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Abstract

Degradation is a major issue for gas turbines and will result in reduced efficiency. Maintenance is, there-
fore, regularly performed to recover the performance. Monitoring the level of degradation and determining
the optimal time of maintenance is vital to ensure cost-optimal operation. Data-driven approaches for
determining the state of an asset are becoming an increasingly attractive approach and could provide sev-
eral benefits for monitoring degradation in a gas turbine. This thesis presents a systematic methodology
for measuring the level of degradation in a gas turbine with machine learning and suggests how to utilize
the results to determine the optimal time of maintenance. Moreover, the uncertainty associated with the
predictions will be evaluated using Bayesian recurrent neural networks. Through the proposed methods,
two case studies were performed based on a dataset from an offshore gas turbine, courtesy of Equinor
ASA. The first case study investigates the level of degradation in terms of power output, compressor
discharge pressure, and fuel consumption for three operating intervals in the dataset. In the second case
study, the optimal time of maintenance will be determined based on the reduced throughput of gas for
pipeline transmission and increased fuel consumption due to performance degeneration, and maintenance
downtime production loss. This thesis confirms that the proposed methodology can be used to determine
the level of degradation and that the uncertainty associated with the predictions can provide valuable
information to assess the correctness of the results. Finally, based on the level of degradation the optimal

time of maintenance was determined.
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Sammendrag

Degradering er et problem for gassturbiner og vil resultere i redusert effektivitet. Vedlikehold blir derfor
regelmessig utfgrt for & gjenopprette effekten. For & sikre kostnadsoptimal drift kan det veere gunstig a
bestemme nivaet av degradering. Datadrevne metoder blir stadig mer attraktive og kan tilby flere fordeler
for a overvake degradering i en gassturbin. Denne oppgaven vil derfor presentere en metode for a4 male
niva av degradering i en gassturbin med maskinleering samt beskrive hvordan resultatene kan benyttes for
& bestemme det optimale vasketidspunktet. Usikkerheten knyttet til prediksjonene vil bli evaluert med
Bayesian recurrent neural networks. Med den foreslatte metoden ble det utfgrt to casestudier basert pa et
datasett fra en offshore gassturbin. Fra datasettet ble det plukket ut tre operasjonsintervall. Den fgrste
casestudien undersgkte hvordan degradering pavirker kraft, utlgpstrykk i kompressor og drivstofforbruk.
I den andre casestudien ble det optimale vedlikeholdstidspunktet bestemt basert pa degraderingsnivaet.
Prosjektet har bekreftet av den foreslatte metoden kan brukes til & bestemme nivéet av degradering og at
usikkerheten knyttet til prediksjonene kan gi verdifull informasjon for & vurdere riktigheten av resultatene.

Til slutt, basert pa nivaet av degradering, ble den optimale vedlikeholdstiden for gassturbinen bestemt.
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1 INTRODUCTION

1 Introduction

Offshore platforms are reliant on gas turbines for power generation and pipeline transmission of produced
gas (Boyce, 2012). A major issue for gas turbines is degradation which results in performance deteri-
oration. There are several factors that contribute to gas turbine degradation. Fouling, erosion, blade
tip clearances, and object damage are some of the most common causes. Due to a loss in gas turbine
efficiency, the inlet mass flow of air, compressor discharge pressure, and power output decreases (Haq and
Saravanamuttoo, 1991). Increased fuel consumption is also a direct effect of gas turbine degradation and
causes both increased costs and emissions. To ensure a desirable gas turbine performance, maintenance
is performed to recover the losses caused by degradation. However, proper maintenance requires the
gas turbine to be shut down and results in production loss. Detecting and monitoring the degradation is

therefore important to ensure cost-effective operations and to determine the optimal time of maintenance.

Condition monitoring (CM) is a broad term that covers the methodology of utilizing measurements to
determine the status of an asset during operation (Gonfalonieri, 2019). For gas turbines, condition moni-
toring involves measuring the level of degradation to determine how it subsequently affects performance.
The rate of degradation depends on numerous factors such as load, pollution, humidity, and quality
of fuel. Consequently, the degradation rate is unique for different operation intervals for the same gas
turbine. Therefore, condition monitoring can provide valuable information regarding the specific state
of the gas turbine. The most common approach in the industry is to follow the instructions provided by
the manufacturer (Meher-Homji et al., 2019). These methods often involve using the measurements to
directly inspect abnormalities which can be caused by degradation. However, since the performance of a
gas turbine is affected by ambient conditions such as temperature, pressure, and humidity, this method
is only valid near standard reference conditions (Krampf, 1992). Also, a common approach frequently
involves simply staying alert of health symptoms such as the gas turbine failing to accelerate to full
speed. More advanced prognostic methods have also been proposed and can be classified into two main
categories: model-based and data-driven. Model-based prognostic is based on accurate mathematical
models describing the system to evaluate the overall performance based on the measurements. However,
the approach requires accurate models and can be time-consuming, expensive, and difficult to obtain
for complex systems (Adamowicz and Zywica, 2018). Data-driven methods have recently received great
attention due to promising potential and the ability to address the above-mentioned limitations as well
as providing accurate diagnostic. Both degradation forecasting (Zagorowska et al. (2020), Kiakojoori
and Khorasani (2016)) some forms of degradation monitoring has been investigated using data-driven

methods (Batayev (2019), M. Raghavan et al. (2019)).

However, there is a lack of a systematic data-driven methodology for degradation monitoring in literature.
Moreover, no attention has been brought to identifying and selecting suitable variables to monitor the

1



1 INTRODUCTION

performance deterioration from a machine learning perspective. There are also fundamental limitations
of machine learning methods that should be taken into considerations. For instance, the performance is
generally poor if the machine learning model is tested on a dataset that is outside the training range.
As a result, these predictions are often associated with large uncertainties. Assessing the uncertainty is
important because performance deterioration is not a measurable quantity. It is, therefore, no funda-
mental way to evaluate the correctness of the results. However, the uncertainty can provide information
regarding the confidence of the predictions, and can, therefore, be used as a measure to evaluate the
correctness. Based on the current challenges and knowledge gaps, this thesis aims to investigate the

following research objectives.

e Propose a machine learning methodology for monitoring degradation using historical data.

e Implement the methodology to investigate the level of degradation for measured variables in an

offshore gas turbine.
o Assess and evaluate the machine learning uncertainty linked to degradation monitoring.

e Apply the obtained degradation rates to determine the optimal time for maintenance.



2 GAS TURBINE BACKGROUND, PROCESS DESCRIPTION, AND DATASET

2 Gas Turbine Background, Process Description, And Dataset

The gas turbine is a power plant that generates large amounts of energy. The compactness, low weight, and
applications make it suitable for offshore platforms. For offshore applications, gas turbines are extensively
used to drive compressors for natural gas pipelines and for power generation (Boyce, 2012). However,
the performance of a gas turbine will deteriorate due to the ingestion of particles like sand, oil, and dust.
Monitoring the degradation is therefore important to ensure stable operation and optimal maintenance.
This section will present the basic working principle behind a gas turbine, degradation causes, and effects,
maintenance procedures, and previously proposed data-driven methods for forecasting and monitoring
performance deterioration. Finally, the process description and specifications of the dataset which are

used in the case studies will be introduced.

2.1 Basic Principles

A gas turbine is a combustion engine that converts natural gas or other fuels into mechanical energy
(Zohuri, 2015). The engine derives the power from burning fuel in a combustion chamber with high-
pressure air. A simple gas turbine consists of three main parts: a compressor, combustor, and turbine.
When compressed air is mixed with fuel and burned under constant pressure conditions the hot gas is
expanded through the turbine to perform mechanical work. Intercooling between compressors can also
be utilized to cool the air between stages, allowing for more fuel to be burned and thus generating more
power. This is the most common design for industrial gas turbines and is referred to as a two-spool gas

turbine. The process flow diagram for a two-spool gas turbine is shown in Figure 1.

Fuel
Combustion Chamber
HP Compressor HP Turbine
Air [t e
LANA
-
LP Compressor LP Turbine

Figure 1: Process flow-sheet of a two-spool gas turbine.

As shown in Figure 1, the air is compressed in two stages, by the low pressure (LP) and high pressure
(HP) compressor. The most common type of compressor for gas turbine applications with high power

3



2 GAS TURBINE BACKGROUND, PROCESS DESCRIPTION, AND DATASET

output requirements is the axial-flow compressor (Soares, 2008). In an axial-compressor, the working fluid
is accelerated and diffused by a series of rotating and stationary blades, respectively. It is the diffusion
process that converts the gained velocity to a pressure rise. An axial-flow compressor usually consists
of many stages, with each stage raising the pressure slightly. Since each stage produces low-pressure

increments, high compressor efficiencies can be achieved (Boyce, 2012).

After the air is compressed to the desired pressure, it will enter the combustion chamber where the fuel-air
mixture ignites, releasing energy as heat. Most modern gas turbines run on either natural gas, diesel fuel,
methane, or naphtha. Combustors play a critical role in the operating characteristics of a gas turbine,

such as efficiency and level of emission (Breeze, 2016).

After the combustion chamber, the exhaust gas is expanded in the turbine, producing mechanical energy.
For a two-spool engine, the HP and LP turbine drives the HP and LP axial compressor, respectively. Gas
turbines used for industrial applications are also connected to a power turbine (PT). Power turbines are
utilized for driving various loads. For the mechanical drive of a compressor train, the power output will
depend on the load and process conditions of the produced gas (Razak, 2007). The power and efficiency
characteristics of a gas turbine are, therefore, complex due to different turbomachinery and combustion

system interactions (Kurz, 2005).

The performance of a gas turbine will be affected by atmospheric conditions such as ambient pressure,
temperature, and relative humidity (El Hadik, 1990). For instance, the power consumed by the axial
compressor is proportional to the inlet air temperature. Thus, the performance of a gas turbine increases
as the ambient temperature decreases. A high relative humidity is also associated with increased power
output. A small ambient pressure can also contribute to poorer performance. However, this effect is
most notably for gas turbines installed at different altitudes. The load will also affect performance and
the efficiency will drop quickly as the load reduces. However, the efficiency of a two-spool gas turbine is

more robust for part-load operations (Smith, 2014).

2.2 Degradation

The performance of a gas turbine can deteriorate temporarily or permanently. The most common tem-
porary degradation causes are fouling, erosion, and blade tip clearances, whereas object damage, airfoil,
and platform distortion lead to permanent degradation (Fentaye et al., 2019a). These physical faults will
change the gas turbine characteristics, causing a decreased performance. Temporarily degradation can,

to some extent, be recovered by online and offline washing, or by major engine overhaul.

Fouling is caused by adherence of particles to the airfoils and annulus surfaces in an axial compressor
and is categorized as a recoverable temporary degradation cause. Smoke, oil mists, carbon, and sea salts

4



2 GAS TURBINE BACKGROUND, PROCESS DESCRIPTION, AND DATASET

are examples of particles that can build up on the airfoils and result in increased surface roughness. If
the gas turbine is not washed and maintained regularly, the build-up material can form a thick layer
of deposits and change the shape of the airfoil (Kurz and Brun, 2011). Fouling is the major cause of
performance deterioration, and is responsible for 70 to 85% of the total performance loss of a gas turbine
(Diakunchak, 1992). Table 3 summarizes the performance change indicators and resulting changes in the

gas turbine due to fouling.

Table 3: Summary of the degradation effects caused by fouling.

Physical Fault Performance Change Indicator Result
Fouling nd CDPJ, CDT?, Air Flow]  Power output |, Fuel Rate 1, EGT 1

Due to loss in compressor efficiency, the mass flow capacity of air will decrease. Consequently, there will
also be a reduction in compressor discharge pressure (CDP). Reduced efficiency and increased friction
between the surface of the blades and the airflow will also result in an increased compressor discharge
temperature (CDT). Combining these effects, the power output will, consequently, decrease (Haq and
Saravanamuttoo, 1991). However, the power turbine will still try to reach the desired power output by
increasing the fuel flow. Due to the increased fuel consumption, the exhaust gas temperature (EGT) will

thus also increase.

The rate of fouling is site-specific due to different environmental conditions at each plant. Moreover,
the deterioration rate is also affected by local changes in ambient and operating conditions. Ambient
conditions include factors such as humidity, airborne salt, carbon particles, dust, and oil (Ogbonnaya,
2011). Deposits of sea salts are commonly found in coastal or off-shore locations, oil and grease are
typically found in industrial areas while desert regions tend to attract more sand and dust particles

(Kurz and Brun, 2012).

In general, particles up to 10 microns are responsible for fouling. Industrial gas turbines are usually
equipped with an effective inlet air filtration system, which can restrain the rate of fouling. However,
the efficiency of the air filtration system decreases with finer particles. Therefore, a significant amount

of smaller particles will still enter the gas turbine and cause fouling (Kurz and Brun, 2012).

The main parameters that are affected by fouling are isentropic efficiency, the flow capacity of air,
compressor discharge pressure, and power output. There is, however, no consensus on the magnitude
of the extent of the deviation which is caused by compressor fouling (Fentaye et al., 2019a). As shown
in Table 4, the effects of fouling on different variables have been studied. The research to date has

tended to focus on the relative relationship between variables that are affected by fouling. Diakunchak
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(1992) reported that with a 1.8% reduction in isentropic efficiency the flow capacity and power output
decreased 5% and 7%, respectively. Similar findings have also been reported by Saravanamutto and
Lakshminarasimha (1985) which reported a 5% reduction in flow capacity with a corresponding decrease
of 2.5% in isentropic efficiency and 10% in power output. Moreover, Zwebek and Pilidis (2003) found
that a 2.5% decrease in isentropic efficiency resulted in a 8% reduction in power output and a 5%
reduction in flow capacity. Zaba (1980) suggested that a 1% decrease in mass flow rate corresponds to
a 1.25% decrease in compressor efficiency. Meher-Homji et al. (2019) argued that, as a rule of thumb, a
0.138 Bar loss in compressor discharge pressure will result in a gross loss in power output of IMW. The
degradation in terms of power output has also been expressed as a function of operating time. Tarabrin
et al. (1998) suggested that the degradation rate is most prominent during the initial operation before it

decays exponentially.

Table 4: Summary of previous findings on how degradation affects the gas turbine.

Reference Effect of fouling
Diakunchak (1992) 1 1.8%/, Power output 7%, m 5%
Saravanamutto and Lakshminarasimha (1985) 1 2.5%]., Power output 10%J, m 5%]
Zwebek and Pilidis (2003) 1 2.5%J, Power output 8%, m 5%, Fuel Rate 2.5% 1
Zaba (1980) Am | =1.25 An |
Meher-Homji et al. (2019) CDP | 0.138 Bar, Power output 1MW |
Giampaolo (2013) CDP | 2%, CDT 71 0.5%, EGT 1 3%, Fuel Rate 3% 1
Tarabrin et al. (1998) A Power (%) = a(1 — e %)

2.3 Maintenance

Since the axial-flow compressor can consume up to 60% of the work generated by the gas turbine it is
important to eliminate the effect of fouling to ensure overall high performance (Enyia et al., 2015). A
typical gas turbine can ingest large amounts of particles. For instance, it was reported that a 7.5MW gas
turbine operating in an environment with a particle concentration of 1ppm can ingest 5 kg of dust and
contaminants each day. Whereas if the gas turbine operates in a highly polluted area such as a mining
or oil field, up to 40 kg each day can be ingested by the axial compressor (Enyia et al., 2015). Even
though compressor fouling will not result in engine breakdown or fault, it will reduce the compressor
power output and efficiency. The state-of-the-art method for removing fouling is washing and is achieved

by injecting fluid at the front end of the gas turbine (Boyce and Gonzalez, 2005).

