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Abstract

System monitoring, especially with the Industry 4.0 push to automate the industry, is becoming
more crucial for the successful operation of industrial systems. The effective and early detection
and isolation of faults is an important part of both system monitoring and control. This can be a
laborious process especially if the system consists of more than one domain of operation i.e. elec-
trochemical or electromechanical etc. A method that can overcome this multi-domain complexity
is the energy graph-based visualisation (EGBV) method that can be used as a hybrid fault detection
and isolation (FDI) technique. This study aims to evaluate this energy-based approach to fault
detection and fault isolation applied to a steam turbine system (STS).

A static thermodynamic model of the STS situated in Jeanschwalde Germany has been developed
in the software package engineering equation solver (EES). The model is based on mass and energy
balance equations pertaining to individual components of the system. The modelling knowledge
has then been applied to simulate a fault type (FT) using an existing validated model of the STS
developed in the software package Ebsilon by engineering staff working at the plant. Four faults
have been considered, namely: Solid particle erosion (SPE), leakage of the turbine’s overflow valve,
overall ageing or wear of the turbines and pump cavitation. Physical data in the form of temperature,
pressure and mass flow rates from the STS have also been obtained for a number of components in
the system. The simulations and physical data have been combined, using statistical methods, in
an attempt to create time series energy based data for the purposes of FDI.

An energy characterisation of the STS has been done and an attributed graph of the STS is composed
pertaining to modern graph theory techniques. The attributed graph has been used to construct
node signature matrices containing the energy data from the constructed time series. These node
signature matrices are utilised in three analytic approaches to FDI. Each of the three approaches
uses different aspects of the information encapsulated within the node signature matrices. Ap-
proach 1 and 2 are based on graph matching to compose cost matrices with the Heterogeneous
Euclidean-Overlap Metric (HEOM) metric. Approach 1 uses a single distance parameter that is
indicative of a fault being present in the system or not. Approach 2 utilises eigenvalues of the cost
matrices as the mathematical analysis technique for FDI. Approach 3 uses a residual approach to
determine whether a fault is present and to isolate one fault from another.

The FDI results obtained from the 3 approaches show that approach 2 had the best perform-
ance. The detection accuracy of approach 2 was 100% and an isolation accuracy ranging from
19%, for some variations of FT2, to 100% for for FT4. Approach 1 had the lowest accuracy in terms
of fault isolation, attaining isolation accuracy of less than 20.4% for all FT’s except FT1 which
was isolated with a 100% accuracy. Approach 3 had the worst detection accuracy with moderate
isolation, attaining only 72% accuracy in terms of fault detection and an isolation accuracy ranging
between 5.2% and 70%.

Future research on this topic can entail the development of a general approach to energy-based
FDI. The establishment of guidelines for composing and attributed graph of a system will be crucial
for such future research. The application of alternative metrics for graph matching and the analysis
of these matched graphs using machine learning techniques can also be considered. A comparative
study of the effectiveness of these FDI methods compared to traditional methods like Principle
Component Analysis (PCA) is also required.
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CHAPTER 1

Introduction

This chapter gives a brief background of the research and basic context of the physical system. The
research problem statement, objectives as well as the methodology are also described. Lastly the
chapter gives an outline of the dissertation as well as the applicability and necessity of the study.

1.1 Background

Many electricity generating steam turbine powered generators in the 20th century are operating in
service far beyond the designed lifetime of the machine [7]. The single largest cost of keeping a
steam turbine running is the cost of dismantling parts of the system for maintenance. The monit-
oring of the STS, as a whole, on a regular or continuous basis allows for these costs to be lowered.
Karlsson [4] states that when using fault diagnosis and identification methods the probability of
having a breakdown that will result in a large dismantling of the system, can be greatly reduced
if the fault diagnosis is acted on in time. According to [8], the dismantling of a STS in order to fix
faults may also introduce larger problems since it increases the potential of, for example, vibrations
and leakages. Due to the need for fault detection and isolation in modern systems the incentive for
research in this regard is high. The industry push for automation, specifically with Industry 4.0,
also increases the need for condition monitoring [9]. The potential loss in profits or equipment
when faults are not detected and fixed in time can have unwanted and irreversible effects. Due to
this fact an effective method of analysing a system and detecting faults is of utmost importance. It
would be of immense value if a system can be monitored to such an extent that faults are detected
before a large breakdown occurs. This could allow for predictive maintenance and can result
in large cost reductions. The book by M. Mansouri [10] discusses numerous methods for fault
detection. The application of data driven methods, among others, PCA and partial least square
(PLS) is discussed. As a final chapter the book describes methods of state estimation for state space
models and elaborate on the state estimation when using fault detection-based approaches. The
book also describes the determination of upper and lower control limits for FDI applications and
gives some examples of the application thereof in actual systems. The largest shortfalls of these
methods seem to be either the lack of a holistic view of the system or the handicap imposed by the
large amount of data required for the method to be effective. Both data driven and model-based
methods attempt to address these shortfalls but seems ineffective if used as a standalone. In the
article by Y. Ding et al. [11] the complexity and challenges with FDI in steam turbines using an
artificial neural network (ANN) is discussed. A similar article by C. Karlsson [4] also utilizes an ANN
for fault detection and interactive isolation in a STS. From both articles the common faults in these
systems and the immense importance of its early detection, for supporting maintenance decisions,



is made clear. The shortfalls seen with data and modelled based methods, are typically addressed
by hybrid systems.

Mainly two fault detection philosophies exist with some contention regarding the meaning of
the terms. In order to clarify this, the terms are defined by [12] as follows:

The first being fault detection and diagnosis (FDD), referring to determination of a fault state in
a system and obtaining information on what may be the cause, severity and location of the fault
on a component level. The second is FDI, which refers to the determination of faults in a system
or component, detecting in such the origin of the fault. The term isolating refers to the action of
identifying unique faults. A fault can therefore be detected in a system but only isolated if the fault
is unique to that specific case. By isolating faults, it allows for specific distinction between the
different faults that can occur and results in a clear prognosis of the system’s fault state. Based on
the method of analysis used, fault isolation may also indicate the location of the fault in the system,
however, the ability to identify the fault’s location is normally referred to as fault identification
rather than fault isolation. For the purpose of this research only FDI will be considered.

Besides the difficulties when detecting faults in general, the multi domain nature of most modern
systems further increase the complexity of analysis. This implies that using energy and exergy as the
main variables of analysis can be beneficial. This analysis approach is advantageous because the
multi domain nature of these industrial plants does not impact the analysis as one moves from one
domain (i.e. Mechanical, Electrical, Petrochemical etc.) to another. This can allow for a more effect-
ive and efficient approach to FDI. Further, since various aspects in terms of the information on the
system’s health is accumulated within the energy attributes of the system, the complexity of analysis
is reduced. Lastly this approach may lead to effective energy and exergy-based methods of system
control. In an article by Du Rand published in 2012 an approach for general fault detection (FD)
in a 4’ generation nuclear high temperature gas-cooled reactor using enthalpy-entropy graphs
were proposed [13]. The use of energy and energy attributes in industrial systems for thermal plant
analysis is common [14]. The application of energy and specifically exergy for FD is however a
relatively novel approach. The article publication by Du Rand was at the beginning of a branch of
FD research at the North-West University (NWU) that later resulted in larger research focus, where
the applicability of energy and energy derivatives as well as graph theory approaches for general
FD are being investigated.

The resulting research had the aim of finding an effective hybrid method for general FD, spe-
cifically using energy and energy attributes as a global variable that will allow for simplification of
the analysis, detection, isolation and diagnosis of faults in multi-domain systems such as electro-
chemical and electromechanical plants.

In an article [15], published in 2018, a vision for energy-based graph visualisation with the purpose
of condition monitoring was proposed. The article described a graph approach using a simple
Rankine cycle as an example for composing an energy based attributed graph. The term energy
graph visualisation refers to the utilizing of energy attributes of a system or component in a math-
ematical and graphic sense. This means applying graph theory and the related analysis methods
thereof to investigate and present the energy attributes in a useful way for FDI. This approach is
also presented in [3]. Further a basic FDI scheme was set forth and illustrated with 3 case studies,
1), Heated two-tank system, 2), Gas to liquids process and 3), Closed loop Brayton cycle. All of these
studies were done either on benchmark, small scale or modelled systems. There exists therefore
a requirement for more research on the applicability of the method using data from an actual
large-scale plant.



The opportunity presented itself in a town called Jaenschwalde, Germany at a lignite plant that is
used to generate electrical power. The plant is a STS that consists of 6 sections or units each deliver-
ing around 500 MW of power. Due to the environmental damage that these systems cause, and the
push from Germany’s government to reduce CO, emissions, four of the six units of the plant were
shut down and plans exist to shut the whole plant within a few years. The two remaining sections
are being monitored for research application to this date. The research on magnetic bearings by
the Institute for Process Technology, Process Automation and Measurement Technology (IPM) of
the Hochscule is based on a part of this STS. Hence an ongoing relationship with the Hochschule
Zittau/Gurlitz University of Applied Sciences and the plant is sustained. This arrangement enabled
the obtainment of data and the use of a comprehensive software model for this research.

1.2 Problem statement

The applicability of the energy graph based visualisation (EGBV) technique for FDI purposes, as
proposed by [15], should be evaluated when applied to a STS.

This requires:

1) Valid operational thermodynamic data from the STS that can be used for energy and exergy
calculations.

2) Data for normal and fault operational conditions of the STS in order to be able to apply the
proposed FDI technique.

3) Energy characterisation of the system of such a nature that mathematical analysis is simplistic.
4) The FDI method’s performance should be tested in terms of sensitivity to system changes, ro-
bustness of the scheme and accuracy of the detection and isolation of faults.

The delimitations of the study are:

1) Only FDI will be evaluated as defined and not FDD.

2) The nature of the system under investigation in this research, is such that the system is con-
sidered on a system level, using the turbine only as the classifier for the system type, and does
not imply a singular focus on faults within the turbine as a component. In this regard the system
size is substantial and would not be practical for a "magister inzynier" (Ming) study to conduct
fault detection on a subcomponent level. The FDI is thus restricted to a component and system
level. This implies that the detection of faults is only effective to the extent that faults can be
attributed to a specific component like a pump or turbine. It is, however, important to note that
the turbine comprises of 3 units (high pressure turbine (HPT), medium pressure turbine (MPT)
and low pressure turbine (LPT)), with various stages, which will be viewed as separate components
since each of the individual stages (4 for the MPT and 3 for the LPT) can be modelled as individual
turbines.

3) The nature of the EGBV only allows for systems with representative energy attributes to be mon-
itored and thus the study will not conclude on systems other than STS for which energy attributes
are available.



1.3 Objectives and methodology

1.3.1 Objectives

1) STS modelling

The FDI method can only be applied to a system from which comprehensive data can be obtained.
This data can be from either or both a model or the physical system. For the study, both model and
real system data are used. Thus, a representative thermodynamic model of the system must be
developed. This representative model will be used for fault simulation purposes. Initially, a static
model in the software EES was developed, however, since access to a comprehensive validated
static model in the software Ebsilon was made available at a later stage in the research, and the
focus of the study is on FDI, this EES model is only used to describe the fundamental working
of the system. The aim is to obtain simulation results that describe the energy and exergy in the
system. Verification of the EES model is also required to ensure the correctness of the fundamental
mathematics used in the model and to ensure that the simulations of faults and operational states
are coherent with the physical system. The definitions of verification and validation are as defined
by the standard IEEE-STD-610.

The end result must be a detailed analysis of the complete system, referring to each of the compon-
ents that are included in the graph, with data in the form of temperature, pressure, mass flow and
work from which the exergy and energy values throughout the system can be obtained. This will be
described in the next section.

2) Energy characterisation

The graphical visualisation of energy necessitates research regarding the specifics of energy charac-
terisation. This refers to three objectives.

1) Establish the energy attributes that are useful for the specific system under investigation and
determine the applicable mathematical methods to calculate it.

2) Determine the graph node and link connections and establish which components to include as
nodes or not.

3) Compose a graph and an attributed graph based on objective 1 and 2, such that the graph
complexity is minimal.

3) Experimental design.

To facilitate the comprehensive investigation of FDI the composition of representative data sets
from the available practical data and model simulations needs to be carefully considered. With this
in mind, an experimental design is developed to specify how the practical data and the simulation
data are used to arrive at the appropriate data sets that will be used in further analysis. The data
must be for specifically identified faults to enable a method for validation of the FDI scheme. Also,
in order to evaluate robustness and sensitivity of the FDI method, the data needs to consist of the
actual physical system fluctuations and noise. Data must therefore be obtained from both the
model and the physical system.

The required end results are the following 4 datasets:

1) Normal operational state simulation data.

2) Fault state simulation data (for each fault under investigation).

3) Normal operational data from the physical system.

4) Fault data from the physical system if available.



Since the data obtained from sets (3) and (4) will have noise and fluctuations, specific statistical
analysis as well as curve flattening and noise filtering methods are used to process the data.

4) Energy-based fault detection and isolation

Finally, the study will be concluded through testing the FDI method. Thus, each of the mentioned
aspects need to come together using a logical and systematic approach. This is done through
evaluation of the FDI by validating and verifying the FDI method and its performance. Both the
robustness and sensitivity of the FDI needs to be taken into consideration. The following faults are
considered.

1) Solid particle erosion on different stages of the turbine.

2) Leakage of the overflow valve of different stages of the turbine.
3) Ageing and wear of the turbine overall.

4) Cavitation on the feeding pump.

1.3.2 Methodology

1) STS Modelling

The static model will be developed using the modelling approach as referred to in [16]. The model
will be based on a simplified system using the software package EES. This model utilizes mass and
energy balance equations to solve the thermodynamic parameters expected at various points in
the system. The software allows for simultaneous solving of numerous equations. This enables one
to define equations in terms of variables, like P for pressure or T for temperature, and solve it for
specific parameter inputs throughout the system. Each component in the system is viewed as a
controlled volume for which the mass and energy balances should hold. Connecting each of these
components to one another, the system can be recomposed and mathematically modelled. The
main use for this model is to grasp the inherent workings and modelling of the plant.

During a visit of 3 months to Germany, the validation of this model will be completed. This will
be accomplished by comparing the simulation results to the physical system data and results
obtained with an existing and more detailed dynamic model. The dynamic model was developed
by a technical team in Germany using the software package "Ebsilon". It was created and validated
to be used with the plant design in Jinschwalde. The verification of the static model will also be
done by evaluating the model’s ability to perform normal and faulty simulations. The dynamic
model will also be used to simulate fault conditions. For the aforementioned modelling, changes
will be made to the model in relation to each fault simulated. These changes include adjusting the
model inputs or marginal values and adding specific fault conditions to the model set-up. Four
main faults will be simulated as specified in the previous section 1.3.1 at 3 to 4 different intensities
(e.g. for a leak, the intensities may be a high, medium and low mass flow rate).

2)Energy characterisation

The energy characterisation forms the connection between the system and the FDI scheme of the
research. This is done by composing a node and link (also known as vertices and edges) graph and
applying both the practical and modelled energy data to this graph. The graph is then referred to
as an energy-based attributed graph as suggested by [3, 15] and [17]. The methodology includes
determining which components to include as nodes or not. Also, the nodes which should be
connected with links to ensure a simple graph that allow for fast and effective analysis, whilst still
representing the structural composition of the system, are determined. This is done by analysing



the system according to five criteria, and then composing a decision matrix from which conclusions
are made.

1) Nodes must be chosen for components for which faults will be detected.

2) Choose nodes to represent components with relatively high numbers of links connected to other
components. For example see option 2 in Figure 1.1.

3) Ensure nodes represent components having large effects on the system’s energy output.

4) The nodes must be representing components with high energy attributes relative to other
components within the system. A typical measure of what constitutes large or small energy
attributes will be to classify components with energy attributes above the average of the nominal
energy attributes of all components as large energy attributes and include nodes for them. For
example, see option 2 in Figure 1.2.

5) Use node placement in such a way that it minimises graph complexity.
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Figure 1.1: Example of component with high number of links
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Figure 1.2: Example of component with large energy attributes

3) Experimental design.

In general, controlled fault operational data from a physical system can be obtained by using either
existing fault data from the plant, or by emulating faults through knowingly inducing specific
faults into the system. A third method would be to run a simulation of the faults, using a validated
software model that is representative of the system.

With regards to the research, the major concern regarding the faults is that the physical system in
Germany does not have fault data in the form of thermodynamic results. It is also not possible to
induce faults directly into the system due to the fact that the plant is constantly operating, deliver-
ing power to the energy grid. Therefore, to obtain the fault state data simulations must be utilized.
The only data obtained from the practical system, are under normal operational conditions while
the load of the system would change. This results in a set of practical data that contains the normal
noise of the system as well as the fluctuations in the data seen due to the control of the plant. A
flow diagram of this approach is shown in Figure 1.3. This data is obtained through measuring
temperature, pressure and mass-flow at various points in the system.
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Figure 1.3: Flow diagram visualizing how the practical data are obtained

The simulation results give specific data that shows both the designed normal state results, as
well as the results under fault conditions, at various points in the system. A flow diagram of this
process is visible in Figure 1.4.
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Figure 1.4: Flow diagram visualizing how the simulation data are obtained

Using a Simple Moving Average (SMA) filter the noise from the practical data are extracted. The
average of the noise and a standard deviation above and below the mean can then be calculated.
As an example, these results are then combined with the modelled results by adding the average
noise to the simulation data and a number of fault simulation data sets with noise are obtained.
The final data sets obtained will then consist of various parameters (temperature, pressure etc.)
under specific conditions (normal or a fault condition), with as well as without noise.



4) Energy-based fault detection and isolation

For the research to be concluded the FDI application of the EGBV technique must be evaluated.
The data of the system states, as mentioned before, are used as standalone data and in combination
with the practical data. The FDI is done by composing a node signature matrix using the attributed
energy-based graph. This matrix then consists of data for a specific fault state obtained from the
model or practical system (the unhealthy state). This can be compared to a reference signature
matrix (the healthy state) using a matching metric’s like the HEOM or one of the metrics described
in [18]. A resulting cost matrix is obtained. Repeating this for each fault, results in a set of cost
matrices that can be analysed using eigenvalue decomposition. These results can then be qualit-
atively interpreted. In summary, by using graph matching techniques to compare the unhealthy
signature to the healthy signature the faults are detected.

In order to evaluate the robustness and sensitivity of the FDI philosophy, the dataset with noise
that occurs in the real system is used. By introducing a limit function in combination with some
threshold value the sensitivity of the method is tested. Lastly the isolation of the fault signatures is
done by simply subtracting the signature vectors from each other to obtain an isolability matrix.
Since the faults are simulated, each fault is known and controlled for the implementation the FDI.
To validate the FDI it can therefore simply be noted whether the resulting fault signatures detected
and isolated are valid and unique or not. A quantifiable method for doing this would be to compile
a confusion matrix.

1.4 Dissertation outline

1.4.1 Chapter 2: Literature

In this chapter a discussion of the relevant literature is given. It contains both a literature survey
and detailed literature. The chapter focuses on elaborating specifically in regards to the four
main aspects listed in the objectives. An explanation of the literature regarding thermodynamic
modelling is given. Also, the various methods regarding FDI with an energy attributed approach
are explained. Different methods of data analysis for the purposes of FDI are discussed and lastly
the energy characterisation and graph theory aspects applicable to the study are elaborated on.
The chapter motivates the relevance of the literature and gives a simple overview of each topic.

1.4.2 Chapter 3: STS Model

In chapter three the approach and step by step methods used to develop the thermodynamic model
in EES are explained. This chapter serves as a description of the technical aspects regarding the
model. A discussion of the validation process is also given as well as some elaboration regarding
the deviations seen between the results of the model and the real system. Finally, a conclusion
is made as well as a motivation on the use of the Ebsilon model that forms part of the validation
process of the EES model.

1.4.3 Chapter 4: Energy characterisation

This chapter discusses the energy characterisation of the system. The methodology followed to
determine which components to include as notes as well as which links to include between the
nodes is explained. The physical analysis of the system to determine how the energy characterisa-
tion would be effective for the study outcomes is explained. Lastly a discussion on the effects of
inclusion or neglecting of certain components as nodes are stated. This includes an explanation of



the approach followed if some of the components included in the energy characterisation do not
allow for efficient data allocation.

1.4.4 Chapter 5: Experimental design and data collection

Chapter five gives an in-detail discussion on the methodology followed in Ebsilon to emulate faults.
The obtaining of data from the physical system is also discussed. Finally, the analysis of the data
from both the simulation as well as the physical system is explained. This includes an in-detail
explanation of how the practical data and simulation data are combined in order to be used in the
FDI philosophy. A short discussion on the different data analysis methods for thermodynamic data
are discussed along with a defence of the methods used in the study.

1.4.5 Chapter 6: Energy-based fault detection and isolation

The second last chapter serves as an attempt to gather all aspects of the study with the application
of the FDI philosophy as described by [3], [17] and [15]. The chapter gives an in-detail description
of the mathematical approach as well as alternative methods in terms of the mathematical analysis.
A discussion on the robustness and sensitivity of the FDI philosophy is also elaborated on. Lastly
the chapter concludes by listing the fault conditions that were effectively detected and isolated or
failed to do so.

1.4.6 Chapter 7: Conclusion

The last chapter concludes the dissertation with a quick summary of the research as well as some
suggestions regarding possible topics of further research. Lastly some possible improvements that
may be of good practice to study are given and the possible shortcomings of the study are listed
and discussed.
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CHAPTER 2

Literature

This chapter is a survey and review of all the literature that were studied. The chapter motivates
the relevance of the literature and gives a simple overview of each topic as noted in the objectives.
This includes a broad overview of the documentation regarding FDI and the use of energy attributes
and the relative analysis methods. Previous research done on energy graph-based visualisation and
exergy analysis is given. Lastly the literature on thermodynamic modelling and graph theory is noted.

2.1 Introduction

The focus of this chapter is to elaborate on the relevant literature regarding four main points. These
points include a discussion of the literature on Rankine cycles and the thermodynamic modelling
thereof. The literature and concepts regarding energy characterisation of a system are given and
the relevant aspects of graph theory used as a tool for visualisation and data analysis is discussed.
Lastly the literature regarding methods and philosophies for fault detection, fault detection and
isolation and fault detection and diagnosis are given.

The chapter also contains an in-depth discussion of the energy based visualisation method for FDI
and the modelling approach followed for development of thermodynamic models. The in-depth
discussion includes some background and definitions on specific concepts in order to clarify the
semantics for the rest of the dissertation.

The chapter ends with a critical review of the relevant literature as a motivation for the focus of the
study.

2.2 Literature survey

The information regarding the EGBV for FDI purposes is based on the work done by G. Van Schoor,
K. Uren, H. Marais and S. Greyling. [3, 15,17, 19]. The literature builds on methods of FDI and
concepts such as fault tolerance, fault diagnosis and performance assessment, modelled based vs.
data driven approaches and sensitivity and robustness measures as mentioned in [20] as well as
exergy analysis as defined from a fundamental approach described in [21], and lastly graph theory
and graph matching methods as described in [18] and [22].

The book [20] is a thorough source on FDI methods and the standard analysis approaches that are
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used such as the approach by the artificial intelligence community known as the DX approach. It
provides a fundamental description of FD philosophies in general as well as the mathematics and
techniques involved. The book introduces modern advanced FDI techniques and also describes
the model, machine learning and hybrid-based methods that exist or are being researched. The
definitions given on FDI topics by this source are used as the reference for the definitions used in
the dissertation.

One motivation to pursue research on FDI for steam turbine systems is given by [4]. The mo-
tivation is based on the cost and time impact that these systems have when a breakdown occurs.
The article gives a comprehensive explanation on FDI in a STS using an ANN. It discusses 7 typical
fault types common in STS and gives a clear overview of the difficulties that arise with detecting
these faults. Another motivation for FDI in STS is given by [8]. In the article, the difficulties and
shortcomings of methods such as fuzzy logic and support vector machine (SVM) techniques are
mentioned along with the cost implications that faults can have in these systems. The article
focuses on a FD approach using flow graphs and a Naive Bayesian classifier. Lastly [7] motivates
this research on STS. The article states that condition monitoring techniques on performance
analysis (typically energy or exergy-based analysis) are less known than conventional techniques. It
also claims that, in some cases, performance analysis is the only way of detecting and monitoring
some modes of the system and is, therefore, necessary to investigate.

The book on modern advances in STS by T. Tanuma [23] describes the principles of steam turbine
systems in detail, referring especially to the fundamental working of such systems as well as the
operational procedures available to manage these systems, when used for electrical power genera-
tion applications. A detailed explanation on the Rankine cycle is given. This is further described in
terms of the first principle mathematical modelling in and [24].

The first principle methods used for thermodynamic modelling with special focus on energy
and exergy is described in [21] and [14]. The definitions and descriptions used in this study and the
rest of this dissertation, when referring to energy, exergy and mass flow balance, are defined and
described in these books as well as in [25]. The numerical analysis of thermodynamic components
(compressor, boiler, turbine etc.) is described in detail in [26].

Robin J. Wilson [27] gives an in-depth description of graph theory in his book "Introduction
to graph theory". All definitions and theorems related to graphs in this dissertation are obtained
from this source. The application and description of graphs is also summarised in the notes by C.
Griffin [28]. A detailed discussion of the visualizing abilities and data mining applications of graphs
is given by [29]. This source also describes different algorithms for graph analysis and matching.
Different graph matching metrics are explained and tested with a thorough comparison and
analysis in [30]. A specific focus on improving the HEOM function is given, describing specific
variations on the HEOM and their effects.

The discussion that follows, focuses on explaining the mentioned literature and concepts dis-

cussed, in more detail. More sources are mentioned in order to give a clear and holistic description
of the relevant topics.

2.3 Fault detection and isolation

With the push to automatize the industry with the Industry 4.0 revolution, the need for condition
monitoring is rapidly increasing. The article [9] provides a roadmap towards fully automated
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factories. A step in this roadmap consists of data analysis especially emphasizing the monitoring
of equipment effectiveness. This is done through diagnosis of a system resulting in a root-cause
problem solving method. These diagnostics forms a part of common FD.

For the purposes of this dissertation the focus is on FDI, this however emphasizes the need to
differentiate between FD, FDI and FDD. According to the IFAC technical committee SAFE-PROCESS
as referenced in [12,31] the definition of the terms, detection, isolation, identification and diagnosis
is as follows:

* Fault detection: Determination of faults present in a system and time of detection.

e Fault isolation: Determination of the kind, location and time of detection of a fault by
evaluating its symptoms.

¢ Fault identification: Determination of the size and time-variant behaviour of a fault.

 Fault diagnosis: Determination of the kind, size, location and time of detection of a fault by
evaluating its symptoms.

Therefore, FDI refers to the process of determining if a fault is present in the system at a certain
time and also indicating the type and location of the fault detected, thereby distinguishing between
the fault types and consistently isolating one fault from another.

As stated by [20, 32] and [10], the methods of FD can be grouped into categories of either model-
based or data driven philosophies. The common difficulties with the modelled approach are that
the FD is only as effective as the model’s dynamic modelling capabilities. Developing such models
are hard and complex especially in a dynamic multi domain system. Further, since the dynamic
changes of a system results in certain changing parameters the model’s accuracy can decay over
time. This results in less effective modelled based FDI.

With data based FDI the complexity of implementation is less but the method is handicapped by
the data it requires. Since the method relies on both pre-existing normal and faulty data in order to
effectively execute FD, the method can only detect faults that previously occurred [20, 33]. Typical
examples of this is ANN’s, fuzzy logic (FL), SVM and combinations thereof. In [8] these methods are
mentioned as background for a novel approach using flow graphs and a naive Bayesian classifier. A
similar approach is followed in [4] using a Bayesian network (BN) in combination with an ANN.
Another common method is called PCA. This technique is used in [34] as a method for FD in gas
turbines. The advantage of PCA is that it is simple to implement and can be used as a dimensional
reductive method since it forms part of the group of multidimensional descriptive methods called
factorial methods. In various applications a combination of these techniques with graphs or some
model-based approach are utilized. These approaches can be classified as hybrid methods. All of
these modelled or data driven methods are generally used in combination with or singularly in STS
for FDI. The general challenges of these methods in STS’s is the complexity of the systems and the
underlying requirements of the FDI methods [24].

Hybrid methods are a common compensation for the shortfalls of model and data driven methods.
Unfortunately, many of these hybrid methods only combine some techniques whilst excluding
the physical system information [19]. A hybrid method (the EGBV) that includes the physical
structural information of the system is suggested by [15]. The article proposes a vision for condition
monitoring using an energy approach. The multi-domain nature of modern industrial systems
creates a unique opportunity for the use of energy and exergy analysis as a complexity reductive
data abstraction method. This is due to the applicability of energy across domains. The universality
of energy allows for additive treatment of all process inputs and outputs [19]. Three case studies are
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given, proving the applicability of the method in large industrial system. The article by H. Marais
et al. [19] describes the merits of specifically using exergy-based fault detection, building on the
proposed EGBV method. Due to the first law of thermodynamics the conversion of energy in a
real system can drive or detract a process and thus exergy as a measure of this is useful [21, 35].
H. Marais et al. states that the merits of hybrid exergy based FDI is observed in the reductive
modelling effects since the structural information of the system acts as a form of model validation.
Simultaneously the model complexity reduction of the method is beneficial.

With the automation drive instigated by Industry 4.0 in mind, the mentioned benefits of en-
ergy and especially exergy-based hybrid FDI methods are considered. This consolidates the FDI
method used for the research. To validate the FDI method a quantitative analysis can be done.
The performance metrics used for this analysis are categorised into two groups, defined by [36].
These categories are temporal and static metrics. The temporal metric quantifies how the FDI
method respond to a time varying fault signal. The static metric quantifies the FDI performance
with regards to a set of fault signals regardless of the time. Static performance metrics are therefore
a time-independent performance metric. The static metric as described by [37] is used specifically
for the verification of the FDI method in this research.

Since hybrid approaches combine model and data driven techniques, both a model and data
are requirements for the research. The development and implementation of a representative
model is therefore needed. This necessitates knowledge of the thermodynamics and mathematical
modelling of the STS. Secondly comprehensive data acquiring techniques are necessary and will
also be investigated. Lastly the EGBV presented by [15], utilizing graph theory, as part of the energy
characterisation of the system under investigation, to accomplish FDI. In the next section the
literature with regards to energy characterisation is elaborated on.

2.4 Energy characterisation

The concept of energy characterisation with regards to the EGBV implementation for FDI refers
to three aspects. These are extrapolated from the articles [15], [3], [19], [31], [38], [39] and [6].
The process is shown in the flow diagram in Figure 2.1 and consists of three parts. The first is
determining and calculating energy attributes (exergy, entropy, enthalpy, heat-flow) that will be
used for the FDI analysis. Next analysing the system structure to determine the components of
interest and find where in the system the energy attributes must be calculated or measured, thus
reducing the size of the graph that will be composed. Finally composing a graph that represents
the system structure and energy attributes.
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Figure 2.1: Flow diagram visualising the energy characterising process

The merits of exergy as one of the energy attributes is clear especially when considering the
large-scale energy conversion that happens within a STS. Exergy can be loosely defined as a measure
of the usable energy in a system or the universal measure of energy quality [14], and therefore it
would be of value to use exergy as one of the energy attributes. In the absence of nuclear effect,
magnetism, electricity and surface tension, exergy can be grouped into four types and can be
mathematically written as shown in (2.1).

b=bk+bp+b,',h+b.ch, 2.1)
with: by = kinetic exergy, bp = potential exergy, b,', » = physical exergy and b}, = chemical exergy.

When the STS is analysed in terms of thermodynamic parameters, (2.1) reduces to only contain
physical exergy. Fratzscher [14] defines physical exergy as "the maximum amount of work obtained
when a working fluid stream is brought from its initial state to the environmental (or dead) state
defined by Py and T, (environmental pressure and temperature) through physical processes only
involving thermal interaction with the environment". This is mathematically expressed through
(2.2).

bpn = mlhinitiar — ho — To(Sinitial — So0)1, (2.2)

with: T = Temperature, s = Entropy, & = Enthalpy and 77 = mass flow rate.

The subscript "0" and "initial" distinctively refer to the environmental and initial state value of
the parameters. The exergy analysis of energy conversion systems such as STS is a common form
of analysis. As stated by [40] exergy can be used as a measure of the thermal efficiency of a system.
Utilizing this property of exergy is valuable when FDI is considered, since a fault can introduce
some change in the thermal efficiency of a STS.

