower band would increase speed of the
fault identification system in detecting unexpectemtrol system operations. It is, however required
that the simulator includes an exact model of th&rol system in use in the plant.

A.8. Steam pressure control

The secondary circuit steam dump system is usedet@te a temporary artificial load during certain

transients by releasing steam from upstream ofuft@ne inlet valves to the condenser, as back-up
steam can be dumped to the atmosphere. The stewrag®s with relevant control systems is depicted
in Fig.A-9.

Condenser steam dump control
The condenser steam dump is actuated during tunbgtentaneous load reductions higher than 10%
Pn or continuous reductions greater than 5% Pnai@i{oeberg, 1997).

Atmospheric Control
Steam by AVG
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Fig.A-9. Steam generator with related controls
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Atmospheric steam dump control
When the condenser steam dump or condenser is ilatd@athe atmospheric steam dump channels
are used to:

« Permit control of steam generator pressure at Ieaddler than 10% Pn, and
e permit cooling down or controlled heating up of thactor coolant system.

The atmospheric steam dump system is equipped thitke identical independent channels with
independent control systems. The steam presstine ateam generator outlet is measured and passed
on to the PI controller, where it is compared tardarnal set point value.

K (1+-2) (A-4)

15S

The controller dictates the opening of the steampmlualves.

A.9. Steam generator level control

The steam generator level is controlled by feedewfidw and steam flow. Steam flow is determined
by the turbine load, and so the feed water flowdsde be adjusted accordingly to maintain accegtabl
steam generator levels. The feed water flow isleggd by feed regulating valves and turbine-driven
feed water pumps with motor-driven feed water puagpback-up.

The feed water flow set point is dynamic and oladitvy maintaining the water head pressure and
steam head pressure ratio constant at loads bevaad 20% with the level increasing linearly as a
function of turbine load to offset the differentizlange between the inlet and outlet pressurelseof t
steam generators. The level error signal is paseetd a Pl controller that controls the speed ef th
turbine- and motor-driven feed water pumps (Koept897).

K (1+--) (A-5)

Tys

A.10. Condenser level control

The condenser level has a dynamic set point thas/as a function of load to prevent unnecessary
water make-up and discharge due to temperaturaticars. Water make-up is supplied via a nozzle in
the pressure header from the demineralised wateage tank. Larger make-up is achieved by a
motor-operated valve in parallel with the normakeap valve.

Turbine speed and load control
The turbine speed and power are controlled by diperaf the high-pressure (HP) and low-pressure
(LP) valves. The valve openings are determined fiteersum of the speed and load measurements.
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A.11. Generator voltage control

The generator voltage is controlled through champgine excitation current. The set point is
determined by the operator through a control rtaost

A.12. Safety Functions

The primary objective in the control of faulty ptdrehaviour and accidents is to prevent the relefise
radioactivity into the environment. This activitsetention objective is supported by theesaf
I&C and the corresponding safety systems, withghiety 1&C designed to match the set of safety
functions based on the defence-in-depth conceghéofollowing activity barriers:

e Fuel rod cladding,
e reactor coolant pressure boundary, and
e containment and safeguard buildings.

The integrity of these barriers is to be ensuredth®y associated safety functions. When faulty
conditions are detected in more than one plantsygtem, the combination provides an indication to
the nature of the fault. This provides a certawel of characterisation of the plant faulty bebavi

A number of postulated faults are combined intoidead@ groups to assist with the characterisation
process:

¢ Reactivity abnormalities:
0 Uncontrolled Rod Cluster Control Assembly (RCCAhkavithdrawal during
subcritical state,
uncontrolled RCCA bank withdrawal at power,
rod drop and single RCCA withdrawal at power,
rod ejection,
0 Uncontrolled boron dilution.
» Loss of reactor coolant flow:
o0 Forced decrease in reactor coolant flow,
0 partial loss of reactor coolant flow,
0 reactor coolant pump shaft break or locked rotor.
e Loss of primary coolant:
o0 Small break LOCA,
0 intermediate and large break LOCA.
e Steam generator tube failure:
0 Rupture of up to 2 steam generator tubes.
e Loss of main heat sink:
0 Loss of condenser,
0 inadvertent closure of Main Steam (MS) isolatiolvea,
0 loss of off-site power.
e Loss of secondary fluid and overcooling events:
0 Spurious opening of MS bypass, SG relief train @rsafety valve,
o failure of MS relief or safety valve to close aftdrallenge,
0 steam system piping failure,

O O O
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o feedwater system piping failure.
e Other accidents during shutdown:
e Uncontrolled level drop during mid-loop operation,
e Loss of a Low Head Safety Injection/Residual Heatngval (LHSI/RHR) cooling train.