Washing can be categorized into online and offline. The former is performed under operation, while

the latter requires the gas turbine to be shut and cooled down. Therefore, offline cleaning is more
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expensive in terms of production loss due to downtime, and labor cost. Scheduling the offline washing
should, therefore, take into consideration the trade-off between loss due to deteriorated gas turbine
performance and lost production cost (Boyce and Gonzalez, 2005). Due to the high cost associated with
offline washing, online washing has become an increasingly attractive method since it is performed during
operation. Online washing if often scheduled regularly, and is performed more frequently compared to
offline washing. However, online washing is not as effective as offline washing and restores only partly
the loss in performance (Enyia et al., 2015). Online washing will, therefore, not eliminate the need for

offline washing, but rather increase the interval between each offline wash.

2.4 Predictive Maintenance

Degradation of important equipment and devices is a challenge several companies face and can lead to
both failure and reduced performance. Since the consequences of failures can be comprehensive many
companies use a precautionary approach referred to as preventative maintenance. The approach in
preventative maintenance is regular maintenance cycles to avoid failure. Thus, the current condition of
the asset does not affect the maintenance schedule (Meyer Zu Wickern, 2019). Since most companies
deal pessimistically with maintenance, the components of an asset will be replaced in good time ahead of
failures. Although regular maintenance is better than failures, this approach will often result in performing
maintenance before it is required. Therefore, to determine the optimal time of maintenance the concept
of Predictive Maintenance has becoming increasingly popular. The goal is to find patterns to forecast
and measure the state of an asset to prevent failures and obtain optimal schedules for maintenance.
Despite being widely used, Predictive Maintenance still faces challenges within reliability, robustness,

and accuracy (Gonfalonieri, 2019).

2.4.1 Condition Monitoring

Condition monitoring (CM) is a subcategory of Predictive Maintenance and utilizes measurements to
determine the status of an asset during operation. By continuously measuring the health status of an
asset, the current state can be used for maintenance planning (Gonfalonieri, 2019). For gas turbines,
the rate of performance deterioration will vary depending on operating conditions such as atmospheric
conditions, pollution, load, and quality of fuel. The degradation rate will, therefore, be distinct for all
operating intervals. Consequently, the main advantage of condition monitoring for a gas turbine is that it

allows operators to better schedule maintenance for optimal economic operation (Fentaye et al., 2019a).

The ability to predict and evaluate the health of a component over time is the foundation of condition
monitoring. The prognostic methods can be classified as data-driven, model-based, and knowledge-
based. Model-based prognostic utilizes accurate physics-based mathematical models. These models can
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be used to evaluate the performance based on the measurement readings. The model-based output
can be compared with the actual measurements to estimate the level of deterioration. However, this
analytical approach is most effective for small-scale systems since developing an accurate model can be
time consuming and expensive (Adamowicz and Zywica, 2018). Knowledge-based systems are based on
human expert knowledge and are developed based on facts and rules to mimic the advice given by an
experienced engineer. The prognosis system is often based on IF-THEN statements based on fault and
performance deterioration symptoms. Using knowledge-based systems is preferred when the problem is
well understood and the gas turbine operating conditions are stable and predictable. However, knowledge
acquisition is often time-consuming and will only cover known faults under similar operating conditions
(Fentaye et al., 2019b). The drawbacks of model and knowledge-based have resulted in an increased focus
and data-driven methods. Data-driven methods utilize historical data to make statistical relationships

to map input-output relationships. Thus, eliminating the need for developing detailed analytical models.

A considerable amount of literature has been published on fault detection and diagnostics using machine
learning methods. However, relatively little attention has been paid to degradation monitoring using
machine learning. Batayev (2019) proposed a method for estimating the degradation level based on fuel
consumption. The predicted fuel consumption was obtained by training a neural network on available gas
turbine measurements. The ratio between the calculated fuel consumption, from first-principle models,
and the predicted fuel rate was used as a measure for the level of degradation. M. Raghavan et al.
(2019) also used machine learning methods to measure degradation. The variables used for degradation
monitoring was compressor discharge pressure and temperature, and mass flow of air. However, the model
was trained on historical data which accommodated a normal rate of fouling. The machine learning
model could, therefore, only detect abnormal degradation. Kiakojoori and Khorasani (2016) used neural
networks to forecast fouling trends in an aircraft turbine. The neural network was trained on historical
data which was produced synthetically using modeling software. The aim was to forecast the turbine
temperature increase caused by fouling. Zagorowska et al. (2020) also proposed a method for degradation
forecasting based on historical data from an offshore gas turbine. The aim was to forecast a degradation
indicator, defined as the deviation between the efficiency of a healthy and a degraded gas turbine. The
healthy efficiency was calculated based on the data from the manufacturer, and the degraded efficiency was
obtained using the gas turbine measurements and simplified thermodynamic relationships. By assuming
the degradation rate was a combination of constant, linear, and exponential terms, the algorithm was

able to forecast the degradation indicator accurately for short to medium time intervals.

Despite several proposed techniques and methods in the literature, the most common practice in the
industry for detecting fouling is based on simpler methods and operator intuition (Meher-Homji et al.,

2019). For instance, being alert to gas turbine symptoms such as the engine failing to accelerate to
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full speed, high exhaust temperature and inability to run at full load. A common approach is also to
plot variables such as power output and correct it for a given ambient temperature, corrected speed,
or compressor mass flow rate and compare it with the compressor performance maps provided by the
manufacturer. Yet, this method is often this method is only valid close to standard reference conditions
(Krampf, 1992). Therefore, many operators claim that the only way of detecting fouling is by visual
inspection (Meher-Homji et al., 2019). However, for most designs, a visual inspection will involve the gas

turbine to be shut down.

2.4.2 Health Parameters

For condition monitoring, it is crucial to select suited variables for effective and accurate monitoring.
Variables which are used for monitoring the state of an asset is often referred to as health parameters.

There have been proposed several health parameters for monitoring the state of a gas turbine, such as:
e Compressor Discharge Pressure
e Compressor Discharge Temperature
e Compressor Isentropic Efficiency
e Compressor Air Flow
e Exhaust Gas Temperature
e Fuel Flow Rate
e Power Output

The requirements for a good health parameter are based on the methodology of visual inspecting of
the measurements and correcting for ambient conditions and load (Haq and Saravanamuttoo, 1991).

Generally, the health parameters should,
e provide an accurate and repeatable indication of compressor condition
e serve as an accurate indicator of the state of the gas turbine.
e not be affected by external variables and load
o be affected sufficiently to reduce effects of measurement noise.

Moreover, Haq and Saravanamuttoo (1991) also argued that health parameters that are calculated using
monitoring software based on several measurements are associated with a larger uncertainty for degrada-
tion and can be unsuitable. For instance, the inlet compressor airflow is calculated using total pressure
and temperature, and static pressure. Since each variable is associated with a corresponding measurement
error, the calculated value will be uncertain. The same argument was also made for isentropic efficiency,

9



2 GAS TURBINE BACKGROUND, PROCESS DESCRIPTION, AND DATASET

where inlet and outlet pressures and temperatures are necessary. The power output is also calculated
by two measurements, the torque and shaft speed. Haq and Saravanamuttoo (1991) argued that the
compressor discharge pressure is the most suitable parameter for monitoring performance deterioration.
Firstly, because the compressor discharge pressure is measured directly and, secondly, it exhibited a

consistent downward trend due to degradation.

2.5 Optimization Of Washing Schedule For Economic Operation

The frequency between each shutdown to perform offline washing will depend on the accumulated level
of degradation (Hanachi et al., 2018). Operating a gas turbine in a deteriorated state is associated with
significant costs. Cost related to performance loss must address the value of the resulting shortfall in
power output. How the reduced power output affects the revenue will depend on the specific application.
For electrical power generation, the loss can be calculated through the shortfall in power output and
electrical price. However, for offshore applications, the loss can be estimated as the reduction of the
throughput of gas compressed and moved through the pipeline and the sales price of the gas. Moreover,
to compensate for the loss in performance, the fuel consumption will also increase thus adding additional
costs. On the other hand, there are costs associated with gas turbine washing. These costs include the
loss in production caused by downtime, labor costs associated with washing and fixed costs (Hanachi

et al., 2018).

2.6 Process Description And Dataset

This section will briefly cover the process that will be taken into consideration. There are two main parts
of the process: the gas turbine and compressor train. The process flow-sheet for the system that will be

considered in this thesis as well as a selection of the measured variables are shown in Figure 2.
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Figure 2: Flow-sheet of the process that will be considered in this thesis. The process consists of a gas turbine

and a compressor train.

The gas turbine is a two-spool engine as previously introduced in Figure 1. However, since the measure-
ments only incorporate the input and output for the first and second, respectively, for both compressor
and turbine, the gas turbine will be considered as a single-spool engine, as shown in Figure 2. The gas
turbine delivers power to two components; the axial compressor and the compressor train. The com-
pressor train consists of two compressors, the 1%t and 224 stage compressor. The compressor train is

responsible for compressing the produced gas and is considered as the bottleneck in the process.

The dataset is sampled during one year of production and origins from the Heidrun oil and gas field. The
variables are sampled approximately every five minutes. The most important variables which are sampled
regarding the gas turbine are shown in Figure 2. The dataset is characterized by regular shutdowns,
which are either caused by offline washing or trips. The time of washing can be identified by an increased
performance after shutdown, while the compressor trips in general yields the same performance after
shutdown. It was identified in total four time series segments where the time of washing could be
determined at the start and end of the operating interval. However, one of the operating intervals was

disturbed with numerous trips and was therefore not chosen to investigate further.
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3 Machine Learning Background

Machine learning is a branch of artificial intelligence that identifies patterns for regression analysis and
makes decisions without human intervention (Mak et al., 2019). A popular machine learning algorithm
for time series analysis is the recurrent neural network, abbreviated as RNN. Due to recurrent connec-
tions between each prediction step that mimics the concept of memory, RNNs have proven to be superior
for data with sequential characteristics. However, machine learning models do have some fundamental
limitations. For instance, poorly tuned models, noise and dissimilar training and test set distribution
can decrease the performance (Gal, 2016). Evaluating prediction confidence is, therefore, becoming an
increasingly attractive field of study. In other words, it is desirable to assess whether the predictions can
be trusted. This section will present the necessary background on recurrent neural networks and how to
obtain uncertainty through Bayesian methods. Moreover, machine learning uncertainty causes and inter-
pretations will also be introduced. Finally, Bayesian hyperparameter optimization will be presented as a
tuning technique. The following sections assume the reader to be familiar with common machine learn-
ing concepts such as feed-forward neural networks, hyperparameters, backpropagation, weight matrices,

dropout, and activation functions. Otherwise, Appendix A will cover the necessary background.

3.1 Recurrent Neural Networks

RNNs or recurrent neural networks are a class of neural networks that are suited for sequential data.
Feed-forward architectures can struggle with sequential data as there is no information flow between each
pass of a data point. RNNs, on the other hand, allows for temporal dependencies that enable the network
to account for time (Witten et al., 2017). Briefly explained, RNNs perform the same task for each data
point in the sequence, where the output from a previous data point is passed on to the next computation.
The information is fed through hidden layers between each step, which gives the RNNs the characteristics

of memory. Figure 3 shows the architecture of one RNN cell.
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Figure 3: Illustration of an RNN cell and the information flow. For each time step, the RNN cell produce a new

hidden state based on the previous hidden state and input.

Figure 3 shows how the input from a previous timestep and current input is feed into an activation
function to produce the current hidden state. The calculation of the current hidden state can be expressed
mathematically as,

hy = sigmoid(z:Wp, + he—1Up) (1)

Where z; denotes the input, h;_1 the previous hidden state, h; the current hidden state, W} and Uy,
the weight matrices for the input and hidden states, respectively (Sherstinsky, 2018). However, RNNs
tend to store short-term information. That is, if the input sequence is long, the information from earlier
time steps can fade. RNNs also have issues with vanish gradients during backpropagation (Witten
et al., 2017). Gradients are the values that are used to update the weights and have therefore a large
impact on the training process. Therefore, a long sequence of multiplied gradients will result in the final
gradients to, if not vanish, become too small to contribute with learning. To overcome the limitations of
an RNN, Hochreiter and Schmidhuber (1997) suggested a recurrent algorithm named Long Short-Term
Memory, commonly referred to as LSTMs, and were designed to retain long-term dependencies. With
internal mechanisms called gates, the network can control and filter the important information. There
are four gates in an LSTM: the input, forget, output, and input modulation gate. The gates decide
which information to keep and forget during training. The remainder of this section will outline the
working principles behind LSTMs based on the article published by Hochreiter and Schmidhuber (1997).
However, the notation is simplified as presented by Phi (2018). Figure 4 shows the architecture of one

LSTM cell.
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Figure 4: Illustration of an LSTM cell. The figure shows the information flow, operations, and activation functions

for the four main gates: input, forget, output, and input modulation gate.

The most distinct feature that separates the LSTM from an RNN is the cell state, denoted ¢; and ¢;—1
in Figure 4. The cell state transfers relevant information throughout the network and makes sure that
information from earlier time steps is accounted for. The cell state is thoroughly regulated by the gates
by either adding or removing information such that the most important information from earlier steps is
passed on. In this way, the LSTM is better equipped to hold on to long term information opposed to an
RNN.

The forget gate, f;, decides what information should be preserved and rejected from prior steps. Infor-
mation from the previous hidden state, h;_; and current input, x; is sent through the sigmoid activation

function. The forget gate can be mathematically expressed as,

fi = sigmoid(hy Uy + 2, Wy) (2)

Where Uy and Wy are weight matrices for the hidden and input state in the forget gate, respectively. The
forget gas outputs a vector with values between 0 and 1 which indicates the importance of the information
from prior steps. Where 1 signifies that information should be remembered, and 0 means the information

can be forgotten.

The input gate, i;, decides whether any new information, based on the current input, is going to be
saved in the cell state. Similar to the forget gate, the hidden state and input are passed through a
14
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sigmoid function which outputs a vector between 0 and 1 and indicates the importance. The hidden
state and input are also passed by the input modulation layer, g;, and is a tanh function which outputs
values between -1 and 1. The output from the input gate and the input modulation gate is multiplied to

determine what information to keep. The input gate can be expressed as,

iy = sigmoid(h,—1U; + z,W;) )

Where U; and W; are the weight matrices for the hidden and input state in the input gate, respectively.

The input modulation layer is given as,

gt = tanh(ht_lUg + l‘th) (4)

Where U, and W, are the weight matrices for the hidden and input state in the input modulation gate.