Since the STS system consists of various interconnected components, the exclusive use of ex-
ergy is not sufficient for applications of EGBV since the energy transfer between the nodes should
also be accounted for. Considering the system as fundamentally a Rankine cycle [21], utilizing
the energy attribute, heat-flow, between the components and work done by the components, a
comprehensive view of the energy flow in the system can be obtained. R. Koningsveld [21] defines
heat flow Q as the rate by which energy in the form of temperature difference is transferred between
two systems. This is generally defined as the change in heat of a specific substance with mass flow
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m. This is expressed by (2.3) as,

0 =m21 2.3)
-~ odt’ '
The specific heat (g) is given by (2.4).
q= hfinal_hinitml» (2.4)

with: hfinq = the final enthalpy of the substance and h;;1i4; = the initial enthalpy of the sub-
stance.

Based on this the energy attributes, exergy and heat-flow, are used as the parameters of evaluations
for the FDI analysis.

R. Wilson [27] defines a simple undirected graph in layman’s terms as a diagrammatic repres-
entation of some system by means of points and lines. An example of this is shown in Figure
2.2

System Graph

Turbine
Generator

el ——

I_I' Bmler Turbine Generator

Boiler ' S ‘ .
[ _MI

A
¢

Cooling

= Tower Cooling
® Pump Tower

Pump

Figure 2.2: Example of a graph representation of a physical system

The points and lines are formally referred to as nodes and links or vertices and edges. For
the purposes of this dissertation the terms nodes and links will be used. A formal mathematical
definition for a simple undirected graph is given by [27] and [28] as: A simple graph G(N, L) consists
of a non-empty finite set of elements called nodes N(G), and a finite set of distinct unordered pairs of
elements L(G), called links. N(G) is called the node set and L(G) is referred to as the link set of G. A
link a, b is said to join the nodes a and b, and is normally abbreviated to ab.

The graph in Figure 2.2 can be written mathematically as G(V, L) with N(G) = {b, t, g, ¢, p} and
L(G) = {bt, tg, tc,cp, pb}. The variables b, t, g, c, p distinctively refers to the Boiler, Turbine, Gener-
ator, Cooling Tower and Pump. Since heat flow is directional in a real system (moving from one
component to another) a directional graph can be used to represent this. In such a case the links
set L(G), consists of an ordered finite set and is graphically indicated by an arrow rather than a line.
The direction of heat flow is indicated mathematically by the node variables starting at the node
where the heat flow originated and moving towards the node where the heat flow recedes. Typically
heat flow from the turbine towards the cooling tower will be represented by a link L(G) = {tc}. The
reverse heat flow will then be L(G) = {ct}. By attributing exergy and heat flow values to the nodes
and links, an attributed graph is obtained that can be used as a representation of a specific state of
operation of the system (e.g. faulty or normal state).

The EGBV allows for isolating a fault to the extent that the component, where the fault occurs,
can be identified. This capability necessitates the inclusion of the component under evaluation
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as a node when composing the graph. This is due to the nature of graphs, since a graph can only
communicate information captured in its consisting nodes and links [27]. While executing this,
the graph complexity should be kept to a minimum. A minimalistic graph results in complexity
reduction in terms of the mathematical analysis. As stated by [29] the less nodes and links present
in a graph and the more the graph is structured in an orderly manner, the less complex the math-
ematical methods for analysing the graph need to be.

The article by B. Gallagher [41] gives an overview of specific graph matching approaches. It notes
that graph matching techniques can be either classified as exact or inexact matching techniques.
These techniques can be based on graph structure or semantics. In a case where graphs have the
same structure but the attributes to the nodes may vary, the matching is semantic based. This
simplifies the matching problem since aspects like the NP-complete problem of sub-graph iso-
morphism [42] do not have to be considered. The resulting approaches used are described in [30].
The article focuses on the heterogeneous distance metric as a method of determining the distance
between two vectors or matrices. It defines the Heterogeneous euclidean overlap metric (HEOM)
as an improved metric for distance measuring when either categorical or continuous attributes are
used. The mathematical expression can be seen in (2.5).

R
HEOM(x,x)) = )_ dr(Xi,r, Xj,r), 2.5
n=r
with: n = number of subset for which the distance is calculated and R = the number of measured
predictors in the subsets. The metric d; is given by,

[, r =% /| e . . .
o | . z L=, if r indexes a continuous attribute
rXir Xjr) = 4 . . . .
0i, j ,if r indexes a categorical attribute

with, 51')]' =1 ifx,-,r # Xj,r Or 51"]’ =0 ifxi,r =Xj,r-
The range is given by, range, = max{x; .} — min{x;}.

D. Randall Wilson [18] proposes further improvements for distance metrics describing specifically
the methods used for different attribute types. Another approach can be to utilize eigenvector
decomposition. In [43] a nearly optimal matching approach using eigenvalue decomposition for
both directed and undirected graphs is proposed. The article describes the use of the attribute
(called adjacency) matrices of the graphs. A detailed explanation of the general method is given
as well as specific artificial examples. The utilizing of eigenvector decomposition, not for graph
matching but as part of the FDI approach, was also proven to be useful for especially the EGBV
technique in [3].

2.5 Thermodynamic model

A system model is defined by D. Karnop et al. [44] as simplified, abstract constructs used to predict
a systems behaviour. According to [45] a model can either be dynamic or static with different levels
of complexity. Models can be used for various simulations, where simulations are defined as the
process of predicting functionality and performance of the system. The models can be generally
classified under different levels of complexity. These classifications are, purely empirical, semi-
empirical, semi-theoretical or fundamental principle models. Since the STS under investigation is
analysed on a component level, a semi-theoretical model is developed. P. Rousseau [45] describes
this type of model as a component based model that employs detailed mass-, momentum- and
energy conservation analysis for the components in the system. Such a model can typically be used
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to predict the performance of a system under different operational conditions such as faulty or
normal conditions.

Rousseau [46] gives a general layout of the types of equations that are typically used to develop a
model. These fundamental equations, component information, fluid parameters and properties
are among others:

1) Conservation laws: Mass, momentum (and angular momentum) and energy.

2) Component characteristics: Heat transfer rates, pressure drops based on efficiencies, pipe dia-
meters and heat transfer areas.

3) Fluid properties: Thermodynamic property tables and gas laws.

4) Boundary values: Temperatures, pressures and mass flow.

Effective modelling of a STS requires understanding of the working principles of the system. The
book by H.B et al. [47] describes the design, application of and re-rating of steam turbines. M.
Topel [48] defines a steam turbine as one of several kinds of turbo-machines. These are machines
that are classified as devices in which energy is transferred from or to a continuously flowing fluid
by means of dynamically rotating blades. It also states that the operation of this machine is directly
associated with the Rankine cycle. The modern implementation of STS’s commonly consist of
multi stage arrangements of the turbine and can include a high, medium and low pressure turbine
stage. To increase system efficiency or power output, the configuration of the STS can be adjusted.
The book by Alexander S. Leyzerovich [24] explain the various types of steam turbines and system
configuration in detail. Some of these system configurations are known as the reheat cycle and
regenerative cycle [49].

A key concept in applying especially the conservation equations, is the control volume. The
control volume is defined by A. Sonin [50] as an arbitrarily defined volume consisting of a closed
bounding surface, called the control surface, that divides the "universe" into two sections. These
sections or parts consist of the parts contained within the control volume and the rest of the
universe outside of the control volume. The advantage given by a control volume is that it allows
for a framework in which the integral laws in engineering analysis can be applied. An example of
such a control volume is shown in Figure 2.3

IN i S~ OuT
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’ \
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Control y !
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Volume i = £
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N ¢
\ ¢
-~ ’,
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Figure 2.3: Example of a control volume

Using this definition of a control volume (CV), consider Figure 2.4 consisting of a CV with
both steady incompressible mass flow rates and energy attributes moving in and out of it. The
variables W;,, and W,,,, represent the work entering and exiting the CV. Similarly, 71;,, and 71,
represents the mass flow rate in and out of the CV. The variable Q,,; is the heat flow out of the
system and Ecy is the difference between the work in and out of the system and the heat flow, such
that ECV = (Wout - va) - Qout-
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Figure 2.4: Control volume with mass and energy inputs

P. Rousseau [46] and W. Fratzscher [14] states that the differential form of the mass conservation
equation for any finite CV can be written as shown in (2.6).

WP e —0 2.6)
at out in — Y% .

with: v the volume and g—’; the partial derivative of the fluid density with regards to time. This

implies that v% indicates the mass inside the CV, ri1,,; the mass flow rate out of the CV and ri;,,
the mass flow rate into the CV.

Similarly the differential form of the energy conservation equation for a finite CV can be writ-
ten as shown in (2.7).

. 0 : . . .
Q+W= Ua (Pho - P) + MourRour + Minhin — Mour&Zour — Min&Zin, 2.7)
with: g the gravitational acceleration and z the elevation of the fluid above the point of calculation.
The term Q refers to the heat added to the CV and W refers to the work done on the CV. The term
v% (pho — p) represent the work due to a change in density and pressure of the fluid inside the CV.
The other four terms respectively represent the rate of change in internal and potential energy in
the CV.

According to [25,51] for steady state with no elevation of the fluid the conservation of mass and
energy equations can be simplified as shown in (2.8) and (2.9) respectively.

Min = Mout (2.8)

Ecv = va - Wout - Qout (2.9

Conveying this to a more general case with "n" inputs and "m" outputs to the CV, these equations
can be rewritten as shown in (2.10) and (2.11) respectively.

n
> 1
i=1

Il
M=z

e (2.10)

Il
—

e

M=
n

Il
Mz
“[:q.

(2.11)
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To develop a semi-theoretical model at a component level model, it is necessary to establish which
parts in the system are considered as components that should be modelled and which is a sub-
part/component of the components that should not be modelled. For example, a pipe with various
valves can be seen as one component with specific characteristics dependant on the valves. The
STS in Jeanschwalde consists of turbines, compressors, pumps, heat exchangers and pipes. The
components such as the pre-heaters, re-heaters, boilers and cooling towers are all categorised as
forms of heat exchangers and will thus follow the same energy and mass conservation laws. The
modelling of these five main components as well as some of their subcomponents is described in
detail in both [26] and [45].

2.5.1 Turbine

Consider a generic drawing of a steam turbine as shown in Figure 2.5. The variables "h", "P" and
"rm" represent enthalpy, pressure and mass flow rate respectively. The subscripts "0i" and "oe"
represent the inlet and exit value of the variable in an ideal process. If the subscripts are changed
from "0i" or "oe" to "isen" it represents the isentropic process.

Pin Pout
hin hout

]!

>

Figure 2.5: Simple generic turbine schematic

E Alobaid [26] states that the pressure drop over the turbine is a function of the nominal
mass flow rate "7i1,,,,", nominal turbine inlet pressure "P;, ,om" and the nominal outlet pressure
Pyutnom" given that the current mass flow rate 7z is known as shown by (2.12).

n+1

()
. Pin Pip
m=muom % x Py (2.12)
Pin,nom (Pom,nom)T
1 a Pinnom
with:
POM
n= 5 " (2.13)
(‘) - in g
The variable i1 represents the mass flow rate through the turbine.
The pressure ratio is then represented by (2.14),
p
PR=-", (2.14)

in
According to PG Rousseau [45], through application of the conservation of energy law, the work
done by the turbine due to the isentropic fluid expansion process can be written as in (2.15).

Qr = xn1 (Mour — hin), (2.15)
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with: n7 the efficiency of the turbine.
This can be rewritten in terms of temperature as shown in (2.16).

Qr =1 xn1 x Cp (Tisen— Tin), (2.16)

with: Cj, the specific heat of the steam at constant pressure.

2.5.2 Compressor

According to [26] a compressor is simply a turbo machine that increases the pressure and enthalpy
of a fluid. T. Gresh [52] classifies compressors into either axial or centrifugal compressors. For
detailed analysis this source gives a good in-depth discussion of the design and performance optim-
isations of compressors. Regardless of the type of compressor, considering it as a single component
(i.e. the whole system is within the CV under investigation) only a few equations are necessary to
calculate the thermodynamic parameters. The relevant input parameters necessary may include
design point values for pressure and temperature or any other thermodynamic parameter as long
as at least two parameters are known. Also, the pressure ratio, rotational speed, efficiency and
sometimes the characteristic curve can be necessary. Knowing the pressure ratio of a compressor,
the pressure increase can be calculated similarly to a turbine. Consider the simple schematic of a
generic compressor in Figure 2.6.

Pin Pout
hin 1 hout

Figure 2.6: Simple generic compressor schematic

From Figure 2.6 it is clear that the mass balance for an incompressible fluid can be calculated
using (2.17).

mln = mou[ (2.17)

The ideal lossless energy balance is given by (2.18),

Mip % Rip = Meyr % Ry + Q; (2.18)

with: Q is the work done by the compressor to compress the fluid.

It is stated by [45] that the compressors isentropic work can be calculated by (2.19).
v-1

. 1 1
Qc=nmcyTi— x (PR - 1), (2.19)

Mec

with: PR the pressure ratio of the compressor and 77, the compressors isentropic efficiency given
by (2.20).
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Me 0 (2.20)
This can be rewritten in terms of enthalpy as shown in (2.21).
h. — h
= i1sen,out mn (2.21)

hout_ hout

The term y refers to the ratio between the specific heat capacities at constant pressure and volume
given by (2.22).

y=—2 (2.22)

2.5.3 Pump

According to [26] a compressor and pump differ in the sense that a pump is, unlike the compressor,
designed for moving high density fluids. In order to derive a simplified model for a pump with an
incompressible fluid like water, some of the thermodynamic fundamentals must be used. Consider
the generic pump diagram in Figure 2.7.

I p OUT
Pin Pout
Tfﬂ Tour

f Pump 4{

R

N

Figure 2.7: Simple generic pump schematic

The conservation of energy is shown in (2.23).

du=06q+ow, (2.23)

with: du the change in specific internal energy, 6 g the specific heat transferred to the fluid while
pumping and 6 w the work done by the pump on the fluid.

Noting that for ideal reversible processes, the change in specific heat transfer and the work can be
written as shown in (2.24) and (2.25).

6q=T6s, (2.24)
dw=-pdv, (2.25)

with: 6 v the change in specific volume and s the change in entropy.

Since enthalpy can be written as i = u + pv (u= specific internal energy of the fluid) and for an
isentropic process 6 s = 0 it follows that, for an incompressible fluid being pumped, the change in
entropy is given by (2.26).
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hout,s_ hin=vPour—Pin). (2.26)

The variable h,,;,s refers to the total enthalpy for an isentropic process measured at the outlet of
the pump. From (2.26) it follows that the rate of isentropic heat transfer to the fluid as work, is
obtained by (2.27).

Qs =m (hout,s - hin) (2.27)
This can be rewritten in terms of the pressure and density of the fluid as shown in (2.28).
.M
Qs = ; (Pout — Pin) (2.28)
The heat transfer rate of the pump can then be obtained by (2.29).
. 1
on = —— (Pour — Pin), (2.29)
PN p

E Alobaid [26] states that if the head (H) of the pump, under steady state operation, must be
calculated and the max and nominal pump head (H;,,4x and H,,5,) is known along with the nom-
inal volumetric flow rate of the liquid (V; q,nom) and the nominal pump rotational speed (W nom),

then (2.30) can be used.
2 2
w
) ( ) , (2.30)
Wnom

with: V; iq the actual volumetric flow rate of the fluid and w the rotational speed of the pump.

Vliq

H-= Hmax - (Hmax - Hnom)

Vliq,nom

2.5.4 Heat Exchanger

A heat exchanger is defined by both O. Khayal [53] and R. Koningsveld [21] as a device used to
transfer heat between two or more sources. These devices can be used to either transfer heat
between two fluid streams or to-or-from a source to fluid and vice versa. O. Khayal classifies heat
exchangers into five points as:

1) Recuperators and regenerators.

2) Direct or indirect contact transfer process.

3) Construction geometry.

4) Single phase or two-phase heat transfer mechanism.

5) Parallel, counter, or cross flow arrangements.

As seen in Figure 2.8 the heat exchanger can be visualized as having a primary and secondary
side. The subscripts p and s indicates the primary and secondary sides respectively.

Pinp i, Pout p
hin P W hout p I
T."n p Tout p
Pm 5 /\/\/\ Pouf 5
hin s hout s
Tins 1, Touts

Figure 2.8: Simple generic heat exchanger schematic
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The pressure drop over each side of the heat exchanger can be modelled similarly to a pipe or
duct as stated by [45]. However if the classification of the heat exchanger is known a more accurate
calculation can be done as shown by [53]. The pressure drop can be categorised into three main
stages. These are the entrance, core and exit losses as the fluid enters the heat exchanger, moves
through the core and then exits the heat exchanger again. Mathematically it can be expressed as
shown in (2.31).

APHX:APin+Apcore+APac+APexit, (2.31)

with AP, the pressure drop in the core due to a change in acceleration of the fluid as it moves from
one phase to another.

Each of these pressure drops can be seen as a function of the average input and output pressure,
AP = f(Pgyerage)- To simplify (2.31) it can be stated that the pressure drop is caused by the product
of some loss constant and the input pressure of the heat exchanger. This is expressed in (2.32).

APpx = aPiy (2.32)

Where a represents some pressure drop constant.
Similarly the output pressure can then be calculated by (2.33).

Pout =y Pin, (2.33)

with: y = (@ —1)
The maximum theoretical heat transfer can be calculated by (2.34).

Qmax = [mcp]minATmax (2.34)

with: riz the mass flow rate of the fluid stream under consideration and AT = Tj , — Tips.

A simple method to calculate an estimate heat transfer rate is simply to write the heat trans-
fer rate as some fraction of the maximum heat transfer rate. This fraction is known as the heat
exchanger effectiveness (€). This can be mathematically expressed as shown in (2.35).

Q = €Qmax (2.35)

For more information on the design and internal working of heat exchangers and boilers the book
by R. Shah et. Al [54] was found to be of value.

2.5.5 Pipe

Since a pipe (liquid flow) or a duct (gas flow) can simply be visualized as a stationary or, when
moving, directional fluid stream the modelling can be greatly simplified. Considering a well
insulated pipe with no heat losses it can be stated that the heat transfer rate is simply zero (Q = 0).
In such a case the change in entropy between the input and output of the pipe is also zero (AS = 0).
Using (2.32) the pressure drop can be calculated in the exact manner as for heat exchangers.
Rousseau [45] gives an alternative to (2.32), using the density (p) and fluid velocity (V) as shown in
(2.36).
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1
APpipe = K pV?, (2.36)

with: K simply the loss factor due to friction similar to a in (2.31).
The change in mass flow for an incompressible fluid like water will also be zero for the pipe resulting
in Ar=0.

Additional details to calculate specific aspect of these components can be found in [21] and [26].

2.5.6 System modelling approach

The modelling approach followed by [26] and [45] consists of a component break down of the
system which implies that each component in the system is modelled separately and then all
of the models is combined to form the final model. Each component is modelled in terms of
its thermodynamic parameters and then systematically connected coherently with the system
layout. Simplifying the system by dividing it into main components and then systematically adding
more components helps with managing large system model development. The approach by PG
Rousseau [45] can be summarised in five steps:

1) Compose a simplified system diagram.

2) Define the known boundary conditions of the various components.

3) Determine the component’s characteristics.

4) Solve each component’s thermodynamic parameters mathematically.

5) Connect each component by starting at some point in the system and calculating the mass and
energy balances transferred from each component to the next.

Once any two thermodynamic parameters (e.g. T, P), for some point is known, any other parameter
(e.g. s, h) can be obtained from the thermodynamic tables. Using this fact the necessary enthalpy
and entropy parameters can be calculated and used to determine the exergy and heat flow in the
system.

The article by T. Koroglu et al. [55] describes an exergy analysis for a steam power plant on a
marine vessel. The details regarding both a conventional and advanced exergy analysis are given.
The article explains and illustrates the advantage of exergy analysis and especially shows how it can
be used to improve system efficiency. The method also establishes to what extent the system has
endogenous and exogenous exergy destruction and concludes that the avoidable exergy destruc-
tion can have a potential system efficiency improvement of 10%. The software Ebsilon was used as
the thermodynamic modelling tool.

A similar study on exergy analysis was done by M. Elhelw [2]. In this article the effects on ex-
ergy destruction, by changing some input parameters of a component in a steam turbine plant,
were evaluated. The article gives a clear explanation of the calculations done to determine exergy
destruction for each type of component. A detailed mathematical flow diagram for solving a system
for exergy analysis purposes is also available. The article concludes that the turbine for both half
and full load operation is the second largest source of exergy destruction with the boiler being first.

The research done by G. Ahmadi et al. [56] results in similar conclusions as [?]. The article notes
however that only by analysing the system using energy analysis will the condenser result in being
the component with the highest potential for optimisation. Including exergy however, clearly
indicates that the condenser operates at almost maximal efficiency. The software used as the
thermodynamic tool was EES. Each of these three sources confirms the effectiveness of using
exergy analysis for thermal plant optimisation. They also agree on the mathematical equations
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used in general for exergy calculation as is shown in (2.37), (2.38) and (2.39) with bg the exergy
transferred by heat at temperature T and b the total exergy of a fluid flow.

bo = (1 - 5) (2.37)

=0 T .
b=(h—hy) - To(s— So) (2.38)

b=mb=ri((h-hy)—Ty(s—S$,)) (2.39)

2.6 Data analysis methods

The data from the physical system is commonly measured in the form of temperature, pressure and
mass flow values. To analyse this data it is necessary to remove unwanted noise, fluctuation and
outliers in the data set. These fluctuations and noise can be due to normal fluctuation in the system
or it can be due to imperfections in measuring instruments [57]. The removed data can be used as
an indication of the amount of variance that can be expected under normal operations, if neglecting
sensor noise and outliers. S. Athichanagorn [58] defines outliers as data points that lie away from
the main trend of the data. S. Moosavi et al. [57] states that these outliers demonstrate a problem
with either the measuring equipment, the data recording process or human error. The article
focused on de-noising techniques for pressure data. Techniques like SMA, Savitzky-Golay filter
(SG), Autoregressive moving average (AMA) and locally weighted scatter-plot smooth (LOWESS &
LOESS), among others, are evaluated and compared using the least square error method. Each of
these filters can be mathematically described as follows:

1) SG: For a dataset of n pairs (x;, y;) where x; is the independent variable and y; is the depend-
ent variable, the data is fitted using the polynomial expression (2.40). The SG then requires
that the sum of least squares be minimised by (2.41) where e; is the total error and N +1 is
the total number of data points.

n .
pn(x) =) a;x' (2.40)
i=0
N
er= Y [pnlx) = yil® (2.41)
i=0

2) AMA: For a time series of data x; the AMA combines a auto regressive model with the moving
average calculation as expressed in (2.42). The terms 61,0-,...,0,, are the model paramet-
ers and 7, is the noise for the auto regressive part. The terms 01,03,...,04 are the model
parameters and 7; is the noise for the moving average part.

q p

Xe=1¢+ ), 01+ ) 0ixi— (2.42)

i=0 i=0

3) LOWESS&LOESS: For this filter the least square criterion is modified by (2.43) using the
non-negative weight factor W; after which the square error is minimised. For each point in

the span of the dataset the weight factor is calculated using (2.44).

N
er=Y Wiet (2.43)
i=0
X—X; 3 3
Wi={1-]| a0 | (2.44)
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The article by A. Raudys [59] specifically focuses on the optimising of moving average methods
for stock price applications. The article describes the application and effects of simple, weighted,
sinus weighted, double exponential and more moving average methods. The simplicity and effect-
iveness of the SMA for data smoothing is emphasised. For a set of data points x, both [57] and [59]
give the mathematical expression for the SMA as shown in (2.45).

x(Q) = N1 x@+N)+x(+N-1)+...+x(i—N)). (2.45)
With: x(i) the smoothed value, N the number of neighbouring data points on each side and 2N +1
the span or window for which the average is calculated.

S. Moosavi et al. states that this technique is in principle a low pass filter.

An article by N. Gallagher [60] focused on the SG smoothing technique as a digital filter. It describes
the technique as a method to increase the signal-to-noise ratio without distorting the signal itself.
The method uses convolution by fitting a low-degree polynomial to successive subsets of adjacent
data points using the linear least square method. The article concludes that the filter is most popu-
lar in signal processing due to its ability to reduce high and low frequency noise when combined
with a differentiation method. According to [57] one of the advantages of this technique is that it
keeps features of the noise or fluctuations such as extrema that are often removed by techniques
such as SMA. Another article that give more detail on the application of this method is [61].

The AMA process is described by R. Katz et al. [62]. The article evaluates different AMA pro-
cesses in order to fit time series data. According to [57] this method has long been used for the
filtering and smoothing of data. The advantage of this method is that it implements both the
autoregressive and moving average where the auto regressive part describe the time series as a
linear function of previous observed data points. The article by R. Katz et al. concludes that for
meteorological time series a lower order autoregressive process fits time series data adequately.

The article by S. Moosavi et al. concluded that the LOWESS & LOESS method gives the best
results for the application that was tested, but it also states that there are advantages to the other
methods and combinations thereof. Using the SMA for data containing low noise or fluctuations
is accurate and simple to implement but the accuracy significantly decreases for high amounts
of noise. A last method that is commonly used for noise and fluctuation removal is the Kalman
filter. This filter is not considered since the moving average filter that was used is a less complicated
method that is sufficient for this study. The article by Y. Zhang et al. [63] can be seen for more detail
on this method as applied to temperature sensor data.
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2.7 Critical literature review

The literature regarding the FDI for STS clearly indicates a need for research on energy based FDI
in these systems. The research on traditional methods of FDI in STS like, among others, PCA and
SVM is thoroughly described in literature with specific focus on the use of the aforementioned
techniques. The application of energy and more specifically, exergy is commonly used as a perform-
ance analysis for STS, but not for fault detection [16], [40]. The energy approach utilizing graphs
by [15] will be implemented with data from the lignite plant in Jeanschwalde. The application of
the method will therefore be with reference to the article [15] as well as the articles [6] and [51]
which further implements the method.

As amethod of validation, the FDI will be evaluated using a static metric as a performance metric.
The metric will be used with reference to the approach given by [37]. The energy characterisation
as applied to the EGBV for FDI is a relatively novel concept and is not yet fully established. The
approach used for this was extracted from analysing the articles by G. Van Schoor et al. [15] as
well as the lignite plant in Jeanschwalde and basic graph theory as described by [27]. The formal
establishing of a method for energy characterising will therefore be a topic of interest for further
studies.

The methods for graph composition and mathematical analysis thereof is fully described in [27], [22]
and the notes of [28]. The structural properties of interest in a system are connected with the design
of FDI using three markers of interest [22]. In terms of graph matching and data mining [29] may
be considered as good sources. The article, describe the theoretical methods to use graphs for web-
based data mining. This research is of value in terms of the methods available for graph matching
that can be extended to graphs in this research. Another article [64], that is a useful source to note,
describes a balanced graph matching technique that can be used to improve standard matching
approaches. The method from this source is however not used in this research but forms a good
reference for an alternative method to evaluate matching robustness.

In terms of the thermodynamic model the books by [21] and [26] describe the fundamental theory.
The specific modelling approach used in EES is extracted from the notes in and [46].

The data analysis methods described in [59] regarding the simple moving average as a filter in stock
prices is only noted for basic fundamental understanding of the SMA. Due to the simplicity and
effectiveness of the moving average and more specifically the SMA for data smoothing, this method
will be used. The article by [57] is used as the basis for applying the filtering or smoothing method.
It is important to note that a number of alternative methods is available but most require more
complex data preprocessing or more complex code than simply using a moving average.
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CHAPTER 3

Steam turbine system model

This chapter discusses the development of the static model in EES. A thorough theoretical overview of
the physical system is given along with context of the actual set-up of the plant. All the assumptions
for the static model are declared in the modelling methodology section and a short description of
the modelling software EES is given. The modelling of each component based on the literature is
described and finally a system model in EES is developed. The model validation is done by using
the data obtained from the dynamic Ebsilon model. Lastly the chapter concludes with a brief note
regarding the use of the dynamic model in Ebsilon for fault simulation.

3.1 Introduction

For energy based FDI there are three high level objectives that must be completed before the FDI
can be accomplished. These three objectives can be describes as: Obtaining a model to simulate
the system, composing an attributed graph of the system and acquisition of normal-and-fault state
data from the physical system and through simulations. In chapter 2 section 2.5, the literature and
theory regarding the development of a static thermodynamic model was described. The focus was
placed on the mathematics needed to model a component in terms of energy and mass balance,
and how different characteristics can be calculated for certain components. Each of the funda-
mental components in a typical STS were discussed and a final description of the system modelling
approach were given.

In this chapter the system in Jeanschwalde will be described in terms of the thermodynamic
cycle. This is done to show that the theoretical system cycle is a Rankine cycle and allows for the
development of a static thermodynamic model based on the literature and equations of chapter 2.

In order to accomplish this the different components and their working principles are clearly
stated with a theoretical description of the system. The modelling methodology and the assump-
tions for the purpose of mathematical modelling are stipulated as well as a short description of the
modelling environment. The energy and mass balance equations for each of the components in
the physical system are then composed and finally the model is validated. The chapter ends with a
short conclusion of the thermodynamic model’s validation and its accuracy and hence, completes
the first high level objective.
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3.2 Theoretical system description

A steam turbine system is commonly known to work on a simple Rankine cycle. The simplest of
these systems consists of mainly four components. These components being the water pump,
boiler with super heater, steam turbine and cooling tower [23] and [24]. A simple system schematic
can be seen in Figure 3.1. The common thermal fluid is water. The water will move through the
system while undergoing various phase changes from liquid to two-phase mixture, steam and
superheated steam. The process can be described by systematically moving through the system
from point 1 to 8 as indicated in Figure 3.1.

Power Output

5 {G} 6
Turbine Power
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3 8
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Figure 3.1: Simple Rankine cycle

Starting at the pump inlet (point 1 in the schematic), water at atmospheric pressure and temper-
ature is compressed as it moves through the water pump. The pump will typically be either driven
by an electrical motor or a turbine in the system. To illustrate this power addition some power input
to the pump is shown on the schematics. Due to the higher pressure at the pump outlet (point 2)
the cold-water stream is transported to the boiler (point 3). Once again, some energy is added to
the boiler, typically this would be coal in a lignite plant. The water is then heated to superheated
steam (point 4) and then moves to the turbine (point 5). The super-heated steam is adiabatically
expanded through the turbine, resulting in some power generated in the form of mechanical torque.
The fluid will exit the turbine (point 6) as a mixture of water and water vapour [24]. The temperature
at this point is still higher than atmospheric temperature and must be cooled down. In order to
accomplish this the fluid is moved through the cooling tower (point 7 to 8) at which point the extra
energy is extracted from the fluid causing it to cool down. Finally, the cycle can repeat in the close
looped system.

A common method of visualizing the process is to draw a T-s (temperature-enthalpy) or h-s (entropy-

enthalpy) graph. The latter is also known as a Mollier diagram. These graphs can be seen in Figures
3.2AandB.
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Figure 3.2: T-s (graph A) and P-s (graph B) graphs of the Rankine cycle

The ideal conditions at each of the points is described by [23] as:

1) The fluid, in a condensed water state, enters the pump and an adiabatic pressure rise ensues
(points 1 to 2).

2) The pressurised water enters the boiler and is heated under constant pressure to saturation
at point 3.

3) The saturated water is evaporated under constant pressure (points 3 to 4).
4) The evaporated water vapour is superheated by the final part of the boiler (points 4 to 5).

5) The fluid, in a superheated state, enters the turbine and expands adiabatically as it moves to
the turbine exit (points 5 to 6).

6) Wet steam exits the turbine and then condenses as it moves through the cooling tower (point
6to1l).

Since most industrial systems require high efficiencies and performance the simple Rankine
cycle is normally expanded into some complex cycle with multiple turbine stages and a variety
of pre-heaters throughout the cycle. The boiler is also commonly equipped with multiple stages.
Such a cycle is known as a reheat regenerative Rankine cycle [49].