If the second approach is followed, the adaptedsmeaent data is not compared to the fixed
operating envelope boundaries, but rather withettpected operating point of the dynamic reference.
In this way, the maximum and minimum limits frombl'&.2 are changes to dynamic expected values
from the dynamic reference. Once the adapted mewmsunt moves outside the reference and
instrumentation tolerance boundary for all affecigstems, a fault is detected and diagnosed.

Tab A.2 correlates these accident groups with ¢heaéion criteria that are to be expected in easec
and lead to reactor trip. The table shows thatdegaate number of independent and diverse initiatio
criteria are provided in all cases for initiatireactor trip and/or turbine trip.

The combinations of fault indications in the diffat sub-systems are derived from simulating the
various postulated faults and analysing its eftacthe different subsystems. The information from
the table is used in the reactor protection systedetermine which safety actuation functions stioul
be initiated to prevent structural damage to tlaeta.

Tab.A.2. Fault groups with initiating measurements
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PRZ pressure < min X X

SG pressure > max X X X X
SG pressure drop > max X

SG pressure < min X X

SG level A <min X X X

SG level A > max X

Containment pressure > max X X X

A.13. Instrumentation and transmission accuracies

To ensure effective fault detection and characiéds it is required to determine the instrumeptati
equipment and information channel accuracies. Témuracy figures was made available by the
Koeberg power station as obtained from instrumpatiications for sensors and from manufacturer’s
data for electronic modules (Eskom, 1997).

Accuracies are calculated:

e at the transmitter level (measurement accuracy)
e at the threshold detector level (trip accuracy myinioutine testing) under normal operating
conditions with instruments calibrated at set pualte.

Combined errors are calculated by taking the squameé of the sum of the squares of component
errors (Eskom, 1997):

£=,/32(e,)? (A-6)
In Tab.A.3 below, the combined accuracies of théoud measurement instrumentations are listed.

Tab.A.3 Instrumentation accuracies

Channel Maximum error
Reactor coolant pressure 2.72%
Reactor coolant flow 3.12%
Pressuriser pressure 2.67%
Pressuriser level 3.11%
Hot leg and cold leg temperature 0.49%
Delta temperature 3.15%
Average temperature 1.08%
Steam generator level: 3.11%
Feedwater flow rate: 2.90%
Steam pressure: 1.40%
Steam flow: 3.07%
Turbine first stage pressure: 1.40%
Volume control tank level 3.06%
Accumulator pressure 2.72%
Accumulator level 3.35%
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Containment pressure 2.72%

Refuelling water storage tank level 2.80%

Containment spray 2.35%

With a maximum error of 3.35% for the accumula®rel, indicates that the indicated fault will be
increased or decreased by values in the ordertoflea a 1000th and 10000th of the reference value
and expected disturbance signals. If we assumethibagimulator would be able to maintain similar
accuracy levels to result in a 6.7% maximum etttog,error factor increases very slightly but reraain
below the 1000th error factor level.

o1 CPpSp(s)
}k 101 201 301 101 501 601 701 801 901
g e 3.35% Error
&8 0.01 - 6.7% Error -
c
Ke)
IS
[&]
‘S 0.001-
5
= \
0.0001 —
0.00001

Fig.A-10. Multiplication factor for maximum instrumentatienrors

A.14. Summary and conclusions

The trip conditions examined in this chapter forantpf the safety systems of the plant togetheln wit

the actuated safety systems that shut down the gédealy during accident conditions. The described
protection and control systems are licenced andeimgnted with only slight variations in all nuclear

plants around the world.
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B. Appendix

B.1. Implementation

This section discusses the implementation of th& RDan existing PWR. It provides schematics of
the entire system with all data required from thNéRPI&C systems. The implementation is done as a
diagnostic system that does not interfere withetkisting operation of the plant.