Based on the input, input modulation gate and forget gate the new cell state can be calculated. First, the
previous cell state is pointwise multiplied (®) with the forget vector, f;. This ensures the cell state removes
information that was decided to ignore based on the forget gate. Then, the pointwise multiplication of
the output from the input and input modulation gate is also added to the cell state. In this way, the
network can update the state to new values that it finds relevant. The calculation of the new cell state
is as follows,

c=[tOc 1+ Ogs (5)

Lastly, the output gate determines the next hidden state. In LSTMs hidden states are both used to
transfer information from previous inputs and for making final predictions. To calculate the current

hidden state, the previous hidden state and current input are passed through a sigmoid function,

o = sigmoid(hy_1U, + z;W,) (6)

Then, the hidden layer can be determined from the state of the output gate and the current cell state,

ht = 0 ® tanh(c;) (7)

To summarize, the most important gates and their functionalities are as follows,
e The forget gate determines relevant information from prior steps.
e The input gate determines relevant information to add based on the current step.

e The output gate determines the next hidden state.
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LSTM cells can also be stacked to build a deeper network. The number of stacked LSTM cells is referred
to as hidden layers. Figure 5 shows the architecture and information flow of an unrolled LSTM network

with two hidden layers. At the end of each LSTM chain, the network outputs a prediction, y*.
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Figure 5: Illustration of an LSTM network with t unrolled steps and two hidden layers. The figure shows the

information flow of the input layer, hidden layer, and cell state between each layer and time step.

3.1.1 Bayesian Neural Networks

During the last years, neural networks have gained large recognition for outstanding performance in many
different tasks. Recently, assessing the uncertainty linked to the predictions has also gained attention
(Gal, 2016). One way of obtaining uncertainty is by the use of Bayesian neural networks. Bayesian neural
networks is a family of neural networks where the weights are represented by distributions instead of point
estimates (Neal, 1996). Yarin Gal and Zoubin Ghahramani (2016) proposed a method to obtain model
uncertainty using dropout, i.e. dropping random units in a neural network, and was able to quantify the
prediction uncertainty of the neural network based on a Bayesian interpretation. The idea is to perform
dropout on multiple passes during the training and test phase. This approach will then be equivalent to
Monte-Carlo sampling over a Gaussian process posterior approximation. The derivation is outside the
scope of this thesis, instead, and this section will briefly present the basic concept and how to obtain
model uncertainty from a practical perspective. The approach is first presented in the context of feed-

forward neural networks and the adaption for recurrent neural networks will be covered in Section 3.1.2.

To estimate the expected values and corresponding variance, the posterior distribution over all parameters

is required. Applying Bayes Theorem, the posterior of the most likely model parameters, given the

16



3 MACHINE LEARNING BACKGROUND

observed data, X and Y, can be expressed as,

P(Y | w, X)P(w)

Pw|X,Y) = P ) (8)

Where P(Y | w, X) is the likelihood of the occurrence of Y, given the model parameters w and input X.
P(W) is the prior and P(Y | X) is the normalizer. The idea is then to predict y* based on an unseen
datapoint x*. By integrating over all network weights, w, the expected output can be found through a

process known as interference.

Py | 2, X,Y) = / Ply* | %, w)P(w | X,Y)dw ()

However, the true posterior P(w | X,Y) cannot be evaluated analytically for more complicated models due
to a complex form of the probability distribution. Based on the findings of Graves (2011), a variational
scheme can be used to approximate the Bayesian posterior distribution. The idea is to introduce a
simplified approximate distribution, ¢ that is easier to evaluate compared to the initial distribution. ¢

will then severe as a variational approximation, with corresponding variational parameter 6.

g(w| X,Y)=~ Plw]| X,Y) (10)

To ensure that ¢y is a good approximation of the true posterior distribution, the Kullback—Leibler di-
vergence between the two functions can be minimized with respect to . However, introducing the
Kullback-Leibler divergence results in an intractable integral. Monte-Carlo (MC) integration can then
be performed to estimate this quantity and uses random sampling of the function to numerically approx-

imate the integral.

By selecting ¢ as a variational distribution that resembles dropout and sampling w from ¢(w) with MC
integration, the following objective function can be obtained.

1 — Pmec

P (11)

N
T W.pne) = =3 S log Pa | Y) +

i
Where J denotes the objective function, W the weights, pme the dropout probability and @) the weight
sample drawn from the variational approximation gg. In the test phase, two quantities are of interest,
the expected model output - the predictive mean, and the confidence associated with the predictions
- the predictive variance. By performing T passes over the neural network during the test phase with
new dropout masks for each pass, the empirical samples can be used for finding the predictive mean and

variance,

E(y" )~ = > Pla” | ") (12)

t=1

Nl =
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T
Y P |9%) —E(y")TE(y") (13)

t=1

1
Var(y*) ~ 0° + —
ar(y") = o +
Where E(y) is the expected model output and Var(y) is the predictive variance. o the noise associated

with the data. This is an uncertainty that cannot be reduced by including more data.

3.1.2 Bayesian Recurrent Neural Networks

MC dropout has proven to be a good approach for obtaining the uncertainty in neural networks. However,
applying the technique in recurrent neural networks has proven to be challenging. Studies have shown that
adding dropout in recurrent layers can add noise and drown the signal between the recurrent connections
(Zaremba et al., 2014). Therefore, it was concluded that dropout should only be applied to the input
and output connections. Gal (2015) proposed variational dropout with repeating dropout masks for each
input, output, and recurrent layer for each time step. By following the same approach briefly described
in the previous section, and inserting for the recurrent gate equations described in Section 3.1, the
reasoning for the same dropout mask at each time step can be proved. This method is different from
previous techniques where all time steps have distinct dropout masks. The proof for this approach is
outside this thesis scope. Instead, the practical aspects and how to obtain model uncertainty will be

covered.

As described in Section 3.1, the four main gates of an LSTM is the input gate, forget gate, output gate,
and input modulation gate. Gal (2015) suggested a re-parameterisation of LSTM model to based on
Equation 2, 3, 4 and 6,

i sigmoid
f sigmoid X
= A%% (14)
o sigmoid h;_4
g tanh

Where W is the set of weights introduced in Equation 2, 3, 4 and 6, and is defined as W = {W;, U;, W, Uy
Wo,Us, Wy, Uy} There are some differences between taking basis in the parametrisation presented in the
above-mentioned equations and Equation 15. For the gate parametrisation described by the equations
presented in Section 3.1, the dropout mask is placed over the weight matrices rather than the input.
Whereas for the parametrisation in Equation 15 the dropout masks is applied over the actual input and
hidden layers. The advantage of the latter approach is a faster forward pass, but with slightly diminished

results. The dropout variant can therefore be written as,
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i sigmoid

f sigmoid Xt © 2y

Ly g t ( 1 5)
o sigmoid h;_1©z,

g tanh

Where z, and zj denotes the dropout masks. Conceptually, since both feed-forward and recurrent neural
network use MC dropout to approximate the posterior distributions, the expected values and variance can
be derived from the posterior distributions shown in Equation 12 and 13. Figure 6 shows a illustration

of the proposed dropout technique in an LSTM where the colored connections represents dropout masks.
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Figure 6: Illustration of a variational LSTM with the proposed dropout technique proposed by Gal (2015), where
each timestep have the same dropout mask. The colored lines shows the different dropout masks for the input,

cell state, and output connections.

3.2 Machine Learning Uncertainty

An important consideration when evaluating predictions should be whether the machine learning model
is certain. It is commonly accepted that predictions are unreliable if the model is tested outside the
distribution it was trained upon and machine learning models are therefore often considered as ”a prisoner
of its training data set” (Minns and Hall, 1996). This fact is often neglected when deploying machine
learning models into the real world (Varoonchotikul, 2003). There are different sources of uncertainty

associated with the predictions from a machine learning model.

An unrepresentative training set is one of the most common sources of uncertainty. As mentioned

above, the uncertainty tends to be large if the test set is outside the trained scope. The absence of

19



3 MACHINE LEARNING BACKGROUND

representative training data results in epistemic uncertainty (Gal, 2016). An intuitive explanation for
epistemic uncertainty is the level of consistency in the predictions. It is, therefore, a measure of how
well models agree on the outcome. For instance, if multiple models produce deviating predictions, the
data it was trained upon did not succeed in capture the full range of the underlying relationships. This
is also apparent by inspecting the second term in Equation 13. If the sampled predictions deviate, the
variance will also, consequently, increase. However, epistemic uncertainty can be reduced by increasing

the training set and could theoretically be eliminated.

Epistemic uncertainty also includes model uncertainty and can be further classified into uncertainty in the
model parameters and structure. Structure uncertainty includes the selection of an appropriate machine
learning model such as a feed-forward, recurrent, or convolutional neural network (Gal, 2016). In other
words, structure uncertainty describes how well the model explains the given data. Choosing a model
that is not suited to explain the type of data, whether it is a time series, images, or sentences, can,
therefore, lead to uncertainty. Uncertainty in model parameters reflects the uncertainty in the weights
and biases and is described by the Bayesian posterior P(w | X,Y). There will often be several models
and parameters that can be used for explaining a dataset. The issue is, however, how to generalize
the parameters in the model such that it can be useful for an unseen dataset. When training a machine
learning model details are often discarded in order to generalize the underlying relationships in the dataset
(Brownlee, 2019). As such, the model will make errors on both the training and test set thus causing

uncertainty associated with the generalization.

Aleatoric uncertainty arises due to the stochastic variability in data sampling, for instance, due to an im-
perfect sensor. Every aspect of collecting the measurements that is unknown and introduces randomness
is categorized as aleatoric uncertainty. Aleatoric uncertainty is a irreducible uncertainty. In other words,

it cannot be reduced by including more training data or improving the model (Gal, 2016).

3.3 Bayesian Hyperparameter Optimization

Machine learning models frequently involve tuning of model hyperparameters. If the set of hyperpa-
rameters is selected poorly, the performance can be significantly affected. Conceptually, the objective of

hyperparameter tuning is to minimize the validation error as a function of the hyperparameters,

©* = argminf(©) (16)
©

Where ©* denotes the optimal set of hyperparameters and © the set of hyperparameters in the search
space. The challenge is, however, that f(©) is an expensive function to evaluate. For each time the

function is evaluated a new model must be trained and validated.
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There are four main ways of finding the optimal set of hyperparameters, hand-tuning, grid-search,
random-search, and Bayesian hyperparameter optimization. Hand-tuning the hyperparameters can be
time-consuming. Besides, the optimal set of hyperparameters can be counter-intuitive. Grid-search can
also find the optimal set of hyperparameters by iterating through every combination. This brute-force
approach can also be time-consuming since the number of joint combinations grows exponentially. In
random-search, the sets of hyperparameters are selected randomly. Random-search is similar to grid-

search but has proven to yield slightly better results (Yakowitz and Lugosi, 1990).

Bayesian hyper-parameter optimization has proven to be a superior alternative to the above-mentioned
methods. Rather than testing every combination in the search space, the Bayesian approach offers a more
intelligent procedure by selecting the next set of hyperparameters to evaluate based on prior knowledge
(Lévesque et al., 2016). There are two main concepts in Bayesian hyperparameter optimization: the
surrogate model and the acquisition function. The surrogate function is an approximating of the objective
function, f(0©), and is computationally cheaper to evaluate. Due to the flexibility and tractability, a

Gaussian process prior is often selected as the surrogate function for f(©) (Snoek et al., 2012).

f(©) ~ GP(u(©),k(8,8) (17)

Where ©(©) denotes the mean, and k(©,0’) the covariance. For each sample, the surrogate will map
the mean and variance for the search space (Snoek et al., 2012). The purpose of the acquisition function
is to propose a new set of hyperparameters that are most likely to improve accuracy. The next set of
hyperparameters proposed by the acquisition function is based on the posterior distribution from the
surrogate model. A widely used acquisition is the expected improvement and is defined by Equation 18
(Lévesque et al., 2016).

EI(©) = E[maz(0, f' — f(©))] (18)

Where f’ denotes the best accuracy for f(©) so far. The expected improvement is generally large for
unexplored regions of f(©). Figure 7 illustrates one step of Bayesian hyperparameter optimization (B.
Shahriari et al., 2016). Even not usually known, the black dashed line illustrates the true objective. By
sampling different sets of hyperparameters the surrogate function, shown in black, maps the corresponding
mean and variances. Based on this information the acquisition function, shown in green, determines the
next sampling point based on the expected improvement. The expected improvement is generally large
for points that are expected to be good and low for previously sampled observations. An important
feature of the acquisition function is the trade-off between exploitation and exploration. In other words,
if the acquisition function should explore larger parts of the search space of hyperparameters or exploit

smaller regions.
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Figure 7: Illustration of one step with Bayesian hyperparameter optimization. The figure shows how new sets of

hyperparameters are sampled, how the surrogate model approximates the true objective, and how the acquisition

maps the corresponding expected improvement (B. Shahriari et al., 2016)
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4 Proposed Methodology

Set aside the general advantages of using data-driven methods for condition monitoring, such as elimi-
nating the need for complex analytical models, using machine learning methods to estimate the level of
degradation for a gas turbine has several benefits. Firstly, machine learning methods can handle varying
ambient conditions. As briefly explained, the performance of a gas turbine will change under different
atmospheric operating conditions. Ambient variables can be included as input features thus making the
model able to differentiate between performance changes in ambient conditions and degradation. The
gas turbine and compressor train loads can also easily be incorporated into the machine learning model
such that the relative increase or decrease in output caused by degradation can also be distinguished

from changes due to load.

Moreover, the rate of degradation will be dependent on local operating conditions such as humidity, rain,
and pollution. Thus, it is expected that the performance deterioration is unique for all operating intervals.
What makes machine learning a superior method for these problems is that it can find the degradation rate
without any knowledge about external conditions. In this way, the degradation rate can be customized
for each specific operating interval. However, due to the black-box characteristics of machine learning
methods, information about what is causing the degradation is not obtainable. Therefore, the extent of

performance loss that is recoverable by maintenance cannot be determined.

To date, there has been little agreement on a general methodology for monitoring the level of degradation
in a gas turbine with machine learning. This section will, therefore, present a systematic approach to
several aspects such as choosing training, validation, and test data set, feature selection, and preprocess-

ing.

4.1 Key Concept

One of the main objectives of the thesis is to measure the gas turbine degradation with machine learning.
However, since degradation is an immeasurable variable, a common approach is to use health parameters
that will serve as a unit of measure for degradation. That is, the health parameters will serve as a
replacement for measuring the degradation directly and will be used as an indicator for determining the

level of gas turbine deterioration.

The strategy is to train and validate the machine learning method on data that are sampled under "new
and clean” conditions. In other words, the machine learning model will be taught what outputs which,
in this case, is the health parameters, corresponds to certain inputs under the assumption that the gas
turbine is new and clean. In the test set, the input-output correlations are assumed to be different due to
degradation. The machine learning model will, therefore, predict the output which is expected if the gas
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turbine was new and clean on the test set. The bias between the predicted expected output and the true
measurement can, therefore, be used as a measurement for the level of degradation. Based on a physical

interpretation, there are two sources that cause bias in the test set.

e For the same inputs, the gas turbine will not yield the same output in a deteriorated state.

e To achieve the same output in a deteriorated state, the gas turbine must manipulate the input

variables.