The physical system in Germany is one of these typical systems. As mentioned in the background
section 1.1 the physical system consists of 6 units/blocks of which only 2 units is in operation.
A detailed schematic of one of these units are shown in A, Figure A.1. For analysis purposes the
schematic can be simplified as shown in Figure 3.3.
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Figure 3.3: Reduced system diagram of the physical system

Each component is labelled from 1 to 10 and the input or output of energy from the envir-
onment in the form of water, coal or electrical energy is indicated with an "E" (Environment).
The thermodynamic cycle of the system can be illustrated by starting at the inlet of the small
water pump (point 6). Water at atmospheric pressure and temperature is pumped towards the
low-pressure pre-heaters (point 7). The pre-heaters use energy from partial fluid streams of the
3" stage of the medium pressure turbine and the low-pressure turbine to heat the water. This
preheated water then enters a central storage tank (point 8) at +- 150°C. The storage tank serves as
a central water storage to which external water can be added if required. The main water pump
in the system (point 9) is driven by a turbine ("Speise pumpen antriebs turbine" (SPAT)) and
pumps water from the storage tank to a second set of high-pressure pre-heaters (point 10). The
high-pressure pre-heater uses energy from the partial fluid streams of the 15/ and 2"¢ stages of the
medium pressure turbine and the high-pressure turbine to heat the fluid to approximately 230
°C. This fluid then finally enters the boiler (point 1) where it is heated to superheated steam. The
boiler consists of a primary and secondary side. The superheated water vapour is adiabatically
expanded in the high-pressure turbine (point 2) that generates mechanical torque. According
to [24] the high-pressure turbine will cause a pressure and temperature drop that will result in the
fluid becoming steam with a quality of 100%, or at the lowest 90%. In order to increase efficiency
and power output the fluid is reheated by the boiler before it enters the medium pressure turbine
(point 3). A partial fluid flow from this reheated fluid-stream is also used to drive the SPAT. The
medium and low-pressure turbines consist of 4 and 3 turbine stages respectively. As the fluid
is adiabatically expanded through each of the stages, the temperature drops to a final value of
approximately 35 °C at the outlet of the low-pressure turbine (point 4). A shaft connecting each of
the turbines allows for each stage to add mechanical torque to the shaft used to drive the electrical
generator. The cooler fluid exiting the low-pressure turbine is still at a temperature higher than
atmospheric temperature and is condensed by the cooling tower (point 5). This cycle repeats to
produce consistent electrical energy.
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3.3 Modelling methodology

The modelling methodology followed is similar to the approach described by [45]. The process
consists of four basic aspects, 1) Conservation laws, 2) Component characteristics, 3) Fluid proper-
ties and 4) Boundary values. Through awareness of the aforementioned process the system can be
modelled using the component analysis methods described in the literature. The variables such
as temperature, pressure, entropy, enthalpy, exergy and work at various points in the system are
required as the output of the model. The model is built by composing a EES program starting
with defining the component characteristics and boundary values. A component based solving
approach is followed as illustrated with the flow diagram in Figure 3.4. This approach is followed in
order to systematically solve the system parameters for each component.

Define boundary Canstruct thermal Define conservation
values and component =" fluid property - laws as applicable o
characteristics aquations the companent

Define
assumptions

T et Calculate component
Calculating thermo-fluid properties energy and work

Figure 3.4: Process flow of the component based modelling methodology

The component characteristics such as the isentropic efficiency, mechanical efficiency and
pressure ratios are obtained from either the STS specification document or the Ebsilon model
set-up values.

3.3.1 Assumptions

To ensure simplicity of the model and to increase the accuracy, some assumptions are made. It is
assumed that the system is evaluated as a steady flow system due to the scale of the system, that
would be impractical for this study, to model otherwise. This includes one-dimensional flow, result-
ing in each component being analysed as a complete system, as defined in [65]. This allows for the
energy and mass balance equations to be simplified from the differential form to a steady state form.

Regarding the component geometry, the inlets and outlets of the components are assumed to
be in the same xy-plane with no elevation in the z-axis direction. This implies that no potential
energy components need to be included in the energy balance equation. The system is also station-
ary with regards to the environment, allowing the exclusion of the kinetic energy component in the
energy balance equations.

Regarding the pipes and its connections, all pipes are assumed to be ideal, thus adiabatic (heat
losses is zero), and with no friction losses. To account for actual pressure drops in the system, a
constant loss factor is included that accounts for the fraction of pressure drop seen in the physical
system, due to valves and other losses that are not accurately accounted for in the model.

It is assumed that the compression and expansion of the fluid that happens within the turbines,
compressors and pumps, is adiabatic. This allows for composing an energy balance for a com-
ponent without having any heat loss to the environment. It is also assumed that the water is an
incompressible fluid while in liquid state from the outlet of the cooling tower to the outlet of the
SPAT pump.
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These assumptions can be summarised as:

1) The system operates under steady state one-dimensional flow.

2) The system geometry is static and in one plane with regards to the z-axis.

3) There is no friction within the pipes in the system and all pipes are adiabatic.

4) Adiabatic expansion and compression occur within the turbines, compressors and pumps.
5) The water is an incompressible fluid while in the liquid phase.

3.4 Modelling environment

The modelling software used for the program is known as Engineering Equation Solver or EES.
The software allows for the simultaneous solving of multiple equations. According to the software
manual [66] there are multiple algorithms used depending on what needs to be solved. If there
is one degree of freedom, EES will either use a Golden Section search or a recursive quadratic
approximation method. The recursive Quadratic The approximation method is usually the faster
method. The Golden Section method is, however, more reliable. For cases with Multi-dimensional
optimisation, the software will implement either Direct Search or a Variable Metric algorithm. For
differential equations, a fourth-order Runge-Kutta algorithm is utilized as a function with four
inputs. The inputs include the initial value and final value of the intendent variable, the final
value of the dependent variable, and the step size. In this sense, the software does not solve the
equations by following a linear solving algorithm but rather solves each equation if the number
of variables defined is equal to the number of equations [67] and [68]. Built-in functions allow for
the calculation of fluid properties through the use of steam and thermodynamic-tables. In this
regard, two-parameter values as input are required for the functions to be able to obtain any other
thermodynamic parameter from the steam tables.

The composition of a parametric table allows for repetitive calculations using changing variables.
This tool is useful when the model is evaluated for a number of different input conditions to simu-
late various operating points. It can also be used to model changes in component parameters. For
example, different loss values for a valve, depending on how much the valve is opened.

3.5 Component modelling

Since a component based modelling approach is followed, as stated in the modelling methodology
section 3.3, the mathematics related to each component is discussed in detail. Once all mathematics
for each component is clear the final model can be composed by combining each of the components
following the system layout as shown in Figure 3.3. The calculation of thermodynamic parameters
using the built-in function with the steam tables in EES is simply calculated by (3.1).

Z = f{X,Y} = Z(Steam_IAPWS; X = Xpaiue; Y = Yoaiue), 3.1)

with: Z the thermodynamic parameter that is unknown,
and X and Y the known thermodynamic parameters at which Z is calculated. The Steam_IAPW'S
refers to the build in steam tables in EES.

3.5.1 Turbine

There exist two basic types of turbines (Impulse and reaction turbines). The turbines installed at
the plant are all Russian made reaction, Leningradsky Metallichesky Zavod (LZM) turbines. These
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machines consist of stationary blades through which the steam passes to cause a reaction of the
rotor blades that then turns the axis of the machine [47]. The machines can be installed in various
mechanical configurations that include a horizontal or vertical installation. The turbine installation
in the plant consists of only horizontal configurations. This allows for assumption 2 to be valid.
From the system diagram in Figure 3.3 it can be seen that the high, medium and low-pressure
turbines are all connected in series causing one to feed the other with mechanical torque. Since
the model is component based each of these turbines can be evaluated as a whole. The medium
and low-pressure turbine are evaluated as 4 and 3 separate turbines respectively, with each stage of
the medium and low-pressure turbines taken as a separate unit.

Considering the turbine as a unit within a control volume as described in the literature section
2.5.1, (3.1) can be used to calculate the thermodynamic parameters at the input and output of the
turbine, given that at least two parameters are known.

For a specific input temperature (7;,) and pressure (P,,;) of the turbine and with the power
generated (Wp), the isentropic efficiency (1), mechanical efficiency (1,,) and the nominal mass
flow rate (ri1,,05,) all known, the adiabatic expansion of the steam turbine work can be calculated
using (3.2).

Wr = mir x 0, x (hoyr — hin) (3.2)

A reference for the variables is given in the schematic shown in Figure 3.5.
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Figure 3.5: Schematic of a turbine (left) and the actual vs isentropic enthalpy-entropy graph (right)

Since all turbines in reality have an isentropic efficiency this should be accounted for. As seen
from the h-s graph the actual energy produced by the turbine is less than the isentropic energy
input. This implies that the isentropic thermodynamic parameters must be used to calculate the
real amount of energy that must be supplied to the turbine. Using (3.3) as defined by [21], the work
done by the turbine in the isentropic case can be calculated.

Ws = m(hin - hout_s); (3.3)

with, h,es the isentropic enthalpy.
The relation between the actual work and the isentropic work is given in terms of the isentropic
efficiency as shown in (3.4).

= 3.4
Ns W, (3.4)
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Through the use of (2.14) with a pressure ratio determined by the turbine manufacturer the output
pressure (P,,) can be calculated. This results in all necessary equations to solve any of the thermo-
dynamic parameters. Once each of the parameters is obtained the exergy change over the turbine
can be calculated using (3.5.

Ab = 1ir([(Rour_s — Mo) = To(Sour_s — $6)| = [(Min = ho) = To(Sin — $5)1) (3.5)

The amount of energy entering and exiting the turbine can simply be calculated by substituting the
inlet and outlet enthalpy (k;, and hy,;) into h, in (3.6).

G =rixhy (3.6)

3.5.2 Pump

Pumps are some of the most frequently used machinery in the industry and can be found in single
or multiple stages. Since all pumps are either used to increase flow or pressure a general approach
to the modelling of such machines can be taken. Considering that in this regard pumps convert
mechanical energy into kinetic energy, the outlet pressure of a pump will correspond to the kinetic
energy [69]. The book by B.El Hefni [69] gives a detailed explanation of the modelling of centrifugal
pumps and is used along with [26] and [21] to develop the pump model. Considering a real pump
with isentropic efficiency (75) and mechanical efficiency (n,,) as stipulated by the manufacturers, a
similar approach as with the turbine can be followed.

Figure 3.6 gives a schematic of the pump with the variables that are used or calculated. Assuming
that at least 2 input thermodynamic parameters (P;, (pressure) and T;, (temperature)) are known,
(3.1) can be used to calculate the other thermodynamic parameters at the inlet. The outlet pressure
can simply be calculated with (3.7) using the pressure ratio (PR,) as specified by the manufacturer.
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Figure 3.6: Schematic of a pump (left) and the actual vs isentropic enthalpy-entropy graph (right)

The isentropic process requires less energy input than the actual process as shown in Figure 3.6.
This implies that the thermodynamic parameters for the actual process must be used to calculate
the actual required energy. The actual work done by the pump can be calculated using (3.8).

Wp = MpNm % (hour — hin) (3.8)
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To calculate the isentropic work the isentropic efficiency can be used as shown in (3.9).

Ws = nsW = m(hoys — hin) (3.9)
To determine the mass flow rate of the fluid moving through the pump the average mass flow rate
(ri1) can be used as shown in (3.10).

Wp
Pout — Pin
where: p is the average density of the fluid between the inlet and output of the pump.

= , (3.10)

3.5.3 Boiler

According to [69] the boiler forms the most complex subsystem of the power plant. The boiler
can be described as a component consisting of a combination of 2 circuits, 1) the water/steam
circuit and 2) the flue-gas circuit. According to [70] the boiler is also known as the steam generator
because, as the name suggests, the main purpose is to generate steam through the heating of
water. In this sense the boiler differs from a preheating heat exchanger especially when considering
the differences between the energy sources of the two components. The book by B. El Hefni [69]
describes a simplified boiler model that models the combustion inside the boiler furnace and
the heat transfer, to the cold fluid flowing within the tubes of the boiler. When considering the
boiler only as two sections consisting of the furnace (the hot section) and the fluid tubes (the cold
section), the boiler model can be developed as if it is a heat exchanger with the exception that
the boiler as a unit will consist of heat exchange sections representing the boiling, super heating
and reheating part of the unit. The schematic in Figure 3.7 represents a simplified visualisation of
the boiler consisting of both the boiling (primary chamber), super heating and reheating section
of the physical system in the plant. When considering each of these sections the hot side of the
heat exchanger will be referred to as the primary side and the cold side will be referred to as the
secondary side.
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Figure 3.7: Simplified schematic of the boiler

The subscripts R, P and S in the drawing refers to the reheat section, the primary side and the
secondary side respectively.
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With the aforementioned facts in mind each section of the boiler is thus modelled as individual, but
connected, heat exchangers, with the fluid entering the primary heat exchanger which is connected
to the super heater. After the steam is cooled through adiabatic expansion in the turbine, it is
reheated in the reheat heat exchanger. Assuming that the pressure (Pys;), (Popi) and temperature
(Tosi), (Topi) is known the other thermodynamic parameters at these points are calculated using
(3.1).

The pressure (P,pe), can be calculated using (2.33) with 0 < a > 1, determined by the boilers
geometry, and APy determined by the boiler specifications. The outlet pressure and temperature
on the secondary side (P,p. and T,p,) are indirectly determined by the energy requirement of the
boiler and limited by the maximum pressure and temperature specifications of the boiler. Using
(2.35) the maximum heat transfer can be calculated. The immediate heat transfer is given by (3.11).

Q = mAh. (3.11)
The mass flow, ri1 for this case is determined by the pump supplying the fluid to the boiler.

3.5.4 Condensing tower

The cooling tower, as the name suggest, is a component used to cool a fluid from some temperature
to another. In its application within a power plant, the cooled temperature is normally equal or
close to the atmospheric temperature. The book by John C. Hensley [1] describes various types of
these cooling towers, among which is the mechanical draft tower, Figure 3.8. This tower consists
of multiple fans at the the bottom of the tower to provide an increased airflow into the tower. As
stipulated by D. Kroger [71] an air-cooled heat exchanger is added inside the airflow path as shown
in Figure 3.8. D. Kroger also notes that the use of approximate methods for design and evaluation
of performance characteristic are adequate as shown by a number of authors. When considering
the cooling tower to be a simple heat exchanger the approach by [45] can be followed to develop a
model.

Air

Heat
exchanger

' Outflow
Figure 3.8: Schematic of a mechanical draft cooling tower as obtained from [1]

In Figure 3.9 the schematic for the cooling tower, on which the model is based, can be seen. The

hot water entering the cooling tower is referred to as the primary side and the cool fluid entering

from the environment is referred to as the secondary side. On the schematic a third input stream
is shown on the primary side. This stream is mixed at the inlet with the main fluid stream on the
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primary side. The stream is a partial fluid stream that was used in the low-pressure pre-heaters in
the physical system.
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Figure 3.9: Schematic of the cooling tower as used for the model

Given that the inlet pressure and temperature (P;,_, and T;,_p) on the primary side is known
the enthalpy, entropy and other thermodynamic parameters can be calculated using (3.1). The
pressure drop between the input and output of the primary or secondary side can simply be
evaluated using (2.32). Following the same approach as for the boiler, the output pressure can then
be calculated using (3.12).

The fluid stream that is supplied by the heat exchanger, and is entering the primary side of the
cooling tower, has the same pressure as P;;_, and will therefore have no effect on the pressure of
the output stream P,,; ;. The aforementioned approach can be repeated for the pressure on the
secondary side of the cooling tower assuming that the input pressure is known and the temperature
is equal to atmospheric temperature.

The temperature on the primary exit of the cooling tower is taken to be equal to the atmospheric
temperature. This allows for the calculation of the heat transferred from the primary to the second-
ary stream using (3.13).

Q= €(min_phin_p +mygxhyx — mout_phout_p); (3.13)

with: e the cooling tower effectiveness as given by the plants specification sheet, and ri1;;,_,, determ-
ined by the low pressure turbine exit stream with rijx given by the fraction of the mass flows of
the particular turbines used for the low pressure pre heater. The mass balance is given by equation
(3.14).

Mout_p = Min_p + Mpx (3.14)

3.5.5 Pipes and splits

All pipes are treated as well insulated and therefore the entropy change over the pipe is zero since
the heat transfer is zero. A simple set-up of a pipe schematic is shown in Figure 3.10. The pipes
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play a large role in the model since it forms the connecting part between the components. For
most cases it is assumed that the pipes have no pressure drop or friction losses. In the cases where
large pressure drops occur in the physical system, equation (2.32) is used with 0 < a < 1 a factor
accounting for the pressure drop. The mass flow is taken to be constant between the input and
output in order to adhere to the law of conservation of mass.

Pei Poe

— E—R— Toe

e = hoe
Figure 3.10: Schematic of a pipe as used for the model

In terms of junctions the only changes made to the approach used for the pipes is that the mass
balance equation is adapted. The fractional mass flow is determined simply by a scaling constant.
This is shown in equation (3.15).

mSplit:K(moi), (3.15)

with: 0 < x > 1 the fraction of mass flow from the inlet that splits. The value of x is typically
determined by the pipe geometry but is seen as a manipulated variable base on the required mass
flow rates of the split. The mass balance can therefore be written as shown in equation (3.16).

Mei = KMig; + Mge (3.16)

A simple schematic of a split is shown in Figure 3.11. The split can either be a fluid flow in or
out of a pipe section (Split A) or a component (Split B).
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Figure 3.11: Schematic of the two basic split or junction set-ups as used in the model

3.6 System model

The system model is developed by following the schematics of the physical system (Figure 3.12)

Snlit
fraction

H

Psph'r

Tspﬁt

Poe
out

TOE

Split B

and applying the aforementioned equations to each component under evaluation.
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Figure 3.12: Numbered and simplified schematic of the physical system used for the model

As shown in the schematic each component is numbered, starting at the boiler (no 1) and end-
ing at the high-pressure pre-heater (no 10). The identifier at each component’s input and output is
given by numbering it with the letters "i" and "e" with the fractional fluid stream numbered with a
"f". The heat exchanging components like the boiler and cooling tower have some extra letters "p"
and "s" indicating the primary and secondary sides. An external input to a component of either
work, heat flow or any energy attribute is indicated using a capital "E". Each of the identifiers are
included in a circle that encapsulate the fluid stream to which it refers.

In terms of solving the equations of each component, the manipulated inputs to each component
are the temperature and pressure. The manipulated variable throughout the whole system is the
mass flow rate. In order to explain the process of solving the system equations, consider the cooling
tower starting at point 5pe. The temperature and pressure at this point are taken to be equal to the
atmospheric state. Using the equations mentioned for the pipes, the thermodynamic parameters,
pressure, temperature, enthalpy, and entropy can be calculated. The mass flow at the exit of the
pipe (also inlet of the pump (point 6i)) is simply taken to be equal to the mass flow at point 5pe in
order to adhere to the law of conservation of mass. Using the aforementioned equations for the
pump, the input and exit thermodynamic parameters can be calculated. Once again, the mass
flow is simply taken to be equal to the mass flow at point 6i. This approach is followed for each
component in the system until the loop is closed. This results in a series of equations for which
most are balanced in terms of the number of variables and equations. The mass flow equations
however, will have one more variable than the number of equations. In order to solve this, an
equation is added by composing an energy balance for the turbines and the electrical generator
shown in equation (3.17).

i=4

. . =
We x 16 =0mWgpr + Y Waupr () + Y Wipr())), 3.17)
i=1 j=1
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with: n¢ and 1, the generators efficiency and the turbines mechanical efficiency respectively. The
subscripts i and j are indications of each stage of the medium and low-pressure turbines.

The power required from the electrical generator is then determined by the electrical grid. Choosing
a value for W that represents this grid requirement allows for solving all the equations.

Since all of the equations to solve each component and the thermodynamic cycle is now defined,
the next section will focus on the validation of the model.

3.7 Model validation

The model validation is defined as the process of determining how well or accurately the model
represents the physical system. This implies that data are required for some point in the system
where parameters are calculated. In order to obtain comprehensive and representative data in
this regard, the existing validated model in Ebsilon is used. By comparing the model results from
the Ebsilon model with the EES model a conclusion on the accuracy of the EES model can be
made. According to the system specification document [72], the nominal system electrical power
output is 500 MW per block. The system is, however, commonly operating at 525.750 MW as
concluded from the staff and physical measurements of the plant. The physical measurements
also showed 2 distinctive operating conditions, one at 475 MW and the other at 540 MW. Due to
these values the 100% operational condition is taken to be 525.750 MW with the other significant
operational points at 90% (475 MW), 95% (500 MW) and 103% (540 MW). The validation is done by
running a simulation in both models for these different operational power requirements from the
electrical generator and also by changing some component parameters to see if the models still
predicts the same system response. One more simulation was ran at 85% to evaluate the model at
non-common operational conditions. Two sets of simulations from each model are compared with
each other. The first set consists of simulations that are done with the generator power requirement
at 100% and 103% respectively with the 100% requirement equal to 525.750 MW. This results in two
simulations from both models as shown in Table 3.1. The second set consists of a simulation done
at a different efficiency for the HPT. For the first set of simulations, the HPT efficiency was set equal
to the physical system specifications. The efficiency was then changed to be 3% less (175, = 0,96%)
than specified.

The results from the two models are then compared in order to validate the EES model. In Table
3.1 only mass flow is compared since the variation in the results of the models is clear enough
from only evaluating the mass flow. In Table 3.2 the power results of the HPT, MPT and LPT are
compared while also showing the generator power (W;;). The turbine power results for the 100%
generator load case (W_G=525.750 MW) is the power corresponding with the thermodynamic
results shown in Table 3.1.

A summary of the compared power results, for both sets of simulations, is given in Table 3.2.
From the results it is clear that the two models give reasonably similar results with a percentage
deviation smaller than 0.7%. Simulations for generator power requirements of 95%, 90% and 85%
were also ran. Only results for the 100% and 103% cases are shown since for this power requirement
the EES model gave accurate results in comparison with the Ebsilon model.

The deviation of 0.7% increased for the smaller load requirements (W_G < 95% of 525750 kW) and

the larger changes in the efficiency of the high pressure turbine. Beside this fact, even deviations
of 0.7% are substantial when considering that the power difference between the models in such a
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case is approximately 1 MW. It is noted that the load distribution between the turbines differs for
each model run, but are similar for the two models. For the 100% load requirement case 27% of the
total load is generated by the HPT while for the 103% load requirement only 25% of the total load is
generated by the HPT.

Table 3.1: Mass flow comparison between Ebsilon model and EES model

Generator load at 100%
‘ Ebsilon ‘ EES ‘ Difference

|
|
| m | m [ m| % |
|

|

|

|

| | kgls | kg/s | kgls |

| Isi | 4345 |4345| 0| 0.0000% |
| 1se | 433.3 | 4333 | 0.04 | 0.0092% |
|20 | 4303 | 430.3 | -0.01 | -0.0023% |
|2 | 4303|4303 | -0.01 | -0.0023% |
| 1sri | 387 | 387 | 0.01| 0.0026% |
| 1sre | 388.1 | 388.2 | 0.06 | 0.0155% |

|3.1i | 365 365.1 | 0.05| 0.0137% |
| 3.2i | 852.7 3527 | 0.01| 0.0028% |
| 33i | 3375 | 337.5 | -0.03 | -0.0089% |
| 3.4i | 32493249 | 0.03| 0.0092% |
| 34e | 3249|3249 | 0.03| 0.0092% |
| 4.1f | 32423242 | 0.02| 0.0062% |
| SPe | 3242|3242 | 0.02| 0.0062% |
| 4.1i | 3229|3209 | -1.96 | -0.6107% |
| 4.2i | 3041|3023 | -1.84 | -0.6087% |
| 43i | 2936 | 291.8 | -1.81 | -0.6203% |
| 44e | 2936 | 291.8 | -1.81 | -0.6203% |
| 5pe | 805 | 303.3 [ -1.73 | -0.5704% |
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Table 3.2: Model simulation results for different set-ups

‘ Power calculations

|
‘ Simulation ‘ ‘ Ebsilon ‘ EES ‘ Difference ‘
| LinkNo | Component | kW | BkW | kW | %BkW | | |
| | | | of total | | oftotal | kW | % |
| 100% load, | W_HPT -144581 | 27% | -144577 | 27% | -3 | 0,002% |
| WG=525750| W_MPT -208246 | 39% | -208612 | 39% | 366 | -0,176% |
| kw | W_LPT -176319 | 33% | -175243 | 33% | -1076 | 0,610% |
| | Total -529146 | -528432 | | -713 | 0,135% |
| 103% load, | W_HPT -135408 | 25% | -134760 | 25% | -648 | 0,479% |
| WG=542000] W_MPT -228758 | 42% | -228758 | 42% | 0 | 0,000% |
| kw | W_LPT -185490 | 34% | -184601 | 34% | -889 | 0,479% |
| | Total -549656 | -548119 | -1537 | 0,280% |
| HPT | W_HPT -131345 | 24% | -131687 | 24% | 342 | -0,260% |
| efficiency, | W_MPT -229860 | 42% | -230458 | 42% | 598 | -0,260% |
| 3% drop. | W_LPT -185490 | 34% | -185974 | 34% | 484 | -0,261% |
| | Total -546695 | -548119 | | 1424 | -0,260% |

3.8 Conclusion

This chapter explains the methods and approaches used to develop the EES model. An in-depth
discussion of the mathematical modelling of each component is given with references to the rel-
evant literature. Each component is initially viewed separately when composing the necessary
equations. Each components mathematics is then added systematically to the next component to
form the system cycle as shown in the system schematics (Figure 3.3).

The model is validated by comparing the simulation results to that of a second model built in
the software package Ebsilon. The model was built by the staff at the plant in Jeanschwalde. The
software allows for fundamental principle models. This implies that the model is component based
and will solve each of the components physical thermodynamic and performance parameters using
mass-moment and energy balance equations. This kind of model allows for empirical correlation
and component characteristics to be added in order for real life component simulation.

The results clearly indicate differences between the two models. The EES model does represent the
system fairly well but would not be accurate enough for fault emulation for energy applications.
From Table 3.2, even a difference as small as 0.17% will result in a difference of 366kW. This will have
significant effects when the EGBV for FDI is applied since such an inaccurate result may contribute
to a fault signature’s size, resulting in wrongfully detecting a fault. Besides this, for some simulation
cases, the EES model had differences from the Ebsilon model as large as 10%. The differences seen
between the models can be attributed to a number of factors. The most likely and most prominent
may be some of the following:
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1) The assumptions made regarding no friction in the pipes and valves have large losses that
are not accounted for in the model. At the 100% generator load requirement the effects might not
be clear but from Table B.1 in appendix B section B.1 the difference in pressure can be seen for the
103% case.

2) The simplification of the actual system layout to obtain the schematic shown in Figure 3.3
results in a large neglecting of junctions and valves within the system. This results in mass flows not
being accounted for in some sections of the system. The effects of this can especially be seen in the
mass flow results shown in Table 3.1. For example, note the mass flow difference at the inlet of the
reheat part of the boiler (link No: "1sre"), the difference in model results equal to 0.06 kg/sec, are
due to a junction that was not accounted for. This also accounts for the consequent difference seen
for link number "3.1i". The cumulative effects of this may account in part for the large differences
seen at link number’s "4.1i" and onwards.

3) The distribution of load between the turbines as well as the control that enables the boiler
to deliver more or less power than required, is not taken into account in the EES model. This
resulted in the model establishing a mathematical balance of power between the components with
a pre-specified distribution of loads between the turbines. The Ebsilon model however, has built
in limits and rules that accounts for the load distribution and gives more specific control in this
regard. The effect being that the Ebsilon model would distribute the load between the turbines in a
different matter than the EES model.

If the EES model is adjusted to account for these 3 points it is likely that the model’s simula-
tion would be more accurate. Due to the complexity of the physical system this would not be
possible within the scope of this study since the model only forms a sub part of the research with
the main focus on the energy based FDI. Due to this fact it is decided that the Ebsilon model will
be used for fault simulation. Since the model is a validated representative model of the physical
system it can easily be used to obtain more data for some fault condition that may occur in the
plant but for which there does not exit any practical data. More details on the specifics of using the
model are given in chapter 5.
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CHAPTER 4

Energy characterisation

This chapter discusses the energy characterisation of the system. A thorough explanation of each
aspect of energy characterisation is given. This includes a discussion of the methodology used in the
process and the final resulting attributed graph.

4.1 Introduction

Since the model was developed and validated in the previous chapter, and it was concluded that
the Ebsilon model will be used for the simulations of faults, the energy and energy attributes in
the system can now be obtained for any component. The next objective would therefore be to
characterise the system in terms of energy.

This chapter gives a detailed description of what is meant by energy characterisation and en-
ergy visualisation. Five guidelines are given that is used to establish the attributed graph.

This is accomplished by giving an overview of the energy graph based visualisation as applic-
able to this study. The evolution of the energy graph based visualisation at the NWU is shortly
elaborated on and, as a final apex, the attributed graph of the system is composed.

4.2 Energy graph based visualisation

The principle of graph based energy visualisation in the context of this research was suggested
by G van Schoor, K Uren, H Maraise et al [3], [15], [17]. They suggested an approach to analyse a
system based on the energy changes in the system especially focusing on exergy change in com-
ponents and the energy interactions between the components for FDI applications. These energy
parameters are then visualized using the graphing and analytic approaches that modern graph
theory [29] consists of. According to [19], the utilisation of energy as a characterisation variable
is a method to reduce the dimensionality of the data used for FDI across multi-physical domains.
This dimensional reduction is similar to what is achieved using techniques such as kernel PCA,
but since energy is a universal concept, the energy characterisation approach is more simplistic in
multi domain systems.

The utilizing of energy as a means of characterising a system for FDI applications, is demon-
strated in [13] and [2]. In these articles the utilisation of Mollier diagrams, also known as enthalpy
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vs. entropy graphs (h-s graphs), are applied in the energy characterisation for fault detection (FD)
purposes in a generation IV nuclear high temperature gas-cooled reactor (HTGR). Two classifiers
are devised to address the problem. The first classifier is called the error method and classifies
faults based on the error seen in the h-s graphs when comparing the graphs under normal and fault
conditions. This can be seen in Figure 4.1. In the figure the mathematically ideal cycle is compared
to the practical tested cycle and the actual operation cycle by noting the change in entropy between
the cases.

The second approach is called the area error method. This method addresses the FD problem via
a multiple classifier ensemble approach that realized FD using a classification algorithm that is
based on the area and trajectory of the residual shifts between the normal and fault states seen in
the h-s graphs [2]. An example of this is shown in Figure 4.2. The energy characterisation in these
cases consists of the derivation of energy attributes from the system in order to compose the h-s
graphs under normal and fault conditions.
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Figure 4.2: h-s graph for the area error method in FD applications obtained from [2]
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The approaches by [13] and [2] allows for some structural information to be available for analysis
but the analysis complexity can be largely reduced while also increasing the structural information,
by rather using graphs consistent with modern graph theory as defined by [29]. This approach
is illustrated in [3], [15] and [17]. In order to compose these graphs, the philosophy for energy
characterisation of the system must broaden. The characterisation still includes the derivation of
energy attributes as with the approach using h-s graphs but the structural layout of the system must
also be taken into consideration. To this extent the energy characterisation refers to the calculation
of energy attributes in the system, analysing the system structure to determine components of
interest that must be represented by nodes (also called vertices) and the final composition of an
attributed graph using the energy attributes obtained for each vertex. It is of value to answer the
following possible questions when applying the energy characterisation.

1 Where should faults be detected?
2 Which components have many inflows or outflows in terms of energy?

3 Which components have a large effect on the control of the system? Thus, which components
will affect the system if a small change in energy occurs at/in these components?

4 Which components have large energy attributed to them? Thus, at which components do
large amounts of energy flow into/out-of?

5 How can the energy characterisation be done to compose the least complex graph possible?

An example of such an energy characterisation resulting in an attributed graph for a two tank
system is depicted by K.R. Uren, G. van Schoor and L. Auret in [3] and can be seen in Figure 4.3.
The figure shows the system schematics noting only the main components (1 to 5 with 5 being the
environment) in Figure 4.3 (a). These components are then depicted as vertices being connected to
each other by directed edges (represented by an arrow) in the attributed graph shown in Figure 4.3
(b). The direction of each edge indicated the direction of energy flow. The exergy change (Ab;) over
each component is shown next to the vertex, and the edges between the vertices, indicating the
energy transfer in terms of heat transfer (g; ;), between the components are shown next to the edge.
As seen from the attributed graph some components (e.g. valves) in the system diagram are not
included while applying the energy characterisation. This is partly due to the consideration of the
aforementioned questions.

5 > Diab, Ab, @ <
451
12 d43
ﬂbg Abs T53

Figure 4.3: a) Two tank system schematics, (b) Energy attributed graph of the system as obtained
from [3]
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Utilizing this approach, the energy characterisation is applied to the system in Janschewalde.
The calculation of energy attributes is done through the use of the Ebsilon model and through
analysing the physical system data. The analysis of the system structure is done by considering
the five questions. Since the faults that must be detected are attributed to the turbine and the
main feeding pump, these two components are identified as necessary components to include in
adherence to question 1 (4.2).

Considering that large energy conversion happens within each stage of the turbines (thermo-
dynamic energy converted to mechanical energy), and each stage also has a fractional energy outlet
used for the pre-heaters, it can be concluded to include each stage of the HPT, MPT and LPT as a
vertex. This will satisfy questions 2 and 4 (4.2) with regards to the turbines.