To implement the proposed fault identification syst an interface between the real time simulator
and the actual plant is required. The interfac&imB-1 compares the measured parameters of the
plant with the simulated parameters from the sitoulas well as the control system actions of the
plant with the simulated control system actionstled simulator. In Fig.B-1, the complete PDS
interface is depicted, with all primary control ®mss feeding measured information to the control
system as well as the PDS. The plant control systiemfeeds its control parameters to the PDS. On
the other side of the PDS, the simulator is runiimgeal time with the very same conditions as the
plant. Any known external controls such as loachgeaand manual controls that initiate transients in
the plant are also fed to the simulator.

Once the PDS starts detecting differences in imgniation or control variables between the pladt an
the simulator, the diagnostic sequence is initiaiecll cases, the first difference that the PD&ild
register is a difference in instrumentation measargs compared to the simulated measurements.
This would immediately be followed by the contrgstem reacting to compensate for the fault. If the
control system does not react to compensate fomdeesurement variance, the measured parameter is
still within its allowed tolerance. This prevent®tPDS from identifying false faults.

Once the control system of the plant and that efdimulator have started varying, the PDS uses the
variance to calculate what the plant measurememtsildvhave been without the control system
attempting to counter the effects of the fault. Pi&S also uses the variance in the control paramete
to build a transfer function of the fault, usingettransfer functions of the specific control system
Once the transfer function has been acquired, \th® response to the fault is transformed by the
transfer function to the original input produced thyg fault disturbance into the system. This may
happen in more than one control system at oncé, twé produced fault disturbance having the same
cause for all control system variances. Combinihg fault disturbance from all the systems
characterises the fault completely.

The following sections in this chapter discusswaBous subcomponents of the PDS in more detail.
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B.2. Power control PDS

Power is controlled by changing the reactor average tetoperdhe temperature is controlled by
moving control rods in and out of the reactor core. The PQ@ires both real and simulated control
and instrument parameters. The system is depicted in Fig.B-2.

From the measurement instrumentation, the PDS requires:

* RCS average temperature,

e turbine power, and

e core power.

From the control system, the PDS receives:
« control rod direction, and

e control rod speed.

In the case of a fault causing over or under temperatureyskers will recognise the fluctuation in
temperature, followed by the reaction of the control rods moiingr out of the core. In many
instances, the control system (movement of control rods) walbbe to return the temperature — and,
thus, the power — to the design temperature for the required powes. tBantemperature and power
will soon return to normal, the existing protection systems would beleit@detect a fault condition,
especially during expected transients such as load followingewther control rods are expected to
move to adapt to the power level. The simulator, running in treed with the plant, would be
following the same expected transient. It would not be aware dtiteconditions and, so, would not
have the control rods react to the change in temperature awihg fault. The difference between the
expected control rod and actual control rod operation resulpgoviding much more information
about the plant health than the plant measurements alone.
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Fig.B-2. Reactor temperature control with PDS

To model this, we introduce an unknown fault disturbance into #ieptant. The fault disturbance
should be zero during normal plant operation with the plant anditim@ator in synchronisation.
When a fault occurs, the fault disturbance would change, but remknown, and since the expected
operation of the control rods is known thanks to the online abmlthe fault disturbance remains the
only unknown in the plant.
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Fig.B-3 depicts the full power control schematic with bothdbrol and instrumentation parameters
from the plant and the simulator. The plant and the simulator atkoiftdude input disturbances

from expected transients. These disturbances would actikatecdntrol system to return the

measurement parameters to the design value. The schematie glant also includes a fault

disturbance that is not included in the simulator, since an unknayvmndfaturbance could be non-

zero in the plant, but not in the simulator.

B.3. Pressuriser level control PDS

The pressuriser level control logic controls the timing azé sf the letdown and charging flow
valves. The PDS requires control and instrument parameterd&iinthe plant and the simulator for
comparison. The system is depicted in Fig.B-4.

From the measurement instrumentation, the PDS requires:

* RCS average temperature,
e pressuriser level,

» charging line flow, and

* letdown line flow.

From the control system, the PDS receives:
» Charging valve opening,

* letdown valve opening, and

» pressuriser heater on/off status.