The first case describes a gas turbine working either at full-load or close to an operating constraint. At
full load, the gas turbine generates maximum output thus system variables cannot be altered to increase
the capacity. Thus, if the gas turbine deteriorates the output will exhibit a constant downwards trend.
Operating constraints, such as maximum exhaust gas temperature, may also cause the gas turbine to
limit its capacity. For instance, increasing fuel flow will also increase the exhaust gas temperature. This

will, therefore, limit the gas turbine to produce the desired output in a deteriorated state.

The latter case describes a gas turbine working part-load and far off from the operating constraints. Then,
as the gas turbine deteriorates, manipulated variables in the system can be adjusted to compensate for
the loss in performance. However, under normal operating conditions, these inputs would correspond
to a different output. For instance, if the compressor deteriorates and the fuel flow is increased to
maintain constant power output, the increased fuel flow would, under "new and clean” conditions, actually

correspond to a larger power output.

Whether the gas turbine operates full-load, part-load, or close to an operating constraint is conceptually
irrelevant for the machine learning model. Since the machine learning model only maps the input-output
correlations for a new and clean gas turbine, it will capture changes due to deterioration in both the
inputs and outputs. Figure 8 shows the main concept for measuring the performance deterioration in the

training and test phase.
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Machine Learning
Baseline Model

«New and clean»

. *
Xclean Yclean Bias = y expected ~ Ydeteriorated

Degradation
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xdeteriorated, Ydeteriorated

Figure 8: Scheme of the proposed methodology. Based on the dataset (XcieansYeclean) the model is trained (f:
Xelean = Yelean)- The model is tested on a dataset (XdeteoriatedsYdeteoriated) from a deteoriated gas turbine from
where the expected output, yipected can be obtained. The bias between the predictions and true output (y2pected-

Ydeteoriatea) Will serve as a measure for the level of degradation.

In Section 3.1.1 the term ”expected” referred to mean of the predictions generated by multiple passes in
a Bayesian neural network. In the context of this methodology, "expected” is also the mean found by
a Bayesian neural network. However, the term is emphasized because it refers to the prediction that is
generated by the baseline machine learning model. The term ”expected” is conceptually used because
the machine learning will make predictions under the assumption that the gas turbine is working under
new and clean operating conditions. That is, the machine learning model will predict the output which

is expected if the gas turbine did not undergo performance deterioration.

It is also important to emphasize that the method differs from what is generally thought of as traditionally
machine learning objectives. Typically, in machine learning, it is desirable to minimize the error between
the true and predicted output. In contrast, the objective for this task is to predict variables which are
expected if the gas turbine is clean, and a deviation between the predictions and true values are therefore

both expected and the key to measure the degradation.

4.2 Training, Validation, And Test Sets

Splitting the dataset into a training, validation, and test set is a common practice in machine learning and

is important to ensure good generalization, prevent overfitting, and provide high accuracy on unseen data.

The training set is the dataset that is used to fit the data in the model. In other words, it is the data the
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machine learning model sees and learns from. The validation data is the dataset that is used to prevent
overfitting and tuning the hyperparameters. That is, the validation set ensures the generalizability and
improves the ability to predict on datasets which the model has not been trained upon. The test set is
used to provide an unbiased evaluation of the final model. The machine learning model will therefore

never see or adjusted according to the test set (Molin, 2019).

The challenge when choosing appropriate training, validation, and test sets are that the objective is to
train the machine learning model under the assumption that the gas turbine is working under "new and
clean” operating conditions. Two difficulties will, therefore, arise when choosing appropriate training,
testing, and validation set for this specific case. First, it must be determined when the gas turbine
is assumed to be new and clean. Secondly, it will reduce the flexibility of choosing a training set of
sufficient size. If the model is trained at a section where the gas turbine already is degraded, the model
will, consequently, learn the input-output relations for a deteriorated gas turbine. Hence, the predictions
of the expected output in the test set can be underestimated. Moreover, the input distributions of the
training set must also be representative for the test set. If not, the model will easier overfit and the
uncertainty will increase. Even though many papers suggest that fouling tends to be more severe during
initial operation, manufacturers and vendors will usually define the gas turbine to be "new and clean” for
the first 100-250 hours after initial site commissioning (Noordermeer and Eng, 2019). After considerable
operation hours, the closest a gas turbine can get to "new and clean” is immediate after washing and

major overhaul.

Based on the "new and clean” definition of 100-250 hours and taken into consideration the training set
must be of sufficient size, the first seven and three days (240 hours) of initial operating after washing and
overhaul will be used for the training and validation set, respectively. In this way, the model will both be
trained and validated on a data set that can, to a reasonable extent, be considered clean. The remainder
of the time series segment will then be considered degraded and will be used as test set. To increase the
size of the training set, previous training and validation sets will be merged into the current training set.
However, training and validation sets from time series segments that are sampled after the current time
series segment will not be merged into the training set. Even though the data are from the same gas
turbine under similar operation conditions, making predictions with a model that is trained on future
data can be misleading. The partitioning of training, validation, and test set for time series segments 1,

2, and 3 are illustrated in Figure 9.
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Figure 9: Selection of training, validation, and test set for time series segments 1, 2, and 3. Training and validation

data sets from previous operation intervals will be merged into the current time series segment training set.

4.3 Evaluating The Uncertainty

An important part of the proposed methodology is to assess the uncertainty associated with the predic-
tions. For condition monitoring of a gas turbine, evaluating the uncertainty is crucial due to two reasons.
Evaluating the correctness and performance of a machine learning model is usually straightforward. For
regression problems, the accuracy can be measured by how well the predicted values fit the true data.
However, since the degradation is not directly measurable and is found from the bias, there is no fun-
damental way to describe the accuracy of the results. Therefore, uncertainty can severe as an indicator
of whether the results can be trusted. Thus a large uncertainty would imply that human inspection is
needed to revise the results. Secondly, evaluating the uncertainty is important because a system under-
going degradation will result in different training and test set distributions. For instance, if the power
output in a gas turbine decreases due to degradation, this will also cause the rest of the system, such as
throughput of gas, to drift. A gas turbine will, therefore, most likely enter different operating conditions

in a degraded state. For simplicity, only the epistemic uncertainty will be assessed for this thesis.

4.4 Optimal Time Of Washing

Through the proposed method described in Section 4.1, the level of degradation expressed in terms of

the health parameters can be obtained. Before the proposed method for determining the optimal time
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of washing is presented, the cost associated with maintenance and degradation which will be considered
in this thesis will be covered. There are in general two factors that contribute to the economic loss
caused by gas turbine performance deterioration. The first is the increased fuel costs. As the compressor
deteriorates the gas turbine will compensate by increasing the fuel flow to reach the desired power output.

The increased fuel flow caused by gas turbine degradation can be expressed as,

qucl = Cfucl(mfucl, true — mfucl, cxpcctcd) (19)

Where Ct,e1 denotes the cost of fuel, 1ipyel, true - the actual fuel rate and Mgyel, expected - the expected fuel

rate if the gas turbine was new and clean.

Gas turbine deterioration loss must also address the value of the resulting decrease in power output. For
offshore applications, the power shortfall translates to a decreased flow of gas moved through the pipeline.
However, this assumes that the flow of gas through the compressor trains is the bottleneck. That is, the
flow of gas in the compressor train can, to a reasonable extent, be increased if the power output from the

gas turbine is increased. The cost associated with the reduced throughput of gas can be expressed as,

Jgas = Cgas(mgas, true = 7/.ngas, cxpcctcd) (20)

Where Cgas denotes the cost of the produced gas, 7igas, true the actual gas rate and 7igas, expected the

expected throughput of gas if the gas turbine was new and clean.

The maintenance cost must also be included and incorporates the fixed and variable costs, such as
labor expenses and cleaning supplies, and cost due to downtime. Since the fixed and variable costs of
washing are not available for this project, only the loss associated with downtime production loss will be

considered. The average maintenance costs due to downtime can there be expressed as,

Jwash = mgascgasidowntime (21)
Where my,s denoted the average production of gas and tdowntime the average maintenance downtime.

It is assumed that the optimal time of washing can be found as the intersection between the total loss in
fuel consumption and throughput of gas, and the cost associated with downtime. The optimal time of

maintenance is therefore when,

Jgas + Jtuel = Jwash (22)
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Since the fuel and produced gas costs are not available for this thesis, they are assumed to be equal.

Thus, the optimal time of washing can be simplified to,

mgastdowntime = (mfuel, true — mfuel, expected) + (mgas, true — mgas, expected) (23)

Based Equation 23, there are two key terms that must be determined: the expected fuel consumption
Mfuel, expected a0 the expected throughput of gas in the compressor train, mgas, expected- The expected
fuel consumption can be obtained by the proposed method from Section 4.1. Conceptually, the same
method could be used for finding the expected throughput of gas. However, it is desirable to use an
approach that makes the effect of performance deterioration on gas throughput obvious for the machine
learning model. Therefore, the proposed method involves utilizing the expected power output which can
also be found by the method in Section 4.1. The idea is to train a machine learning model with the
throughput of gas as the target variable. As shown in Figure 10, the machine learning model will be
trained based on the actual power output. Then, to find the expected throughput of gas, the expected
power output will replace the actual power output as an input to the machine learning model. The goal
is then to predict the throughput of gas if the power output was not affected by degradation. The bias

between the actual and expected throughput of gas can then be used as a measure for the lost production

Machine Learning Model

of gas.

Power Turhine Compressor Train

—

>
P

A4

Figure 10: Scheme of the proposed methodology. Based on the dataset (X,Y) where the actual power output is a
subset of the dataset (X D power), the model is trained (f: X — Y). The model is tested on a dataset (x,y) with

the expected power output as a subset of the dataset (x D expected power).
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4.5 Machine Learning Model, Preprocessing, And Tuning Pipeline

The machine learning model which will be used for this thesis is the Bayesian LSTM as introduced in
Section 3.1 and is tuned with the pipeline described below. The implementation of Bayesian LSTM can
be found in Appendix D. A machine learning pipeline describes the steps in order to train a model. The
pipeline proposed by Bikmukhametov and Jéschke (2020) is used for tuning the model and is presented
in Figure 11. First, the training, validation, and test set are selected. Then the data is preprocessed
to transform the raw data into useful information which the machine learning model can interpret.
Preprocessing will comprise handling missing values, smoothing, and scaling the data. Background
for preprocessing is covered in Appendix B. Then, the hyperparameters are tuned. In this thesis, the
hyperparameters are tuned with Bayesian hyperparameter optimization as described in Section 3.3. The
learning rate, hidden layers, and dimension of the hidden state are tuned for the machine learning model.
The dropout probability was set to 0.1. Initially, the sequence length for each forward pass was also
tuned. However, since the optimal sequence length always produced the same result is was discarded as
a tuned hyperparameter. When the optimal set of hyperparameters is obtained, the machine learning

model is reinitialized and trained with early stopping to avoid overfitting.

Split data Preprocess Bayesian Hyperparameter Train based on
early stopping

Make estimates
Optimization on | Validation

BN Steck Frofictin Ve Actual

Missing values

Training Validation - — | smoothing

Data scaling

Figure 11: Machine learning preprocessing and tuning pipeline proposed by Bikmukhametov and Jaschke (2020).
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5 Case Study - Condition Monitoring

This case study will investigate the effect of degradation based on three health parameters using the
proposed method. The health parameters which will be considered are the power output, compressor
discharge pressure, and fuel consumption. Both the measurements and the time axis presented in the
case study are scaled. The time axis is scaled to similar magnitudes as the original unit and will still,
for simplicity, be referred to in terms of the unit day. For all case studies, the results from the test set
will be shown. Since the actual size of the training and validation sets are given, the time axis for the
results will start at zero. The effect of degradation will be studied for all three operating intervals. Each
section will include the reasoning for the input features, results, and discussion. The case study will be

structured as described below.

The case study will be initiated with a preliminary discussion on machine learning considerations of
selecting health parameters. It will be introduced desirable aspects regarding the bias and uncertainty.

Then, it will be discussed dataset characteristics and health parameters that can fulfill these aspects.

The first case will consider power output as a health parameter. The preliminary discussion will be
taken into consideration for evaluating the results. The uncertainty for all operating segments will also

be discussed in terms of training and test set distributions.

The second case will examine compressor discharge pressure as a health parameter. Again, the results
will be considered in terms of the preliminary discussion. Since the input features as similar to the power
output, the uncertainty in terms of distributions will not be addressed. Instead, the section will focus on
how the compressor discharge pressure compares to the power output as a health parameter. Moreover,
consistency between the degradation levels for the expected power output and discharge pressure will

also be considered.

The last case will consider the fuel rate as a health parameter. Similar to the other cases, the results
will also be presented in light of the preliminary discussion. Since the input features are different from

two latter-cases, the resulting effect on uncertainty will be discussed.

After the case study, the results will briefly be summarized and compared with other research. Possible
weaknesses in the methodology will also be covered. Finally, a concluding discussion on the comparison

of the health parameters and operating intervals will be presented.

5.1 Machine Learning Considerations For Degradation Monitoring

As outlined in Section 2.4.2, several health parameters have been proposed for performance monitoring.
Moreover, certain criteria that are desirable in a health parameter and specific variables in a gas turbine
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that fulfilled these requirements were presented. For machine learning purposes, these criteria will, in
general, also be relevant. The exception is, however, the effect of the load and ambient conditions on
the health parameter. With machine learning methods, ambient and load measurements can easily be
included as input features thus making the model able to differentiate between external fluctuations
and degradation. However, machine learning methods do, fundamentally, have limitations that should
be taken into consideration when selecting health parameters and evaluating the results. Until now,
little importance has been given to the selection of health parameters from a machine learning aspect.
This section will, therefore, aim to discuss the desired characteristics of predictions in terms of bias and

uncertainty.

Based on the proposed method, three trends are desirable for the machine learning predictions and biases

for performance monitoring,
e The predicted values should follow the governing dynamics of the system.
o The bias of the predicted values should follow a physically meaningful trend.
e The predicted expected values should be associated with a small uncertainty.

The expected values should follow the governing dynamics of the system. That is, even though the
predicted values are biased due to performance deterioration, it should follow the same trends as the true
values. To achieve this behavior, the target variable should be well correlated with the input features.
Therefore, changes in the health parameter must also be reflected in other parts of the system. For this
reason, variables that can be considered as disturbances in a system are unsuitable as health parameters.
Even though these disturbances will be accounted for by other variables it will not be reflected in the

overall dynamics.

Since the bias conceptually describes the degradation, it should also follow a physically meaningful trend.
Ideally, the bias should either increase or remain steady during the operating interval. A steady bias would
imply a stabilized level of degradation and an increasing bias would correspond to an increasing level of
degradation. An undesired trend a fluctuating bias which, in a physical sense, implies the deterioration

to reverse.

An important requirement is that the predictions should be associated with small uncertainty. In terms
of health monitoring, a small uncertainty is essential since the residual between the predicted and true
values can be marginal. Therefore, it is important to measure this bias with as high certainty as possible.
Also, since the bias can be marginal, even a small uncertainty in the predicted values could cause the
confidence interval to intersect the true values. This is a problem because even though the average

predictions suggest the presence of performance deterioration, it is not possible to determine with total
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confidence whether there is degradation in the system at all. Moreover, since the costs associated with
performance deterioration is large, it is desirable to estimate the level of degradation accurately to ensure

cost-optimal maintenance decisions.