Considering the rest of the system in terms of question 2 and 4, it is concluded that the boiler,
generator, cooling tower, small water pump, low pressure pre-heaters 1 to 4, water storage tank,
main pump, spat turbine and the high pressure pre-heaters 5 to 7 must be included as vertices.
Each of these components can be classified as the main components in the system, attributing to
large energy conversions, relative to the system’s capacity. The boiler and cooling tower is indicated
using two nodes, each representing the primary and secondary side of the components respectively.
This allows for simplistic analysis when calculating the energy attributes since either the primary
or secondary side of the component can be analysed independently.

The SPAT is included due to question 3. The main water pump, that is driven by the SPAT, is
directly responsible for the mass flow through the system. This in turn affects the power generation
of the whole plant. Due to the fact that the SPAT obtains a relatively large amount of energy from
the reheated stream of the boiler, the effects that the SPAT has on the system’s control and response
is notable. The SPAT’s energy requirements are in the order of 122MW. This accounts for +- 2.5%
of the total plants generation capacity and is also in the same range as the energy required by the
pre-heaters (10MW to 70MW).

In order to adhere to question 5 and keep the graph as simple as possible, the pre-heaters 1
to 4 and 5 tot 7 are combined into only four vertices, two for the primary and secondary sides of
the 4 low pressure pre-heaters and two for the primary and secondary sides of the 3 high pressure
pre-heaters. Since the energy attainment on the primary side is from the environment (see next
paragraph for an explanation) the primary side is only indicated by an environmental vertex. In this
sense the vertex allocation to these heat exchanging components differs from the boiler and cooling
tower. This results in a graph with vertices and edges that correlates to the system schematics
shown in Figure 3.3.

Since the graph complexity has a large impact on the mathematical analysis methods required [27],
it would be helpful if the graph can be further reduced. One method to obtain this reduction
is by neglecting or disconnecting some edges that connect vertices to each other. It is however,
important that the energy balance at each vertex is coherent with the system. To accomplish
this a general vertex can be added that represents the environment. An energy flow from such a
disconnected edge out of the vertex can then be attributed to an energy flow into the environment
and vice versa. An example of such an application is seen with the fractional energy flows, out of
each of the turbine stages, that is utilized in the low and high pressure pre-heating heat exchangers.
The resulting system schematic and the corresponding graph can be seen in Figure 4.4.
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Figure 4.4: a) Reduced system schematic for graph applications (b) Attributed graph based on the
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This attributed graph can then be used in application of the FDI technique, using mathematical
analysis methods. The next chapter will discuss how the required energy attributes are assigned to
each vertex and edge and how a matrix representation of the attributed graph (the node signature
matrix) can be composed.

4.3 Conclusion

As a conclusion it is noted that a short explanation of the term "energy graph based visualisation"
was given with some examples of attributed graphs as shown in literature. A discussion of the
development of the energy graph based visualisation, in the context of this research, at the NWU
was also elaborated on. From relevant literature, five criteria were identified as a guide for choosing
the nodes and links between the nodes. These criteria are only a reference and can be expanded
if necessary for certain systems. With respect to these five criteria, the STS was analysed and
finally the attributed graph in Figure 4.4 (b), was composed. This concluded the second high level
objective.
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CHAPTER 5

Experimental design and data collection

This chapter discusses the procurement of data through the use of the Ebsilon model and meas-
urements from the physical system in Jeanschwalde. A short description of the fault types is given.
The analysis of the data and the composition of time series from the simulation results and system
measurements, for the purpose of energy-based graph matching FDI applications, are thoroughly
explained.

5.1 Introduction

In chapters 3 and 4 the developments of the static thermodynamic model and the energy char-
acterisation was described. This completed the first two high level objectives. The next and last
objective is therefore to acquire the necessary energy based data.

In this chapter the process followed to obtain data from the physical system and the compos-
ing of time series data sets will be described. The end goal of the chapter is to obtain a single data
set with energy derivative time series data representing each of the fault states, their variations and
the normal state.

This is achieved through a clear description of the four fault types and how it were simulated
with variations in the faults sizes and locations to obtain simulated system data. The procurement
of the physical system data are also described after which the process of combining the simulated
and physical data into a time series is discussed. The final result is the data set containing the time
series data of each fault state as required.

5.2 Discussion of fault types

As mentioned, there are 4 types of faults being considered for this research. These faults were
chosen based on the literature and information given by the staff working at the plant in Germany.
As stated by [4] there are seven common faults occurring in a steam turbine system. Of these faults
the following three are considered for this study: 1) Solid particle erosion on the high pressure
and medium pressure turbine (FT 1); 2) Leakage of the overflow or control valve (FT 2); and 3)
Overall ageing and wear of various turbine stages (FT 3). The fourth fault that is considered in
the STS is cavitation on the main feeding pump (FT 4). This was chosen based on feedback from
the staff at the plant that suggests these fault types are commonly found in the STS. Each of these
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fault types are commonly occurring faults in large scale turbine systems, although, to the authors
knowledge, these faults were not present in the physical system at the time of this research. Due to
the cost, production effects and safety concerns, these faults could not be emulated in the practical
system. They were, however, simulated in Ebsilon. A summary of the fault types as well as the size
considerations for each fault will be described later. It is important to note, firstly that some of the
same faults were simulated in different components. This was done in order to obtain data that
could be used to evaluate the robustness of the FDI approach. Secondly, for some fault types the
same fault was simulated in the same component but at different intensities (ie, 3%, 4% 6% etc.).
This was done to obtain data that could be used to evaluate the sensitivity of the FDI approach. With
this process the data obtained from the simulation would enable evaluation of the FDI approach in
terms of both detection, isolation, robustness, sensitivity and false detection/isolation rate. With
regards to each fault the description and effects caused by each fault in the STS are focussed on in
the next subsections.

5.2.1 Solid-particle erosion on the high and medium pressure turbine stages

Solid-particle erosion refers to the phenomena where the impact of particles in the steam path of
the first stages of the high and medium pressure turbine causes damage to the blades. The presence
of these particles is commonly attributed to the exfoliation of iron oxide (rust) and magnetic
particles from the high temperature part of the boiler [73]. According to [4, 23] the consequences of
this erosion are an increase in the swallowing capacity of the turbine and a drop in the efficiency of
the turbine stage. This can typically be modelled with a drop in turbine stage efficiency of 1% to
10% as well as an increase in mass flow rate through the first turbine stages. An example of Solid
Particle Erosion (SPE) on a turbine blade can be seen in Figure 5.1.
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R

Figure 5.1: Solid particle erosion on a turbine blade [4]

5.2.2 Leakage of the overflow valve

The overflow valve is a de-super heating and decompression system in parallel with the turbine.
The valve is used for bypassing steam from the turbine in part or as a whole. The function of the
overflow valve as a bypassing system is to control the imbalance between the steam consumption
and production of the turbine and boiler respectively [74]. Leakage of the overflow valve can be
due to either a broken spindle or SPE [4]. This leads to high quality steam bypassing the turbine

53



stage to condensate in the turbine’s leakage condenser or to enter the turbine at a later stage with
lower pressure. The consequence of this fault is a drop in the turbine performance as well as in
outlet temperature.

5.2.3 Overall ageing and wear of various turbine stages

Ageing and wear in the turbines are mostly noticeable in the increased surface roughness and
degradation of the mechanical components. According to [4] the effects of ageing and wear is a
drop in overall performance of the turbines and STS as a whole, and can be detected as a uniform
degradation in performance. Temperature gradients, SPE and low-quality steam are al effects that
contribute to ageing and wear and, in such, overall ageing and wear can be seen as the result of a
number of undesirable effects in the system.

5.2.4 Cavitation in the main water feeding pump

The phenomenon called cavitation is described by [75] as the formation of a vapour cavity that
moves along with the fluid stream when the pressure of the fluid falls below the vapour pressure
of that fluid at some position in a component such as a pump. The cavity that forms contains
a swirling mass of droplets and vapour that forms and collapses numerous times in a second.
When this low-pressure cavity moves downstream to a higher-pressure region it suddenly collapses,
resulting in a momentary localized pressure increase of significant size. When this happens close
to, or against the boundary of the component, the component’s wall receives a blow, stressing the
wall surface, which in some cases may be beyond its elastic limit. A continuous occurrence of this
eventually results in fatigue and failure of the component. According to [5] the range over which
cavitation occurs in a pump is at the point where the NPSH (measure of pump pressure above
vapour pressure) undergoes a significant drop, usually 3% and upwards. Thus, if the pump pressure
is 3% or more below the vapour pressure, cavitation will occur. A typical image of cavitation in a
blade as given by [5] is shown in Figure 5.2.

Cavitation droplets

Figure 5.2: Cavitation bubbles in a pump forming on the impeller blades [5]
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5.3 Ebsilon modelling of faults

The simulation of each fault was implemented by changing specific parameters in the Ebsilon
model or by adding some valves that could be opened to simulate a small leak in the case of FT
2. All of the physical changes that were made in Ebsilon, can be found in appendix B. A typical
example of a simulation result is shown in Figure 5.3. From the figure the steady state temperature,
pressure, mass flow, heat flow and exergy calculated at a specific position in the system are shown.
Due to the size of the system the results is not visible without zooming to the component for which
the results is considered. To illustrate the typical results and layout, a zoomed partition is indicated
on the figure.
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Figure 5.3: Example of a simulation result obtained with Ebsilon
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With reference to Table 5.1, the effects of solid particle erosion was only simulated on the first
stages of the high and medium pressure turbines. This is due to the fact that only these turbines are
directly connected to the boiler, hence it was most likely to find SPE in these stages. The simulation
entailed that the mechanical efficiency of the HPT and first stage of the MPT were dropped with
3% while also increasing the mass-flow rate with 3% in order to simulate an increase in suction
capacity. This simulation was repeated for the first stage of the MPT with a drop in efficiency of 6%
and an increase in mass flow rate of 6%. In terms of the mathematical effect this would have on the
component, refer to (2.16).

Table 5.1: FT 1- Solid particle eroion

Designation \ Description

FT1 _HPT3% | High-pressure turbine mechanical efficiency dropped with
3% and mass-flow rate increased with 3%

FT1_MPT3% | Medium pressure turbine’s first stage mechanical efficiency
dropped with 3% and mass-flow rate increased with 3%

FT1 _MPT6% | Medium pressure turbine’s first stage mechanical efficiency
dropped with 6% and mass-flow rate increased with 6%

The second FT as summarised in Table 5.2 was the leakage of the overflow or control valve. This
fault was simulated on all three stages of the low-pressure turbine (LPT) and the SPAT. A loss in
mass flow of 0.5 kg/s was simulated for each of the stages of the LPT and also for one simulation
of the SPAT. The simulation was then repeated for 1 kg/s, 2 kg/s and 5 kg/s of mass flow loss
in the SPAT. This is accomplished by simply specifying the mass flow rate that should exit the
overflow valve. This would cause a lower mass flow rate being available to the following stages of
the turbine. The result would be a decrease in power generation by the turbine stage according to
(2.16). Considering the system layout (see Figure 3.3), it can be seen that each of the medium and
low-pressure turbine stages has a split or fractional outflow. These outflows supply energy in the
form of hot fluid to the pre-heaters. A leak in the overflow valve of the turbine will change the mass
flow rate of the fluid exiting the turbine stages and the fractional outflows that are used to supply
energy to the pre-heaters. This will cause the pre-heater to have less energy available to preheat
the fluid stream and result in an overall temperature drop in the system (see (2.34)).
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Table 5.2: FT2- Leakage of the overflow valve

‘ Designation ‘ Description

FT2_LPT1 0.5 kg/s Leak on the overflow valve of the low-pressure tur-
bine’s first stage

FT2_LPT2 0.5 kg/s Leak on the overflow valve of the low-pressure tur-
bine’s second stage

FT2_LPT3 0.5 kg/s Leak on the overflow valve of the low-pressure tur-
bine’s third stage

‘ FT2_0,5SPAT ‘ 0.5 kg/s Leak on the overflow valve of the SPAT
‘ FT2_1SPAT ‘ 1 kg/s Leak on the overflow valve of the SPAT

| FT2_2SPAT | 2kg/s Leak on the overflow valve of the SPAT
‘ FT2_5SPAT ‘ 5 kg/s Leak on the overflow valve of the SPAT

FT 3 consisted of 5 different simulations done to simulate the effects of overall wear and ageing.
These simulations are summarised in Table 5.3. The specific changes that were made are listed in
appendix B, subsection B.2.3. Since overall wear and ageing on the turbines were simulated, the
decrease in efficiency similar to FT1 was implemented, but simultaneously on each 3 stages of
the turbine under consideration. The "per-component" effect of this fault will therefore be similar
to FT1 but will have different effects on a system level. Due to the fact that the simulation gives
a steady state result, it was not possible to simulate a gradual introduction of wear. This implies
that the simulation results should rather be evaluated as the results that could be expected as some
stage of the turbine’s operational lifetime when wear and ageing already occurred.

Table 5.3: FT3- Overall wear and ageing

| Designation | Description

‘ FT3_LPT3% ‘ 3% drop in efficiency of all the low-pressure turbine stages

| FT3_LPT4% | 4% drop in efficiency of all the low-pressure turbine stages |
| FT3_LPT6% | 6% drop in efficiency of all the low-pressure turbine stages |

FT3_MPT3% | 3% drop in efficiency of all the medium pressure turbine
stages
4% drop in efficiency of all the medium pressure turbine

FT3_MPT4%

stages

The last FT was cavitation in the main feeding pump driven by the SPAT. The simulation in
Ebsilon was set-up to simulate a condition or state in the system under which cavitation would
occur rather than simulating the effects of cavitation on the fluid. This way the system parameters
and energy state under conditions of cavitation would be obtained. This was implemented by
utilizing the ability of the "piping" component in Ebsilon to specify a pressure drop that would
result in the inlet fluid properties of the pump to be of such that cavitation would occur. The
settings of the piping component can be seen in appendix B, subsection B.2.4. It is important
to note that the piping component was added before the pump, this created the required fluid
properties. The simulation was completed for two cases as shown in summary in Table 5.4. In each
case the pressure drop of the piping component was specified to cause a pressure value at the inlet
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of the pump that is a specified percentage lower than the NPSH.

Table 5.4: FT4- Cavitation in the main pump

| Designation | Description |

FT4_6%NPSH

Pressure drop such that the fluid pressure is 6% below the
vapour pressure

FT4_9%NPSH | Pressure drop such that the fluid pressure is 9% below the

vapour pressure

5.4 Data procurement from the physical system

As mentioned in the previous chapters the data requirements from the system had to be either in
the form of energy attribute variables or variables like temperature, pressure and mass flow (that
are measured in the system) from which energy attributes can be derived. Through examination of
the system diagram and the attributed graph shown in Figure 4.4, the locations where the variables
had to be measured were identified. Figure 5.4 gives the system schematic with the locations of
the measurement points indicated. With these locations identified an operator at the facility in
Jeanschwalde then extracted the data from the monitoring system at the plant.
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The data were obtained in two different sets, each containing the variables, temperature,
pressure and mass flow. The first set of data were measured for nodes 1 to 10 as indicated in Figure
5.4 with the green dots. Unfortunately, due to a lack of physical instrumentation the data for nodes
4,5 and 9, (Figure 5.4), were not measured. This implied that physical data for the outlet of the MPT,
inlet of the LPT and inlet of the SPAT pump could not be obtained. The data from the remaining 7
nodes will be referred to as the "system data". The second set of data were measured for nodes 11
and 12 as shown in Figure 5.4. This data set will be referred to as the SPAT data. A summary of the
nodes that measurements was obtained for and the variables measured is shown in Table 5.5. The
system data were obtained by taking 96 measurements at 15-minute intervals during two distinct
operating points. The transient operation was neglected and only the data from operational state 2
were used since only the variations and noise of the system were of interest in order to obtain some
indication of the extend by which a specific variable (like pressure, temperature, mass flow rate or
power) would vary under steady operations. An example of this can be seen in Figure 5.5 for the
generator output power. The two operating points are clearly visible. This resulted in one 24 hour
day of operational data. The SPAT data were obtained by taking 1920 measurements at 45-second
intervals. This also resulted in a 24-hour day of operational data. In Table 5.6 a general symbolic
illustration of the data for the two sets can be seen.

Table 5.5: Summary of nodes for which physical measurements were obtained

Node: ‘ Description: Variables measured: ‘
1 High pressure turbine inlet Pressure, Temperature, Mass flow rate
2 High pressure turbine outlet Pressure, Temperature, Mass flow rate
3 Medium pressure turbine inlet Pressure, Temperature, Mass flow rate
4 Medium pressure turbine outlet NOT Measured

5 Low pressure turbine inlet NOT Measured

6 Electrical Generator Power output

7 Low pressure turbine outlet Pressure, Temperature, Mass flow rate
8 Condenser outlet Pressure, Temperature, Mass flow rate
9 SPAT pump inlet Pressure, Temperature, Mass flow rate
10 SPAT pump outlet Pressure, Temperature, Mass flow rate
11 SPAT turbine inlet Pressure, Temperature, Mass flow rate
12 SPAT turbine outlet Pressure, Temperature, Mass flow rate

Generator Output power in MW

600
500
s 400

c

= 300

Operational

Transient
state 2

3 200 state 1
a

100

1 5 9 131721252933374145495357616569 737781858993

Measurement taken at 15min intervals

Figure 5.5: Physical data measured for the generator output.

In order to allow for a number of data points that represents a 24 hour operational period, both
the system data set and the SPAT data set were artificially expanded to obtain a total number of
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Table 5.6: Example of the general symbolic data sets obtained from the plant in Jeanschwalde

Data measurements taken in 15 min Data measurements taken in 45 sec
intervals intervals
| System data (nodes 1 to 10) || SPAT data (nodes 11 and 12) |
| Nodel | ... | Nodelo || Node 11 | Node 12 |
T P h T P h h h
[°C] | [kPa] | (kg/s] [°Cl | kPa] | [kg/s] [kPa] | [kg/s] [kPa] | [kg/s]
| T| | P| | ﬂi| | | T| | P| | ?ii| || T| | P| | ?ii| | T| | P| | ?ii| |
| Tos | Pyg | thgg | | Tos | Pog | Thgg ” Thgz0 | Plﬂzn| mlsrzn| Tigzo | Plﬂzn| mlﬂzn|

2880 measurements (equivalent to 30 second intervals between each measurement). This was
accomplished by "randomly" selecting data for each variable from the existing dataset of that
variable. The method used, was to write a function in Matlab that takes the distribution of the
measured dataset (the input data) that must be expanded, and map that distribution to a vector
with data points equal to the length of the required dataset (i.e. 2880) minus the length of the
original datasets. This resulted in a vector (the output vector) that has the distribution of the input
dataset and a length equal to the missing number of data points (2880 — lengt(inputdata)). The
function then mapped the values of the original measured dataset using the "rand" function to this
output vector and then added this vector to the original measured dataset. The resulting output
vector was a vector with dimensions 1 x 2880 that has the same distribution as the original dataset
with the minimum and maximum values of this new dataset equal to the minimum and maximum
values of the original measured datasets. For example, the temperature values measured for node 1
in Table 5.6 (Column 1) were expanded by selecting (2880 — 96) = 2784 measurements from that
same column to generate a total number of temperature measurements for node 1 equal to 2880.
Similarly, (2880 —1920) = 960 random measurements with the same distribution as the original
SPAT dataset were chosen from the respective columns for the variables in the SPAT dataset. A
representation of the resulting data set can be seen in Table 5.7.

Table 5.7: Symbolic example of the data sets after it were artificially expanded

Data measurements taken in 15 min Data measurements taken in 45 sec

intervals intervals ‘

‘ System data (nodes 1 to 10) || SPAT data (nodes 11 and 12) ‘

| Nodel | ... | Nodelo || Node 11 | Node 12 \
TPEC | P m T P H1 TI[°Cl | P f?'i T[C) | P m

[kPa] | [kg/s] [°C] [kPa] | [kg/s) [kPa)] | [kg/s] [kPa] | [kg/s]

T 17 || T A [ [T P | | P |

| Tos | Pos | fios | ... | Tos | Pos | rige || Tigeo | Prozo | taazo | Tiszo | Prozo | oo |

‘ Trumf | Prmuf‘ mr«ud| L ‘ Trmlrf| Prmld‘ mrmld” Trmld | Prmld| mrmlrf| Tr{rud ‘ Prmld| mrmuf‘

| Tosso | Posso | #izsao | ... | Toswo | Passo | razeso | Tesso | Passo | tiosen | Tosso | Passo | titasso |
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From these data sets and the simulation results, a set of time series could be composed that
gave an approximation of how the variables at the respective locations in the system would change
over time during real live conditions for each of the simulated states (i.e. Normal operation, FT 1,
FT 2 etc.). The next section will describe the process of obtaining the time series data sets and the
assumptions made in cases where data from the plant in Jeanschwalde could not be obtained.

5.5 Data analysis and composing of time series

To be able to evaluate the systems health over time it was necessary to know what the fluctuations
due to the noise and control variations in the system might be. A method to obtain data that would
allow this, would be to compose time series data by combining the simulation results from Ebsilon
and the data sets obtained from the plant. Through extraction of the noise in the system and SPAT
data, and then combining this noise data of each variable with the simulation result, a time series
data set for both the normal and faulty simulations are obtained. The flow diagram in Figure 5.6
illustrates the basic idea.

START

l

System and
SPAT data set

J

Use moving
average to
obtain noise

Data from simulated
fault state results

Figure 5.6: Flow diagram showing how the time series data sets are composed

To determine the window size for the moving average a simple analysis of the original data
was done via the help of a Matlab program. The program imported each of the data sets at a time
and then calculated the moving average of the data while sweeping through a specified window
size range from 2 to 100. After each loop, the sum of the absolute difference (SAD) between the
smoothed dataset and the original dataset was calculated and stored in a variable. Once the sweep
was completed the resulting values of the SAD were plotted against the window size. This resulted
in a graph that illustrated the error between the smoothed and original data as the window size
increased. For all of the measurements, a knee was found in-between a window size of 7 to 10. This
implied that a window size larger than 10 would be inaccurate and hence 10 was chosen as the
maximum window size. In figure 5.7 the plot for the SPAT outlet temperature is shown. To illustrate
as an example how the process in Figure 5.6 was applied, consider the system data set and select the
temperature measurements taken at the inlet of the HPT (i.e. the temperature at node 1 in Figure
5.4). By subtracting the 10-point moving average ((2.45), with (2N +1) = 10) from the original data
set, the noise present in the temperature measurements can be obtained. These results will be
referred to as the noise data set. Next, consider each of the simulation results as obtained for each
variation of the four fault states and one normal operation. Select the temperature value calculated
at the inlet of the HPT for each of the states simulated and add this value to each of the noise values
in the noise data set. The resulting data sets are the generated time series for the temperature at

62



the inlet of the HPT for each of the simulated states. This is then repeated for each of the variables
of all of the components that were identified as necessary for the attributed graph as illustrated in
4.4. The flow diagram in Figure 5.8 illustrates this example.

Sum of abs dif

10 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 20 100

Window Size

Figure 5.7: Example of why a window of 10 was chosen for the moving average filter.

\ Obtain the 10
\ Start | point moving
l average
rl Select the temperature ||
[{| measurements for node1 | | Noise data set
|"l' fromthe system and 1 for the
| SPAT data set B

temperature at
the inlet of the
HPT

[l Data = |
W {T_1,T_2, .., T_2880}

m
=

-

=

g

_ - n_2880} / Timeseries of the temperature a /
| /" the HPT inlet for the Normal state
7 simulation T_Ns e{T_N1, T_N2,.
— . T _N288G)

.' Normal state simulated |*, TN / Add T _Nto \

[}| result for HPT inlet .I = '_"\___\ each of N f___f- .- :

R\ temperature J A\ / / Timeseries of the temperature at /

e / the HPT inlet for the simulation of  /

([ Fault state 1 simulated |\ TE /Add T_F1to \ J  Feulstmel TRESONL /
]| result for HPT inlet | | = "\ eachofN / _N2,....T_N2880}

\ temperature / Y / . . !

A 2 \, ! N / Timeseries of thet erature at /
(] P e e |) T /Add T_Fato | /" the HPT inlet for the simalation of /
W - = f - \ each of N / Fault state 4 T_Fds < {T_N1, f
\ emperature / T N2,...T N2880}

Figure 5.8: Flow diagram illustrating how the time series was generated for the temperature
variable example

Using Ebsilon, simulated temperature, pressure and mass flow rate, results were obtained
for the input and output of each of the components as represented by the nodes 1 to 19 in the
attributed graph (Figure 4.4). However, there is only noise data for the inputs and outputs of some
components (nodes 1 to 3, 6 to 8 and 10 to 12) in Figure 5.4. This necessitates the generation of
some noise data to be used when compositing the time series data sets for the remaining variables
in the attributed graph.
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In order to obtain representative noise, it was decided to use the average noise of the components
that enclosed the component for which the noise data were missing. For example, the noise data
at the inlet of the MPT (node 3, Figure 5.4) and the outlet of the LPT (node 7, Figure 5.4) were
known but there were no noise data for any of the consecutive stages of the MPT or LPT which are
represented by attributed nodes 5,6,7,8 and 9 in Figure 4.4. In order to obtain representative noise
data for these nodes, the average noise between the inlet of the MPT and the outlet of the LPT were
used. Figure 5.9 gives a visual illustration of this approach.

I"Ift Known —
of | hoise

MPT|

n_i2

. = Average (., . )

n_2880 ={
(n_i1+n_e1)/2,
(n_i2+n_e2)/2,

(n_i2880+n_e2880)/2
}

Qutlet
of
LPT
Split
5 ez
Known (g :
noise |

n_e2880

Figure 5.9: Generating the noise data for the unknown (red) nodes by using the known noise data
(green nodes)

The resulting data set obtained from the approach to generate the time series for each of the
variables (temperature, pressure and mass flow rate) and each of the simulated states (Normal
operation, Fault state 1, . . ., Fault state 4) consisted of 18 tables of data each with 2880 measure-
ments (rows) of temperature, pressure and mass flow rates for the input and output of each of the
19 attributed nodes in Figure 4.4 (thus 38 columns). This is depicted in Figure 5.10.

Note that each of the heat flow connections between the components that is represented by

links in the attributed graph, are numbered in Figure 4.4 (b). Rather than referring to the input or
output of a node it will be referred to by the link number (i.e. L1.2,1.2.3, ..., L19.1).
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Figure 5.10: Illustration of the final time series data obtained for each of the simulated fault states
and the normal operating state

Once the time series dataset was obtained the data analysis could be done to generate energy
data sets that would be applicable for the EGBV approach for FDI. The next section will specifically
focus on this.

5.6 Generation of energy graph-based fault detection and isola-
tion applicable data sets

As discussed in chapter 2, section 2.4 the energy attributes that will be considered are heat and
power transfer between components as well as change in exergy over the components. To obtain
these energy attributes a simple function in Matlab was written. The function takes as input,
the pressure and temperature time series data from the previous section and, through the use
of the lookup IAPWS water and steam tables, determines the specific entropy and enthalpy that
correlates with those inputs. The function can be mathematically expressed as seen in (5.1) with
the input variable y1 and y2 the given time series variables and S the variable specifying which
thermodynamic variable needs to be allocated in the lookup tables (i.e. enthalpy entropy etc.) .
The resulting specific entropy and enthalpy values (the specific energy time series data sets) could
be used to calculate the heat transfer between the components and change in exergy over the
components.

X(y1,y2,S) =lookup(IAPWS,a=yl,b=y2) (5.1)

First the specific heat transfer to each of the components were calculated, where applicable,
through the use of (2.3). This was done in accordance to the approaches described in chapter
3, depending on the component under evaluation. The resulting specific heat was then simply
multiplied by the corresponding mass flow rates to obtain the heat transfer in kilowatts. A sym-
bolic example of the resulting heat flow dataset is shown in Table 5.8. Note that the headers
L1.2,12.3,...,L0.19 refer to the links as indicated in the attributed graph (Figure 4.4). Also note that
data sets like these, exist for each of the variations on the fault states (tables 5.1, 5.2, 5.3 and 5.4) and
the normal operating state. Since the mechanical work done by the turbines in the physical system
were not measured, their power were simply taken as steady (noise and variation free) values equal
to the results of the simulation.
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Table 5.8: Symbolic example of the heat transfer time series data set to be used in the attributed
matrices for FDI

Heat transfer (Q) in [kW]

1.2 12.3 12.4 13.4 13.16 14.5 14.0 15.6 15.0 16.7 16.0 17.8 18.9
Q12,1 Q23,1 Q2.4,1 Q34,1 Q3.16,1 Q4.5,1 Q4,1 Q5.6,1 Qs,1 Q6.7,1 as6,1 Q7.8,1 Q8.9,1
Q12,2 Q2.3,2 Q2.4,2 Q2.4,2 Q3.16,2 Q45,2 Q4,2 Q5.6,2 as,2 Q6.7,2 Q6,2 Q7.8,2 Q8.9,2

01.2,2880 | Q2.3,2880 | Q2.4,2830 | Q3.4,2880 | Q3.16,2880 | QA4.5,2880 Q4,2880 Q5.6,2880 | Q5,2880 | Q6.7,2880 06,2880 07.8,2820 | Q8.5,2880
Data Continue

18.0 19.10 15.0 110.11 L11.0 110.12 112.13 112.14 112.0 L14.15 115.15 L15.0 116.17

Qg1 Qs.1,1 Qs,1 Q10.11,1 Q11,1 Q10.12,1 Q12.13,1 Q12.14,1 Q13,1 Q14.15,1 Q15.15,1 ais,1 Q16.17,1

Qg2 Qs.1,2 Qs,2 Q10.11,2 Q11,2 Q10.12,2 Q12.13,2 Q12.14,2 Q13,2 Q14.15,2 Q15.15,2 ais,2 Q16.17,2

08,2820 | 03.1,2880 | 09,2880 | Q10.11,2880 | Q11,2880 | Q10.12,2880 | Q12.13,2880 | Q12.14,2880 | Q13,2880 | Q14.15,2880 | Q15.15,2880 | Q15,2830 | Q16.17,2880
Data Continue

L16.0 117.19 L18.17 L18.0 L15.1 115.0 0.1 0.3 10.13 L0.14 10.15 1L0.18 10.19
aisl | Qi7.19,1 | Qi18.17,1 Qig,1 Q15.1,1 Qis,1 Q0.1,1 Qo.3,1 Q0.13,1 Q0.14,1 Q0.15,1 Q0.18,1 Q0.19,1
ai162 | Q17.19,2 | Qis8.17,2 Q18,2 Q19.1,2 Q19,2 Qo.1,2 Qo.3,2 Q0.13,2 Q0.14,2 Q0.15,2 Q0.18,2 Q0.19,2

Q16,2880 | 017.192880 | Q18172880 | (18,2880 | Q19.12880 | Q19,2880 Q0.1,2880 Q0.3,2880 | 00.132880 | Q0.14,2880 | QO0.15,2880 | QD.18,2880 | Q0.19,2880

The same approach was followed to obtain a time series in terms of the exergy change over each
of the components. The dead state variables (Tp, sp and hg) were chosen to be equal to the average
values in Jeanschwalde of Ty = 15 C° and Py = 1.015 kPa. From this pressure and temperature
values the enthalpy (/) and entropy (syp) were calculated. In Figure 5.11 a generic example of how
this calculations were applied to a generic component is given.

from time series b, = m,[h, — hy — Ty (s, — So)], fori=1to 2880
hi € {hy,hy, . . . haggo} Inlet

si €{81,52, . . .,S2gs0}

Component
Ab=b,—b,, foreandi=1to?2880

he € {hy,hy, . . . ,hagg0}

se €{s,,S2, . . .,Szgs0} Outlet

b, = m,[h, — hy — To(s. — So)], for e =1to 2880

Figure 5.11: Generic example of how the exergy and exergy change over a component were
calculated with the dead state variable known
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The end results of calculating the exergy change over all of the components for each of the fault
states and the normal operational state were 18 data sets (the exergy time series data sets) each
with a structure as illustrated symbolically in Table 5.9. The headers N0, N1, ..., N19 represent each
node in the attributed graph. The variable bNx, i with x € {0,...,19} and i € {1, ..., 2880} represents
the exergy change over each of the " N" components or nodes.