In the case of a fault causing the pressuriser level wemootside the expected range for normal
temperature fluctuations, the system will recognise the ehangressuriser level, followed by the
reaction of the charging or letdown valves operating to increasecrease the pressuriser level. In
many instances, the control system (charging and letdown fldirMpe able to return the pressuriser
level to the designated pressuriser level. Since the prgssievel will soon return to normal, the
existing protection systems would be unable to detect a danllition, especially during expected
transients such as load following where the charging and letdalves are constantly moving to
adapt the pressuriser level. The simulator, running in realwithethe plant, would be following the
same expected transient, would not be aware of the fault corediéind, so, would not have the
charging and letdown valves react to compensate for the champgessuriser level due to the fault,
only for the expected transient. The difference between thected residual flow and actual residual
flow provides much more information about the plant health than the plasureezents alone.

To model this, we introduce an unknown fault disturbance intoethleptant. The fault disturbance
should be zero during normal plant operation with the plant and thelasim operating in
synchronisation. When a fault occurs, the fault disturbancedwahange, but remains unknown, and
since the expected operation of the charging and letdown valMasovgn thanks to the online
simulator, the fault disturbance remains the only unknown in the plant.
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Fig.B-5 depicts the full pressure and level control schemdtiicboth the control and instrumentation
parameters from the plant and the simulator. The planttldimulator both include the input
disturbances from expected transients. These disturbances wtuédeathe control system to return
the measurement parameters to the design value. The plantenpaleu includes a fault disturbance
that is not included in the simulator.
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Fig.B-4. Pressure and level control with PDS
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Fig.B-5. Pressuriser level control schematic with PDS

B.4. Pressuriser pressure control PDS

Pressure control measurements of the pressuriser are usedthehieessure is controlled by a

proportional heater and back-up heater for low pressure. For teghupe, the pressuriser spray and
relief valves are used.

The PDS requires compared control and instrument parameters. The sydégeted in Fig.B-6.

128



From the measurement instrumentation, the PDS requires:
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Fig.B-6. Pressure control schematic with PDS

RCS average temperature.

From the control system, the PDS receives:

Spray valve opening,
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» relief valve opening,
e proportional heater power level, and
» back-up heater on/off status.

In the case of a fault causing the RCS pressure change tobeypwed what is expected, the system
will recognise the change in pressure, followed by the reaofidhe proportional heater or spray
valve operating to increase or decrease the pressure; forpaegsure changes, the back-up heater or
pressure relief valves are employed. In many instances, th®lceydgtem (heaters or valves) will be
able to return the RCS pressure to the design pressure.tBan&CS pressure will soon return to
normal, the existing protection systems would be unable to detactt @ondition, especially during
expected transients such as load following where the presbamgges are expected owing to
changing temperatures and coolant flow. The simulator, runninglitimeawith the plant, would be
following the same expected transient. It would not be awareeodfatlit conditions and, so, would
not have the heaters or valves react to compensate for the ¢hggesure owing to the fault, only
for the expected transient. The difference between the expectedgmate and real heater power, as
well as the difference between expected valve openingseahdalve openings, result in providing
much more information about the plant health than the plant measurenoests al

Fig.B-6 depicts the full control schematic with both the cdremal instrumentation parameters from
the plant and the simulator. The plant and the simulator both inthedaput disturbances from
expected transients. These disturbances would activate thelsystiem to return the measurement
parameters to the design value. The plant, however, also incddudagt disturbance that is not
included in the simulator. The fault disturbance should be zenmogdnormal plant operation with the
plant and the simulator in synchronisation.

B.5. Steam generator control PDS

The steam generator level is controlled by feed water floar steam flow. The turbine load
determines steam flow, so the feed water flow is adjustecr@diagly to maintain acceptable steam
generator levels. The secondary circuit steam dump systesedsto reduce steam pressure during
certain transients by releasing steam from upstream ofithime inlet valves to the condenser or the
atmosphere when the condenser is unavailable.

From the measurement instrumentation, the PDS requires:

 SG water level,
« steam flow, and
« water flow.

From the control system, the PDS receives:

* Main feed water valve opening and
* low flow feed water valve opening
for level control.
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Fig.B-7. Steam generator control

For feed water flow control, the PDS requires:

» Steam pressure,
» feed water pressure, and
» steam flow rate.

From the measurement instrumentation the PDS requires:

* motor pump speed and
e turbine pump speed
from the control system.