As presented in Section 3.2, three requirements should be fulfilled to reduce uncertainty.
e Each input feature for the training and test data set should be mutually overlapping.
e The data should be characterized by a low level of noise.
e Suitable selection of model parameters and structure.

An important requirement in machine learning is that the distribution of the training set should be
representative of the test set. If the condition is not fulfilled, the predictions will fluctuate thus resulting
in large uncertainties. However, the challenge is that machine learning-based degradation monitoring
is a fundamental uncertain problem in terms of operating conditions. For instance, consider the power
output as a target variable, and fuel flow rate as one of the input features. When the level of gas turbine
deterioration increases, the system will counteract by increasing the overall fuel flow consumption. Since
the fuel flow is overall increased, the test set distribution, where the gas turbine is assumed to be
deteriorated, will be different from the training set, where the gas turbine is assumed to clean. In
terms of degradation monitoring, the training and test distributions for input and target variables can,

conceptually, be divided into three scenarios as illustrated in Figure 12a, 12b and 12c.

Training Set Test Set Training Set Test Set Training Set Test Set

Input Distributions Target Distribution Input Distributions Target Distribution Input Distributions Target Distribution

Y

I ’ | ‘ \

(a) Scenario 1: mutually overlapping (b) Scenario 2: mutually overlapping (c) Scenario 3: mutually overlapping
training and test set distributions. training and test set input distributions. training and test set output distribu-

tions.

Figure 12: Three possible configurations of the input and output training and test set distributions.

Figure 12a represents, in general, the most desirable input and output distributions for machine learning
tasks. The input distributions of the training and test set are mutually overlapping, which means the
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model will be tested on a similar distribution as it was trained upon. In terms of degradation, however,
this would imply no performance deterioration since the same input corresponds to the same output in

both training and test set.

On the contrary, both Figure 12b and 12c¢ suggests a relative shift between the training and test sets.
Figure 12b represents a system that for the same set of input corresponds to a shifted output in the
training and test set. As explained in Section 4.1 this could correspond to a gas turbine working full-load
or close to an operating constraint. From a machine learning perspective, this would be the optimal set of
distributions for detecting degradation. The input distributions are overlapping thus resulting in a small
uncertainty while the target variables are shifted thus resulting in a measurable bias. For gas turbines
operating at part-load, it could also be possible to achieve this distribution by selecting a manipulated
variable as the target variable, whereas the input variables should be controlled variables. By transferring
variables that tend to drift, thus yielding dissimilar training and test distributions, from the input feature
set to the target variable, could reduce the uncertainty. For gas turbines, the manipulated variables will

usually be the fuel flow rate.

In terms of degradation, Figure 12c represents a case where the input variables in the test set are adjusted
to keep the target variable constant. As outlined in Section 4.1 this would correspond to a gas turbine
working part-load and far from the operating constraints. For machine learning purposes this would
result in a higher uncertainty compared to Figure 12b. In this case, the target variable in the machine
learning model will correspond to a controlled variable. For gas turbines, this could for instance be the

power output.

Since the performance of a gas turbine usually is a result of several interactions, the distributions of
real datasets will be a combination of both Figure 12b and 12c. In addition, the effect of degradation
is also relatively small, and it can, therefore, be difficult to pinpoint the shift in the distribution that is
caused by degradation. Moreover, the behavior will also be dependent on ambient and external conditions.
Consequently, skewed training and test set distributions are also caused by other factors than degradation.
The training and test set distributions presented in the following case studies will, therefore, not be
analyzed in terms of the shifts caused by degradation. Instead, it will be used for identifying different

sources of uncertainty and for suggesting different approaches to possibly reduce the uncertainty.

5.2 Level Of Degradation Based On Power Output

The power output is one of the most researched health parameters. In the context of health monitoring,
it is usually the power output from the turbine to the axial compressor which is studied. As this mea-
surement is not available, the power output from the power turbine will be considered instead. Figure
23 shows the machine learning input features, in black, and the target variable, in green. Moreover, the
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15% and 2 stage compressors inlet and outlet variables will also be included as input features since the
power output will depend on the throughput, pressure and temperature conditions of the gas. This will
also contribute to improving the machine learning model’s ability to differentiate between whether the
variables of the system are manipulated to compensate for degradation or due to a different load in the

2nd

. t
compressor train. In other words, the measurements from the 1°° and stage compressors must be

included to determine the relative decrease in power output.
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Figure 13: Flow-sheet of the process. The features used as input in the machine learning model are shown in

black. Power output is the target variable, as indicated in green.

5.2.1 Segment 1

To find the expected power output for time series segment 1, the machine learning model was trained
and validated on the first seven and three days, respectively. Figure 14 shows the results for the test
set. The above plot shows the true and expected power output as well as the confidence interval. The
lowermost plot shows the residual, given as percentage change, between the expected and true power
output. Linear regression was used to find the best-fitting straight line for the residual to indicate the

overall degradation rate.
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Expected Power Output For Time Series Segment 1
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Figure 14: Level of degradation for time series segment 1 based on the power output from the power turbine. The
actual and expected power output is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected power output.

The predictions capture the governing dynamical trends of the system. This indicates that the power
output is well-correlated with the process and thus also the machine learning input features. Moreover,
the expected power output is larger compared to the power output. In other words, if no degradation
was present, the power output would be higher. The bias also shows a somewhat increasing trend which
suggests an increasing degradation rate. Based on the residual function, the degradation will, on average,
cause a drop in power output by 0.020% each day. Overall, the total decrease in power output caused by

degradation can, therefore, be estimated to 1.635%.

For certain sections of the time series segment, the confidence interval is wider, and the expected power
output tends to intersect the true power output. This is an issue since the intersection implies that
there is a probability of no degradation at all. In other words, the machine learning model can in some

cases predict the expected power output to be as good as the true output. On the other hand, a large
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uncertainty could also indicate that the degradation is more severe. Areas with large confidence intervals
should, therefore, be interpreted with caution. However, during the last days (day 70-80), the uncertainty
decreases compared to the rest of the operating interval. The evidence suggests that the degradation at

the end of the operating time can be determined with larger confidence, and should be emphasized.

To explore the source of the uncertainties caused by a non-representative training set, the input distri-
butions will be examined. Due to a large number of input features, only a selection of the features will
be presented. Figure 15 shows the training and test set distributions of the inlet mass flow of air and
ambient temperature. The range of the test set for the distributions tends to extend from the training
set. In terms of the ambient temperature of the air, shown in Figure 15b, the fluctuations are due to
natural variations in atmospheric conditions, and deviations are, therefore, expected. A possible solution
to reduce the uncertainty is to discard input features that tend to drift. However, since the performance
of the gas turbine depends on the ambient conditions, these features should always be included. In other
words, the uncertainty caused by fluctuating ambient conditions must be accepted. The same argument
can be made for the inlet mass flow of air, as shown in Figure 15a. Even though the distributions for the
training and test set are dissimilar, the inlet mass flow of air is an important variable since it determines

the efficiency of the gas turbine.

Compressor (GT) Inlet Mass Flow (Air) Distribution Compressor (GT) Inlet Temperature Distribution
Training set Training set
Test set Test set

)
/ \
| B = N
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_ >
-0.125 0.125 0375 0.625 0.875 0.0 0.08 0.17 0.25 0.33 042 0.5 0.58
Mass Rate [Scaled] Temperature [Scaled]

(a) Input distributions of inlet mass flow (b) Input distributions of ambient tem-

of air for time series segment 1. perature for time series segment 1.

Figure 15: A selection of training and test set distributions for the gas turbine in time series segment 1.

g nd stage compressor are shown in Figure 16

The training and test set distributions for the 15 and
and it is evident that the training set represents the test set well. Especially, is the inlet mass flow
rate of the gas, as shown in Figure 16a, stable for the operating interval. Since the power output, and
thus also other variables, in the gas turbine is dependent on the throughput of gas, this stability will be
reflected in the other variables as well. Since the training set is small, a steady throughput of gas in the

compressor train will, therefore, be a major advantage to achieve high prediction confidence. For the inlet
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and outlet pressure distributions, as shown in Figure 16b and 16¢, the training set is also representative
of the test set. Even not presented, the 224 stage compressor inlet and outlet conditions follow the same

trend. Overall, a steady operation interval for time series segment 1 resulted in mutually overlapping

distributions and is reflected as a relatively small uncertainty.

1t Compressor Gas Mass Flow Distribution 15t Compressor Inlet Pressure Distribution

15t Compressor Outlet Pressure Distribution
Training set Training set Training set
\ Test set Test set Test set
\ N
‘\
\ /
= \\7Q
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.29 0.57 0.86 1.14 -014 0.0 014 029 043 057 071
Mass Rate [Scaled] Pressure [Scaled]

Pressure [Scaled]

(a) Input distributions of inlet mass flow (b) Input distributions of inlet pressure (c) Input distributions of outlet pressure
of gas for time series segment 1. of gas for time series segment 1. of gas for time series segment 1.

Figure 16: A selection of training and test set distributions for the compressor train in time series segment 1.

5.2.2 Segment 2

To find the expected power output for time series segment 2, the machine learning model was trained
based on the proposed method in Section 4.2. The results are given in Figure 17. The first plot shows
the true and expected power output and the confidence interval linked to the predictions. The lowermost
shows the residual, given as percentage change, between the expected and true power output. Linear

regression was used to find the best-fitting straight line for the residual to provide a rough indication of
the degradation rate.
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Expected Power Output For Time Series Segment 2
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Figure 17: Level of degradation for time series segment 2 based on the power output from the power turbine. The
actual and expected power output is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected power output.

Similar to the expected power output for time series segment 1, the predictions follow the governing
dynamics of the system. In contrast, the bias of the expected power output also follows a more explicit
trend, that is, the residual increases during the operating interval. Based on a physical interpretation,
the degradation rate steadily increases. From the residual function, the degradation will, on average,
cause a drop in power output by 0.032% each day. This is significantly higher compared to the first time

segment. Overall, the total decrease in power output caused by degradation can, therefore, be estimated

as 2.769%.

Compared to the rest of the operating interval, the uncertainty at the end is larger. However, the con-
fidence interval does not intersect the true power output during the intervals with large uncertainty.
Therefore, it can nevertheless be concluded that the system is deteriorating. When taken into consid-

eration a low level of noise, which can contribute to increasing uncertainty, it can be argued that the
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uncertainty is due to an unrepresentative training set. Figure 18 and 19 presents a selection of input
variables distributions that might contribute with increasing the uncertainty. Figure 18 shows some of
the training and test set distributions linked to the gas turbine compressor. The mass flow of air, in
Figure 18a shows similar characteristics as time series segment 1. The training and test set distributions
for the ambient temperature in Figure 18b are very distinct. This will cause the uncertainties to increase.
However, as previously discussed, the ambient temperature is important to include since the performance

of the gas turbine is affected by atmospheric conditions.

Compressor (GT) Inlet Mass Flow (Air) Distribution Compressor (GT) Inlet Temperature Distribution

Training set

Training set ‘
Test set

Test set ‘

0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.0
Mass Rate [Scaled]

(a) Input distributions of inlet mass flow

of air for time series segment 2

T
0.0 0.17 0.33 0.5 0.67 0.83 1.0
Temperature [Scaled]

(b) Input distributions of ambient tem-

perature of air for time series segment 2

set

Figure 18: A selection of training and test set distributions for the gas turbine in time series segment 2.

Figure 19 shows a selection of distributions related to the compressor train. Compared to time series
segment 1, the distributions for the compressor train for time series segment 2, as shown in Figure 19, as
less overlapping. To reduce the uncertainty, feature engineering should be considered for the 1% and 29
stage compressor variables. As seen in Figure 19b and 19c, the test set distributions are shifted evenly
compared to the training set. By combining the raw features into, for example, the pressure ratio would,
therefore, push the training and test set distributions closer. Moreover, the power requirement in the
compressor train is also proportional to the pressure ratio. Therefore, it can be argued that including
physical meaningful features can represent the underlying pattern better and allow for the neural network
to exploit relationships the raw data cannot directly provide. As a proof of concept, feature engineering

for the expected power output for time series segment 2 will be covered in Appendix C.
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Figure 19: A selection of training and test set distributions for the compressor train in time series segment 2.

5.2.3 Segment 3

To find the expected power output for time series segment 3, the machine learning model was trained

according to the proposed method in Section 4.2. Figure 20 presents the results. The above plot shows

the true and expected power output as well as the confidence interval. The lowermost shows the residual,

given as percentage change, between the expected and true power output. Linear regression was used to

find the best-fitting straight line for the residual to indicate the overall degradation rate.
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Expected Power Output For Time Series Segment 3
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Figure 20: Level of degradation for time series segment 3 based on the power output from the power turbine. The
actual and expected power output is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected power output.

The expected values follow, to some extent, the dynamics of the system. However, compared to time
series segments 1 and 2, the trend is not as obvious. It can be argued that the degradation is increasing
since the expected power output is overall larger than the true rate. This is also evident by looking at the
residual where the linear regression is defined by a positive inclination. The inclination is, however, not
as large compared to the linear regressions for time series segments 1 and 2. This implies that the overall
degradation rate is smaller. From the residual function, the degradation will, on average, cause a drop

in power output by 0.015% each day. Overall, the total decrease in power output caused by degradation

can, therefore, be estimated as 1.413%.

The bias is not consistent and will, consequently, lead to a fluctuating residual function. In terms of
degradation, this result is not physically meaningful since it is highly unlikely that the degradation is

improving during the operating interval. Moreover, under certain intervals, the expected power output
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also intersects the actual power output. It can, therefore, be argued that the results for time series
segment 3 are less reliable. There are several possible explanations for these inconsistencies. Compared
to both time series segments 1 and 2, the dynamics for time series segment 3 are more fluctuating. Since
the machine learning model is trained on a small dataset, these fluctuating trends may not be captured
in the training set. Since LSTMs use information from previous time steps, it could be argued that the

trends in the training set are not representative of the trends of the test set.

Considering the confidence interval, the uncertainty does not follow an obvious trend. However, to
some extent, the uncertainty tends to increase when the predictions deviate more from the true output.
Figure 21 and 22 shows a selection of distributions of the training and test sets. Compared to both
time segments 1 and 2, the distributions for the gas turbines, shown in Figure 21a and 21b, are more
mutually overlapping. The same trends are also apparent for the variables in the compressor train,
shown in Figure 21. Therefore, in terms of distribution coverage, the model should have a better basis
for predicting the output. In addition, time-series segment 3, also has the largest training set. Therefore,

a non-representative training set, in terms of distributions, can be excluded as the cause for poor results.

Compressor (GT) Inlet Mass Flow (Air) Distribution Compressor (GT) Inlet Temperature Distribution
Training set ‘ Training set
Test set “ Test set

) -
0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.0 0.0 0.17 0.33 0.5 0.67 0.83 1.0
Mass Rate [Scaled] Temperature [Scaled]

(a) Input distributions of inlet mass flow (b) Input distributions of ambient tem-
of air for time series segment 3 perature of air for time series segment 3

set,

Figure 21: A selection of training and test set distributions for the gas turbine in time series segment 3.
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15t Compressor Outlet Pressure Distribution

15t Compressor Gas Mass Flow Distribution 15t Compressor Inlet Pressure Distribution
Training set Training set Training set
Test set Test set Test set

\ y %

_ N .