Table 5.9: Symbolic example of the exergy time series data

Change in exergy (Dh) in [kW]
N1 [N2 [N3 |N4 [N5 |[N6 [N7 |[N8 [N9 |N10 | N11 | N12 | N13 | N14 | N15 | N16 | N17 [ N18 | N19 | NO
bN |bN [bN [bN |bMN |[bN |bN |[bN [bN |bN1 | bN1 | bN1 |bN1 | bN1 | bN1 | bN1 | bN1 | bN1 | bN1 | bN
1,1 |21 (31|41 |51 |61 |71 |81 |91 (01 |11 |21 |31 |41 |51 (61 |71 |81 |91 |01
bN |bN [bN [bN |bMN |[bN |bN |bN [bN |bN1 | bN1 | bN1 |bN1 | bN1 | bN1 | bN1 | bN1 | bN1 | bN1 | bN
1,2 2,2 |32 |42 |52 |62 |72 |82 |92 (02 |12 |22 |32 |42 |52 (62 |72 |82 |92 |02

bN [bN [bN |[bN [bN [bN [bN |bN [bN |bN1 | bN1 [ bN1 [bN1 |bN1 |bN1 [ bN1 [bN1 [ bN1 | bN1 | bN
1. 2 3, |4 5, &, e 8, 9, 0, 1, 2, 3, 4, 5, &, 7 8, 9, 0,
288 | 288 | 288 | 288 | 288 | 288 | 288 | 288 (283 | 288 | 288 | 288 | 288 | 288 | 288 | 288 | 283 (288 | 288 | 288
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

A link to the actual data for both the heat transfer time series and the exergy change time
series can be found in appendix B. Using this data, the FDI method could be applied. This will be
discussed in the next chapter along with the final results obtained for the EGBV, FDI approach.

5.7 Conclusion

In chapter 5 each FT was discussed in detail, noting the changes that each FT will cause in the STS.
A detailed explanation of how each FT was simulated using the Ebsilon model is given. The FT’s is
summarised in four tables showing the variation in size or location of each of the faults. The data
procurement from the physical system are discussed with reference to how and where in the STS the
data were measured. A layout of the resulting data tables are given in Table 5.6. The adjustments to
the data in order to obtain an expanded data set with 2880 variables are explained from which time
series data were developed for which the process was explained in the flow diagram of Figure 5.8.
The noise data generation for components from which physical measurements were not obtained,
are also explained and the final time series data sets for each FT are then illustrated in Figure 5.10.
The final section of chapter 5 was dedicated to the discussion and explanation of composing the
energy graph applicable data sets. A clear explanation on the process is given with an example of
who the heat flow and exergy data for each component were obtained. The chapter is concluded
with the final data sets as shown in Tables 5.8 and 5.9.
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CHAPTER 6

Energy-based fault detection and isolation

This chapter describes the energy-based graph matching approach followed for FDI. The three
approaches considered, and the reasons behind the decisions are explained with specific focus on
the differences between them. A detailed elaboration on the process followed is given, with the FDI
results obtained in terms of detection, isolation and the performance of the various approaches in
terms of sensitivity, robustness and false detection rates are given.

6.1 Introduction

In the previous 3 chapters the required preparation for energy-based FDI was discussed with a
clear focus on the three high level objectives; Obtain a static thermodynamic model, compositing
an attributed graph of the system and acquisition of time series data. Since these objectives were
met, the next step would be to apply the energy based FDI.

In this chapter the composition of attributed matrices from the attributed graph is discussed.
The focus is placed on the detection and isolation of the fault types, applying the time series data
from the previous chapter in three different approaches.

This is accomplished through composing the attributed matrices, calculating the cost and re-
sidual matrices respectively, evaluating the distance parameters, eigenvalues and residuals of the
cost or residual matrices and applying an analysis sequence to enable detecting and isolation of
the faults.

6.2 Overview

The initial graph matching approach considered was based on the so-called distance parameter ap-
proach as mentioned by [76]. In the article an approach was proposed where two attributed graphs
were matched through applying the HEOM function to the attribute matrices of the attributed
graphs. This generates a square cost matrix, indicating the dissimilarities between the two graphs.
A further analysis for FDI applications is then performed by calculating the average diagonal value
of this cost matrix, called the distance parameter. The method allows for large reduction of data
since the dissimilarity information between the initial attributed graphs are reduced to a single
parameter. By following a specific sequence when analysing all of the attributed graphs, both fault
detection and fault isolation can be accomplished. The method however did not reveal satisfactory
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isolation results and hence a second approach (the eigenvalue approach) suggested by [3,51, 77]
was evaluated.

In this method the eigenvalues of the cost matrix is determined rather than computing only
the distance parameter. Utilizing the information given by the eigenvalues, more information
on the dissimilarities between the two graphs were obtained and hence it was reasoned that the
isolation of faults might improve. The approach, however, increased the amount of data to be
processed by a number, at most, n?, with n the number of nodes in the attributed graph. This
approach was also unable to effectively distinguish between the different intensities and locations
of FT 2, although detection of all faults is achieved along with reasonable isolation for FT’s 1, 3 and 4.

It was therefore decided to follow a third approach called the residual approach suggested in
the PhD of H.Nesser [78]. This residual approach simply compared each of the values in the at-
tributed matrices directly after the matrices were normalized. This approach disposes of using
the HEOM function, simplifying the mathematical procedure while also keeping a direct link to
the original attributed graph structure since the residual matrix is of the same dimensions as the
node signature matrix and can easily be traced back to the attributed graphs. The data reduction
advantage of the other two methods is, however, lost and hence a matrix of the same size as the
node signature matrix is analysed for the FDI.

As an overview the flow diagram in Figure 6.1 explains the process flow of the three approaches.
For future reference the three approaches are uniquely designated as follows:

Approach 1 : Distance parameter approach
Approach 2 : Eigenvalue approach
Approach 3 : Residual matrix approach

For all three of the mentioned approaches, the compositing of a node signature matrix using
the attributed graph, illustrated in Figure 4.4, and the energy data as discussed in the previous
chapter, are required. It is important to note the following regarding the data sets discussed in
Chapter 5: 1) The 24-hour physical data are used as an indication of the amount of variation the
system has under normal steady state operation. 2) The 2880 data points of the time series are
therefore seen as variation in the data that is used as an indication of the amount that a parameter
can vary under fault conditions due to normal system operational fluctuations. 3) The result of the
FDI methods will thus be an indication of how effective the methods are to detect any of the 2880
possible energy of exergy variations that might occur once a fault is intruded in the system. The
next section is specifically focussed on describing the process through which these node signature
matrices were obtained.
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Figure 6.1: Flow diagram illustrating the process flow for the three graph matching approaches

6.3 Composing of the node signature matrices

6.3.1 Node signature matrix

To compose a node signature matrix, refer to the attributed graph in Figure 4.4 (b). Using the
approach in [28] an adjacency matrix can be composed from the graph by composing a matrix
with rows equal to 7 and columns equal to n + 1, where n = the number of nodes in the attributed
graph. The columns are compiled equal to n+1 to allow one column for the exergy change attribute
over each of the nodes. The consequences of this is a nxm node signature matrix indicating in
the first column the change in exergy over each node and in each row the energy transfer from
one node to another. In Figure 6.2 a symbolic example of this process is given. As indicated with
the arrows, the "db" values, representing change in exergy, are placed in the first column and the
energy transferred from one node to another is placed in the respective cells, according to the
attributed graph.
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Figure 6.2: Example of how a node signature matrix is composed from an attributed graph

The node signature matrix obtained for the attributed graph of the STS as shown in Figure
4.4, is shown in Figure 6.3. Note that the values, representing the energy transfer from one node
to another, is indicated using the node numbers, with the first number indicating the node from
which the energy is transferred, and the second number indicating the node to which the energy is
transferred. Thus, the value 1,2 indicates an energy transfer from node 1 to node 2.
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Once this matrix is composed, the time series energy attributes illustrated in Tables 5.8 and 5.9
are used to populate the matrix. A simple program in Matlab is written that runs a loop, taking each
row of these respective time series tables and writing them to the cells of the node signature matrix.
The resulting matrix is then saved in an array. This leads to an array of matrices corresponding to
each row of the time series. Repeating this for all 18 states (4 Fault states, variations of the fault
states and one normal operating state) results in an array with 18 columns and 2880 rows with
each index in this array representing a node signature matrix. An illustration of the 18 x 2880 array,
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Figure 6.3: Node signature matrix of the attributed graph
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consisting of attributed matrices, is shown in Table 6.1. The next step would be to apply the three
respective graph matching techniques in a specific sequence.

Table 6.1: Example of the array of attributed matrices for each state

| Normal Operation | TF1_HPT3% | ... | FT2.LPTL | ... | FT3_LPT3% | ... | FT4 9%NPSH |
| 1 | 20X21Matrix | 20X21Matrix | ... | 20X21 Matrix | ... | 20X21Matrix | ... | 20X21Matrix |
| 2 | 20X21Matrix | 20X21Matrix | ... | 20X21Matrix | ... | 20X21Matrix | ... | 20X21Matrix |
\ \ \ cee | cee | cee | \
| | | | | | | | |
| | [ | [l ] |
| 2880 |  20X21Matrix | 20X21Matrix | ... | 20X21 Matrix | ... | 20X21Matrix | ... | 20X21Matrix |

6.4 Approach1 and 2

6.4.1 Composing the cost matrix with the HEOM function

The idea behind a cost matrix is simply a matrix that is calculated as the result of the comparison of
two other matrices, indicating the dissimilarities or "distance" between the compared matrices.
There is a number of different methods to accomplish this, with even variations of these methods,
as mentioned in chapter 2. The method chosen for this was the Heterogeneous Euclidean-Overlap
Metric (HEOM) as given in equation (2.5). This function allows for comparison of two matrices
when either categorical or continuous attributes are used. A variety of distance operators is given
by [79] ranging from obtaining a distance parameter (d,) by simply using the range as illustrated
in (2.5), or by substituting the range with either one or four standard deviations (o or 40) of the
dataset. For the applications of this study the slight differences obtained when using a different
range is of minimalistic effect, and thus only the range as defined in (2.5) is considered. The
advantage of this approach is that the HEOM normalizes the data as part of the function using this
range parameter.

In order to compose a cost matrix for any two matrices, consider the following example for matrices
A and B as shown in Figure 6.4. In this example, matrix A is used as the reference matrix and hence,
the range is calculated with the values of A. For the application of FDI, A and B would obviously be
equated to a specific energy node signature matrix in Table 6.1.
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Figure 6.4: Illustration of how the cost matrix is calculated

Since faults must be detected and isolated the rationale used to determine which cost matrices
to calculate can be explained as follows: Consider Figure 6.5 showing a hypothetical energy variable,
measured at some location in the system (for example at position L1, 2, the HPT inlet). Suppose
the system initially operates under normal conditions (i.e. the variable is within the specified
acceptable limits) until time = T. At time = T a fault is introduced causing the energy variable
to change more than the designed acceptable specifications. To detect this fault, the attributed
matrices containing attributes measured during time < T, should not raise concerns, but any
attributed matrices containing measurements taken at time >= T, should be flagged to indicate a
fault condition. Keep in mind that the attributed matrices illustrated in Table 6.1, represent the nor-
mal operational energy measurements (fime < T) in column 1. Each the fault state measurements
(time >=T) are represented in the subsequent columns 2 to 18, for all the locations in the system,
where measurements were taken during fault conditions.

Measurement
\
Faulty operatjon

Energy \\\\k
1+ Normal Operation
Measurement /\/\/V r
4
Measurement /
f |
Upper limit ‘! /\/

. Nﬁ\ \/}\ [ NN /A
\/\/ - \//‘v \\/\’\/\ AVl \/ :

v

N

Lower limit T Time
Time=T
Data_from node signature Data from node signature
matrices column 1 matrices columns 2-18

Figure 6.5: Example of an energy measurement in the system changes over time as the system state
change from a normal to faulty

For clarity purposes, any node signature matrix obtained from measurements taken under
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normal conditions (measurements in column 1 Table 6.1) is referred to as a normal node signature
matrix and any matrix obtained from measurements taken under faulty conditions (column 2-18
in Table 6.1) is referred to as a fault node signature matrix.

Next, consider that for real life applications, the measurements that are taken in the system and
used as input to the FDI method, are unspecified (normal or faulty is unknown) from the per-
spective of the FDI method. These operational state measurements, captured in an operational
graph, must therefore be matched to some normal state reference graph, to determine if a fault or
normal operation is occurring and thus specifying the system state. Since the cost matrices give an
indication of the cumulative "distance" between the graphs that are matched, it can be reasoned
that, if the operational state represents a normal state, the resulting values in the cost matrix would
be small when a match to a normal reference matrix is calculated. Opposed to this, the values in
the cost matrix would be larger when the operational graph represents a fault condition.

Since the system states are known under which the attributed matrices in Table 6.1 were ob-
tained, the variation in the cost matrix values for the operational state, being either normal or faulty,
can be obtained. Therefore, to detect and isolate faults the operational graph can be matched to a
graph representing the normal state as well as graphs representing the fault states. The match with
the shortest distance will then indicate the largest probability of the operational state being equal
to that state. This approach however implies that the possible faults in the system must be known
in order to have a reference of that fault signature to which the operational graph can be matched.
This might not always be the case in real live applications since novel faults may arise.

If an operational graph represents a fault that no reference is known for, a match to any of the known
fault graphs would be inconclusive. To obtain these reference graphs a graph for each of the states
is composed using the average energy and exergy measurements from Tables 5.8 and 5.9. Therefore,
for example the normal state reference graph (Gyqyg) is composed using the average energy data
from each node and link as calculated with AVG = % 2%880 N,;i. The variable N,; refers to the energy
data as shown in figure 6.6. The same process is followed for each of the fault reference graphs. This
is different from conventional FDI methods that commonly use only 70% of the data set to "train"
the method while using the other 30% to test the method. The reason why this was not done in a
typical way is that the reference graphs are constructed with the average data. Since the average of
any statistical reliable sample (70% of the data in the typical case) should have the characteristic
that the average of the sample and the initial population is approximately the same, it does not
make a difference to use the whole data set. Once the reference graphs were constructed the graph
matching could be done to obtain the cost matrices. The sequence of matching was proposed
by [76] and is illustrated in Figure 6.6 along with the process of obtaining the reference graphs. The
operational graph illustrated as G_op € matrices{N, F1,..., F4} represents all the matrices in Table
6.1.

74



( I\ié{!’[‘gl state Energy data= {N_e1, N_e2, .. ., N_gzﬁéﬁ) 7‘
and Normal state Exergy data={N_b1, N_b2, . .
N_b2880}

C :Ei”rrsjrfault state Energy data= {F1A_ef1, F1A_e27,7:,.,,,; 7‘
F1A_e2880} and Normal state Exergy data={F1A_b1, ‘

i S— / Obtain \ Obtaining average
O=] = = [= average of )

\_dataset / reference graphs

[ Vl:-':;:?ﬁhrfault state Energy data= {F4B_e1, F4B_e2, ,
F4B_e2880} and Normal state Exergy data={F4B_b1,

77777754B_b2 ..... F4B_b23307}7777
- - Reference graphs
- GN_avg | /
GFT1_HPT3%_avg
| Gop |
\Gmatrices ‘h = 7 o= = = ] Graph matching sequence
3\\{N,F1,...F4}€;“ R
BEE - "
N GFT4_9%NPSH_avg

Figure 6.6: Obtaining average reference graphs and matching sequence for calculating the cost
matrices

As shown in Figure 6.6 the operational graph can be composed for any of the system states (Nor-
mal (N), Fault 1 (F1), . . ., Fault 4 (F4)). In order to execute the matching, a simple Matlab program
was written that iteratively composes the operational graph for each of the node signature matrices
in Table 6.1 and then match the operational graph to the reference graphs using the HEOM function.

A signature cost matrix is then obtained for each match. An example of this set of signature
cost matrices, for all operational graphs, matched with only the graph of the normal reference state
(GNgayg), is shown in Figure 6.7. Similar tables consisting of signature cost matrices are obtained
for each of the operational graphs matched to each of the 18 reference graphs. In this way a total of
18 tables of signature cost matrices are obtained.
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Figure 6.7: Illustration of the fault signature cost matrices data set

Thus for fault detection, an operational graph is matched to the reference graphs and 18 result-
ing signature cost matrices are obtained. The 18 signature cost matrices should then be evaluated
and if it is found that the signature cost matrix, showing the smallest dissimilarities, were not
the signature cost matrix obtained when matching to the normal state reference graph, a fault is
detected.

An example of the actual signature cost matrix obtained (Cr; 4 1) for a graph of the TF1_HPT3%
matched to the normal operational reference (GN;yg) (shown in Figure 6.7) can be seen in Figure
6.8 along with the cost matrix (CN;) obtained when the normal reference graph was matched to a
graph representing the normal state.

Note that the diagonal values of CN; are all close to zero as opposed to some of the diagonal

values of Cr14 1 not being relatively close to zero. This is an indication that CN; represents a
normal operating state and that Cr; 4_; represents a fault state.
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nod ml._ 4 1.25566 0.91463 1.4417 1.03068 1.02675 1.03082 1.02628 1.03068 1.03068 1.43607 0.22239 1.1177 1.0 ] 1.02648 1.02637 0.41507 1.55779
nod ml.._ 5 1.55883 1.35425 1.73505 1.42656 1.42156 1.42673 1.42094 1.42546 1.42547 1.74126 1.00269 1.48998 1.4087 . 1.41774 1.05536 1.81103
nod ml._ 6| 1.24739 0.88241 1.42742 1.00535 1.00208 1.00547 1.00176 1.00575 1.00575 1.41829 0.04319 1.09464 1.00216 0.22474 0.96885 0.35873 1.67963
nod m|>_ 7 1.59679 1.33393 1.74214 1.41784 1.41544 1.41793 1.41517 1.41807 1.41807 1.7352 1.00043 1.48245 1.41877 1.02432 1.061 1.67517
nod ml._ 8 1.59061 1.33675 1.74076 1.41886 1.41605 1.41896 1.41572 1.41888 1.41888 1.73586 1.00032 1.4833 1.4175 1.02422 1.41774 0.96653
nod ml._ 9 1.22509 0.98514 1.45501 1.07721 1.06929 1.07747 1.06825 1.07509 1.0751 1.46829 0.35119 1.15949 1.04948 0.41465 1.0573 0.35792 1. 2
:O&mlc 2.08536 1.97088 2.2022 1.95781 1.95576 1.95788 1.95552 1.95782 1.95782 2.19842 1.67939 1.6955 1.95709 1.55753 1.81197 1.67963 1.67585 1.95559
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Figure 6.8
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in Figure

hown
when the operational state represented FT1_H P T3% was matched to the normal reference graph

G(Navg). The second matrix is the signature cost matrix obtained when the operational state rep-
resenting FT1_HP T3% was matched to the graph of the reference state, representing the same FT

isiss

An example of th

(G(FT1_HPT3%)_avg). It can clearly be seen from the diagonal values that the operational graph,

matched to the reference graph G(FT1_HPT3%_avg), gave the closest match. These signature cost

matrices can now be evaluated to determine detection and isolation of faults. The next subsection

will specifically focus on approach 1 (distance parameter) as a method of analysing the signature

cost matrices.

Signature cost matrix for the operational graph representing fault type FT1_HPT3% mached to G(Navg).

node_1
node_2
node_3
node_4
node_5
node_6
node_7
node_8
node_9
node_10
node_11
node_12
node_13
node_14
node_15
node_16
node_17
node_18
node_19
node_0

0.0145
1.6355
1.8272
1.6745
1.6520
1.6752
1.6485
1.6729
1.6728
1.9490
1.2746
1.7273
1.5838
1.2929
1.5862
1.2857
1.6268
1.6202
1.2581
2.1080

1.6595
0.0252
1.6445
1.3101
1.3145
1.3100
1.3153
1.3103
1.3103
1.6483
0.8675
1.3810
1.3386
0.8950
1.3375
0.8635
1.3213
1.3235
0.9596
1.9619

1.8310
1.6373
0.0027
1.7609
1.7537
1.7612
1.7527
1.7604
1.7604
2.0246
1.4301
1.8130
1.7372
1.4467
1.7377
1.4329
1.7466
1.7449
1.4573
2.2055

1.6820
1.3084
1.7603
0.0007
1.4148
1.4142
1.4151
1.4142
1.4142
1.7321
1.0059
1.4797
1.4241
1.0297
1.4254
1.0045
1.4172
1.4181
1.0753
1.9573

1.6592
1.3120
1.7532
1.4149
0.0007
1.4149
1.4142
1.4148
1.4148
1.7325
1.0022
1.4802
1.4165
1.0261
1.4206
1.0016
1.4151
1.4156
1.0678
1.9554

1.6826
1.3083
1.7605
1.4142
1.4149
0.0007
1.4151
1.4142
1.4142
1.7321
1.0060
1.4797
1.4245
1.0298
1.4255
1.0046
1.4173
1.4182
1.0756
1.9573

1.6557
1.3127
1.7522
1.4151
1.4142
1.4152
0.0007
1.4150
1.4150
1.7327
1.0019
1.4804
1.4205
1.0257
1.4201
1.0013
1.4149
1.4153
1.0668
1.9552

1.6822
1.3130
1.7624
1.4181
1.4186
1.4181
1.4188
0.0064
1.4181
1.7352
1.0107
1.4834
1.4270
1.0344
1.4285
1.0095
1.4207
1.4216
1.0793
1.9598

1.6822
1.3130
1.7624
1.4181
1.4186
1.4181
1.4188
1.4181
0.0064
1.7352
1.0108
1.4834
1.4280
1.0344
1.4285
1.0095
1.4207
1.4216
1.0794
1.9598

1.7141
1.3537
1.7930
1.4559
1.4564
1.4559
1.4565
1,4559
1.4552.
0.6541
2.0632
1.519¢&
1.4666
1.0857
1.4661
1.0619
1.4585
1.4593
1.1286
1.9873

1.2837
0.8618
1.4297
1.0060
1.0022
1.0061
1.0020
1.0056
1.0057
1.4732
0.0002
1.0957
0.9763
0.2224
1.0027
0.0434
1.0004
1.0003
0.3512
1.6794

1.7402
1.3859
1.8176
1.4860
1.4864
1.4860
1.4866
1.4860
1.4860
1.7911
1.106482

0.0208
1.4966
1.125%
1.4960
1.1028
1.4885
1.4894
1.1672
1.6891

1.5939
1.3375
1.7402
1.4280
1.4204
1.4284
1.4244
1.4274
1.4284
1.7446
0.9824
1.4941
1.0055
1.0323
1.4109
1.0053
1.4210
1.4197
1.0525
1.9587

1.3020
0.8898
1.4465
1.0300
1.0264
1.0301
1.0260
1.0297
1.0297
1.4353
0.2236
1.1177
1.0272
0.0012
1.0269
0.2254
1.0245
1.0244
0.4150
1.5572

1.5961
1.3366
1.7406
1.4294
1.4246
1.4295
1.4240
1.4290
1.4290
1.7441
1.0082
1.4936
1.4109
1.0320
0.0055
1.0101
1.4208
1.4200
1.0603
1.8133

1.2949
0.8583
1.4325
1.0045
1.0016
1.0047
1.0014
1.0043
1.0043
1.4172
0.0433
1.0944
0.9999
0.2242
1.0045
0.0001
1.0006
0.9665
0.3579
1.6796

1.6374
1.3220
1.7494
1.4211
1.4190
1.4212
1.4188
1.4209
1.4209
1.7375
1.0059
1.4860
1.4210
1.0296
1.4207
1.0061
0.0055
1.4182
1.0664
1.6768

1.6307
1.3239
1.7478
1.4221
1.4195
1.4222
1.4192
1.4218
1.4218
1.7383
1.0058
1.4868
1.4197
1.0295
1.4200
0.9720
1.4182
0.0055
1.0650
1.9572

1.2662
0.9526
1.4575
1.0761
1.0686
1.0764
1.0676
1.0755
1.0756
1.4686
0.3531
1.1599
1.0479
0.4160
1.0557
0.3598
1.0619
1.0605
0.0019
1.8418

2.1128
1.9597
2.2046
1.9566
1.9548
1.9567
1.9545
1.9565
1.9564
2.1972
1.6786
1.6951
1.9552
1.5569
1.8103
1.6788
1.6744
1.9537
1.8395
0.0036

Signature cost matrix for the operational graph representing fault type FT1HPT3% and

matched to G(FT1_HPT3%_avg)

node_1
node_2
node_3
node_4
node_5
node_6
node_7
node_8
node_9
node_10
node_11
node_12
node_13
node_14
node_15
node_16
node_17
node_18
node_19
node_0

0.0145
1.6343
1.8272
1.6745
1.6520
1.6752
1.6485
1.6729
1.6728
1.9490
1.2746
1.7320
1.5838
1.2929
1.5862
1.2857
1.6268
1.6202
1.2583
2.1079

1.6585
0.0250
1.6435
1.3088
1.3132
1.3087
1.3140
1.3091
1.3090
1.6473
0.8656
1.3857
1.3373
0.8931
1.3362
0.8616
1.3201
1.3222
0.9582
1.9616

1.8310
1.6378
0.0027
1.7609
1.7537
1.7612
1.7527
1.7604
1.7604
2.0246
1.4301
1.8175
1.7372
1.4467
1.7377
1.4329
1.7466
1.7449
1.4575
2.2054

1.6820
1.3069
1.7603
0.0007
1.4148
1.4142
1.4151
1.4142
1.4142
1.7321
1.0059
1.4852
1.4241
1.0297
1.4254
1.0045
1.4172
1.4181
1.0756
1.9571

1.6592
1.3105
1.7532
1.4149
0.0007
1.4149
1.4142
1.4148
1.4148
1.7325
1.0022
1.4857
1.4165
1.0261
1.4206
1.0016
1.4151
1.4156
1.0681
1.9553

1.6826
1.3068
1.7605
1.4142
1.4149

0.0007

1.4151
1.4142
1.4142
1.7321
1.0060
1.4852
1.4245
1.0298
1.4255
1.0046
1.4173
1.4182
1.0759
1.9572

1.6557
1.3112
1.7522
1.4151
1.4142
1.4152
0.0007
1.4150
1.4150
1.7327
1.0019
1.4859
1.4205
1.0257
1.4201
1.0013
1.4149
1.4153
1.0671
1.9551

1.6822
1.3115
1.7624
1.4181
1.4186
1.4181
1.4188
0.0064
1.4181
1.7352
1.0108
1.4889
1.4270
1.0344
1.4285
1.0095
1.4207
1.4216
1.0796
1.9597

1.6822
1.3115
1.7624
1.4181
1.4186
1.4181
1.4188
1.4181
0.0064
1.7352
1.0108
1.4889
1.4280
1.0344
1.4285
1.0095
1.4207
1.4216
1.0796
1.9597

1.9569
1.6492
2.0264
1.7352
1.7356
1.7352
1.7358
1.7352
1. 7552,
0.0064
2.4219
1.7936
1.7442
1.4388
1.7438
1.4209
1.7374
1.7381
1.4716
2.2001

1.2837
0.8596
1.4297
1.0060
1.0022
1.0061
1.0020
1.0056
1.0057
1.4782
0.0000
1031
0.9768
0.2224
1.0027
0.0434
1.0004
1.0003
0.3521
1.6792

1.7402
1.3845
1.8176
1.4860
1.4864
1.4860
1.4866
1.4860
1.4860
1.7911
1.105%
0.0025
14966
1.1257
1.4960
1.1028
1.4885
1.4894
1.1675
1.6889

1.5939
1.3361
1.7402
1.4280
1.4204
1.4284
1.4244
1.4274
1.4284
1.7446
0.9822
1.4995
0.0055
1.0323
1.4109
1.0053
1.4210
1.4197
1.0528
1.9586

1.3020
0.8876
1.4465
1.0300
1.0264
1.0301
1.0260
1.0297
1.0297
1.4353
0.2236
1.1250
1.0272
0.0012
1.0269
0.2254
1.0245
1.0244
0.4158
1.5570

1.5961
1.3352
1.7406
1.4294
1.4246
1.4295
1.4240
1.4290
1.4290
1.7441
1.0082
1.4990
1.4109
1.0320
0.0055
1.0101
1.4208
1.4200
1.0606
1.8131

1.2949
0.8560
1.4325
1.0045
1.0016
1.0047
1.0014
1.0043
1.0043
1.4172
0.0434
1.1018
0.9999
0.2242
1.0045
0.0001
1.0006
0.9665
0.3587
1.6795

1.6374
1.3205
1.7494
1.4211
1.4190
1.4212
1.4188
1.4209
1.4209
1.7375
1.0059
1.4915
1.4210
1.0296
1.4207
1.0061
0.0055
1.4182
1.0667
1.6766

1.6307
1.3225
1.7478
1.4221
1.4195
1.4222
1.4192
1.4218
1.4218
1.7383
1.0058
1.4923
1.4197
1.0295
1.4200
0.9720
1.4182
0.0055
1.0653
1.9571

1.2665
0.9508
1.4577
1.0764
1.0688
1.0767
1.0678
1.0758
1.0758
1.4688
0.3540
1.1672
1.0481
0.4167
1.0560
0.3607
1.0622
1.0607
0.0019
1.8420

2.1134
1.9589
2.2051
1.9572
1.9553
1.9572
1.9551
1.9570
1.9570
2.1977
1.6792
1.6898
1.9558
1.5576
1.8109
1.6795
1.6750
1.9543
1.8409
0.0000
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6.4.2 Approach 1 (Distance parameter)

When considering the signature cost matrices shown in Figures 6.8 and 6.9, the basic idea of using
the distance parameter approach is logic and clear. Since the diagonal values of the signature
cost matrices encapsulate the important information stored in the cost matrices it would be of
value to simply examine these diagonal values. The approach accomplishes this by computing the
average value of the diagonal. This results in reducing the cost matrix as a whole to a single value
that indicates the distance between the two graphs encapsulated in the cost matrix. The equation
proposed by [76] to calculate the distance parameter is given by:

2o Crk
==
with kk refers to the relevant diagonal elements in the cost matrix. n represents the number of
diagonal elements in the square cost matrix or then also the number of nodes of the graph.

DC (6.1)

If this approach is successful in terms of fault detection, the results expected would indicate
that the distance parameters for all 2880 signature cost matrices obtained when the operational
graph, represents a normal state, is matched to the normal reference graph (G(NN,,g), are small in
comparison to the distance parameters obtained for any of the fault state signature cost matrices
when the operational graph, representing a fault state, is matched to the same normal reference
graph. This implies that if one would plot these 2880 distance parameters on the same axis a clear
distinction in distance parameter size would be expected. This would only be the case if each
parameter was obtained from matching the normal reference graph (G(Ngyg) with the operational
graph representing all possible states (1 normal and 4 fault states). This result is plotted in Figure
6.10. The blue graph shows the distance parameter obtained from matching the operational graph,
when representing a normal state, to the normal state reference graph.

The other graphs in the figure represent the distance parameter obtained for the same matching to
the normal reference graph, but with the operational graph representing the different fault states
(TF1_HPT3%,. . ., FT2_LPT1,.. ., FT3_LPT3%, . . ., FT4_6%NPSH, FT4_9%NPSH). It is clear from
the figure that each of the fault states can easily be detected regardless of the variation in the size
of the fault or the location of the fault. There are also no distance parameter results for any of the
fault states that overlap with the distance parameters of the normal state, thus no false detection of
faults occurred.

In terms of sensitivity and robustness, it is clear that the approach can detect any of the faults
regardless of the change in intensity or location. This implies good robustness and low sensitivity
to fault size changes. Thus, the method is not sensitive to changes in the fault size of location and
can therefore still detect all the faults.
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012 Distance parameter plot for normal and all fault states
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Figure 6.10: Distance parameter results- Normal operational graphs matched with the normal
reference graph

In order to isolate the faults, it is necessary to determine if the signature cost matrices of each of
the faults are unique in comparison to any other fault’s signature cost matrices. This implies that the
smallest distance parameter values would be obtained when an operational graph, representing a
specific fault, is matched with the reference graph of that same fault. The results can also be plotted
as shown for the detection of faults. In Figure 6.11 the resulting graph for fault state TF1_HPT3%
can be seen. It is clear that the smallest distance is obtained for TF1_HPT3%. Since the operational
graph represented TF1_HPT3%, and was also matched to the reference graph TF1_HPT3%_avg, the
results are as expected.

Distance parameters for all states compared to the reference graph of the
FT1 HPT3% Avg

E T T T T T
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g
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FT4 6%NPSH — FT4 9%NPSH

Figure 6.11: Distance parameter result - G(TF1_HPT3%_avg)
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These results seem to be accurate in terms of isolation of FT FT1_HPT3%, however if the same
process is repeated for all the other fault types, the results are inconclusive. An example of this
is shown in Figure 6.12 for FT FT2_2SPAT. It can obviously be seen that the smallest distance
parameter values of some faults are in the same size range, resulting in an inconclusive isolation of
the faults. Graphs of all of the isolation results can be found in appendix C, section C.1, subsection
C.1.1.