For steam pressure control, the PDS requires:

* steam pressure

From the measurement instrumentation the PDS requires:

* atmospheric steam dump valve opening and
* condenser steam dump valve opening

from the control system.
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In the case of a fault causing the SG secondary pressure or level to move blegbisdexpected, the
system will recognise the change in pressure or level, fetloly the reaction of the condenser or
atmospheric steam dump control valve to operate to reduce esteass pressure, since the turbine
power is directly controlled by the steam pressure. In the @Ba large reduction of steam pressure,
the turbine power will be reduced. The SG level is continuabyntained by feed water inflow,
which will increase as the level drops.
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Fig.B-8. Steam generator controls with PDS

Since the SG level is maintained at an acceptable levekxiséng protection systems would be
unable to detect a fault condition, especially during expectadi¢rats such as load following where
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the level changes are expected due to changing temperaturemtcibmlv, and steam pressure
changes. The simulator, running in real time with the plant, woulibllm®ving the same expected

transient, would not be aware of the fault conditions and, so, woultbretthe increased/decreased
flow or valves react to compensate for the change ial lew pressure due to the fault, only for the
expected transient. The difference between the expected &Gwater inflow, as well as the

difference between expected valve openings and real valve opergsglts in providing much more

information about the plant health than the plant measurements alone.

Fig.B-7 depicts the full control schematic with both the adrdand instrumentation parameters from
the plant and the simulator. The plant and the simulator both inthedenput disturbances from
expected transients. These disturbances would activate thelgysttem to return the measurement
parameters to the design value. The plant, however, also iscludault disturbance that is not
included in the simulator. The fault disturbance should be zenmogdnormal plant operation with the
plant and the simulator in synchronisation.

B.6. Accounting for inaccuracies and time delays in the system
implementation

As described in article 2, the system is robust against smaturacies and time delays. Inaccuracies
would however reduce the speed at which the system is ableetd @ailts since the error region
around the compared measurements and control operations becomes larger.

As false positives would result in producing doubt in the mindglarit controllers this should be
avoided at all cost. For this reason, it is accepted thatRisesRould always wait until measurement
and simulated difference move beyond the measurement equipmers#ndeleand simulated
measurement error before a certain fault is detectech Bat simulator error and the equipment
tolerances should be available to the PDS at all tibesng situations where large inaccuracies are
present, the conventional plant protection system will detectathle first and initiate the relevant
safety actuation systems.

In order to prevent simulation and measurement noise from jesjpgydhe system, it is important
that the information produced by the simulator should mimic thenr&bon received from the plant
on all levels including the resolution and rate of quantization of signals.

B.7. Simulator and plant synchronisation

In order to prevent drift of plant measurements and controbhtipes from the simulated equivalent
values and since the simulator will always be running, the plant andatamsihould be synchronised
at certain points in the plant operation. For this reasersithulators’ ability to solve a steady-state
plant condition is very important. During steady state operatigrh(as operating at steady power) of
the nuclear plant, the operators conduct a plant assessmenirfi@no time to verify the health of

the plant. At these points the simulator is set to solvestBady state condition with the plant
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parameters and is synchronised with the plant. During stetadg, all plant measurements are
expected to be stable and so, no accumulation of time-delays can occur.

B.8. Summary and conclusions

This concludes the description of the implementation of the PDS inithargrcontrol systems found
in a PWR. With the system continually receiving data on plaeasurements as well as control
parameters, it becomes simple to calculate what the plargunemaents would have been if the
control system had not attempted to prevent the fault conditiom finoving the operating parameters
outside the safe operating envelope. In the following chapter, a nafypical faults are simulated
and analysed.
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C. Appendix

C.1 Additional reference faults

C.1.1.Steam line break inside containment

Steam release due to a rupture of the main steam line couldiositle or outside the containment,
since the main steam line passes through the containmenieXpésted that an initial increase in
steam flow will decrease as steam pressure drops. Sia@@mntainment is pressurised at atmospheric
pressure, an increase in the containment pressure is expecthd fault occurs inside the
containment. When simulating the accident, the size of the break igdalette small enough for the
control system to counter the changes due to the fault, $authevould normally go undetected by
the protection systems inside the reactor.