00 01 02 03 04 05 06 07 08 -0.29 0.0 0.29 0.57 0.86 1.14 1.43 0.0 0.14 0.29 0.43 0.57 0.71 0.86 1.0
Mass Rate [Scaled] Pressure [Scaled] Pressure [Scaled]

(a) Input distributions of inlet mass flow of (b) Input distributions of inlet pressure of (c) Input distributions of outlet pressure of

gas for time series segment 3. gas for time series segment 3. gas for time series segment 1

Figure 22: A selection of training and test set distributions for the compressor train in time series segment 3.

Given that the model has good preconditions, improving the dynamical trends and uncertainty can also be
handled by seeking a better machine learning model. An important question emerging from these findings
is whether LSTMs are suited. Including long-term dependencies can be unnecessary if the dynamics are

irregular. Therefore, a possible approach can be to use a different machine learning model, for instance,

as a feed-forward network.

5.3 Level Of Degradation Based On Compressor Discharge Pressure

Compressor fouling will lead to a decreased compressor discharge pressure due to a reduction in stage
efficiency (Giampaolo, 2013). The reduced stage efficiency is caused by increased frictional losses and
internal recirculation. To counteract this effect, the power input to the axial compressor must also be

increased. Thus, manipulated variables such as fuel flow and inlet mass flow will be adjusted accordingly

to ensure the desired discharge pressure.
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Figure 23: Flow-sheet of the process. The features used as input in the machine learning model are shown in

black. Compressor discharge pressure is the target variable, as indicated in green.

5.3.1 Segment 1

To find the expected compressor discharge pressure for time series segment 1, the machine learning model
was trained and validated on the first seven and three days, respectively. Figure 24 shows the results for
the test set. The above plot shows the true and expected power output as well as the confidence interval.
The lowermost plot shows the residual, given as percentage change, between the expected and true power
output. Linear regression was used to find the best-fitting straight line for the residual to indicate the

overall degradation rate.
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Figure 24: Level of degradation for time series segment 1 based on the compressor discharge pressure. The
actual and expected compressor discharge pressure is shown in black and green, respectively. A 95% confidence
interval associated with the predictions are shown in orange. The lowermost plot shows the residual given as the

percentage deviation between the true and expected compressor discharge pressure.

The compressor discharge pressure shows clear signs of performance deterioration. This bias of the
predictions suggests, as expected, that the compressor discharge pressure should be larger under new
and clean operating conditions. The expected compressor discharge pressure also follows the governing
dynamics of the system. From the residual function, the degradation will, on average, cause a drop in
compressor discharge pressure by 0.012% each day. Thus, at the end of the operating interval, the total

loss in compressor discharge pressure can be estimated to 1.068%.

Dissimilar to the majority of the operating interval, the expected power outputs during the first period
(day 0-10) are lower than the true output. This is also evident as a negative power residual. However,
it is not physically meaningful that the gas turbine performance will improve relative to the first ten
days. Because the performance of recurrent machine learning algorithms tends to decrease with highly

fluctuating data, the inconsistency may be due to noisy data (Giles et al., 2001). Besides, if the data

46



5 CASE STUDY - CONDITION MONITORING

is noisy, the recurrent neural networks tend to emphasize short term-dependencies and can fall into the

naive solution of always predicting the most common output which also seems to occur here.

Overall, the trends of the expected discharge pressure and uncertainties are consistent with the expected
power output. Consistency between the health parameters is essential to determine the severity of
degradation. Analyzing multiple health parameters simultaneously reduces the risk of, for instance,
interpreting measurement drifts as degradation. Therefore, by observing the same trends in the expected

discharge pressure and power output, the evidence of performance deterioration is stronger.

Similar to previous findings introduced in Table 4, performance deterioration has a smaller impact on
the relative change in compressor discharge pressure compared to the power output. However, since the
relative change is smaller, the bias is also more sensitive to measurement errors. Also, compared to the
power output, the confidence interval has a larger tendency to cross the true discharge pressure. Thus,

as discussed, the overall certainty for degradation in terms of discharge pressure decreases.

5.3.2 Segment 2

Figure 25 shows the results for the performance deterioration in terms of the compressor discharge
pressure. The uppermost plot shows the true and expected compressor discharge pressure output as well
as the confidence interval. The lowermost plot shows the residual, given as percentage change, between
the expected and true power output. Linear regression was used to find the best-fitting straight line for

the residual.
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Figure 25: Level of degradation for time series segment 2 based on the compressor discharge pressure. The
actual and expected compressor discharge pressure is shown in black and green, respectively. A 95% confidence
interval associated with the predictions are shown in orange. The lowermost plot shows the residual given as the

percentage deviation between the true and expected compressor discharge pressure.

The expected compressor discharge pressure follows the dynamics of the true discharge pressure well.
The bias is also consistent with the trend for the expected power output for time series segment 2. From
the residual function, the relative loss due to degradation in compressor discharge pressure is 0.018% each

day. Thus, at the end of the operating interval, the compressor discharge pressure is reduced by 1.520%.

The residual is larger compared to time series segment 1, which is consistent with the findings for the
expected power output. Thus, both health parameters suggest that the level of degradation is more severe
for time series segment 2. Since the input features are almost identical to the case with power output
as a health parameter, the uncertainty for the expected discharge pressure is also, consequently, similar.
However, since the effect of degradation is smaller on the compressor discharge pressure, the confidence

interval shows a larger tendency to cross the true discharge pressure.

48



5 CASE STUDY - CONDITION MONITORING

5.3.3 Segment 3

Figure 24 shows the results for the test set. The above plot shows the true and expected power output
as well as the confidence interval. The lowermost plot shows the residual, given as percentage change,
between the expected and true power output. Linear regression was used to find the best-fitting straight

line for the residual to indicate the overall degradation rate.
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Figure 26: Level of degradation for time series segment 3 based on the compressor discharge pressure. The
actual and expected compressor discharge pressure is shown in black and green, respectively. A 95% confidence
interval associated with the predictions are shown in orange. The lowermost plot shows the residual given as the

percentage deviation between the true and expected compressor discharge pressure.

Similarly to the expected power output for time series segment 3, the machine learning model struggles
with capturing the dynamics. However, the expected discharge pressure is overall larger compared to the
true output and is evident by a positive slope for the linear regression. Based on the residual function,
the compressor discharge pressure is, on average, reduced 0.012% each day. That is, at the end of the
operation interval, the total loss in compressor discharge pressure compared to a new and clean gas

turbine is approximately 1.071%.
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Despite an inconsistent residual, there is consistency between the expected discharge pressure and power
output. As found for the previous time segments, the loss in compressor discharge pressure is lower
compared to the power output. Similarly, for time series segment 3, the residual function for the power
output showed a reduction of 0.015% each day whereas the compressor discharge pressure is reduced

0.012% each day.

5.4 Level Of Degradation Based On Fuel Consumption

Several factors determine the overall fuel flow. Compressor fouling will result in a decreased airflow, which
should decrease the overall demand for fuel. However, to compensate for the loss of compressor efficiency
the engine will accelerate the shaft speed thus causing the fuel flow to increase. The input features
used for predicting fuel consumption are shown in Figure 27. Unlike the previous case studies, the 15
and 24 stage compressor variables will not be included as input features. Since the fuel consumption
essentially will depend on the required power, including the 15 and 2 nd stage compressor variables
are not necessary. Fuel consumption as a health parameter can also add additional insights based on
the preliminary discussion, in Section 5.1, concerning the selection of health parameters for data-driven
condition monitoring. As briefly explained, from a machine learning perspective, monitoring manipulated
variables with the proposed method can result in a lower uncertainty. From an economical perspective,

determining increased fuel consumption can also be crucial for scheduling maintenance.

Pfue\
Tfue\
Combustion Chamber
CDP Power Turbine
Pair CDT
Tair
Fair Power
== ——3%
Axial Compressor Turbine
L J
1
Gas Turbine

Figure 27: Flow-sheet of the process. The features used as input in the machine learning model are shown in

black. The fuel rate is the target variable, as indicated in green.

5.4.1 Segment 1

To predict the expected fuel consumption for time series segment 1, the machine learning model was
trained and validated on the first seven and three days, respectively. Figure 28 consists of two graphs.
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The upper plot shows the true and expected fuel rate as well as the confidence interval. The lowermost
shows the residual, given as percentage change, between the expected and true fuel rate. Linear regression

was used to find the best-fitting line.
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Figure 28: Level of degradation for time series segment 1 based on the fuel consumption. The actual and expected
compressor discharge pressure is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected fuel consumption.

In contrast to the expected power output and discharge pressure, the expected fuel consumption is
overall lower than the true rate. This indicates that the fuel rate needs to be increased to compensate
for performance deterioration. The expected fuel consumption also follows the dynamical trends which

g nd stage compressor variables, there is a good

suggest that even without the inclusion of the 15 and
correlation between the input features and the fuel flow. The bias is, however, not as steady compared
to cases with power output and compressor discharge pressure. This can be seen as a more unstable
residual function. Considering the linear regression, the degradation will, on average, cause an increased

fuel consumption of 0.017% each day. Thus, at the end of the operating interval, the total additional
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consumption of fuel can be estimated as 1.411%.

Compared to studies on time series segment 2, the uncertainty is overall lower. For instance, compared to
the expected power output for time series segment 1, the confidence interval for expected fuel consumption
rarely crosses the true rate. There are two factors with could contribute with an overall lower uncertainty.
Firstly, the 15" and 2™¢ compressor variables are not included as inputs. As previously discussed, these
variables were associated with dissimilar training and test set distribution. Therefore, excluding these
features could provide an overall more mutually overlapping set of input features. However, this is not
necessarily a generalizable advantage for the fuel rate as a health parameter since the distributions of the
1% and 2 " stage compressors will differ depending on the operating conditions. Secondly, as previously
discussed in Section 5.1, using manipulated variables as the health parameters can, in terms of training

and test set distributions, reduce the overall uncertainty.

5.4.2 Segment 2

Figure 29 presents the result for the expected fuel consumption for time series segment 2. The upper
plot shows the true and expected fuel rate as well as the confidence interval. The lowermost shows the
residual, given as percentage change, between the expected and true fuel rate. Linear regression was used

to find the best-fitting straight line for the residual to indicate the overall degradation rate.
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Figure 29: Level of degradation for time series segment 2 based on the fuel consumption. The actual and expected
compressor discharge pressure is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected fuel consumption.

Overall, the expected fuel rate is lower than the true consumption. The trend of the residual is also
consistent with the other health parameters for time series segment 2. That is, the bias is small at the
start of the operating interval before it increases. Based on the linear regression of the residual plot, the
relative increase in fuel consumption caused by performance deterioration is approximately 0.011% each

day. Thus, at the end of the operating interval, the relative fuel consumption has increased to 0.964%.

In contrast to earlier findings, the level of degradation based on fuel consumption implies an overall
lower deterioration compared to time series segment 1. This is particularly evident when considering the
average decrease in power output for time series segments 1 and 2 of 0.020% and 0.032%, respectively.
Whereas the average increase in fuel rate consumption for time series segments 1 and 2 are, 0.01727%
and 0.011%, respectively. Ideally, the health parameters should yield consistent results for the level of

degradation. This relative inconsistency between the health parameters for each time series may be
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due to several factors. First, the most apparent difference between the expected power output and
compressor discharge pressure, and the expected fuel consumption for time series segment 2 is during the
last part of the operating interval (day 60-80). For the expected power output and compressor discharge
pressure, the end of the operating interval is generally characterized by a large bias. For the expected
fuel rate consumption, however, the residual is relatively smaller at the end of the operating interval,
thus reducing the overall level of degradation. As discussed, since the 1% and 2 stage compressor
variables are excluded, the model could have better preconditions in terms of the dataset. Consequently,
it can be argued that the level of degradation based on the fuel rate perspective, is more accurate. Thus,
the level of degradation measured in terms of power output and compressor discharge pressure can be
overestimated. This also leads to the important conclusion that several health parameters should be

taken into consideration when determining the overall level of performance deterioration.

5.4.3 Segment 3

Figure 30 presents the result for the expected fuel consumption for time series segment 2. The above
plot shows the true and expected fuel rate as well as the confidence interval. The lowermost shows the
residual, given as percentage change, between the expected and true fuel rate. Linear regression was used

to find the best-fitting straight line for the residual to indicate the overall degradation rate.
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Figure 30: Level of degradation for time series segment 3 based on the fuel consumption. The actual and expected
compressor discharge pressure is shown in black and green, respectively. A 95% confidence interval associated
with the predictions are shown in orange. The lowermost plot shows the residual given as the percentage deviation

between the true and expected fuel consumption.

Similar to previous findings for time series segment 3, the overall dynamics for the expected fuel rate tends
to be inconsistent. However, by inspecting the residual, it is clear that the dynamics are slightly improved
due to a smoother and less fluctuating function. Based on the linear regression, the fuel consumption
is, on average, increased 0.077% each day to compensate for performance deterioration. Thus, the total

additional fuel consumption at the end of the operating interval can be estimated to 0.743%.

The feature that differentiates the expected fuel rate from the expected compressor discharge pressure
and power is the low uncertainty. As previously explained, the 1% and 2 1d compressor variables are
unnecessary for predicting the fuel rate and is therefore excluded as input features. Since these variables
were associated with large uncertainty, removing these will consequently reduce the confidence interval.
Moreover, there is also consistency between the expected fuel flow and the compressor discharge pressure

for time series segments 2 and 3, where the relative additional fuel consumption was found to be lower
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compared to the reduction in discharge pressure.

5.5 Results Summary

Table 5 presents the total performance loss for the studied health parameters for time series segments 1,
2, and 3. The results are given as percentage deviation from the true measurements. The scaled size of
the test set, i.e. where the gas turbine is assumed to be deteriorated, is also presented as a reference for

the total level of degradation.

Table 5: Summary of the total level of degradation in terms of power output, compressor discharge pressure, and

fuel consumption.

Segment Duration [Days] Power Output Compressor Discharge Pressure Fuel Consumption

1 81.74 1.635% | 1.068% | 1.411% 1
2 85.89 2.769% | 1.520% | 0.964% 7
3 96.13 1.413% | 1.071% | 0.743% 7

5.6 Discussion

By comparing the results presented in Table 5 to previous findings, shown in Table 4, the relative
degradation levels are somewhat similar. For all previous studies, it was found that the power output is
the most affected health parameter which is consistent with all the findings of this case study. Giampaolo
(2013) found that a 2% decrease in discharge pressure corresponds to an increased fuel rate of 3%. The
findings for time series segment 1 agrees well with this result, where a 1.068% decreased compressor
discharge pressure resulted in a 1.411% increase in fuel consumption. However, for both time series
segments 1 and 3, the relative change in fuel consumption was found to be smaller compared to the
reduction in compressor discharge pressure. However, Zwebek and Pilidis (2003) suggested that an 8%
decrease in power output would imply a 2.5% increase in fuel consumption, thus a ratio of approximately
3. This result is consistent with both time series segments 2 and 3, with a power-fuel ratio of 2.9 and 2.1,
respectively. Tarabrin et al. (1998) argued that the degradation rate is most prominent during the initial
operation before it decays exponentially. However, the results from this case study suggest a stable or

steadily increasing degradation rate.