Distance parameters for all states compared to the reference graph of the
FT2 2SPAT Avg

06 F

04+ 1
No clear distinction can be made from the

distance parameter results for fault type

02} FT2 2SPAT \ ]

Value of distance prameter

[ s st
0 500 1000 1500 2000 2500 3000
Measurment no:
Normal Operation FT1 HPT3% FT1 MPT3% FT1 MPT6%
FT2 LPT1 FT2 LPT2 — FT2LPT3 — FT20,55PAT
— FT21SPAT FT2 2SPAT _— FT25SPAT FT3 LPT3%
FT3 LPT4% FT3LPT6% — FT3 MPt3% FT3 MPT4%
FT4 6%NPSH — FT4 9%NPSH

Figure 6.12: Distance parameter results- G(FT2_ 2SPAT _ avg)

The reason for this is due to the fact that some of the fault types cause energy changes in the
system that are within the same range as those caused by other fault types, with exception of
the HPT which delivers 3 to 5 times more power (approximately 130 MW) than the stages of the
MPT (approximately 40 MW) and LPT (approximately 25 MW). These changes happen in specific
locations in the system of which the locational information is encapsulated in the attributed graph.
The distance parameter approach, however, does not consider this locational information since all
the information is reduced to one value. Accompanying this, is the fact that the noise fluctuations in
the system also increased the amount by which the size of energy values under one FT would overlap
the size in energy values of another FT. This lead to the distance parameter’s value distribution,
for some fault types, to overlaps with those of other. If the distribution of the distance parameters
obtained when matching each FT to the normal reference graph is known, an indication of the
extent that isolation can be accomplish is obtained. By plotting the distribution of the distance
parameter for fault types FT1_MPT3%, FT2_LPT1, FT3_LPT3% and FT4_6%NPSH compared to the
normal reference graph on the same axis, the overlapping of the distance parameters distribution
is clearly illustrated in Figure 6.13. This can be repeated for any of the fault types and the same
result will be obtained. Only these four faults are plotted for illustrative purposes.
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Distribution of distance parameter values
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Figure 6.13: Distributions plotted for TF1_MPT3%, FT2_LPT1, FT3_LPT3% and FT4_6%NPSH

If each of the 2880 measurements of each fault state are evaluated and the correct isolation
as a percentage of the number of measurements of each fault state is counted, Table 6.2 is ob-
tained. From the table it is clear that the method works well to detect the faults and can also
isolate FT1_HPT3% for 100% of the 2880 measurements. For all of the other faults types, however,
isolation is not achieved. A slight increase in accurate isolation (29% to 34%) is seen for FT2_LPT3,
FT3_LPT4% and FT4_6%NPSH. The results, however are still inconclusive for most of the meas-
urements with no specific pattern identifiable. This results also corresponds with the distribution
plots shown in Figure 6.13.

From these results it can be concluded that the only evaluating a distance parameter leads
to ineffective isolation of faults. If the energy changes in the system, due to a fault, are closely
related, the distance parameter will not retain enough information to allow for fault isolation. It
can thus be state that the reduction in information caused by reducing the cost matrices to a single
distance parameter are ineffective. This would also imply that if some of the faults would result
in small changes that do not necessarily differ much from the normal state, both detection and
isolation of the faults might be ineffective. If one can therefore include more information than a
single distance parameter or the location information of the fault, as encapsulated by the attributed
graph, this error might be solved. A method that seems to retain more of the information would be
the eigenvalue approach. The next subsection will be dedicated to discussing this approach.
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Distance parameter approach- detection and isolation rate results

Table 6.2

summary Normal |FTL |FTL |FTL  FT2_|FT2_ |Fl2_ |FT205(FT2_  |F12_ |FT2_ |FT3_ |FT3_ |FT3_ |13 |FT3_ |FT4 6% |FT4 9%

Operation |HPT3% [MPT3% [MPT6%  |LPT1 LPT2  |LPT3  |SPAT |1SPAT |[2SPAT |SSPAT |LPT3% [LPT4% |LPT6% |MPt3% [MPT4% |NPSH |NPSH
Detection |Normal Operation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Isolate fault |FT1_HPT3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Isolate fault |FT1_MPT3% 9% 0% 0% 9% 7% 6% 6% 6% 7% 6% 6% 6% 6% 6% 6% 7%
Isolate fault |FT1_MPT6% 12% 0% 0% 6% 12% 6% 7% 6% 7% 8% 7% 6% 6% -
Isolate fault |FT2_LPT1 15% 0% 0% 6% 15% 7% 6% 7% 6% 7% 6% 6% 7% 7%
Isolate fault |FT2_LPT2 10% 0% 0% 6% 6% 6% 10% 7% 6% 7% 8% 6% 6% % 8% 7%
Isolate fault |FT2_LPT3 30% 0% 0% 30% 6% 12% 13%
Isolate fault |[FT2_0,55PAT 10% 0% 0% 6% 6% 1% 7% 10% 6% 6% % 6% 6% 6% 6%
Isolate fault |FT2_1SPAT 12% 0% 0% 6% 6% 1% 7% 6% 12% 10% 6% 6% 6%
Isolate fault |FT2_2SPAT 19% 0% 0% 6% 7% 6% 1% 7% 6% 7% 19% 6% 6% 6%
Isolate fault |FT2_5SPAT 19% 0% 0% 6% 1% 7% 6% 7% 7% 19% 7% 8%
Isolate fault |FT3_LPT3% 6% 0% 0% 6% 8% 6% 1% 7% 6% 1% 7% 6% 6% % 6% 6% 7%
Isolate fault |FT3_LPT4% 34% 0% 0% 12% 34% 10%
Isolate fault |FT3_LPT6% 16% 0% 0% 7% 7% 6% 6% % 16% 7% 7% 7% 7%
Isolate fault |FT3_MPt3% 16% 0% 0% 6% 7% 6% 6% % 7% 16% 7% 7% 7%
Isolate fault |FT3_MPT4% 17% 0% 0% 6% 6% % 7% 7% 17% 7% 7%
Isolate fault [FT4_6%NPSH 29% 0% 0% 8% 8% 29%
Isolate fault [FT4_9%NPSH 9% 0% 0% 7% 6% 8% 6% 8% 7% 6% % 7% 6% % 9%
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6.4.3 Approach 2 (Eigenvalues)

As mentioned in the overview of this chapter, the eigenvalue approach simply differs from the
distance parameter approach in the sense that the eigenvalues of the cost matrices are calculated
rather than the distance parameters. In order to understand why this method is considered the
basic properties of eigenvalues needs to be recapped [80]. For more information on these funda-
mentals refer to appendix D. From the fundamentals it is clear that the eigenvalues of a matrix are
linked to the diagonal of that matrix and since it seems like the important information of the cost
matrix for FDI applications are encapsulated within the diagonal of the cost matrix; this approach
can be of value. The basic methodology is thus to follow the same sequence as with the distance
parameter approach, but rather calculating the eigenvalues of each of the cost matrices. This
implies that for each of the cost matrices a set of 20 eigenvalues is obtained. A symbolic illustration
of this is shown in Figure 6.14.

The figure shows both the sequence of comparison used to obtain the eigenvalues and the structure
of the resulting data set. The sequence followed are the same as the sequence that was followed
with the distance parameter approach. Thus the operational graph is composed for each of the
signature node matrices of each state and then matched to the 18 reference graph respectively,
using the HEOM function. The reference graphs, as illustrated in Figure 6.14, consists of the node
signature matrices composed form the average energy values of each state. Note that the symbols
in bold represent matrices and arrays of data with n x m dimensions (7 is number of rows and m is
number of columns). From this data set further analysis is done in order to effectively evaluate the
results.

When considering the array with sets of eigenvalues, note that each of the eigenvalues in bold
from Tables 0 to 17 represents an array with 20 eigenvalue elements. Similarly, as with the distance
parameter approach, each of the 2880 rows from Tables 0 to 17 is analysed to determine either de-
tection or isolation. The analysis entails comparing each of the sets of eigenvalues in the particular
row with each other in order to find the eigenvalue set representing the smallest distance between
the graphs. Table 0 illustrates the results obtained when the comparison was done between the
operational graph and the normal reference graph. This implies that Table 0 represents the results
that must be analysed to determine the detection of faults. In the same manner Tables 1 to 17
represent the eigenvalue results that must be analysed to determine isolation of the various fault
types. For the analysis of these eigenvalues, the approach used by [3], suggested a procedure that
can be summarised as follows:

1) Obtain the fault eigenvalues matrix as represented by each row of the eigenvalue set tables
in Figure 6.14. An example of this fault eigenvalues matrix is shown in Figure 6.15. Only the eigen-
values from Table 0 (the detection table) are used for this suggested approach and none of the other
tables are necessary.

2) Standardise or normalise each of the eigenvalues in this fault eigenvalue matrix to obtain
the normalized fault eigenvalue matrix. This allows for both ease of interpretation and fairness.

3) Find the qualitative fault signature by comparing each of the fault eigenvalues (columns 2
to 18 of the fault eigenvalue matrix) to the normal eigenvalues (column 1 of the fault eigenvalue
matrix) in a qualitative way. This implies that a + sign is used if a fault eigenvalue is larger than that

of anormal eigenvalue and a — sign for the inverse with an 0 sign if no change is seen.

4) Identify the patterns of + and — signs to determine detection and isolation of faults. If a fault is
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detected there will be at least one + or one — sign in the column of that fault. If a fault is isolable
each of the entries of + and — signs will be unique compared to that of the other faults. This method
is in accordance with the method suggested in [3].

_—T*\ Gawa |
copNau; N — ,.--/
L /GFT1 P

CopFTi_HPT3%avg T3%avg /

v

[ Gop ——ClopFr1 MPT3%avg+—> GFT1_MP)
o/ oPTTEA Tavag

A

Cop-FT4_9%NPSHavg

\ NPSHavg /
Arrays with I
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Figure 6.14: Illustration of how the eigenvalues are obtained and how the final eigenvalue dataset
looks

In Figure 6.15 the normalised fault eigenvalues matrix are obtained by normalising the original
eigenvalues using (6.2)
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Xi—X .
Z; = ,i€{l,2,...,2880}, (6.2)
o

with x; the value that must be normalised, X is the average and o the standard deviation of the set of
values that is normalised. Since this is a statistical approach to normalising data the resulting range
of the normalised data is not between 0 and 1 but rather between some maximum and minimum
value dependant on the distribution of the dataset.

From Figure 6.15 it is clearly seen that the faults can be detected regardless of the intensity or
location of the fault in the system. This is concluded since each of the columns of each fault
contains one or more + or — signs (see point 3 from the aforementioned list of procedure). In
terms of isolation it is seen that fault 1 is isolable regardless of the fault size and location. This is
concluded by noting that the columns of the 3 cases for fault 1 have different qualitative patterns
(see red + and — signs in columns 1 to 3 of Figure 6.15). The same can be said for fault 4. In terms of
faults 2 and 3, however, only some of the variations in the faults are unique and can thus be isolated
from any other variations of the same fault. FT’s 2 and 3 can, however, still be isolated from the
other fault types (FT 1 to 4) regardless of the variations in size and location of those fault types. In
other words, FT 2 has a unique qualitative pattern in comparison with FT 1, 3 and 4, regardless of
the size and locations of FT 2 but it can’t always be isolated in terms of variation in fault size and
location of fault 2 itself. The same applies to FT 3.

In order to determine the false detection and isolation rate, this pattern analysis must be re-
peated for all 2880 measurements in the data set. This proved to be time consuming and inefficient
as can obviously be deducted from the qualitative fault signature matrix. To overcome this problem
an alternative quantitative approach was applied. For this approach rather than comparing each of
the substantive columns of the eigenvalue signature matrix with column one, the following was
done:

1) Obtain the fault eigenvalue matrices as represented in Figure 6.14 for each row of each of
the 18 tables (0 to 17). The fault eigenvalue matrices from Table 0 is used for fault detection. The
fault eigenvalue matrices from Table 1 is used for isolation of fault 1, Table 2 for isolation of fault 2
and so forth until Table 17.

2) Rather than comparing each of columns 2 to 18 of the fault eigenvalue matrices with column 1,
each of the columns is averaged to obtain a single value representing the size of that column. This
is shown in Figure 6.16.

3) Evaluate each of the averages obtained and find the smallest average value. This value rep-
resents the system state that is most likely the state represented by the operational graph, when the
cost matrix was calculated.

4) By simply noting which column has the smallest average value for each of the 2880 sets of
eigenvalues in Table 0 of Figure 6.14 and summing the number of times that this was the case
for column 1, a result smaller or equal to 2880 is obtained. This result is then represented as a
percentage of 2880 to indicate the true detection rate. With this approach, rather than detecting a
fault, it can be considered as trying to isolate the normal operational state.

5) Apply the same approach as in point 4 to each other eigenvalue set (Tables 1 to 17) in Fig-

ure 6.14 to determine the percentage of correct isolation of the faults. The resulting detection and
isolation can be seen in Figure 6.17.
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Normilised fault eigenvalues matrix
AF1_HPT3% AF1_MPTe%  AF2_LPT2  AF2_05SPAT  AF2 2SPAT AF3 LPT3%  AF3_LPT6% AF3_LPT4% AF4_0%NPSH
A N1 lAH_MPm% l AF2_LPT1 l AF2_LPT3 l?\F2_1SPATl AF2_5SPAT l AF3_LPT4%1 7\F3_MPT3%17\F4_6%NPSH L

4.430407| 4.38622| 4.32093| 4.321773| 4.310726| 4.311277| 4.311329| 4.311226| 4.311384| 4.309046| 4.318872| 4.309046| 4.318189 4.322528| 4.299644 4.319552 4.313966) 4.302541

-0.55193| -0.54036| -0.54481| -0.54486| -0.54555| -0.54555| -0.54554) -0.54555| -0.54554| -0.54502| -0.54172| -0.54502| -0.5451| -0.54364| -0.54327| -0.54428| -0.54412| -0.5429

-0.02068| -0,02067| -0.38014| -0.38016| -0.38026| -0.38027| -0,38026  -0.38027| -0.38026| -0.37931 -0.37908| -0.37931| -0.38065| -0.38027| -0.38005 -0.38061| -0.38044| -0.38001]

-0.05879| -0.38159| -0.01994| -0.01993| -0.01993| -0.01993| -0.01993 | -0.01993| -0.01993| -0.01994  -0.01992| -0.01994| -0.01995| -0.01992| -0.01984| -0.01991| -0.01973| -0.01943]

-0.08893| -0.05878| -0.03227| -0.0323| -0.03229| -0.03229| -0,03229 | -0.03229| -0.03229| -0.03228 -0.03226| -0.03228| -0.03228| -0.03226| -0.03194| -0.0328| -0.03215 -0.03194)

-0.3884| -0.08892| -0.05882| -0.05886 -0.05927| -0.05927| -0.05927| -0.05927| -0.05928| -0.05928| -0.05926| -0.05928| -0.05928| -0.05927| -0.05854| -0.05518| -0.05911 -0.05&!2'

-0.35049| -0.31231| -0.08856 -0.08856| -0.08855 -0.08855| -0.08855 -0.08855 -0.08855| -0.08851 -0.08822| -0.08851) -0.08856| -0.08854| -0.08851) -0.08866| -0.08851) -0.0884)

-0.31185| -0.28358| -0.3099| -0.30988  -0.30983| -0.30984| -0.30924| -0.30983| -0.30984| -0.30631| -0.31157| -0.30631| -0.31152| -0.31186| -0.31133| -0.31163| -0.31151| -0.31136

-0.20559| -0.19922| -0.18597) -0.18633| -0.18475 -0.18602| -0.18603 | -0.18602| -0.18601| -0.18601 -0.18631| -0.18601| -0.18581| -0.18622| -0.18088| -0.18527| -0.18423| -0.18093]

-0.26944 -0.20784| -0.28198| -0.28202| -0.28033| -0.28054| -0.28056| -0.2805| -0.28057| -0.28052| -0.28152| -0.28052| -0.28084| -0.2819 -0.27878| -0.28159 -0.281 | -0.20604|

-0.22555| -0.22578| -0.20633| -0.20633| -0.20591| -0.20595| -0.20595 | -0.20595| -0.20594| -0.20592 | -0.20615| -0.20592| -0.20625| -0.20641 -0.206| -0.20629 -0.20625 -0.27939

-0.25791) -0.25646| -0.22545| -0.22545| -0.21843| -0.21845| -0.21845| -0.21844| -0.21819| -0.21846| -0.22243| -0.21846| -0.22534| -0.22517| -0.22461| -0.2254| -0.2253| -0.22468

-0.24355| -0.2436| -0.25627| -0.25629| -0.22593| -0.22596| -0.22597| -0.22596 -0.22595| -0.2259  -0.25552| -0.2259| -0.25625| -0.25629| -0.25405| -0.2562| -0.25593| -0.25407|

-0.245%7| -0.24598| -0.24402| -0.24395| -0.25624| -0.25625| -0.25625| -0.25625| -0.25625| -0.25626| -0.24058| -0.25626| -0.23608| -0.24387| -0.23608| -0.24353| -0.24275| -0.23736

-0.24483| -0.24488| -0.2449| -0.24486| -0.24382| -0.24389| -0.24389) -0.24388| -0.2439| -0.24391| -0.24392| -0.24391| -0.24199| -0.24489| -0.23836| -0.24395| -0.24378| -0.24359

-0.244%4 -0.24494| -0.24528| -0.2453| -0.24441| -0.24485| -0.24486| -0.2448| -0.24486| -0.2449| -0.24434| -0.2449| -0.24412| -0.24503| -0.24373| -0.24456| -0.2445| -0.24424

-0.24507| -0.24507| -0.24513 -0.245| -0.24487| -0.2449| -0.24528| -0.24487| -0.24504| -0.24504 -0.245| -0.24504| -0.24496| -0.24515| -0.24473| -0.24496| -0.24495| -0.24533)

-0.24521| -0.24521| -0.24515| -0.24523 -0.24501| -0.24532 -0.245| -0,24527| -0.2453| -0.24531| -0.24518| -0.24531| -0.24515| -0.24529| -0.24533| -0.24525| -0.24524| -0.24475

-0.24526| -0.24526| -0.24523| -0.24515| -0.24515| -0.24512| -0.24515) -0.24508| -0.24515| -0.24521| -0.24529| -0.24521| -0.24532| -0.24525| -0.24501| -0.24518| -0.24511| -0.24501]

4523 | -0.24524| -0.24521

-0.24524| -0.24524| -0.24521| -0.24509] -0.24512| -0.24518 24511 . L. -0.24523 -0.24525 0.24518 24519 -0.24507)
e e e e e s e e S —

Qualitative Fault signature matrix

AF1_HPT3% AF1_MPTE%  AF2 LPT2  AF2 05SPAT  AF2 2SPAT  AF3_ LPT3% AF3 LPTE% AF3_LPT4% AF4 9%NPSH
_L AF1_MPT3% l AF2_LPT1 l AF2_LPT3 l 7\F271SF‘AT1 AF2_5SPAT l 7\F37LF’T4%1 AF:LMPTs%l?\F{G%NPSH L

+ + + + + + + + + + + + + + + + +
+ - - - - - - = . = = - -
- + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + T o + +
+ + + + + + + + + + + + + + + + +
+ + + + + + + + + + + - + + + +
+ + + + + + + + + + + + + + + + +
+ - - - - - - - - - - - - - +
- + + + + + + + + + + + + -
+ + + + + + + + + + + + + + +

- - + + + + + - - - - -
- + + - - - - - + - + + + + + +
- = = + + + + + - + + + +
- - - + + + + + + + - + + + +
= = + + - + + + = + + + -
- + + - + - - - - + - - - +
- + + + + + = + + + +
- + + + + + - + - + + + +

Figure 6.15: Example of the results obtained for the eigenvalue approach
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Detection of faults
FI_HPT3% AF1I_MPTE%  AF2_LPT2  AF2_05SPAT  AF2_2SPAT AF3_LPT3%  AF3_LPT6% AF3_LPT4% AF4_0%NPSH
A N1 lRH_MPTS% l AF2_LPT1 l AF2_LPT3 1 AF2_1SPAT1 AF2_55PAT ]_ 1F3_LPT4%1 AFB_MPTS%lf\H_ﬁ%NPSHl

a.43001] 438622 a3200] a32173] a31073] s31128] a3nnas] azning a.atlﬂ 4.30905| 4.31887) 4.30005] 4.31810] 4.32253] 4.20064] 4.31955] 4.31397] 4.30254)
0.55193] -0.54036] -0.54481 usmﬂ -0.54555) -0.54555| -0.54554] -0.545585] -0.54554] -0.54502| -0.54172| -0.54502] -0.54510| -0.54364] -0.54327| -0.54428| -0.54412] -0.54250)

0.02068] -0.02067| -0.38014] 0.38016] -0.38026] -0.38027) -0.38026| -0.38027] -0.38026) -0.37931| -0.37908| -0.37931) -0.38065] -0.38027| -0.38005| -0.38061) 0.38044| -0.38001
0.05870] -0.38150] -0.01994) -0.01993] -0.01993) -0.01993) -0.01993] -0.01993| -0.01093] -0.01994) -0.01992] -0.01994) -0.01995] -0.01992| -0.01984] -0.01991) -0.01973 00191131

0.08803] -0.05878] -0.03227| -0.03230] -0.03220] -0.03229] -0.03220] -0.03220| -0.03220] -0.03228| -0.03226| -0.03228] -0.03228] -0.03226| -0.03194] -0.03280] -0.03215] -0.03104

0.38840| -0.08892| -0.05882| -0.05886] -0.05927] -0.05927] -0.05927] -0.05927] -0.05928] -0.05928] -0.05926] -0.05928) -0.05928]| -0.05927] -0.05854] -0.05918| -0.05911 ﬂ,ﬁHIM?I
0.08855] -0.08855| -0.08855] -0.0885 0.08822] -0.08851 08866 -0.08851) -0, OBlMﬂI
031185 -0.28358] 030990 0 30088] 0.30983] -0.30984] 030983 -0 30983] 030084 030631 -0.31157] -0.30631] 031150] -0.31188] 031133] -031163] 0 31153] 031339
From 0.20559] -0.19922] -0.18597] -0.18633) -0.18475) -0.18602] -0.18603) -0.18602| -0.18601] -0.18601) -0.18631] -0.18601] -0.18581) -0.18622| -0.18088) -0.18527] -0.18423] -0.18093
-0.26844] -0.20784) U‘)HI'J_BI 0.28202] -0.28033] -0.28054] -0.28056] -0.28050] -0.28057] -0.28052| -0.28152] -0.28052] -0.28084] -0.28190| -0.27878| -0.28159] -0.28100] -0.20604]
Table [Lozsss| oz 02063 020633] 0.20591] 020505 -0.20595] -0 2005] -0.20594] 020502 -0.20615| -0.200] -0.20625] -0.2081] -0.20600] -0.20620] 0 20825] 027939

0.35049] -0.31231| -0.08856| -0.08856] -0.08855] -0.0885! 8856| -0.08854] -0.0885:

0.25791] -0.25646] -0.22545) -0.22545] -0.21843] -0.21845) -0.21845] -0.21844) -0.21819] -0.21846| -0.22243| -0.21846] -0.22534] -0.22517 -0.22461] -0.22540] -0.22530] -0.22468
0 -0.24355] -0.24360| -0.25627] -0.25629] -0.22593| -0.22596] -0.22597| -0.22596] -0.22595] -0.22500| -0.25552| -0.22500)

.25625| -0.25620] -0.25405| -0.25620] -0.25393] -0.25407)

Averages

of the -0.24597| -0.24598] -0.24402| -0.24395] -0.25624] -0.25625| -0.25625] -0.25625] -0.25625] -0.25626] -0.24058| -0.25626] -0.23608) -0.24387| -0.23608| -0.24353] -0.24275] -0.23736)
column 0.24483) -0.24488] -0.24490| -0.24486] -0.24382] -0.24380] -0.24389] -0.24388] -0.24390) -0.24301] -0.24302] -0.24301) -0.24199] -0.24489] -0.23836] -0.24395] -0.24378) -0.24359
-0.24494] -0.24494| -0.24528] -0.24530] -0.24441| -0.24485] -0.24486| -0.24480] -0.24486] -0.24490] -0.24434] -0.24490) -0.24412| -0.24503] -0.24373| -0.24456] -0.24450] -0.24424]

above 0.24507) -0.24507| -0.24513) -0.24500] -0.24487| -0.24490) -0.24528| -0.24487| -0.24504] -0.24504] -0.24500] -0.24504] -0.24496] -0.24515| -0.24473) -0.24496 -0.24495] -0.24533

-Orpas1) -0.24521) -0.24515) -0.24523] -0.24501) 0.24532| -0.24500] -0.24527| -0.24530] -0.24531 -0.265@1 -0.24531] -0.24515) -0.24520] -0.24533) -0.24525] 0.24524) .0.24475,

6] -0.24523] -0.24515] -0.24515] -0.24512] -0.24515| -0.24508) -0.24515] -0.24521| -0.24529] -0.24521) -0.24532| -0.24525| -0.24501] -0.24518| -0.24511 -0.24501

i

24521 -0.24509] -0.24512] -0.24518 0.24511] -0.24515] -0.24521] -0.24523] -0.29525] -0.29523] -0.2a524] -0.24521] -0.24507] 0.24518) -0.24519] -0.24507,

[ ~
Smallest Averages 0.01296[%0.007a7]_0.00078] 0.00081] 0.00175] 0.00166] 0.00166] 0.00167] 0.00167] 0.00170] 0.00127] 0.00179] 0.00118] 0.00081  0w00118] 0.00076] 0.00071] 0.00008
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Figure 6.16: Results when the average size of each column of eigenvalues is calculated from the
eigenvalue set.
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Since the normal state
is isolated 100%

of the time it implies all
faults can be detected

FT1MPT3% was correctly identified as FT1_MPT3% for

71% of the 2880 measurements taken. For 26% of the measurements
it was wrongly identified as TF1_MPT6% and for 2.36% and
0.52% it was thought to be FT3_LPT6% and FT4_6%NPSH respectivly

V@ FT1_ \|FT1_ |FT2_ |FT2_|FT2_|FT2_0, FT2_ |FT2_ |FT2_ E.uy FT3_ |FT3_ |FT3_ H.uyx, FTa_6 |FT4_9
3% |MPT3%\MPT6% |LPT1 LPT2 |[LPT3 |5SPAT |1SPAT |2SPAT |5SPAT |[LPT3% *v._.hum LPT6% |MPt3% |[MPT4%]%NPSH |%NPSH
Detection |Normal Operation 0 0 0 0 0 0 0 0 0 0 /b 0 0 0 /o 0
Isolate fault [FT1_HPT3% 0 / 0 0 0 0 0 0 0 0 0 0 0 0 0 Nv/ 0
Isolate fault |[FT1_MPT3% 0 0 Y26% 0 0 0 0 0 0 0 0 0 [236%| O 0 0.52% 0
Isolate fault |[FT1_MPT6% 0 0 68% 0 0 0 0 0 0 0 0 0 |1.49%| O 0 0.07% 0
Isolate fault |FT2_LPT1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault [FT2_LPT2 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault [FT2_LPT3 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault [FT2_0,55PAT 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault |[FT2_1SPAT 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault |[FT2_2SPAT 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault [FT2_S5SPAT 0 0 0 0 0 0 0 0 0 0 0 0
Isolate fault |FT3_LPT3% 0 0 0 0 0 0 0 0 0 0 0
Isolate fault |FT3_LPT4% 0 0 0 0 0 0 0 0 0 0
Isolate fault |[FT3_LPT6% 0 0 1% 1% 0 0 0 0 0 0
Isolate fault [FT3_MPt3% 0 0 0 0 0 0 0 0 0
Isolate fault [FT3_MPT4% 0 0 0.10% | 0.03% 0 0 0
Isolate fault |FT4_6%NPSH 0 0 0.38% 0 0 0 0
Isolate fault |FT4_9%NPSH 0 0 0 0 0 0

Figure 6.17: Eigenvalue approach-Detection and isolation rate results
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When considering the results in Figure 6.17 it is clear that all faults are detected for 100% of the
2880 measurements. In terms of isolation all four fault types were 100% of the 2880 measurements
correctly isolated but only under specific fault conditions. This is especially seen when considering
fault types 1 and 2. The solid particle erosion (FT 1) can easily be isolated for the high-pressure
turbine (FT1_HPT3%). For the medium pressure turbine in the 3% case of SPE (FT1_MPT3%), only
71% of the 2880 measurements were correctly identified as FT1_MPT3%. The other 29% of the
2880 measurements were wrongly identified to be either FT1_MPT6% (26%), FT3_LPt6% (2.4%)
or FT4_6%NPSH (0.52%) respectively. Similarly, for an increase in SPE in the MPT the isolation
decreased to 68%. For 30% of the remaining 32% isolation, the technique wrongly identified
FT1 MPT6% as FT1_MPT3%. Since FT1 _MPT3% is the same fault as FT1 _MP6%, smaller in intens-
ity but still within the same component in the system, it is reasonable that some overlapping of the
data would occur. This explains the 30% missed isolation. The remaining 2% isolation is attributed
to wrongly identifying fault types FT3_LPT6% and FT4_6%NPSH as FT1_MPT6%. This suggests that
an increase in SPE in the medium pressure turbine can sometimes have similar effects, in terms
of energy changes in the system, as seen with overall wear/ageing and cavitation. These results
for FT 1, suggest that the technique is well adjusted in terms of sensitivity and robustness since a
small change in the fault intensity was clearly detected and a change in the fault location was also
flagged for 100% of the times measured.

Following the same reasoning for FT 2, it can be concluded that a leak in the overflow valve
of the first stage of the LPT can easily be isolated. However, the isolation decreased significantly for
leaks with other intensity and/or in other parts of the system. For example, a leak in the overflow
valve of the second LPT stage was correctly isolated for only 32% of the 2880 measurements. For
21% of the measurements the leak was identified as a leak in the SPAT under the conditions where
its overflow valve had a leak resulting in 0.5 kg/s loss in mass flow rate. These values imply that the
technique is not robust enough to effectively differentiate between overflow valve leaks in different
parts of the system (between 32% and 44% of the time the technique will be accurate). Similarly,
the technique failed to differentiate between this type of fault when different intensities of the fault
occurred, only being accurate between 36% and 44% of the time. Thus, reasonable sensitivity to
overflow valve leak size changes does exist, but would still result, at most, in approximately 54%
incorrect identification of the fault size and/or location. The interestingly accurate isolation seen
for FT2_LPT1 relative to the rest of the variations in FT two, can be attributed to the following
facts: Firstly, stage one of the LPT is fed with significantly higher quality steam than the subsequent
stages. It is therefore reasonable to argue that a leak in the overflow valve of the first stage of the LPT
would result in a significantly higher change in the energy flow of the system than the subsequent
stages. Secondly a leak in the overflow valve of stage one of the LPT directly results in a lower mass
flow rate of high-quality steam available for one of the pre-heaters in the system, fed from a partial
stream of the LPT first stage. Since the heat transferred from this fluid stream to the pre-heater
is approximately double that of the subsequent LPT stages, the effects of a leak in the overflow
valve of stage 1 is more intense and can therefore be more effectively isolated since larger energy
changes occurs. This pre-heater also has an impact on the energy of the water that is fed to the SPAT
pump. This might explain the small confusion in distinguishing between FT2_LPT1 and FT2_2SPAT.
Regarding the isolation of FT 3 and 4, not much discussion is required. The small inaccuracy in the
isolation of FT FT3_LPT6% can possibly be attributed to the fact that this fault represents overall
wear and ageing in the medium pressure turbine resulting in a 6% overall drop in the efficiency of
the whole medium pressure turbine. On the other hand, FT1_MPT3% and FT1_MPT6% represent a
drop in efficiency and mass flow rate due to solid particle erosion. Since both these faults affects
the turbine’s efficiency it is reasonable to expect some overlap in the energy changes seen under
these two fault conditions, which explains the 4% and 1% incorrect isolation results.
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The next section will be dedicated to the residual approach as the third and final approach evalu-
ated in this study. Since this approach directly evaluates the attributed graphs it is expected that
the preservation of the structural information will positively contribute to the success of the FDI
approach especially in terms of fault isolation.

6.5 Approach 3 (Residual Approach)

As mentioned in the overview of this chapter, the residual approach was suggested by [78] as a
method of evaluating the change in the attributed graphs when a fault occurred. The idea of
using residual based methods in FDI is common practise and would be, for this study, an obvious
candidate for evaluation. In a fault free or normal operation, the residuals would ideally be zero.
However, due to the fact that some variation in the normal operating condition exists, this would
not be the case for this study. For fault detection, however, it can be argued that, for any of the
normal operational graphs, compared to a normal state reference graph, the residuals will be
small in comparison to a residual calculated for any fault operational graph compared to the
normal reference graph. In terms of isolation of a fault the same argument can be made for a fault
operational graph compared to that same fault’s reference graph. The residuals are also expected
to have a distinct pattern for each of the fault conditions. The approach by [78] suggested a direct
index by index comparison of the attributed graphs. Equation (6.3) illustrates this idea for a residual
graph G, calculated by comparing an operational graph G, to a reference graph G, .