Tab.C.1. Steam line break configuration

Accident configuration
Description Steam line break inside containment
Delay time 100 s
Ramp time 0s
Failure fraction 5cm’
Transient configuration
Description Load change
Transient size 100-80%
Transient rate 5% per minute

Event sequence

Action Time (s)
PZR proportional heater capacity change 0.0
PZR proportional heater capacity change 21.0
PZR proportional heater capacity change 1925
PZR back-up heater capacity change 279.0
HPI pump 3 position change 331.0
PZR back-up heater capacity change 554.0
PZR proportional heater capacity change 667.5
PZR spray valve 1 position change 991.5
HPSI start high RB press 1.30 atmospheres 13135
HPI pump 1 position change 13135
HPI pump 2 position change 13135
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Letdown valve 1 position change 13135
HPI pump 3 position change 13135
Containment vent valve 1 position change 13135
RBS pump 1 position change 13135
Containment spray starts 1.3 atmospheres 13135
Letdown valve 1 position change 1314.0
Reactor SCRAM 13145

In Tab.C.1, a trip is shown at time 1314.5s, 1014.5 seconds after terdaccurred. The trip is
initiated due to the rise of pressure in the containment, with noaitalh as to the cause of the
accident.
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Fig. C-1.RCS pressure and heater operation

The first parameter to be analysed is that of the RCSyme# Fig. C-1. In the case of a steam line
break, the accident is isolated to the secondary coolant loop, anththaffect of this on the primary
coolant loop is limited to a secondary effect caused by inaeasedecreased heat exchanger
capacity. Nevertheless, a clear drop in pressure that would not without a fault present is seen,
with the pressuriser heater operating to return the pressutbetexpected value. With the
compensating heater effect removed, a larger pressure dragens with the pressuriser never
returning the pressure to the operating point, with a pressure drop of 30 kieatriéault.
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Fig.C-2. Secondary pressure

The pressure in the secondary coolant loop (Fig.C-2) whereathieig situated in this case is not
specifically controlled, but usually maintained by the steamegator level with feed water inflow

and steam outflow. The analysis still resembles that of other coadaradoidents, so no indication as
to the cause of the fault is evident yet.

2000 20
SG Flow SLB
SG Flow No Fault 118
— — — SG Steam FLow SLB
1900 \ ------ SG Steam FLow No Fault ||
Break outflow + 16
T14
1800
T 12
z - T
E 3 E
z 1700 \ 10 z
] k ]
w [
| 1 lg
1600 2
\ 16
........ L T
\ /7 T
1500 \\/
T2
1400 T T T T T T T 0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Time (s)

Fig.C-3. Steam generator flow
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In the primary coolant system, no drop in coolant levels ideenj which indicates that the cause of
drop in pressure should be located in the secondary coolant loop. Thissajgpba the case, as a
drop in SG level is evident in Fig.C-3. An increase in feater flow into the SG also indicates that
the control system is attempting to reduce the effecheffault. The steam flow exiting the break
settles at 8.22 ton per hour.

The SG level drop is almost too small to notice, as the Wester flow makes up for the drop in the
level. Using the formulated technique, the compensating effébheafontrol system can be removed
to provide a new SG level, as if the control system onlydamteexpected transients such as the load
change transient.
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Fig.C-4. Steam generator level

As in previous examples, the flow through the break togethir the pressure difference on the
inside and the outside of the system allows the calculatitimedbreak size, in this case, 5%iit is
worth noting that the break is substantially larger for lessacovob leak per hour, since the secondary
pressure is substantially lower.
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Fig.C-5. Steam line break size

As with the case of the LOCA, the break occurred inside theaiconént, resulting in a rise in
containment pressure, which initiates the SCRAM sequence. ffbisniation remains useful, as the
complete analysis indicates that a break of 5 cm2 occurrélieasecondary coolant system inside the
containment.

By combining all of these effects, the fault can be ddria® a leak and break in the secondary loop
(inside containment) from Tab.A.2 as the fault was detected imllbeving control systems:

* SG Pressure control
0 Measurement: SG pressure drop larger than expected,
0 Measurement: SG pressure lower than expected.
* SG Level control
o Control: SG makeup flow larger than expected,
0 Measurement: SG level lower than expected.
« Containment pressure monitoring
0 Measurement: Containment pressure larger than maximum allowed pressure.

