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Resumo

Os custos de operagdo e manutencédo de turbinas edlicas podem representar até 30% do custo da
energia eolica. Tem havido investigagao para monitorizar e detectar falhas incipientes em turbinas, a
partir da recolha de grandes quantidades de dados gerados pelo seu sistema SCADA. Por sua vez,
isto permite aos proprietarios de parques edlicas adotarem uma manutengao preditiva, que pode re-
duzir consideravelmente os custos. Um dos métodos principais para monitorizar a condigao de turbinas
edlicas é a utilizacao de modelos de funcionamento normal. Mas nao existe consenso relativamente a
como diferentes variaveis de entrada afetam os resultados. Para além disso, a maior parte dos trabalhos
utiliza redes neuronais, conhecidas por serem pouco interpretaveis e com altos custos computacionais.
Este trabalho apresenta uma nova taxonomia baseada nas relagdes causais entre as variaveis de en-
trada e de saida. Com base nesta taxonomia, o impacto dos diferentes tipos de variaveis de entrada
nos resultados do modelo ¢é avaliado. Para tal, a detecgéo de falhas é formulada como um problema
de classificagdo, em comparagao com a abordagem padrao da literatura, que é por andlise visual dos
residuos. Por fim, gradient boosting machines serao testadas como uma alternativa as redes neuron-
ais. Os resultados deste trabalho indicam que os diferentes tipos de variaveis de entrada definidos na
taxonomia afetam de forma diferente os resultados. Nomeadamente, os modelos com variaveis autore-
gressivas obtiveram os melhores resultados. Também foi demonstrado que a framework de detecgao
de falhas obteve resultados alinhados com os obtidos através de analise visual dos residuos. Para além
disso, também foi demonstrado que as gradient boosting machines obtiveram resultados competitivos

com os de redes neuronais.

Palavras-chave: causal, NBM, turbina, falha, SCADA
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Abstract

The operation and maintenance costs of wind turbines can account for up to 30% of the cost of wind
energy. There have been recent efforts to monitor and detect incipient faults in turbines by harvesting
the high amounts of data generated by their SCADA system. In turn, this enables the wind farm owners
to employ a predictive maintenance strategy, which can considerably reduce costs.

One of the main methods for monitoring the condition of wind turbines is building normal behaviour
models of the component. But there is a lack of consensus in how different input features affect the
results. Besides that, most works use artificial neural networks, which are known to be black-box models
with high computational costs. In this work, a new taxonomy based on the causal relations between the
input features and the target is presented. Based on this taxonomy, the impact of different input feature
configurations on the modelling and fault detection performance is evaluated. To this end, the detection
of faults will be formulated as a classification problem, compared to the standard literature approach by
visual residual analysis. Finally, gradient boosting machines will be tested as an alternative to artificial
neural networks.

The results from this work indicate that the taxonomy-based input feature types differently affect
model performance. The models with autoregressive features performed best overall. On the other
hand, the use of simultaneity features completely eliminated the fault detection capabilities of the model.
It was also shown that the fault detection framework obtained results aligned with those from visual
residual analysis. Furthermore, it was demonstrated that gradient boosting machines obtain competitive

results with those from artificial neural networks.

Keywords: causal, NBM, turbine, fault, SCADA
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Chapter 1

Introduction

1.1 Energy: Past and Present

In 2018, global energy-related CO, emissions reached a historic high of 33.1 gigatonnes. These emis-
sions are caused by the burning of fossil fuels, mainly natural gas, coal and oil, which accounted for
64% of global electricity production in this same year [1]. Greenhouse gases like CO, are responsible
for climate change which threatens to change the way we’ve come to know Earth and human life.