8ref(i,j) — 8opli,j)
Gres =
8ref(i,j)
with, i € {1,2,...,n} and j € {1,2,..., m} for all the graphs representing a n x m matrix. The division
with G, ¢ has the effect of normalizing the residual matrix with respect to the specific attribute.
This implies that for any of the attributed graphs obtained in this study the residual graph will have
the form,

(6.3)

Abyep1—Abopi drefa,1)=Gopa,) dref1,20)=9op(1,20)
 Abyep1 drefa,n dref(,20
AbrefZ_AbopZ qref(z,l)_qop(z,l) L7ref(2,20)_q.op(2,20)
Abrefo Gref(2,1) qref(2,20)
Gros = . | . . ,
Abyef20—Abop2o dref(20,1)=Gop(20,1) dref(20,20)—Gop(20,20)
N Gref(20,1) ref(20,20)

with some of the indexes equal to zero depending on the node signature graphs.

In order to determine the amount of variation in the residual of the operational graphs for a
specific state, two basic methods can be followed. The first would be to use the reference graphs for
a state as calculated for approach 1 and 2. Thus, a reference graph is composed with the average
energy attributes as illustrated in Figure 6.6. When the operational graph is then composed for
each of the system fault states and the normal state respectively, and the residual is calculated, for
example, when the operational graphs are compared to the average normal reference, the results
obtained will indicate the residual difference from this average reference. The resulting range will
thus be spread around the average of the reference state considered, with the maximum residual
value given by either the distance between the average and the maximum or the average and the
minimum value (see Figure 6.18 for a graphic illustration). The second method increase the size of
this maximum residual distance value by rather using the maximum energy attributes to compose
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areference graph for each of the operational states. The result of this is that the size of the residual
values obtained for any of the states, compared to any of the references, are maximised. This allows
for larger residual values that leads to easier visual interpretation when the data are analysed. In
Figure 6.18 the two methods are illustrated with 5 random data values. These data values can be
thought of as energy attributes, like Abopl Or op(1,1), in the system that was measured at a specific
location while the system is operating in a specific state (normal or faulty). The figure clearly
indicates that using the maximal value method would maximize the residual values obtained,
since the residual obtained when comparing the largest value (measurement 2) with the smallest
value (measurement 4), resulted in a larger residual value than when comparing the average value
(measurement 3) with the largest or smallest values (measurements 2 and 4) as shown for the
average value method.

i Second largest
variable .
X residual
size
Largest value
Average reference
measurement (ex. g_ref)
? Fa
Average value method O 6
Largest
residual
smalest value
I ) I 1 ]
1 2 3 4 5 measurements
variable

Using the largest value
as the reference.

Largest value
A/ (ex. g_ref)

—

size

Maximum value method

Largest
residual
(o]
smalest value
1 T T T T
1 2 3 4 5 measurements

Figure 6.18: Illustration of residual value’s size difference when using the average or maximum
values as reference respectively

Through the use of the maximum value method in Figure 6.18, it is ensured that the residual
result calculated for an operational graph, compared to a reference graph, would be maximized.
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This will apply to any of the state graphs compared to the any of the reference graphs. By comparing
each of the operational graphs to the normal reference graph, and calculating the residual matrices
the following sets of data are obtained as shown in Figure 6.19. This can be done for any of the
reference graphs of any fault state as well.

/“_' > GNmax
GRes_ S~
M
. Gop )
v
Normal TF1_HPT3% . FT2_LPT1 . FT3_LPT3% . FT4_6%NPSH | FT4_9%NPSH
State
GRes_N1L GRes_F14. 1 - GRes_F24 1 - GRes F3a.1 - GRes_Faa_1 GRes_Fa8_1
GRes_N2 GRes_F14 2 - GRes_F24 2 - GRes_F3a.2 - GRes_Faa_2 GRes_Fa8_2
Gres_n2am0 | GRes_F1a 2330 - GhRes_F2a_2830 - Gres_F3a_28m0 - GRes_Fea 2880 | GRes_Fe5_28%0

Figure 6.19: Illustration of the residual data set obtained

The normal reference graph Gy ,4x used for this study is shown in Table 6.3 accompanied
by one of the residual graphs obtained for the normal operational state Ggesn1 compared to the
normal reference graph. Similar graphs exist for each of the 2880 normal states and fault states
compared to the normal and fault state reference graphs. Figure 6.19 only illustrate the results for
the operational graphs compared to the normal reference graph for illustrative purposes. In order
to use the results for fault detection and isolation the residual data should be normalized with
regards to the attributes represented by each column of the graph. The method suggested by [78]
was simply to divide the first column of a residual graph, representing the residuals of the change
in exergy, by the maximum value of that column. Similarly, the values in columns 2 to 21 is divided
by the maximum value of all the residual values representing the heat transfer. The equation used
for the normalising of the exergy residuals is given in (6.4) and for the heat flow residuals is given in
(6.5).

8res(i,1)
8resi,) = - (6.4)
max|gres (i1l
with i €{1,2,..., m} and m the number of columns in the residual graph.
8res(i,))
8res(i,j) = — (6.5)
max|gres.,jl

with i € {1,2,...,m}, j € {2,...,n} and m the number of columns and n the number of rows in the
residual graph.
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Reference graph Gy, and residual graph Gresni

Table 6.3

Normal reference graph G_Nmax

5.2925e+05 0 1.5286e+06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2.2582e+05 0 0 1.3869e+06 1.3545e+05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8.4327e+04 0 0 0 14380e+06 0 0 0 0 0 0 0 0 0 0 0 1.2214e+05 0 0 0
9.4407e+04 0 0 0 0 1.379%+06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.7704e+
6.3247e+04 0 0 0 0 0 1.1672e+06 0 0 0 0 0 0 0 0 0 0 0 0 0 1.3904e+05
9.5329%e+04 0 0 0 0 0 0 1.0734e+06 0 0 0 0 0 0 0 0 0 0 0 0 5.0013e+
5.8391e+04 0 0 0 0 0 0 0 1.0382e+06 0 0 0 0 0 0 0 0 0 0 0
8.7891e+04 0 0 0 0 0 0 0 0 9.4354e+05 0 0 0 0 0 0 0 0 0 0 6.5901e+
8.7891e+04 0 0 0 0 0 0 0 0 0 8174%e+05 0 0 0 0 0 0 0 0 0 34464e+
8.7891e+04 0 0 0 0 0 0 0 0 0 0 1.8734e+05 7.1407e+05 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6.2933e+05}
7.357%+04 0 0 0 0 0 0 0 0 0 0 0 0 6.6004e+05 4.6890e+04 0 0 0 0 0
5.5865e+04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.1394e+07|
-562.5179 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.7957e+04 0 0 0 0
5.1633e+04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 26507e+05 0 2.1711e+05
1.3386e+04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.1708e<04 0 0 1.0948e+05)
1.0357e+04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3417%e+05
517.6693 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.5168e+05 0 0 14364e+
74913e+04 5.1503e+05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.7323e+05
o._.logm#mém o.m,ﬂm.i.mlm,,om 0 0 0 0 0 0 0 0 0 1500942 o.l.u.mmmm,éw 2.1496e+05 0 0 q,_mmwm+§ d.._._mmém
Residual graph G_resN1
-0.1060 0 1.8182e-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0)
0.3699 0 0 14221e-05 2.9866e-04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]
-0.7959 0 0 0 2.0396e-05 0 0 0 0 0 0 0 0 0 0 0 3.1738e-06 0 0 0 0f
01777 0 0 0 0 53136e-06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.2707e-04]
0.2653 0 0 0 0 0 6.2821e-06 0 0 0 0 0 0 0 0 0 0 0 0 0 52738e-05
0.1760 0 0 0 0 0 0 6.8313e-06 0 0 0 0 0 0 0 0 0 0 0 0 0.0099]
0.2874 0 0 0 0 0 0 0 1.0256e-05 0 0 0 0 0 0 0 0 0 0 0 0
0.1422 0 0 0 0 0 0 0 0 0.0099 0 0 0 0 0 0 0 0 0 0 0.0099f
0.1422 0 0 0 0 0 0 0 0 0 0.0099 0 0 0 0 0 0 0 0 0 0.00994
0.1422 0 0 0 0 0 0 0 0 0 0 00099 1.9987e-05 0 0 0 0 0 0 0 0]
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1229|
2.9288e-04 0 0 0 0 0 0 0 0 0 0 0 0 0.0099 3.0596e-04 0 0 0 0 0 0f
-3.8568e-04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099]
-0.0101 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099 0 0 0 0 0
-0.0101 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099 0 0.00994
0.0476 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.3109-05 0 0 7.1987e-10]
0.0099 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099 0
0.0099 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099 0 0 0.0099]
-0.0101 0.0099 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0099|
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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When (6.4) and (6.5) are applied the resulting matrix is,

8res(1,1) 8res(1,2) 8res(1,20)

max|gres,nl | gmaxlgresa,z)l T maxlgresa,2o)|
8res(2,1) | 8res(2,2) 8res(2,20)
max|gres,1)l max|gres,2)! max|gres,20)|
GNres(Smte_x) = | ’
8res(20,1) | 8res(20,2) 8res(20,20)
max|gres2o,1)! max|greszo2)l T maxl|gres2o,20)!

with State_x the x'th number of the normal or faulty states graph for which the residual is calcu-
lated.

The method for visualizing the detection of a fault as suggested by [78] for an attributed graph
with 6 nodes, is to compose a bar plot of the residual heat flow in and out of a node (Rg;, and
Rqour) along with the residual of the exergy change (Rp4) and the heat transferred from and to the
environmental node (Rgeyxr)). The pattern encapsulated within each bar plot are then analysed
to determine if the bar plot represents a normal or fault state. This allows for detecting faults as
well as isolating then by only using the residual graphs obtained from comparing the operational
graphs with the normal reference graph. In this case the other residual graphs obtained when
the operational graphs are compared to the fault reference graphs is not used. However, due to
a different system and a resulting different attributed graph with 20 nodes, this method would
result in ineffectively large graphs that won'’t be practical for interpretation. The visualisation was
therefore obtained by simply generating a bar plot of each of the columns of a residual graph. The
result of this is that the residual bar plots for the variables Rg;n, Roour, Rag and Rgey;) are plotted
onto each other. By making the bars transparent the size of each variable at each node can be
seen but without an indication of what variable are attributed to each of the transparent bars. This
method therefore only gives an indication of the size of each energy attribute at each node and
how it changes when the system conditions changes form normal to faulty, but does not identify
the individual variables. If the four variables (Rqin, RQour, Raq and Rqex,)) are to be identified,
one would have to analyse the respective residual graphs along with the bar plots. Regardless, the
resulting bar plots can be viewed as a signature of the system state. These bar plot signatures are
therefore only used as a detection and isolation method based on analysing the patterns of the
individual bar plots for each state. In Figures 6.20, 6.21 and 6.22 the residual signatures obtained
for the operational graph composed to two measurements of the normal state, FT1_HPT3% and
FT2_LPT1, and compared to the normal reference graph, are shown as an example. Similar graphs
for each of the fault states and the variation of each fault can be seen in appendix C section C.1.2.
Note that in these bar plots the node number, "20" represents the environmental node indicated
as node "0" in the attributed graph of Figure 4.4. The bar labels named "Db" represents the first
column of the residual graphs, hence indicating the residual exergy values. Similarly, the bar labels
named "coll" till "col20", represents the second till last columns of the residual graphs, hence
indicating the heat flow residual values.

When analysing the graphs, a clear pattern can be observed. From Figure 6.20 node 3, 13, 16

and the environmental node 20 shows a distinct pattern. However, due to variation in the normal
operational state, the sizes of these residual values may vary for each of the 2880 residual graphs.
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Residual graph of the NormalOperational state for measurement no 1

2 4 6 8 10 12 14 16 18 20
Node number

Residual value

[ Jos | ] Cald Calg [ | Caig | | Caltz [ ] Calts | | Galta
[ 1 Cal [ 1 Cala | ] Ca7 [ ] Cato | 1 Caa [ 1 Calg | ] Calta
[ Jcalz [ Jcas [ ] cas [ ] calt | ] Caltd | ] calt7 | | cal20

Residual graph of the NormalOperational state for measurement no 2

2 4 6 8 10 12 14 16 18 20
Node number

Residual value

[ Jon ] cala [ | cals [ ] calg ] Caltz | ] Calts [ ] CaltB
[ ] Calt [ ] Cala [ ] Ca7 [ ] Caitn | ] Cal1a [ ] Calts | ] Calta
[ ] Calz | ] cals | ] Caig [ ] Cait1 | ] Calte [ ] Calt? | ] Cal20

Figure 6.20: Residual fault signatures obtained for 2 of the normal graphs

Similarly, to the normal state signature, the signature of the first variation of fault 1 shows a
distinct pattern. Nodes 3, 12, 13, 16, and 20 can especially be attributed to this fault. Once again
variations in the residual values can be seen. This same approach is followed when examining the

residual signatures of the other faults.

o 1 Residual graph of the FT1HPT3% state for measurement no 1
E M T T

>

5 0 :
R

4]
& - | | | | | | | |
2 4 6 8 10 12 14 16 18 20
Node number

[ Jon ] Cala | cals [ ] calg ] Caltz | ] Calts [ ] CaltB
[ ] Cal [ ] Cala [ ] Ca7 [ ] Cato | 1 calta [ ] Calts | ] Calta
[ Jcaz [ ] Cas ] cals [ ] catn [ ] cats [ ] catr ] Cal2a
o Residual graph of the FT1HPT3% state for measurement no 2

E I T T

=

g0 ]

=

73]

& _1 | | | | | | | |

2 4 6 8 10 12 14 16 18 20

Node number

[ ] [ cas [ ] cag [ ] caa | caliz [ ] calts | ] caltg
[ ] Calt | ] Cal4 Cal? [ ] Caltn | ] Cal1a [ ] Calte | ] Galta
[ | Calz | ] Cals [ ] Calg [ ] Cait1 | ] Calte [ ] Calt? | | Cal20

Figure 6.21: Residual fault signatures obtained for 2 of the graphs of FT1_HPT3%
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From the figures in appendix C section C.1.2 the other results for variations in intensity and
location of fault 2 can be seen. When comparing these residual fault signatures with each other,
it is clear that fault 2 does not have a distinct signature that remains the same when the size and
location of the fault are changed. To obtain the range of variation of these residual values each of
the signatures for all 2880 graphs of each state must be analysed. This is also required in order to
determine false detection and isolation.

® 1 Residual graph of the FT2LPT1 state for measurement no 1

E 1 1 1 T T

-

S 0 :

h=

[42]

& _1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20
Node number

[ Jon [ | caa [ | cag [ | can [ ] catz | ] cats | ] Calta
[ ] cait [ ] Cata [ ] car [ ] calto [ ] Caiz | ] cats | ] Caltg
[ Jcaz [ Jcas [ ] cag [ ] caltt [ lCaita | catr | ] Caizo
o, Residual graph of the FT2LPT1 state for measurement no 2

E 1 1 1 T T

-

g O il o

h=

[42]

& -1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20
Node number

[ Jon [ | caa [ | cag [ | can [ ] catz | ] cats | ] Calta
[ ] cait [ ] Cata [ ] car [ ] calto [ ] Caiz | ] cats | ] Caltg
[ ]caz [ Jcas [ ] Cag [ ] Cal11 [ ] Caita | ] Catr | ] Caizo

Figure 6.22: Residual fault signatures obtained for 2 of the graphs of FT2_LPT1

Since a graphic inspection of all of the graphs would be inefficient and time consuming a
qualitative approach was followed to determine the number of residual signatures that matches a
specific pattern associated with a specific state. The procedure can be described as follows:

1) Obtain the average and standard deviation of the first column of each of the normalized residual
matrices. This will represent the average and standard deviation of each of the nodes’ exergy change
residuals (Abrgsavg and AbrEssia)-

2) Obtain the average and standard deviation for the range from column 2 till the end of each of the
residual matrices for each state. This represents the average and standard deviation of all of the
heat transfer values (Qresavg and Qrgssta-

3) Run the following "if" statement to determine the number of values from each column that falls
within two standard deviations from the mean.

If an exergy residual in column one is larger than Abrgsavg +2 x Abrpssia then change that variable
to 1. Otherwise, if the variable is smaller than Abggsayg — 2 x Abrgssta change the variable to 1,
otherwise change the variable to 0. Repeat this for all of the heat transfer residuals using Qrgsavg
and Qggssrq- This forms a new quantitative residual signature containing only zero’s and one’s.

4) When this is done for all of the normalized residual signatures of each state, the number of
one’s in each column is counted and 18 sets of 2880 frequency vectors containing a single value for
each exergy and heat flow residual is obtained. Select one of the qualitative residual signatures for
each state as a quantitative residual reference signature. Hence a total of 18 quantitative residual
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reference signatures is obtained, one representing each fault state and the normal state.

5) Compare all of the quantitative residual signatures (2880 in total) for each state (thus 18 x 2880
total) to each of the qualitative residual references. The comparison can simply be done by determ-
ining if the a frequency vector is identical to the reference and returning a Boolean result.

6) By simply counting the number of true results obtained from the Boolean comparison for each
of the states the number of total correctly identified signatures are obtained along with the number
of unidentified signatures.

These 6 steps can be explained at hand of the flow diagram in Figure 6.23 and continued in
Figure 6.24. An enlarged table of the final results is shown in Figure 6.25.

This process flow is followed for each of the 2880 residual signatures of each state thus a total of 18 X 2880
Normalized residual graph
(0.3 o 1 0 0 0 0 0 0 0 0 0 0 0 0 0 [1] 0 0 0 |0.0000)
0.465 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 {0.0000]
-1.000} 0 0 0 Jooe8] o 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0.0000}
0.223 0 0 0 0 1 0 0 0 0 0 (] 0 0 0 0 0 0 0 0 0.0010]
0.333 0 0 0 0 0 1 0 0 0 0 0 0 ] 0 0 0 0 0 0 |0.0004
0.221 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 |0.0806
0.361 0 0 0 0 0 0 0 1 0 0 0 0 ] 0 0 0 0 0 0 |0.0000]
0.179 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 |0.0806]
0.179 0 0 0 0 0 0 0 0 0 1 0 0 ] 0 0 0 0 0 0 |0.0806|
0.179 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0.0000]
0.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 |1.0000]
0.000 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0.0000]
0.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 |0.0806|
-0.013 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0.0000]
-0.013) o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 |0.0806)
0.060 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0033] 0 0 {0.0000]
0.012 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ]0.0000)
0.012 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 |0.0806|
-0.013Jf 1 1] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 |0.0806)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 |0.0000]
-0.239]| 0.27]|
0.053} Jo.052]| Apply step 3
0.345]| -0.17]| Average+2STD
Average
Average-2STD
280
e
Db |QN1 QN2 JQN3 |QN4 JONS |QNE6 QN7 |ONS |QN9 JON10 |QN11 |ON12 JQN13 JQN14 |[OQN15 |JQN16 |QN17 [QN18 JQN19 |QN20
0 0 1 0 0 0 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
1 0 0 1 1 0 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0| 0 0 0 1 0| 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
0 0 0 0| 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0| 0
0 0 0 0 0 0 0 1 0 0 0 0 0| 0 0 0 0 0| 0 0 0
1 0 0 0 0 0 0 0 1 0 0 0 0| 0 0 0 0 0| 0 0 0
0 0 0 0| 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0| 0
0 0 0 0| 0 0 0 0 0 0 1 0 0 0 0| 0 0 0 0 0| 0
1 8 X 0 0 0 0| 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0| 0
0 0 0] 0 0 0| 0 0 0| 0 0 0 0 0 0 0 0 0 0 0| 1
0 0 0 0 0 0 0 0 0 0 0 0 0| 1 1 0 0 0| 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0| 0 0 1 0 0| 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0| 0 0 0 0 0| 1 0 0
0 0 0| 0 0 ) 0 0 0| 0| 0 0 0 0 0| 0 0 4] 0 0| 0
0 0 0 0| 0 0 0 0 0 0 0 0 0 0 0| 0 0 0 0 1 0
0 0 0 0| 0 0 0 0 0 0 0 0 0| 0 0 0 0 1 0 0 0
0 1 0 0| 0 0 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0| 0 0 0 0 0| 0 0 0
Sum each column and obtain
the frequency vectors Y

Figure 6.23: Process flow for determining the isolation rate of a state for the residual signatures.
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Count the number of equal
frequency fectors out of 2880
for each of the states.

Final detection and isolation results obtained for the residual approach

Normal [FT1_HPT3|FT1_MPT [FT1_MPT FT2_0,55 [FT2_15PA |FT2_2SPA |FT2_5SPA FT3_LPT3 |FT3_LPT4 |FT3_LPT6 |FT3_MPt3[FT3_MPT [FT4_6%N [FT4_9%N |Unknown
STD=2 Operation|%. 3% 6% FT2_LPT1 |FT2_LPT2 [FT2_LPT3 |PAT U T T % % % % 4% PSH PSH
Normal Operation [ [ o o o [ [ [ [] [ 0 0 0 0 0 0 [ 8%
FT1_HPT3% 5% o o o o o o o o 1%
FT1_MPT3% [ [ o [ o [) [) [) o 0% 1% o 0%
FT1_MPT6% 0 o [ o 0 0 0 0 0 0% 1% [] 40%
FT2_LPT1 o o o o ] ) 0 0 ] o% 1% ] 0%
FT2_LPT2 0 0 0 0 0 0 0 0 0 % 1% 0 a0%
FT2_LPT3 0 0 0 o o o 0 0 0 0% 1% [ 0%
FT2_0,5SPAT 0 0 o 0 0 0 0 0 0 0% 1% [ 40%
FT2_1SPAT o o o o o o o o o o 0 o 0 0 0 0 0 23%
FT2_2SPAT o o o o o o ] o o a% 1% ) ) 0 0 o o o 19%
FT2_SSPAT ) o o o o o [ 0 0 1% % 0 0 0 [ 0 0 o 19%
FT3_LPT3% [ ° [ [] [ ] ] [} o o o o o 2%
FT3_LPTa% ] o o [ [ [ o o o 3 o o [) ] o o 0 7%
FT3_LPTE% [] [] 1% o 0 0 0 o o o [ 0 0 0% 0 0 [ 0 59%
FT3_MPt3% L] [] o ] 0 0 0 o L] L] L] 0 0 0 1% 0 [} 0
FT3_MPTa% o o o [ o o o o o o o o [ ) [ 32% 38% o 30%
FT4_6%NPSH 0 0 0 o o o 0 0 0 0 0 0 0 0 0 3% 8% [ 30%
FTa_S%NPSH ) ) ) o o o o o o o ) ) [ o o% o o 5% H

Figure 6.24: Process flow continue

When analysing the results in Figure 6.25 it is clear that this approach did not perform as well
as the eigenvalue approach. It is noted that only 72% of the normal state measurements were iden-
tified due to the fact that it had the same residual signature. This number can easily be explained
by referring to the fact that the frequency vector was generated using an interval consisting of only
2 standard deviations from the mean (see point 3). Enlarging the number of standard deviations to
3 or 4 standard deviations, would increase the number of identified normal states, but it will also
increase the false identification of faults. Thus, the effectiveness of the technique will decrease.
In terms of FT 1, only when the SPE occurred in the HPT the fault could be isolated for 59% of the
time, while 49% of the time the state was unidentifiable. For the SPE in the MPT the method could
not differentiate well between changes in the size of fault 1 or some of the variations of fault 2. Only
for 10% of the time the fault could be isolated. Some improvement in isolation was seen for fault 2
when the valve leak was simulated in the SPAT. The isolation effectiveness decreased for an increase
in the fault size in the leak of the overflow valve in the SPAT. This might be due to the fact that an
increased leak in the overflow valve from 2kg/s to 5kg/s is still the same fault and thus will result
in the energy changes in the system to appear in the same locations. This explains the confusion
between the changes in the fault size.

For fault 3, only two of the variations could be isolated more than 50% of the time for the LPT. An
increase in the overall wear and ageing in the LPT gave inconclusive isolation. For wear and ageing
in the MPT the approach gave even worse results and also could not be isolated from fault 4 when
the ageing and wear were increased in the MPT. In summary, the method performed worse than
approach 2 but better than approach 1.

Note that these results are based ons using 2 standard deviations above and below the average to of
the residual matrices. When using 0.5, 1, 1.5 or 3 standard deviations the results changes. It was,
however, found that 2 standard deviations gives the best results. It is also necessary to note that
the results are based on analysing the patterns of the bar plot signatures, using only the residual
results when the operational graphs were compared to the normal reference graph. The isolation
might increase if analysing residual bar plot signatures obtained from comparing the operational
graphs to the respective fault state reference graphs. This implies that the described process must
be repeated for each of the sets of residual graphs obtained from comparing the operational graph
with the different fault state reference graphs. The "result" table will be similar to that shown in
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Figure 6.25 but with the expectation that each FT will be detected when the reference graph of that
specific FT is used to calculate the residuals. Since a similar approach as described was followed, it
would be repetitive to give a detail description of the process and therefore it is not described in this
dissertation. The results obtained can be found by following the link in appendix C section C.1.2.
The results however did not improve the isolation of any fault while even slightly decreasing the
correct isolation in some cases. The reason for this can be attributed to the range of variation in the
energy values of the system when a fault occurs as well as the system noise. As mentioned by [78]
the variation in the energy values of each fault due to noise should not over lap the variations of
other faults. If this occurs, isolation would not be able. From the results obtained for this approach
and approach 1 it is, however, clear that large overlaps in the energy value of most faults occurs
thus explaining the ineffective isolation.
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Figure 6.25: Final FDI results obtained for the residual approach
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6.6 Summary of results

For ease of interpretation the results obtained for approaches 1 to 3 is summarised in this section.
In order to compare the 3 approaches a confusion matrix for each approach was composed as
suggested by [6] . In Figure 6.26 the structure and rules for the confusion matrix is shown.

CONFUSION MATRIX DETECTION AND ISOLATION
RATES
TRUE CONDITION
] Rate Formula %
Fault-free Fault
>. = True negative | False negative TFP = ﬁ x 100 0
g % =) Fault-free
B = E a 1 b 0 IFN = ﬁ = 100 0
B 5 =] e e d
) % False positive | True positive rrp = g X 100 100
g 23 Fault
c 0 d 11 Accuracy = S0 5100 100

Figure 6.26: Confusion matrix for true and false detection and isolation [6]

Applying these rules to the results of the three approaches as shown in the respective "result”
tables in Table 6.2 and Figures 6.17 and 6.25, the confusion matrices are obtained for detection and
isolation as shown in Tables 6.4 and 6.5. To explain the method of applying the rules in Figure 6.26,
consider the results obtained for approach 2 as indicated in Figure 6.17. Since the diagonal values
represents the correct detection (first row) or isolation (succeeding rows) results the percentages on
the diagonal indicates the rate of true positive detections or isolations (r7p). Similarly the sum total
of the percentages in each row of the table in Figure 6.17 excluding the diagonal values, indicates
the rate of false negative (rry) detections or isolations. The rate of false positive (rrp) detections or
isolations is obtained by the sum of each column excluding the diagonal value. The accuracy is
then simply calculated using the equation as given in Figure 6.26. From the results in Tables 6.4
and 6.5 it is clear that approach 1 and 2 are accurate in terms of detection. Approach 3 did not
achieve 100% detection although 72% detection are still an acceptable detection rate. In terms
of fault isolation, approach 2 did the best overall with consistent results showing a clear pattern
when the fault size or location was changes. Approach 3 outperformed approached 2 in terms of
isolation of FT FT2_1SPAT. The results are, however, inconsistent when the fault size and location
were varied. This might indicate either corrupt data or an underlying infliction point that is found
in the energy attributes when analysed according to the procedure of approach 3. Overall approach
1 had the most inaccuracy in terms of fault isolation. With these result in mind in can be concluded
that approach 2 would be the overall method of choice for both detection and isolation of faults in
STS’s.

Table 6.4: Comparison of detection results for the 3 Approaches

‘ ‘ Approach 1 ‘ Approach 2 ‘ Approach 3 ‘

| IFP | 0% | 0% | 0% |
| rFN 0% | 0% | 28% |
| rTP | 100% | 100% | 72% |

Accuracy 72%
| _ 100% |  100% |
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Table 6.5: Comparison of isolation results for the 3 approaches

| | Approach 1 | Approach 2 | Approach 3 |
7 7 TEp 7 TEN 7 rrp 7 Accuracy 7 Tep 7 TEN 7 rrp 7 Accuracy 7 Tep 7 TEN 7 rrp 7 Accuracy 7
| FT1_HPT3% | 0.00% | 0.00% | 100.00% [JE00I00%) 0.00% | 0.00% | 100.00% [JEO0W0OFN 41.00% | 41.00% | 59.00% | 41.84% |
| FT1_MPT3% | 91.00% | 91.00% | 9.00% [JEREEY 29.00% | 29.00% | 71.00% | 55.04% | 90.00% | 90.00% | 10.00%
| FT1_MPT6% | 88.00% | 88.00% | 12.00% [JSIB8EEY 32.00% | 32.00% | 68.00% | 51.52% | 90.00% | 90.00% | 10.00%
| FT2_LPT1 | 85.00% | 85.00% | 15.00% [ SHIEEN 0.03% | 0.03% | 99.97% [JN99ISE%N 90.00% | 90.00% | 10.00%
| FT2_LPT2 | 90.00% | 90.00% | 10.00% [JSI28EY 65.00% | 68.00% | 32.00% | '19.05% | 90.00% | 90.00% | 10.00%
| FT2_LPT3 | 70.00% | 70.00% | 30.00% | 17.65% | 66.00% | 66.00% | 34.00% | 20.48% | 90.00% | 90.00% | 10.00%
| FT2_0,5SPAT | 90.00% | 90.00% | 10.00% [[SI68N 64.00% | 64.00% | 36.00% | 21.95% | 90.00% | 90.00% | 10.00%
| FT2_1SPAT | 88.00% | 88.00% | 12.00% [JSIS8Rl 64.00% | 64.00% | 36.00% | 21.95% | 23.00% | 23.00% | 77.00% | 62.60% |
| FT2_2SPAT | 81.00% | 81.00% | 19.00% | 10.50% | 52.00% | 52.00% | 48.00% | 31.58% | 59.00% | 59.00% | 41.00% | 25.79% |
| FT2_5SPAT | 81.00% | 81.00% | 19.00% [ 10.50% | 56.00% | 56.00% | 44.00% | 28.21% | 59.00% | 59.00% | 41.00% | 25.79% |
| FT3_LPT3% | 94.00% | 94.00% | 6.00% [JJSI08E8 0.00% | 0.00% | 100.00% [JEO0WOFN 23.00% | 23.00% | 77.00% | 62.60% |
| FT3_LPT4% | 66.00% | 66.00% | 34.00% | 20.48% | 0.00% | 0.00% | 100.00% [J00M00%N 17.00% | 17.00% | 83.00% | 70.94% |
| FT3_LPT6% | 84.00% | 84.00% | 16.00% [JS0R8 5.00% | 5.00% | 95.00% | 90.48% | 60.00% | 60.00% | 40.00% | 25.00% |
| FI3_MPt3% | 84.00% | 84.00% | 16.00% [[SH088 0.00% | 0.00% | 100.00% [JI0000O%N 79.00% | 79.00% | 21.00% | 11.73% |
| FT3_MPT4% | 83.00% | 83.00% | 17.00% [ SIESR8 1.00% | 1.00% | 99.00% | 98.02% | 68.00% | 68.00% | 32.00% | 19.05% |
| FT4_6%NPSH | 71.00% | 71.00% | 29.00% | 16.96% | 1.00% | 1.00% | 99.00% | 98.02% | 62.00% | 62.00% | 38.00% | 23.46% |
| FT4_9%NPSH | 91.00% | 91.00% |  9.00% [ 0.00% | 0.00% | 100.00% [JI00M00%N 72.00% | 72.00% | 28.00% | 16.28% |




CHAPTER 7

Conclusion

This chapter concludes the study. A discussion on the findings in respect to the objectives and
methodology outlined in chapter 1 is given.

The chapter consists of a brief review of the objectives to reflect on whether that they were met.
The consequences of the energy characterisation outlined in chapter 4 are discussed with reference to
the effects of the obtained graph as seen in chapter 5. The findings in regards to FDI as described in
chapter 6 are elaborated on with reference to the differences in the 3 approaches.

The chapter gives recommendations on possible improvements that can be made with reference
to some problems found during the application of the EGBV approach for FDI purposes. Possible
areas for further research that aligns with the aim of this study is also identified. Lastly the chapter is
concluded with final remarks.