In Tab.C.2, the PDS results are summarised.

Tab.C.2. Steam line break accident PDS results

Accident results
Proposed fault ID system Existing Protection system
Categorised as Loss of coolant from secondary coolant | Containment over pressure
loop inside containment
Time faulty operation | 1 015 seconds 1 315 seconds
detected
Time fault 1 015 seconds or earlier 1 315 seconds
categorised
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Failure fraction 1

8.22 ton per hour

NA

Failure fraction 2

0.5 cm”

NA

In the following case, the exact same break is simulated, Wihbteak occurring outside the
containment. The expected result is the same as this case, wikgcep&an that the plant will receive
no indication of the accident, and thus, no SCRAM will be initiated.

C.1.2.Steam line break outside containment

Steam release due to a rupture of the main steam line couldiositle or outside the containment,
since the main steam line passes through the containment. Aal indrease in steam flow is
expected, which will decrease as steam pressure drops. No increaseointéirement pressure would
be seen if the break is outside the containment. When simulb&ragtident, the size of the break is
selected to be small enough for the control system to couetehtinges due to the fault, so the fault
would normally go undetected.

Tab.C.3. Steam line break configuration

Accident configuration

Description Steam line break outside containment
Delay time 100 s

Ramp time 0s

Failure fraction 5cm’

Transient configuration

Description

Load change

Transient size

100-80%

Transient rate

5% per

minute

Event sequence

Action Time (s)
PZR proportional heater capacity change 0.0
PZR proportional heater capacity change 21.0
PZR proportional heater capacity change 1925
PZR back-up heater capacity change 279.0
HPI pump 3 position change 331.0
PZR back-up heater capacity change 554.0
PZR proportional heater capacity change 667.5
PZR spray valve 1 position change 992.0

In Tab.C.3, no trip takes place, as expected, since no fault cetdmted, as the steam

the atmosphere.

is released to
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The first parameter to be analysed is that of the RCSymeeén Fig.C-6. In the case of a steam line
break, the accident is isolated to the secondary coolantandpso, the effect of this on the primary
coolant loop is limited to a secondary effect caused by inaeasedecreased heat exchanger
capacity. Nevertheless, a clear drop in pressure that shoutkisbtwithout a fault present is seen,
and the pressuriser heater is operating to return the pressure to thecexpha.
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With the compensating heater effect removed, a larger predspypeis seen, with the pressuriser
never returning the pressure to the operating point, with a pressure dropRa 80é&kto the fault.

The pressure in the secondary coolant loop where the faitu#&ed in this case is not specifically
controlled, but usually maintained by maintaining the steam gendeatdrwith feed water inflow
and steam outflow. The analysis still resembles that of other cootanatcidents, so no indication as
to the cause of the fault is evident yet.
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Fig.C-8. Steam generator level and inflow

In the primary coolant system, no drop in coolant levels ideewj which indicates that the cause of
drop in pressure should be located in the secondary coolant loop. Thissajgpba the case, as a
drop in SG level is evident from Fig.C-8. An increase in feater flow into the SG also indicates
that the control system is attempting to reduce the effect of the fault.

After analysing the case this far, it is clear that theltesf the accident are exactly the same as those
of the previous case, with the only exception that the reactorev®@r SCRAMed, since the
containment pressure does not rise. The break size is t¢atttdabe 5 cfifrom the flow of 8.22 ton

per hour.

By combining all of these effects, the fault can be ddria® a leak and break in the secondary loop
(outside containment) from Tab.A.2 as the fault was detected in thwifay control systems:

* SG Pressure control
0 Measurement: SG pressure drop larger than expected,
0 Measurement: SG pressure lower than expected.
* SG Level control
o Control: SG makeup flow larger than expected,
0 Measurement: SG level lower than expected.
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In Tab.C.4, the PDS results are summarised.

Tab.C.4. Steam line break accident PDS results

Accident results

Proposed fault ID system

Existing protection system

Categorised as

Loss of coolant from secondary coolant
loop outside containment

Not categorised

Time faulty operation
detected

1 015 seconds

Not detected

Time fault 1 015 seconds or earlier Not categorised
categorised

Failure fraction 1 8.22 ton per hour NA

Failure fraction 2 0.5cm’ NA
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