Fossil fuels are considered non-renewable resources because they don’t renew themselves at suffi-
cient rate for sustainable economic extraction in meaningful human time-frames. Based on the quantity
of known fuel reserves and the current rate of production it is expected that fossil fuels will be extin-
guished by 2152 [2]. This is a controversial topic since the actual quantity of fuel reserves is unknown,
but more important than asking how long fossil fuels will last is what would be the consequences of their
continued use: In a scenario where there are no efforts to curb global warming, global average temper-
atures would be pushed by at least 4.0°C past industrial levels by 2100 [3]. This would have extremely
profound impacts on the climate, such as the melting of glaciers and rising sea levels, the acidification of
oceans and the increase in extreme weather events such as hurricanes, droughts and heat waves. [4]

Besides their impact on the climate, fossil fuels have also been fuelling geopolitical conflicts: Wars in
the Middle East, the South-Sudan Civil War and more recently the South China Sea territorial disputes
are just some examples of conflicts that have been fundamentally influenced by the fossil fuel industry
[5, 6]. These conflicts have resulted in oil corporations and states fighting horrific wars over resource
control - the Energy Wars.

Finally, it's also important to note that in developing countries over 1 billion people still lack electricity
access, another 1 billion have unreliable supply and about 2.9 billion rely on traditional biomass use for
heating and cooking. All this hinders important advances, including those related with health, education,
gender equality, poverty eradication and ending hunger. Conventional power systems based on central-
ized power stations and transmission grids have not succeeded in reaching these scarcely populated

areas, raising the need for new energy solutions to achieve universal electricity access [7].



1.2 Renewable Energy Revolution

Before the Industrial Revolution, almost all the energy used by humans came from renewable sources.
The first milestone of mankind’s utilization of energy was the mastery of fire, by burning biomass (mainly
wood) for cooking, heating and light. After fire, humans managed to master water and air, using water-
mills and windmills to meet their needs for crushing grains, tanning leather, smelting iron, sawing wood
and so on. By the 18th century came the steam engine, this made the energy stocks accumulated in
the earth’s crust for hundreds of millions of years available to serve human needs. Due to their high
energy density and being easily transportable, fossil fuels quickly replaced all other energy sources [8].
A clear example is that the percentage of fossil fuels as global primary energy consumption grew from
7% in 1860 to 59% by 1910 [9]. But as the 20th century ended, rising concerns over energy security,
global warming, and eventual fossil fuel depletion led to an expansion of interest in all available forms of
renewable energy - This marked the beginning of the renewable energy revolution.

Renewable energies are those that naturally replenish themselves on a human timescale, such as
wind, hydro, geothermal and solar. In general, their lifecycle greenhouse emissions are much less
significant when compared with fossil fuels, as can be seen in Table 1.1. Besides reducing negative
impact on the climate, the transition towards a renewable energy system can also help solve other
consequences of our fossil fuels dependency. Unlike fossil fuels, renewable energy sources are available
in one form or another in most geographic locations. This abundance can help strengthen energy
security and promote greater energy independence for most states, meaning that most of the oil and
gas-related conflicts may decline [10]. Renewable resources also play a fundamental role in achieving
universal electricity access. In fact, renewable-based mini grids could be the most cost-effective way to
deliver access to more than a third of the 1.1 billion people across the world who still lack any electricity
supply. Moreover, mini-grids have the ability to lay the foundation for development in rural areas, where
more than four fifths of the world’s unelectrified live, by powering economic activities such as agriculture,

business and small industry. [11]

Table 1.1: Lifecycle emissions of selected power generation technologies (gCO2eq/kWh) - Source: [12].

Technology Min Median Max
Coal - PC 740 820 910
Biomass — Cofiring with coal 620 740 890
Gas — combined cycle 410 490 650
Biomass — Dedicated 130 230 420
Solar PV — Utility scale 18 48 180
Solar PV — rooftop 26 41 60
Geothermal 6.0 38 79
Concentrated solar power 8.8 27 63
Hydropower 1.0 24 2200
Wind Offshore 8.0 12 35
Nuclear 3.7 12 110
Wind Onshore 7.0 11 56




These advantages coupled with years of policy support in key countries and momentum to mitigate
climate change have helped promote the development of renewable energy. According to nearly every
measure, renewable energy is gaining ground. Renewables provided an estimated 23.57% of all elec-
tricity generated in 2015, new markets are emerging in every region of the world and more jobs are to
be found in the renewable energy sector than ever before [7].