All the health parameters investigated revealed clear signs of performance deterioration. Overall, the
predictions captured the dynamics of the system and the bias followed a physically meaningful trend.
Especially did the expected power output follow the trend accurately. This is expected since the power

2nd

output is well correlated with both the 1% and compressor variables and the gas turbine parameters.

It was also the health parameter that was most affected by degradation, and will thus be less affected by
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measurement error. However, as Haq and Saravanamuttoo (1991) stated, the health parameter should
preferably be measured directly, which is not the case for the power output as it is calculated by the
torque and shaft speed. Since the confidence interval only incorporated epistemic uncertainty, including
measurement error will increase the actual uncertainty. Compressor discharge pressure, on the other hand,
can be measured directly. However, the compressor discharge pressure is less affected by performance
deterioration. The fuel rate was overall characterized by low uncertainty and followed the dynamical
trends. This could support the hypothesis, addressed in Section 5.1, that using a manipulated variable
as a target feature will decrease the uncertainty. To obtain an accurate measurement for the level of
degradation it is important to investigate several health parameters to determine the overall degradation

level and consistency. This will make the approach more robust to measurement errors and drifts.

There is, however, general limitations of a methodology based on machine learning. The type of degra-
dation, whether it is fouling, erosion, or permanent damage, cannot be determined. That is, the method
can only identify the presence and level of deterioration. This can pose a challenge when determining the
optimal time of washing since only certain types of degradation, such as fouling, can be removed by wash-
ing. Another weakness in the approach is the assumption that the first 10 days of each operating segment
can be considered new and clean. Several studies have concluded that degradation will start immediately
after washing and maintenance is performed. The machine learning model will, therefore, be trained
upon a data set that is, to some extent, sampled under a deteriorated state. Since the machine learning
model, conceptually, only detects relative differences compared to the dataset it was trained upon, the
bias can be underestimated. However, this is not necessarily a general weakness in the methodology, but
rather due to a lack of training data. Ideally, the machine learning model should be trained upon several
operating intervals, with a narrowed training set period. An increased training set could also contribute
to decreased uncertainty. Moreover, the training set should also cover several dynamical trends. This

could improve the dynamics of the predictions for a fluctuating dataset, such as time series segment 3.
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6 Case Study - Optimal Time Of Maintenance

This case study will investigate the cost-optimal time for maintenance using the proposed method from
Section 4.4. The increased fuel consumption due to degradation for each operating interval has already
been determined in Section 5.4, and will be included in the costs. To find the reduced throughput of
gas in the compressor train, the expected power output found Section 5.2 will be used as an input to a
machine learning model. The residual between the actual mass flow and the expected mass flow will be

considered as the loss of throughput due to gas turbine deterioration.

Two cases will be considered. The first considers the average loss in reduced power output whereas
the second will examine the average loss plus one standard deviation. The first and latter case will
represent the best and worst-case degradation rates. There are two reasons for selecting these cases.
First, as previously discussed, the level of degradation can be underestimated due to possible performance
deterioration in the training set. This would consequently also underestimate the throughput of gas.
Taking basis in the average expected power output is therefore referred to as the best-case scenario.
Since it is desirable to keep the recommended washing interval to a reasonable range, only one standard
deviation will be selected for the worst-case. Figure 31 shows the inputs, in black, during the test phase

for the best and worst-case, and the mass flow of gas, in green, as the target variable.

Power Turbine 1stStage Compressor 2"dStage Compressor
P
Expected Power gas,3
p \ Tgas X
Expected Power + o ,
LAY al f\'f\l
Pgas,Z
Pgas,l Tgas,z Pgas, 4
Tgas,l Tgas,4
( J
1
Compressor Train

Figure 31: Flow-sheet of the process used to predict the expected throughput of gas in the compressor train.
The features used as input in the machine learning model are shown in black. The mass flow of gas is the target

variable, as indicated in green.

6.1 Segment 1

Figure 32 shows the results for the expected throughput of gas for the best and worst-case degradation

rates. For visualization purposes, the results are smoothed. This intermediate result will, together with
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the average bias for fuel consumption, be used to find the optimal time of washing.
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Figure 32: Results for the expected throughput of gas in the compressor train for time series segment 1. The
above plot shows the best-case results whereas the lowermost plot shows the worst-case results. The actual and

expected gas rate are shown in black and green, respectively.

Figure 33 presents the optimal washing interval, shown in orange. The time of washing for the best and
worst-case, is found by the intersection between the cumulative loss in decreased gas throughput and

increased fuel consumption, and the loss of gas due to maintenance downtime.
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Performance Based Time Of Washing For Time Series Segment 1
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Figure 33: Results for the optimal washing interval for time series segment 1. The black horizontal line shows
the average loss for production downtime. The grey and dark grey lines shows the cumulative loss of fuel and gas

throughput for the worst and best-case, respectively. The orange line indicates the optimal washing interval.

Table 6: Optimal washing interval for time series segment 1.

Segment  Washing Interval [Dayywc, Daypc]
1 [50, 60]

Based on the intersections from Figure 33, the recommended time for maintenance is between day 50 and
60. This is earlier than the actual time of washing. However, many maintenance costs are excluded and

the optimal washing interval will thus be underestimated.

Ideally, the washing interval should be narrowed down. Since it is the expected power output uncertainty
that ultimately determines the washing interval, the uncertainty should, therefore, be decreased to narrow
down the interval. Decreasing the uncertainty can be achieved by increasing the training set and possibly
introduce feature engineering. It is also possible to resort to other methods to determine the optimal time
of washing. For instance, the level of degradation can directly be used to determine the optimal time of
washing. This could especially be beneficial for time series segment 1 since the level of degradation was

associated with a low uncertainty at the end of the operating interval.

6.2 Segment 2

Figure 34 shows the results for the expected throughput of gas for the best and worst-case degradation
rates. For visualization purposes, the results are smoothed. This intermediate result will, together with

the average bias for fuel consumption, be used to find the optimal time of washing.
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Figure 34: Results for the expected throughput of gas in the compressor train for time series segment 2. The

above plot shows the best-case results whereas the lowermost plot shows the worst-case results. The actual and

expected gas rate is shown in black and green, respectively.

Figure 35 presents the optimal washing interval, shown in orange. The time of washing for the best and

worst-case, is found by the intersection between the cumulative loss in decreased gas throughput and

increased fuel consumption, and the loss of gas due to downtime.
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Figure 35: Results for the optimal washing interval for time series segment 2. The black horizontal line shows

the average loss for production downtime. The grey and dark grey lines show the cumulative loss of fuel and gas

throughput for the worst and best-case, respectively. The orange line indicates the optimal washing interval.
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Table 7: Optimal washing interval for time series segment 2.

Segment  Washing Interval [Dayy, Daypc]
2 (47, 53]

For time series segment 2, the worst and best-case degradation rates suggests maintenance between day
47 and 53. Compared to time series segment 1, the washing interval is narrowed down to 6 days. This
finding was unexpected since time series segment 2 was associated, especially at the end of the operating
interval, with large uncertainty. However, several factors may have contributed to this result. Based on
the expected power output for time series segment 2, the uncertainty was generally low at the start of
the operating interval. This can also be seen in Figure 34, where the throughput of gas for both the
best and worst-case degradation yields almost identical rates between day 0 to 50. Since the intersection
occurred around the period where the predictions were linked to low uncertainty, the washing interval

will, consequently, also be smaller.

6.3 Segment 3

Figure 36 shows the results for the expected throughput of gas for the best and worst-case loss. For
visualization purposes, the results are smoothed. This intermediate result will, together with the average

bias for fuel consumption, be used to find the optimal time of washing.
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Figure 36: Results for the expected throughput of gas in the compressor train for time series segment 2. The
above plot shows the best-case results whereas the lowermost plot shows the worst-case results. The actual and

expected gas rate is shown in black and green, respectively.

Figure 37 presents the optimal washing interval, shown in orange. The time of washing for the best and
worst-case, is found by the intersection between the cumulative loss in decreased gas throughput and

increased fuel consumption, and the loss of gas due to downtime.
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Figure 37: Results for the optimal washing interval for time series segment 3. The black horizontal line shows
the average loss for production downtime. The grey and dark grey lines are the cumulative loss of fuel and gas

throughput for the worst and best-case, respectively. The orange line indicates the optimal washing interval.
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Table 8: Optimal washing interval for time series segment 3.

Time Series Segment Washing Interval [Dayvwc, Daygc]

3 (56, 75]

For time series segment 3, the worst and best-case degradation rates suggest maintenance between day
56 and 75. A later time of washing for time series segment 3 was expected since the operating interval
was generally characterized by low degradation rates. As discussed in Section 5.2.3, the expected power
output was inconsistent and was generally characterized by intersecting the true power output. From a
physical interpretation, this indicates that the performance improves. When evaluating the cumulative
loss the ”performance improvement” will, therefore, result in an increased throughput of gas. Thus,
the cumulative sum will fluctuate and thus struggle to reach the maintenance loss due to production
downtime. Also, the expected power output was also associated with large uncertainties for certain
sections. The washing interval for time series segment 3 is, therefore, significantly larger compared to

time series segments 1 and 2.

6.4 Results Summary

Table 9 summarizes the optimal washing interval for time series segments 1, 2, and 3. The results are
given as days after previously performed maintenance. The day the actual maintenance was performed

is also presented as a reference to the recommended washing interval.

Table 9: Summary of optimal washing intervals and the actual time of washing for time series segments 1, 2, and,

3.

Segment  Washing Interval [Dayyc, Daygc] Actual Time Of Washing [Day]

1 (50, 60] 82
2 47, 53] 85
3 56, 75] 96

6.5 Discussion

In general, it is possible to find the loss in throughput of gas using the proposed method. With the
inclusion of loss in fuel consumption due to degradation, the optimal time of maintenance can be found.
Overall, the additional fuel consumption had a negligible effect on the washing interval. This implies
that the fuel consumption can be increased without a major effect on the optimal time of maintenance.

However, this approach is currently more conceptually than realistic. More cost-related aspects should
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also be included when determining the optimal time of washing, such as additional costs associated with
maintenance. Moreover, the loss due to downtime should also be evaluated more correctly since it greatly
impacts the optimal time of washing. For this thesis, the loss due to downtime was found from the average
production rate for the whole operating interval. The effectiveness of a wash should also be addressed.
Whether the performance recovery is satisfactory after a wash will impact the time of maintenance. For
instance, if the recovery is generally poor, it could be more cost-effective to operate the gas turbine in a

deteriorated state for longer, since the washing will not improve the performance significantly.

Overall, the proposed methodology for finding the reduced throughput of gas requires good results for
the expected power output. If these results are poor it will also be reflected as diminished results for
the washing interval. This was especially evident for time series segment 3 where the inconsistent bias
in expected power output resulted in an increased expected throughput of gas. However, this two-step
approach can also have advantages. As discussed in the previous case study, the power output proved to
be a good candidate for degradation monitoring. Therefore, it is possible to evaluate the correctness of
the washing interval by also examining the expected power output. In other words, if the expected power
output follows the trends, has a physical meaningful bias, and is linked to a small uncertainty, it would

also imply that the results for the throughput of gas, and thus the washing interval, are also reliable.

65



7 CONCLUSION AND FUTURE WORK

7 Conclusion And Future Work

The project aimed to measure the degradation of a gas turbine, assessing the uncertainty and find the
optimal time of washing using machine learning. It was proposed a general methodology for obtaining
the level of degradation using health parameters. By training the machine learning model on data that
is assumed to be sampled under new and clean operating conditions, the expected values for the rest of
the operating interval could be obtained. The bias of the predictions, also referred to as the expected
values, for several health parameters was used to measure the level of degradation. Power output,
compressor discharge pressure, and fuel consumption was investigated as health parameters. All the
health parameters showed clear signs of performance deterioration. The dataset was divided into three
operating intervals, referred to as time series segments, and it was found that the degradation rate was

unique for each interval.

All the studied health parameters are qualified candidates for monitoring the degradation. The power out-
put and compressor discharge pressure showed related trends regarding uncertainty, which was expected
since the input features were similar. However, since the power output is most affected by degradation
the bias was more evident. Besides, monitoring the power output is crucial for determining the economic
loss associated with performance deterioration, and is, therefore, an essential health parameter to mon-
itor. Monitoring the compressor discharge pressure could be beneficial since it is measured directly and
is consequently less prone to measurement error. Whereas the power output requires two measurements
to be calculated. Evaluating these health parameters together is, therefore, crucial to capture the com-
plete picture of the degradation. Monitoring the fuel consumption also led to noteworthy results. Since
the compressor train variables were excluded, the overall uncertainty was also decreased. This implies
that the uncertainty is associated with drifting compressor train operating conditions, and would conse-
quently cause the test set to extend outside the training set. It could also support the hypothesis that
using manipulated variables are target variables and controlled variables as input features will decrease
the uncertainty. However, this statement should be investigated more thoroughly for different manipu-
lated variables to determine whether it is generalizable. Similar to the power deterioration, the fuel rate
consumption should be monitored for evaluating the increased costs. It can also be beneficial to monitor

the fuel consumption to determine the increased emissions caused by gas turbine degradation.

The case study considered three operating intervals and concluded that the degradation rate was unique

for all segments. This also supports the motivation for using a machine learning methodology since it

can capture deviation that can be difficult to incorporate in an analytical model or by direct inspection

of the measurements. The uncertainty was also different for all operating intervals and contributed to

assessing the correctness of the results. Time series segments 1 and 2 did, especially, yield good results.

The predictions followed the dynamics of the system and the bias followed a physically meaningful trend.
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Time series segment 3, on the other hand, struggled more to follow the dynamics and the bias was
fluctuating. The results can be improved by increasing the training set or possibly select a different
machine learning model. However, the bias did overall follow an increasing trend and suggests that

degradation is present.

The results from the case study were used to determine the optimal washing interval. A machine learning
model was trained to predict the throughput of gas in the compressor train. Then, the expected power
output was used as an input feature to determine the shortfall in gas production. However, the major
assumption behind this approach is that the throughput of gas is the bottleneck. It was considered
two cases, the best-case where the expected power output was used an input, and worst-case which
used the expected power output plus one standard deviation as input. Together with the increased fuel
consumption, the optimal washing interval was found as the intersection between the cost associated
with performance deterioration and the loss in production due to maintenance downtime. Overall, it was
found that the optimal washing interval was earlier than the actual time of washing. Since most costs
associated with maintenance was excluded, the case study was more conceptually rather than estimating
the true washing interval. However, the method proved to be a good strategy for determining the optimal

washing interval but should be advanced to achieve more accurate estimations.

An important consideration when evaluating predictions should be whether the machine learning model
is certain. It is commonly accepted that predictions are unreliable if the model is tested outside the
distribution it was trained upon and machine learning models are therefore often considered as ”a prisoner
of its training data set” (Minns and Hall, 1996). This fact is often neglected when deploying machine
learning models into the real world (Varoonchotikul, 2003). There are different sources of uncertainty

associated with the predictions from a machine learning model.