7.1 Reflection on the research objectives

In chapter 1, section 1.2 the problem statement was defined as to evaluate the EGBV for FDI
applications. Four objectives were identified as being critical in successfully solving of the problem.
This section focusses on how these objectives were met.

7.1.1 STS modelling

A static thermodynamic model was developed using energy and mass balance equations. Three
main thermodynamic parameters were obtained from the model namely: work, exergy and heat
flow. The system was simulated in the software environment EES. In terms of accuracy, the
model proved to work within acceptable limits near the 100% operating-point. However, for a
larger increase or decrease in the operating-point the model’s accuracy was unexceptional with a
deviation from the actual results of more than 1%. The reason for this is attributed to two aspects.
The first pertains to the assumptions made regarding losses in the system and the second is with
regards to the reduction in the system size and complexity. It was thus decided to rather use an
existing model developed in the software environment Ebsilon. This model was implemented
based on the knowledge acquired from developing the EES model and was used for the simulation
of all fault types.
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7.1.2 Energy characterisation

The energy characterisation of the system entailed the composition of an attributed graph based
on five guidelines. The resulting graph consisted of 20 nodes, of which 19 represented components
and 1 represented the environment. A total of 35 links connected the various nodes to form a
complete representation of the system. The number of nodes and links can mostly be attributed
to questions 2, 3 and 4 in chapter 4, section 4.2. Since large numbers of energy in- and outflows
were present in various components while the components also had relatively large energy values,
these components were included as nodes. If only question 1 and 5 in chapter 4 are considered, the
number of nodes and links might be reduced to only include the components at which faults are
being detected and isolated. This affects the holistic availability of system information but might
be of value for FDI applications.

7.1.3 Experimental design

Measuring of normal operational temperature, mass flow and pressure at specified locations within
the physical system was done with the help of staff from the plant in Jeanschwalde as described
in chapter 5. The locations of the measurements were determined based on the attributed graph
composed for the system in accordance to the requirements for energy based FDI. The data were
utilized to extract normal fluctuations and noise within the system. Through combination of the
noise and simulated data from the Ebsilon model, time series were composed for each energy
variable obtained from the simulations. The four fault states and variations in the size and locations
of the faults were simulated along with a normal operation.

7.1.4 Energy-based fault detection and isolation

A total of 3 different approaches for FDI were evaluated. Each of these approaches was used to
detect and isolate faults based on all of the data from the time series. The composition of a cost
matrix utilizing the HEOM function pertained to the application of approaches 1 and 2. A distance
parameter was calculated as the indicating parameter for fault detection and isolation of approach
1. This distance parameter was obtained as a result of analysing the diagonal of the cost matrix. As
a continuation to this, the eigenvalues of the cost matrix were calculated as the indicative values
of detecting and isolating a fault for approach 2. For approach 3 a radical change was made by
calculating a residual matrix rather than a cost matrix. The residual matrix was analysed both
qualitatively and quantitatively. The qualitative analysis was used as the final analysis to indicate
the false detection and isolation rate and to evaluate the robustness and sensitivity of the approach.

7.2 Results and findings of the research

Three approaches to energy-based FDI were evaluated. The approaches were evaluated in terms
of both fault detection and isolation accuracy. A total of four faults in different locations and of
various sizes within the system were detected and isolated. The robustness and sensitivity of each
of the 3 approaches were also evaluated. The 3 approaches utilised different mathematical analysis
methods of the attributed graph.

Since the 3 approaches had different methods of comparing the node signature matrices, different
methods of normalising the data were utilised. In order to be able to compare the approaches,
similar methods of composing the final results were followed. Due to the inherent differences,
however, there were some variations in the composition of the final results. For example the results
of approach 3 show some of the fault measurements being unknown when isolation of a fault was
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established. This is due to the threshold implemented during the qualitative analysis.

In terms of the findings of the study it can be concluded that approach 2 had the most accur-
ate results for both detection and isolation of faults. The approach show robustness to changes in
the fault types as well as sensitivity to the change in the size of the faults. For FT 2 the sensitivity of
approach 2 was inadequate, resulting in ineffective differentiation between the variations of FT
2 with isolation accuracies of 31.5% and lower. In terms of faults detection all three approaches
had acceptable results with only approach 3 having a less than perfect detection rate (72%). Both
approach 1 and 2, however, did not perform well in terms of isolation. Approach 1 did not achieve
isolation of any fault or variation thereof with an accuracy of more than 20.48% with the exception
of FT1_HPT3%, which was isolated with 100% accuracy. Approach 3, however, did manage to isolate
FT1_HPT3%, FT2_1SPAT, FT3_LPT3% and FT3_LPT4% with an isolation accuracy rate higher than
41.84%. However, the results were inconsistent, showing no clear pattern when the fault size or
location were changed. It is theorized that this might be due to some underlying aspect of the
energy values that caused this for specific fault size due to the method of analysis used. It was also
noted that the increase in information given by the eigenvalues had positive effects whereas the
increase in information obtained by the residuals in approach 3 did not add value to the isolation
effectiveness of approach 3.

Overall the energy-based analysis shows promise in terms of FDI due to it’s reductive capabil-
ities and holistic application regardless of the system type (i.e. mechanical, electrical etc.) The
energy-based graph visualisation is also of value in terms of the conservation of structural inform-
ation of the physical system. The method and techniques, however, need to be formalised for
general energy-based applications in order to establish this as a valid FDI approach.

7.3 Recommendations

The accuracy of approach 3 may be increased if more precise analysis of the fault signatures can be
followed. The method used in this study utilized a threshold that inevitably neglected to isolate
some of the faults resulting in the "unknown" column in Figure 6.25. The implementation of some
pattern recognition algorithm to analyse the bar graph signatures might prove to be of value.

The mathematical analytic tools required for FDI while utilizing the attributed graphs can also
be simplified if the complexity of the attributed graph can be reduced. Neglecting some of the
components in the system will result in a reduction of the number of nodes that might prove useful.
This will however be subject to the requirement that the links between the nodes in terms of energy
attributes can still be established. One method of accomplishing this might be to focus on faults
occurring at a specific location in the system (for example the boiler or turbine). Composition of an
attributed graph that encapsulates more information of the component at the specific location,
while neglecting most nodes that would represent components in the rest of the system, might
reduce the number of nodes and hence reduce the complexity of analysis. To analyse faults in
multiple locations of the larger system this method might be applied by composing two or more
graphs for the same system. Each of these graphs can then be composed to represent a specific
location within the system rather than the whole system. This will reduce the size of each attributed
graph and consistently also the analysis of the node signature matrices.

A large reduction of analysis to prove the effectiveness of the EGBV for FDI applications might be

accomplished if the analysis approaches used to analyse the attributed graphs can be generalized.
In this study each approach was physically implemented using a large amount of data. If it can
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be shown that the approach can be applied in a general sense it might also allow for increased
performance of the method. This can be thought of as similar to proving that x + x = 2x rather than
proving this for all natural numbers.

7.4 Further research

This section provides some suggestions regarding research of future topics that might be of interest
to this study. The suggestions are made with reference to the objectives of this study as well as
some shortcomings and discrepancies that were observed.

7.4.1 Fault detection and isolation comparison

In terms of establishing the FDI technique it might be of value to thoroughly compare the EGBV
method for FDI to some established FDI techniques like principle component analysis or partial
least square analysis. This will allow for the establishment of reference cases for which the technique
might be more reliable than the conventional approaches. This might also indicate some scenarios
where this method might be augmented by conventional approaches. One application of such
augmentation that this study already showed, would be to use a machine learning approach to
analyse the node signature matrices. This would especially be effective for analysis of approach 3.

7.4.2 Transient analysis of faults

One of the shortcomings of this study is the fact that faults were only detected and isolated from
data obtained under non-transient operational conditions. There is therefore no evaluation of
faults occurring during a transient response of the system. Since the energy within the system
undergoes large changes during transient operations, the fault signatures based on these energy
data will also be different under transient conditions than it was for this study.

7.4.3 Composing the attributed graph

During this study 5 guidelines were established for constructing the attributed graph. These
guideline were deducted from literature on the EGBV technique, however, there is no standardised
method for constructing the attributed graphs. It would be of interest for further research to study
the various considerations of energy based graph construction and how different graphs would
affect the detection and isolation performance of the energy graph-based approach. As discussed
in the previous subsection this would be of value in terms of reducing the mathematical analysis
complexity.

7.4.4 Standardise the node signature analysis methods

In terms of accomplishing the actual detection and isolation of the faults, this study focusses on
3 main approaches, each based on specific mathematical analyses. A standardised approach to
this will be of value in order to establish the EGBV method as a FDI technique. To accomplish
this, however, it will be necessary to standardize the approaches that are followed to analyse the
node signature matrices. This requires more research regarding effective matching of matrices
and presenting the information encapsulated within the matrices in a concise and efficient way.
Methods other that the HEOM function for graph matching may be of value. It might also be
interesting to use covariance matrices and statistical analysis to find the correlation between
two node signature matrices rather than calculating a cost matrix. To consider alternative matrix
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comparison methods will allow for the information in the node signature matrices to be represented
with a statistical basis that can be beneficial in terms of effectively presenting the information.

7.5 Final remarks

In this study an energy-based approach to fault detection and fault isolation in a steam turbine
system using graph matching is described and utilized. The approach was evaluated in terms of
detection and isolation accuracy, robustness and sensitivity. It is concluded that the approach is
useful in terms of encapsulating information of multi-domain systems within a simple structure
pertaining to the system layout. There is still a need for improvement in terms of constructing the
attributed graphs and applying the fault detection and isolation analysis methods. Specific focus
on improving upon the accurate fault isolation is suggested. Due to the scope of this study it was
not possible to evaluate other analysis methods that could improve fault isolation, however, it can
still be concluded that the energy-based method for FDI can be effectively applied to a STS and
shows value for industrial applications.
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APPENDIX A

System diagram

Figure A.1: Schematics of one unit/block of the physical system.
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APPENDIX B

Simulations and practical data

B.1 EES Model validation

Table B.1: Result from comparing the EES and Ebsilon model at a 103% generator load

requirement.
| Generator load at 103% |
| | Ebsilon | EES Difference |
| D [kPa |C |kPa |cC kPa |C |

| 1si | 18777.6 | 258.79 | 19508 | 248

730.4 | -10.79 |

| 1se | 172809 |

535 | 16800 | 535

-480.9 | ] |

| 2i | 158059 | 528.878 | 15150 | 526.7 | -655.9 | -2.178 |
|2e | 4372 |347.432 | 4116|3337 -256 | -13.732 |
| 1sri | 4372 | 347.432 | 4066 | 3332 | -306 | -14.232 |
| 1sre | 3947.1| 540 | 3853 | 540 -94.1 | 0|
| 3.1 | 38752 | 536.607 | 3733 | 685.1 | -142.2 | 148.493 |
| 3.2i | 21355 | 446.354 | 2027 | 4579 | -1085 | 11.546 |
| 33i | 14122 | 289.221 | 1261 | 3952 | -151.2 | 105.979 |
| 3.4i | 3382 | 219668 | 5244 | 2866 | 1862 | 66.932 |
| 3.4e | 3382 |219.668 | 335.8 | 230.1 | .24 | 10432 |
| 41f | 3358| 2301 3358 | 2301 0] 0|
| sPe | 3358 | 2301 | 335.8 | 230.1 0 | 0|
|41 | 3203 | 233339 | 335.8 | 230.1 65| -3.239 |
|42i | 106|131211| 784| 108 -276 | -23.211 |
|43 | 197| 59.755| 1365197 -6.1| -7.785 |
| 4.4e | 5| 33074| 42|2981| -08| -3264 |
| 5pe | 5| 33074 | 42|2981 -08| -3.264 |
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B.2 Ebsilon simulation of fault types

This section shows the changes made tot the Ebsilon model in order to simulate the various faults.
Each figure shows a specific change that either changed the faults size or location within the system.

B.2.1 Fault type one

e S BB ] o | e =] s =
WET WSt wsr JuElr wsT w
Steam_turbine_5
camp 6
FPIN Pl calculated from PINSET (by Stodola equation) E
PINSET

Q 561598.824
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ETA/ETAN= £ (VH1/VH1N)
on standard (CKIN1 and CKINZ )
533.637 °C
451.328 ka/s
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27.256 m3/s
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.,
<
|
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131.345 MW\

[}
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Figure B.1: Set-up of Ebsilon to simulate the effects of solid particle erosion simulated on the HPT
with 3% drop in efficiency and 3% increase in mass flow rate.
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Figure B.2: Set-up of Ebsilon to simulate the effects of solid particle erosion simulated on stage 1 of
the MPT with 3% drop in efficiency and 3% increase in mass flow rate.
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Figure B.3: Set-up of Ebsilon to simulate the effects of solid particle erosion simulated on stage 1 of
the MPT with 6% drop in efficiency and 6% increase in mass flow rate.
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B.2.2 Fault type two
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Figure B.4: Set-up of Ebsilon to simulate the effects of a 0,5kg/s leak in the overflow valve of stage 1
of the LPT.
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Figure B.5: Set-up of Ebsilon to simulate the effects of a 0,5kg/s leak in the overflow valve of stage 2
of the LPT.
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Figure B.6: Set-up of Ebsilon to simulate the effects of a 0,5kg/s leak in the overflow valve of stage 3
of the LPT.
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Figure B.7: Set-up of Ebsilon to simulate the effects of a 0,5kg/s leak in the overflow valve of the
SPAT.
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Figure B.8: Set-up of Ebsilon to simulate the effects of a 1kg/s leak in the overflow valve of the SPAT.
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Figure B.9: Set-up of Ebsilon to simulate the effects of a 2kg/s leak in the overflow valve of the SPAT.
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Figure B.10: Set-up of Ebsilon to simulate the effects of a 5kg/s leak in the overflow valve of the
SPAT.

B.2.3 Fault type three

Stage One of the LPT

FP1N Pl calculated from P1HSET (by Stodola egquation)

P1NSET 3.500 bar
ETAIN 0.849 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1H)
FSPEC Eb=ilon standard {(CKIN1 and CKINZ not used)

TiN 235.579°C
M1N 90.368 ka/s
VM1N 59.794 m3/s
VM2N 148.221 m3/s
P2N 1.130 bar
H1N 3455 .780 kKJ/kg
ETAIL 0.848 -
M1M1N 0.943 -

Stage Two of the LPT

FPIN Pl calculated from P1NSET (by Stodola eguation)

P1NSET 1.130 bar
ETAIN 0.849 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1H)
FSPEC Ebsilon standard (CKIN1 and CKINZ not u=sed)

TIN 133.175°C
M1N 84 .310 ka/s
VMIN 138.285 m3/s
VM2N 590.209 m3/s
P2N 0.210 bar
H1N 3455780 kKJ/kg
ETAI 0.848 -
M1M1IN 0.940 -

Stage Three of the LPT

FPIN Pl calculated from P1NSET (by Stodola egquation)

P1NSET 0.210 bar
ETAIN 0.849 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f (M1-M1N)
FSPEC Eb=ilon standard (CKIN1 and CKINZ not used)

TiN 61.145°C
M1N 80.825 ka/s
VM1IN 565 .812 m3/s
VM2N 1969.372 m3/s
P2N 0.053 bar
H1N 3455780 kKJ/kg
ETAE 0.848 -
M1M1N 0.939 -

Figure B.11: Set-up of Ebsilon to simulate the effects of overall wear and ageing causing a 3% drop
in mechanical performance of the LPT.
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Stage One of the LPT

FP1N Pl calculated from PINSET (by Stodola equation)

P1NSET 3.500 bar
ETAIN 0.849 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (VM1 VH1N)
FSPEC Eb=zilon standard (CKIN1 and CEKIHZ not used)

TiN 235.579°C
M1N 90.368 ka/s
VM1N £9.794 m3/s
VM2N 148.221 m3/s
P2N 1.130 bar
H1N 3455 .780 K/ka
ETAIL 0.848 -
M1iM1N 0.943 -

Stage Two of the LPT

FP1N Fl calculated from PINSET (by Stodola equation)

P1NSET 1.130 bar
ETAIN 0.849 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1N)
FSPEC Eb=ilon standard (CKIN1 and CKIHZ not used)

TiN 133.175°C
M1N 84,310 kg/s
VM1IN 138,285 m3/s
VM2N 590.209 m3/s
P2N 0.210 bar
H1N 3455 .780 kKa/kg
ETAL 0.848 -
MIM1IN 0.940 -

Stage Three of the LPT

FP1N Pl calculated from PIHSET (by Stodola equation)

P1NSET 0.210 bar
ETAIN 0.849 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (H1-M1N)
FSPEC Eb=zilon standard (CKIN1 and CKIHNZ not used)

T1iN 61.145°C
M1N 80.825 ka/s
VM1N B65.812 m3/s
VM2N 1969 .372 m3/s
P2N 0.053 bar
H1IN 3455 .780 kKd/kg
ETAIL 0.848 -
M1IM1N 0.939 -

Figure B.12: Set-up of Ebsilon to simulate the effects of overall wear and ageing causing a 4% drop
in mechanical performance of the LPT.
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Stage One of the LPT

FP1N Pl calculated from PINSET (by Stodola equation)

P1NSET 3.500 bar
ETAIN 0.849 -
ETAMN 0.9955%0.94 = 0.966 -
FCHR ETA-ETAN=f (VM1 VH1N)
FSPEC Eb=zilon standard (CKIN1 and CEKIHZ not used)

TiN 235.579°C
M1N 90.368 ka/s
VM1N £9.794 m3/s
VM2N 148.221 m3/s
P2N 1.130 bar
H1N 3455 .780 K/ka
ETAIL 0.848 -
M1iM1N 0.943 -

Stage Two of the LPT

FP1N Fl calculated from PINSET (by Stodola equation)

P1NSET 1.130 bar
ETAIN 0.849 -
ETAMN 0.9955*0.94 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1N)
FSPEC Eb=ilon standard (CKIN1 and CKIHZ not used)

TiN 133.175°C
M1N 84,310 kg/s
VM1IN 138,285 m3/s
VM2N 590.209 m3/s
P2N 0.210 bar
H1N 3455 .780 kKa/kg
ETAL 0.848 -
MIM1IN 0.940 -

Stage Three of the LPT

FP1N Pl calculated from PIHSET (by Stodola equation)

P1NSET 0.210 bar
ETAIN 0.849 -
ETAMN 0.9955°0.94 = 0.966 -
FCHR ETA-ETAN=f (H1-M1N)
FSPEC Eb=zilon standard (CKIN1 and CKIHNZ not used)

T1iN 61.145°C
M1N 80.825 ka/s
VM1N B65.812 m3/s
VM2N 1969 .372 m3/s
P2N 0.053 bar
H1IN 3455 .780 kKd/kg
ETAIL 0.848 -
M1IM1N 0.939 -

Figure B.13: Set-up of Ebsilon to simulate the effects of overall wear and ageing causing a 6% drop
in mechanical performance of the LPT.
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Stage two of the MPT

FP1N Pl calculated from P1NSET (by Stodola eguation)

P1NSET 22.100 bar
ETAIN 0.898 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f {VH1.-VH1N)
FSPEC Ebszilon standard {(CKIN1 and CKINZ not used)

TiN 448 434 °C
M1N 197 .430 ka/s
VM1IN 29.065 m3/s
VM2N 39.660 m3/s
P2N 15.000 bar
H1N 3455780 kKi/kg
ETAI 0.883-
M1M1IN 0.988 -

Stage three of the MPT

FP1N Pl calculated from FP1HSET (by Stodola eguation)

P1NSET 15.000 bar
ETAIN 0.898 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1H)
FSPEC Ebzilon standard (CKIN1 and CKINZ not used)
T1N 393.736 °C
M1IN 183.782 ka/s
VM1IN 36.919 m3/s
VM2N 74309 m3/s
P2N 6.250 bar
H1N 3455780 KJ/kg
ETAI 0.897 -
&MIN [.945 -

Stage four of the MPT

FPIN Pl calculated from PINSET (by Stodola egquation)

P1NSET 6.250 bar
ETAIN 0.898 -
ETAMN 0.9955%0.97 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1N)
FSPEC Eb=ilon =standard (CKIN1 and CKINZ not used)

TiN 283.935°C
M1N 175.423 ka/s
VM1N 70.930 m3/s
VM2N 109.873 m3/s
P2N 3.600 bar
H1N 3455.780 k/kg
ETAIL 0.898 -
M1M1N 0.943 -

in mechanical performance of the MPT.
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Figure B.14: Set-up of Ebsilon to simulate the effects of overall wear and ageing causing a 3% drop




Stage two of the MPT

FPIN Pl calculated from PIHSET (by Stodola equation)

P1NSET 22.100 bar
ETAIN 0.898 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (VH1 VH1H)
FSPEC Ebzilon standard (CKIN1 and CEKINZ not used)

TiN 448 434 °C
M1N 197 .430 ka/s
VM1IN 29.065 m3/s
VM2N 39.660 m3/s
P2N 15.000 bar
H1N 3455 .780 ki/kg
ETAI 0.883-
M1M1N 0.988 -

Stage three of the MPT

FP1N Pl calculated from FP1HSET (by Stodola eguation)

P1NSET 15.000 bar
ETAIN 0.898 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1H)
FSPEC Eb=zilon standard (CKIN1 and CKINZ not used)

T1iN 393.736°C
M1N 183.782 ka/s
VM1N 36.919 m3/s
VM2N 74 .309 m3/s
P2N 6.250 bar
H1N 3455.780 kK/kg
ETAI 0.897 -
M1M1N 0.945 -

Stage four of the MPT

FPIN Pl calculated from PINSET (by Stodola eguation)

P1NSET 6. 250 bar
ETAIN 0.898 -
ETAMN 0.9955%0.96 = 0.966 -
FCHR ETA-ETAN=f (VH1-VM1N)
FSPEC Eb=ilon standard (CKIN1 and CKINZ not used)

TiN 283.935°C
M1N 175.423 ka/s
VM1IN 70.930 m3/s
VM2N 109.873 m3/s
P2N 3.600 bar
H1N 3455780 kK/kg
ETAIL 0.898 -
M1M1N 0.943 -

Figure B.15: Set-up of Ebsilon to simulate the effects of overall wear and ageing causing a 4% drop
in mechanical performance of the MPT.
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B.2.4 Fault type four

Component properties of Piping_8 [Component Type 13: Piping]
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Figure B.16: Set-up of Ebsilon to simulate a state during which cavitation will happen with the
fluid pressure +- 6% below the vapour pressure.
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Figure B.17: Set-up of Ebsilon to simulate a state during which cavitation will happen with the

fluid pressure +- 9%

below the vapour pressure.
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B.3 Physical system data

The data measured in the physical system can be obtained by following this link:
Physical system data

B.4 Ebsilon Data

The simulation results obtained for each fault with the Ebsilon model can be obtained by following
this link:
Ebsilon fault simulations

B.5 Timeseries data
The time series data that was generated can be obtained by following this link:

Timeseries data

B.6 Algorithms for FDI approaches

B.6.1 Approachl

The variable C; ; is the cost matrices calculated for each FT compared to each reference graph.
The distance parameter as discussed in (6.1) is represented by DC; ; for each FT compared to each
reference graph.

Algorithm 1: Distance parameter approach. Calculate for i € [1,2,...,n] and j €
[1,2,...2880] with n the number of variations on the fault states and the normal state (i.e
18).

Input: Operational and reference node signature matrices Gop, (i, j) and G (i, j).

Cl,] — (Gop, (i’j))Gref(i;j))
DC; ; — (C; ;)
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B.6.2 Approach 2

The variable Z; ; is defined in (6.2). The final output Q; ; is the qualitative fault signature.

Algorithm 2: Eigenvalue approach. Calculate for i € [1,2,...,n] and j € [1,2,...2880]
with n the number of variations on the fault states and the normal state (i.e 18). Final
output Q; ; is the qualitative fault signature.

Input: Operational and reference node signature matrices Gop, (i, j) and Grer (i, j).

Ci,j - (Gopr (ir].);Gref(i;]'))
Aij <= (Ci,j)
Zj—Aij)
Qij— Z))

B.6.3 Approach3

The variable Gyes is defined in (6.3). The variable GN,es is the normalised residuals as defined in
(6.5). The final output is the frequency vector as discussed in Figure 6.24.

Algorithm 3: Residual approach. Calculate fori € [1,2,...,n] and j € [1, 2,...2880] with
n the number of variations on the fault states and the normal state (i.e 18).

Input: Operational and max reference node signature matrices Gy, (I, j) and Gax (I, ).

Gres(i,j) — (Gop; (i;j),Gmax(iyj))
GNres(i»j) - (Gresi,j)
Vfi,j - (GNres(ly]))
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APPENDIX C

Results

C.1 Fault detection and isolation results

C.1.1 Approach 1: Distance parameter

Distance parameters for all states compared to the reference graph of the
Normal Operation Avg

g
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Figure C.1: Detection results in terms of the distance parameter plots for all the fault types.
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Distance parameters for all states compared to the reference graph of the
FT1 HPT3% Avg

8 T T T T
£
0.1 q

g

o 0.08 ]

[s]

5 0.06 f 1

o

T 0.04 q

s

=]

© 0.02 1

=2

g o

0 500 1000 1500 2000 2500 3000
Measurment no:

41— Normal Operation FT1 HPT3% FT1 MPT3% FT1 MPT6%
+—— FT2LPT1 —— FT2LPT2 ——FT2LPT3 — FT20,55PAT
14— FT2 1SPAT FT22SPAT _—_FT25SPAT — FT3LPT3%
4 FT3LPT4% FT3LPT6% — FT3MPt3% — FT3 MPT4%

FT4 6%NPSH ——— FT4 9%NPSH

Distance parameters for all states compared to the reference graph of the
FT1 MPT3% Avg

806

Q

£

g

@ 04 —

o

c

8

R

D021 q

s

=]

o

=2

g o

0 500 1000 1500 2000 2500 3000
Measurment no:

——— Normal Operation FT1 HPT3% FT1MPT3% — FT1 MPT6%
- FT2LPT1 —— FT2LPT2 ——FT2LPT3 — FT20,55PAT
[ FT2 1SPAT FT22SPAT _—_FT25SPAT — FT3LPT3%
[ FT3LPT4% FT3LPT6% — FT3MPt3% — FT3 MPT4%

FT4 6%NPSH ——— FT4 9%NPSH

Distance parameters for all states compared to the reference graph of the
FT1 MPT6% Avg

FT4 6%NPSH ——— FT4 9%NPSH

06 —

Q

£

g

© 041 g

o

c

8

R

D021 q

s

=]

o

=2

g o

0 500 1000 2000 2500 3000
Measurment no:

—— Normal Operation FT1 HPT3% FT1 MPT3% FT1 MPT6%
—— FT2LPT1 —— FT2LPT2 ——FT2LPT3 — FT20,55PAT
[ FT2 1SPAT FT22SPAT _—_FT25SPAT — FT3LPT3%
| FT3LPT4% FT3LPT6% — FT3MPt3% — FT3 MPT4%

Figure C.2: Isolation results in terms of the distance parameter plots for FT 1.
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Distance parameters for all states compared to the reference graph of the|
FT2 LPT1 Avg
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Figure C.3: Isolation results in terms of the distance parameter plots for FT 2.
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Distance parameters for all states compared to the reference graph of the
FT3 LPT3% Avg
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Figure C.4: Isolation results in terms of the distance parameter plots for FT 3.
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Figure C.5: Isolation results in terms of the distance parameter plots for FT 4.

131




C.1.2 Approach 3: Residual graphs

o 1 Residual graph of the NormalOperational state for measurement no 1
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Figure C.6: Residual fault signatures obtained for 2 of the normal graphs.
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Figure C.7: Residual fault signatures obtained for 2 of the FT1_HPT3% states.
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Figure C.8: Residual fault signatures obtained for 2 of the FT1_MPT3% graphs.
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Figure C.9: Residual fault signatures obtained for 2 of the TF1_MPT6% graphs.
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Figure C.10: Residual fault signatures obtained for 2 of the FT2_LPT1 graphs.
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Figure C.11: Residual fault signatures obtained for 2 of the FT2_LPT2 graphs.
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Residual graph of the FT2ZLPT3 state for measurement no 1
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Figure C.12: Residual fault signatures obtained for 2 of the FT2_LPT3 graphs.
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Figure C.13: Residual fault signatures obtained for 2 of the FT2_0.5SPAT graphs.
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g ; Residual graph of the FT21SPAT state for measurement no 1
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Figure C.14: Residual fault signatures obtained for 2 of the FT2_1SPAT graphs.
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Figure C.15: Residual fault signatures obtained for 2 of the FT2_2SPAT graphs.
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Residual graph of the FT25SPAT state for measurement no 1

=y

o i} 0

2 4 6 8 10 12 14 16 18 20
Node number

Residual value
o

'
-

[ loo | lcas | | Cais [ ] Can [ lcaiz [ ] Calts | ] Caltg
[ 1cat [ lcas | ] Car? [ ] calto | ] caia [ ] Caltg | ] Caltg
[ ] Caiz [ ] Cals [ ] cag [ ] calt1 | ] calta [ ] cal1? | ] Cal20

Residual graph of the FT25SPAT state for measurement no 2

=y

o
B

2 4 6 8 10 12 14 16 18 20
Node number

Residual value
L

[ Job [ ] calz [ | cas [ ] cas | ] catz [ ] calts | ] cal1s
[ ]cait [ ] cala [ ] car [ ] calto | ] caitz [ ]calte | ] cal1g
[ lcaz | lcas | ] Cais [ ] Calt1 | ]calts [ ] calt7 | ] Col20

Figure C.16: Residual fault signatures obtained for 2 of the FT2_5SPAT graphs.
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Figure C.17: Residual fault signatures obtained for 2 of the FT3_LPT3 graphs.
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Figure C.18: Residual fault signatures obtained for 2 of the normal graphs.
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Figure C.19: Residual fault signatures obtained for 2 of the FT3_LPT4 graphs.
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Figure C.20: Residual fault signatures obtained for 2 of the FT3_LPT6 graphs.

Figure C.21: Residual fault signatures obtained for 2 of the FT3_MPT3 graphs.
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Residual graph of the FT3MPT4% state for measurement no 1
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Figure C.22: Residual fault signatures obtained for 2 of the FT3_MPT4 graphs.
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Figure C.23: Residual fault signatures obtained for 2 of the FT4_6NPSH graphs.
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Residual graph of the FT4.6%NPSH state for measurement no 1
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Figure C.24: Residual fault signatures obtained for 2 of the FT4_NPSHS6 graphs.
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APPENDIX D

Eigenvalue and vector fundamentals

To describe the fundamental theory related to eigenvalues and eigenvector for the application of
this study consider the matrix in (D.1).

a 1
A= (0 b) (D.1)

When multiplying this matrix with any vector of the correct dimensions, the matrix will trans-
form this vector in a specific way. For most vectors this transformation will include a rotation and a
change in the vector’s length. For eigenvectors, however, only a change in length equal to the size of
the eigenvalue will occur, while the vector after the transformation stays on the span of the vector
before the transformation. This property of eigenvectors indicate an intuitive advantage for the
application of FDI. For a vector,

v= (C) (D.2)

the transformation given by Av can be visualized as shown in Figure D.1 for the variables a and
b of matrix A, having values that resulted in v being a non-eigenvector and an eigenvector of A
respectively. The plot clearly shows that the eigenvector is only elongated with the size of the
eigenvalue while staying on the span of the original vector. In contras with this the non-eigenvector
is both rotated and elongated.
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Vector and eigenvectors
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Figure D.1: Example of the effect of matrix transformation on a vector if the vector is an
eigenvector or not

Since eigenvectors have this unique property the basic question that can be asked is which
vector (v) has the property, that when multiplying v with the matrix (A), the resulting vector would
simply be equal to some eigenvalue (A) multiplied with v. Mathematically the expression that must
be solved can be written as shown in (D.3),

Av = Av. (D.3)

Since (D.3) represents matrix multiplication, on the left-hand side, equal to scalar multiplication
on the right-hand side, it can be rewritten to represent only matrix multiplication by changing A to
a diagonal matrix containing all the eigenvalues on the diagonal. The resulting equation applied to
matrix A and vector v of this example, is shown in (D.4),

a 1 _ ﬂ] 0
(O b)xv—(o Az)xv (D.4)

Through inspection it can easily be seen that matrix A is linked to the eigenvalue matrix in terms
of the diagonals. This implies that the eigenvalues gives an indication of the effects the diagonal of
matrix A has on the eigenvector. This is even clearer when rewriting (D.4) as shown in (D.5)

d—ﬂl 1 =
( 0 b_/lz)xv_o (D.5)

Note that the non-diagonal values (0 and 1) of the matrix A are not effected by the eigenvalues.
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