Aligned with the need for the renewable energy revolution, the European Union has defined a target
of 32% renewable share by 2030 for final gross energy consumption [13], Portugal has also set its owns
goals of achieving a 40% share [14]. This final gross energy consumption includes energy spent on
electricity, transport and heating. Focusing on the electricity part of energy consumption, wind energy is
expected to contribute a significant part for the objectives of 2030. As can be seen in Figure 1.1, wind
energy, both onshore and offshore, is expected to provide 18.7% of the produced electricity by 2030 in

the EU. Wind energy is also expected to be the source with the highest share (24.8%) by 2040.

w
2017F 16.0% 5.9% '13 24.6% 17.7% 22.0%I
20302 11.9% 13.9% 6.9% 8.9% 20.6% 20.5% 9.4%I
2040 16.6% 11.9% 10.7% 14.7% 12.2% 17.6% 7.0%|
0 20 40 60 80 100
B Offshore Wind Onshore Wind Hydro Biomass Solar
Nuclear Gas Coal B Other

Figure 1.1: Breakdown of electricity produced in the European Union by source for 2017 and projected
for 2030 and 2040 - Source: [15].

1.3 Wind Energy

The renewed interest in renewable energy by the late 20th century promoted technological advances in
the field, such that by 1979 Danish manufacturers Vestas, Nordtank, Kuriant and Bonus ushered in the
modern era of wind power with the mass production of large Wind Turbines (WTs) to produce electricity.
From then on the fledgling commercial wind power industry started growing, reaching robust growth
rates of around 20-40% per year by the beginning of the 21st century, as can be seen in figure 1.2. This
growth was mostly driven by the ready availability of large wind resources, falling costs due to improved
technology and also government policies such as tax credits, financial incentives, and priority access for
renewable energy to the electricity grid. Specifically in Portugal, these government policies have been
mainly in the form of feed-in-tariffs, which are long-term contracts in which the energy producer is offered

compensation based on the generation cost of that technology.
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Figure 1.2: Global wind capacity (installed and cumulative) over time and corresponding growth - Source:

2].

1.3.1 Wind Energy Economics

The Levelized Cost of Energy (LCOE) is one of the most common methods to compare different power
generating assets, it is equal to the average total cost to build and operate the asset over its lifetime
divided by the total energy output over that same lifetime. As mentioned previously, the costs of wind
installations have decreased considerably in the last years, as can be seen in Figure 1.3, the average
onshore wind LCOE is now situated in the lower end of the fossil fuel cost range. Indeed, wind energy
has become a competitive player in the energy market panorama of today. An illustrative example is the
recent surge of non-subsidized wind projects, with various planned installations in different countries,
such as 107MW planned to be installed in Finland, 300MW in Spain and 700MW in the Netherlands.
Although wind power is now one of the most competitive options for new power generation capacity,
it is still crucial to continue lowering its costs. The main reason why is that now that wind energy is
competitive, more and more governments are stopping the incentives that once propelled wind growth,
in favor of more market-driven auctions. This has a very significant impact in the deployment of wind
projects, as can be seen in figure 1.2 the years of 2004 and 2013 where the growth of wind energy
clearly decreased correspond to years where the production tax credit expired in the United States,
lowering the incentive of wind [17]. Besides that, there is still a high variability in wind energy costs
within and between countries, as can be seen by the range of values in Figure 1.3, which coupled with
the possibility of future development in fossil fuel technology means we can’t take for granted wind energy
competitiveness. Finally, as can also be seen in Figure 1.3, offshore wind is still barely competitive with
fossil fuel technologies, making it all the more important to lower the costs. The previous arguments

show that the need to lower the costs of wind are now as important as ever.
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Figure 1.3: Maximum, average and minimum values of the LCOE by power technology for 2010 and
2017 - Source: [16]

1.3.1.1 Wind Energy Costs

Before understanding how to lower the LCOE of wind, it is first important to understand exactly how it is

calculated by analysing the formula for the simplified LCOE according to [18] and reproduced below.

It +Comka
LOOE = -t ~Zomla 1.1
CcO - (1.1)
P )t (1.2)
a(l+ a)”

Where:

e [;: The total investment cost (€/kW) are assumed to all be taken at the initial time and correspond

to the WTs costs, civil work, grid connection costs and more.

e C,,,: The annual Operation and Maintenance (O&M) costs (€/kW/yr) are assumed to be constant
throughout the years and correspond to the regular maintenance costs, repairs, insurance and

more.

e h,: The utilization factor is assumed to be constant throughout the years and corresponds to the
number of hours the turbine would have to work at rated power to produce the same energy it

actually produced.

e a: The discount rate is used to convert the values of payments or revenues made in different time

instants to the same time instant.

n: The lifetime of the turbine in years.