For future work, more health parameters should be investigated to ensure a more comprehensive consis-
tency between the degradation rates. Typical parameters that can be examined are the inlet mass flow of
air, exhaust gas temperature, and isentropic efficiency. The uncertainty could be significantly improved
by the inclusion of more training data. More training data would also allow for training the model on a
smaller segment for each operating interval, thus yielding more accurate results. The proposed method
only assesses epistemic uncertainty and the measurement uncertainties should, therefore, also be incor-
porated into the confidence intervals. The proposed methodology could also be utilized for evaluating
the washing efficiency. By evaluating the performance right after maintenance is performed, the relative
recovery compared to the previous new and clean interval can be determined. Overall, there is still room
for improvement. However, this thesis has shown that the level of degradation and optimal washing
interval can be determined using the proposed methodology. Incorporating uncertainty estimates have
also provided valuable information for determining the correctness of the results. All things considered,
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data-driven condition monitoring for gas turbines can contribute to a more robust approach to measure

degradation rates and for making cost-optimal maintenance decisions.
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A Machine Learning Background

This section will provide the necessary machine learning background and will give a brief introduction
to common concepts. The main concepts which will be covered are the working principle of neural

networks and regularization techniques.

A.1 Neural Networks

Artificial neural networks(ANN) are computational networks that try to reproduce the decision process
of how a nerve cell in human body functions. For regression problems, the objective, J, is to minimize
the error between the predictions, ¢;, and the true values, y;. Several metrics can be used to evaluate
the error. One of the most common for regression problems is the mean squared error (Lars Hulstaert,

2017).

J = %Z(@z —y;)? (24)

A feed-forward neural network is built from many interconnected neurons. The neurons are the
decision-makers and determine the importance of each feature. This is similar to the LSTM cell that
will be described in Section 3. A layer in a neural network consists of several neurons. The input layer
is the first collection of nodes that receives the information and defines the start of the workflow. The
intermediate stacked layers are referred to as hidden layers. The final layer, or output layer, generates

the final predictions. The topology of a neural network is shown in Figure 38.

input layer hidden layer 1 hidden layer 2 output layer

Figure 38: An illustration of a neural network with one input layer, two hidden layers and an output layer.

Each neuron is associated with a weight matrix and a bias. The weight matrix either amplifies or
dampens based on the significance of the input w.r.t. the learning objective (Schmidhuber, 2015). The
I
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bias is an additional parameter used in the neural network to adjust the output to ensure the best fit to
the data. In each neuron, the input or output from a previous neuron is multiplied with the weight

function and the bias term is added.

Where w; denotes the weight matrix, b; the bias and x; the input. Whether a neuron is activated is
regulated by an activation function. The activation function determines if Y, from Equation 25, is
larger than a certain threshold. Intuitively, the activation function determines the significance of the
input w.r.t. the target variable. There are several types of activation functions. For neural networks,
rectified linear unit, or ReLU is commonly used. ReLU is defined as linear for all positive values and

zero for all negative values Jiang et al. (2018).

0, ifx<0
flx) =

X, ifx>0

The sigmoid activation function is also widely used for neural networks. It outputs a value between 0 to
1 and is, therefore, especially used for predicting a probability or signifying importance. The sigmoid

activation function is defined as,

1

flx) = Fp— (26)

The hyperbolic tangent activation function, or tanh, is also used in neural networks. It outputs a value

between -1 and 1. Tanh is often used because the sigmoid activation tends to get stuck during training.

Back-propagation is the essence behind training a neural network. Based on the loss during each pass
(epoch) the weights are updated to train the network. An important hyperparameter for
back-propagation is the learning rate. The learning rate is the hyper-parameter that determines the
adjustment of weights w.r.t. the loss gradient. Stochastic gradient descent is the core technique for
updating the weights of the neural network and provides information about the direction the function
should take to reach the minimum. Equation 27 shows how stochastic gradient descent updates the

weights based on the objective function, J, and learning rate, Ir.

0
Wi41 = Wi — lrmj(wl) (27)
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0
5 0) (28)

bi+1 = bi —lIr

Selecting the learning rate is crucial during the training phase. If the learning rate is too small, the
convergence will, consequently, be slower and can increase the run-time drastically. Besides, the
optimization is also more prone to getting stuck in local minimums and can lead to poor generalization.
If the learning rate a too large, the optimization can easily overshoot the minimum and thus fail to

converge (Zhang et al., 2019).

As mentioned, Stochastic Gradient Decent (SGD) presented in Equation 27 is the essence behind the
optimization and weight updates. However, an issue with SGD is that the step size is equal for all
parameters thus it tends overshoot near the exact minima. Other techniques have been proposed to
ensure smoother optimization. Generally, Adaptive Moment Estimation (Adam) is preferred for
training deep neural networks. The method is based on an adaptive learning rate for each parameter

and results in fewer oscillations and faster convergence (Kingma and Ba, 2014).

The essential purpose of machine learning is to generalize the underlying statistical relationships on the
training data to produce accurate predictions for an unseen dataset. As for all machine learning models,
neural networks tend to overfit. Overfitting occurs if the model is fitted too exactly to the training set
(Lawrence and Giles, 2000). There are different methods to prevent the neural net from overfitting. All
methods that aim to prevent overfitting are referred to as regularization. Regularization incorporates
several techniques such a modifying the model architecture, tuning hyperparameters, penalizing large

weight updates, and applying dropout.

Dropout is a technique to prevent overfitting (Srivastava et al., 2014). The idea is to randomly drop
units and connections, with a probability (1 — p) during training. Dropout can also be seen as
“thinning” out the network such that it prevents the units from co-adapting too tight to the training
data. Preventing co-adapting will also ensure that all the connections have equal predictive capabilities.
For each pass of the training data, a new ”thinned” network is created, sampled, and trained. Figure 39

shows how dropout is applied in the neural network.

IIT
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52
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Figure 39: Illustration of dropout. The picture to the right shows a neural network with 2 hidden layers. The

picture to the lefts shows the neural networks architecture after dropout is applied (Srivastava et al., 2014).
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B Preprocessing

One of the most important steps in machine learning is preprocessing the data. Preprocessing will
including replacing missing data, removing noise, and feature scaling. For the received dataset two

issues required the data to be carefully preprocessed.

1. The compressor discharge temperature was missing a large (up to 30%) portion of measurement

data.

2. The measurements were overall noisy.

B.1 Missing Values

Missing values is a frequent challenge for real data sets. Time series data are especially postponed to
having missing values since the data often originates from sensors that are prone to breakdowns. The
simplest method is substituting the missing values with the mean or median of the dataset. However,
this can lead the skewness and a biased dataset (Drakos, 2018). There have been proposed several
advanced methods and techniques to deal with missing values. To impute the missing values for the
compressor discharge temperature a feed-forward neural network was used. To ensure good
generalizability, the model was trained and validated with bayesian hyperparameter optimization and
early stopping. A feed-forward neural network was chosen because no statistical assumption could be
made, such a seasonality or general trends. This fact is supported by Gupta and Lam (1996) which
found that imputing missing values using neural networks can outperform other techniques if any
statistical assumption cannot be made. Jerez et al. (2010) also argued that machine learning techniques

were most suited for replacing missing values compared to other statistical procedures.

B.2 Exponential Smoothing

Exponential smoothing is used for removing noise in the dataset. The technique is based on an
exponential windows function, where past observations are weighted stronger compared to previous

observations (Natrella et al., 2012). The smoothed value of a raw measurement can be expressed as,

St = a(y—1) + (1 =) S (29)

Where S; denotes the smoothed value, o the smoothing coefficient, y; 1 the raw data point, and S;_;
the previous smoothed value. By expanding Equation 29, it can be shown that the expanding equation

can be written on an exponential form,
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Sy = Z_:u —a) Ty + (1—a) 725, (30)

i=1
To perform exponential smoothing, the tuning parameter a must be determined. For this thesis, a was
selected by inspecting the smoothed results to determine the trade-off between maintaining the general
trends and removing obvious outliers. Based on this, o was then selected to be 0.7 which preserved

trends but eliminated apparent noise.

B.3 Data Scaling

Machine learning models that utilize optimization techniques such a gradient descent requires the data
to be scaled (Bhandari, 2020). Features of similar scale contribute with a quicker and smoother
converges towards to minimum. Scaling also ensures that each feature receives the same emphasis.
Standardization is a common scaling technique where the values are centered around the mean with the
unit standard deviation and are used in this thesis. Equation 31 shows how a raw data point is

standardized.

(31)

Where X’ denotes the scaled value, X the raw data point, u the mean and o the standard deviation.
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C Feature Engineering For Expected Power Output

Rather than feeding the raw data right into the machine learning model, the data can be transformed
into features. Feature engineering can optimize the information density and represent the underlying
pattern better. Also, introducing features could allow the machine learning model to discover and
exploit new relationships. For instance, the power requirement in a compressor is proportional to the
pressure ratio. Moreover, if the training and test set distributions for two features are evenly shifted, it
can also be introduced new features that are more mutually overlapping. This section investigates the
effect on uncertainty by transforming the inlet and outlet pressure of the 15 and 2™ into the pressure
ratios. The expected power output for time series 2 will be considered. Figure 40 and 41 shows the

original inlet and outlet pressure distributions and the resulting distribution for the pressure ratio for

the 1% and 2 "¢ stage compressor.

15t Stage Compressor Inlet Pressure 15t Stage Compressor Outlet Pressure

Training set Training set Training set
Test set Test set

A Test set
L 4

Pressure Ratio 15t Stage Compressor

py/ \ ‘\Ri y | | \ / \\

Pressure [Scaled] ) Pressure [Scaled]

(a) Inlet pressure distribution

(b) Outlet pressure distribution

Pressure [Scaled]

(c) Pressure ratio distribution

Figure 40: Original and transformed distributions for the 1°* stage compressor.

2" Stage Compressor Inlet Pressure

2"? Stage Compressor Outlet Pressure

Pressure Ratio 2"Y Stage Compressor

Training set
Test set

/
,,,/ \

Training set
/\‘ Test set

/ |

)|

P~ N,

Training set
Test set

Pressure [Scaled]

(a) Inlet pressure distribution

Figure 41: Original and transformed distributions for the

Pressure [Scaled]

(b) Outlet pressure distribution

2 nd

Pressure [Scaled]

(c) Pressure ratio distribution

st age compressor.

Figure 42 shows the standard deviations for the case with raw features for the case with feature

engineering. Overall, the uncertainty decreases. This could be due to more overlapping training and

test distributions. However, the effect is small since there are still several sources of uncertainty in the

training and test sets. Also, feature engineering did not significantly improve the resulting pressure
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2nd

ratio distribution for the stage compressor.
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Figure 42: Standard deviations for the expected power output with raw data and feature engineering.
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D Bayesian LSTM Implementation

The following code shows the implementation of the Bayesian LSTM used in this thesis. The
implementation is based on the PyTorch library. The code provides a flexible approach to test networks

with different architectures and hyperparameters.

import torch

import torch.nn as nn
import pandas as pd
import numpy as np

import math

class BayesianLSTM (nn.Module):

9999 9

Creates object of a Bayesian LSTM mnetwork with dropout probability , number of layers,

hidden dimension and output dimension.

Methods

forward(z):

Computes forward propagation of the network

299

def __init__(self, input_.dim, hidden_dim, layer_dim , output_dim, dropout):

super (BayesianLSTM, self). __init__()

ERIR

Parameters

input_dim : int

Size of input feature space
hidden_dim : int

Hidden dimension
layer_dim : int

Number of stacked LSTM layers
output_dim : int

Size of output dimension
dropout : float

Dropout probability

999 33
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# Hidden dimensions

self . hidden_dim = hidden_dim
#input dimension
self.input_.dim = input_-dim
# Number of hidden layers
self.layer_.dim = layer_dim
#dropout

self.dropout = dropout

# Sequence of LSTM cells
self.rnns = []
for 1 in range(self.layer_dim):
self.rnns.append (
nn . LSTM(input-dim if 1 = 0 else self.hidden_dim,
self.hidden_dim ,

num_layers=1)

)

self .rnns = torch.nn.ModuleList(self.rnns)

# Readout layer

self.fc = nn.Linear (hidden_dim, output_dim)

def forward(self, x):

299

Computes forward propagation of the network

2999

#Define input dropout mask
input_-mask = torch.ones(1, 1, self.input_-dim).bernoulli_(1—self.dropout)
#Define hidden dropout mask for all intermediate LSTM layers
hidden_mask = []

for 1 in range(self.layer_dim):

hidden_mask .append (torch.ones(1, 1, self.hidden_dim).bernoulli_(1—self.dropout))

#Define output dropout mask
output-mask = torch.ones(1, 1, self.hidden_dim).bernoulli_(1—self.dropout)

# Initialize hidden state with zeros
hO = torch.zeros (1, x.size(1l), self.hidden_dim).requires_grad_()

# Initialize cell state
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c0 = torch.zeros (1, x.size (1), self.hidden_dim).requires_grad-()

#Apply same dropout mask to input layer

X = x*input_mask

#For each lstm cell apply the same dropout mask for recurrent connections.
for 1, Istm in enumerate(self.rnns):
if 1 = 0:
out, (hn, cn) = Istm(x, (hO, c0))
hn = hnxhidden_mask[1]
else:
out, (hn, cn) = lstm(out, (hn, cn))
hn = hnxhidden_mask[1]

#Apply same output dropout mask

out = out*output_-mask

#Readout layer
out = self.fc(out)

return out

class BayesianLSTM_Wrapper ():

9999 9

Creates object of a Bayesian LSTM wrapper to fit and evaluate the loss on validation set.

Methods

fit(xz_train, y_train, epochs):
Computes the backpropagation and updates the weights

evaluate (z_val, y_-val)

Computes the loss for walidation set. Used for fitting the mnetwork early stopping.

299

def __init__(self, model, Ir):

999 33

Parameters
model : object

Network from BayesianLSTM class
lr : float

XI
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Learning rate
optimizer : object

Optimizer for backpropagation.
criterion : object

Objective function , MSE loss

999 93

self . model = model
self.lr = Ir
self.optimizer = torch.optim.Adam(model.parameters (), lr=Ir)

self.criterion = nn.MSELoss()
def fit(self, x_train, y_train, epochs):
NNy
Trains the Bayesian LSTM network with backpropagation .
Parameters
z_train : torch temsor
Training input data

y_train : torch tensor

Training target data

99 93

for epoch in range(epochs):

#Initialize optimizer

self.optimizer.zero_grad ()

#Calculates forward pass from the BayesianLSTM object
output = self.model(x_train.float ())

#Calculate loss

loss = self.criterion (output.view(—1), y-train.view(—1).float())

#Calculate backpropagation
loss . backward ()

#Update weights

self.optimizer.step ()

def evaluate(self, x_val, y_val):

XII
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299

FEvaluate the loss on wvalidation set

Parameters

z_val : torch tensor
Validation input data
y_val : torch temnsor

Validation target data

999 93

#List of samples

samples = []

#Sample predictions from the model

for i in range(100):
preds = self.model(x_val.float ()).view(—1)
samples.append(preds.detach ().numpy (). flatten ())

samples = np.array (samples)

#Calculate mean

mean = (samples.mean(axis = 0)).reshape(—1)

#Calculate mean squared error

mse = ((np.array(y-test).reshape(—1)—np.array(mean))**2).mean()

return mse
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