In first place, it's interesting to note how each of these individual parcels can help increase wind

competitiveness. For example, increasing the utilization factor and the lifetime of the WT is a clear



advantage for Wind Farm Owners since they will produce more energy and thus get more revenue.
On the other hand, reducing the O&M costs will not be advantageous for the Wind Farm Owner if he’s
not doing the O&M himself, in which case the benefits would be to the Independent Service Provider
or the Original Equipment Manufacturer. These examples show the complex dynamics of the wind
energy market and show why it's advantageous to use the LCOE, which combines all these factors and
translates the costs for all the stakeholders involved. But since the LCOE takes into account different
variables it is relevant to do a sensitivity analysis to gain intuition in how each of these individually affect
the final result. This sensitivity analysis was done by using equations 1.1 and 1.2 and using as base
values those described in [19] for a reference onshore wind project. For example, as can be seen in
Figure 1.4, reducing the O&M costs and increasing the lifetime of the turbine both result in a significant
decrease in the LCOE.
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Figure 1.4: Sensitivity Analysis of LCOE for reference Onshore Wind Farm

Besides looking at the LCOE, there’s also interest in understanding the specific costs of a wind
project without taking into account the energy it will produce. For that we can take a look at Figure 1.5,
where we can see that the O&M costs are particularly high for wind when compared to conventional
fossil fuel plants, like a Gas Combined Cycle Plant. This happens because while generators in fossil
fuel power plants operate in a constant, narrow range of speeds, WTs are designed to operate under
a wide range of wind speeds and weather conditions. This means the stresses on components are
significantly higher, thus increasing the probability of failures and consequently the maintenance costs.
Besides that, wind farms are normally deployed in remote locations which naturally increases the costs
of transportation and consequently the O&M costs. It's also important to note that for offshore turbines
all these are aggravated by the difficulties in getting access to the WTs and also the more severe weather
conditions. Finally, for turbines nearing their end of life these costs can extend up to 35% [20]. This is
specially important since the global average turbine is just 6 years old, which means the O&M costs are

expected to increase as turbines begin to age [20]. All these reasons make it extremely important to



understand how we can lower these maintenance costs.

B |nvestment Cost
B O&M Costs
B Fuel Costs

Figure 1.5: Cost breakdown for Wind and Gas CC projects - Source: [21]

1.3.2 Wind Turbine Maintenance

Maintenance of WTs has been mostly implemented in two forms: corrective maintenance and preventa-
tive maintenance. Corrective maintenance applies a run-to-failure approach, which can be attractive as
it requires very little planning. But running until failure means there is no control for the operator in terms
of when or how the WT goes off-line. This means that there will be downtime associated with the time
until the maintenance action is taken, which could have been prevented. Besides that, the unsched-
uled nature of the maintenance means that the repairs may need to be done at an inconvenient time,
for example of high power production or during winter time for offshore wind farms. Hence, although
corrective maintenance represents the least expensive maintenance strategy to implement and operate,
repair costs of running to failure far outweigh the benefits in most cases [20].

On the other hand, preventative maintenance involves servicing an asset in order to prevent unsched-
uled downtime. Maintenance is performed on a periodic basis at a pre-determined interval, usually es-
timated with component-specific historical knowledge. This can be an efficient strategy for components
that wear out in a predictable and repeatable pattern. While this reduces the severity of failures and
maintenance tasks compared to corrective maintenance strategies, the component life may not be fully
exhausted when maintenance occurs, meaning that in a majority of cases the asset has been brought
off-line unnecessarily [20].

This means that both corrective and preventative maintenance are far from ideal, hence why Predic-
tive Maintenance (PdM) is being researched as a possible solution. In fact, it's expected that by 2025
new PdM strategies can reduce the LCOE of onshore wind by as much as 25% [22]. These are related
with reduced downtime from unplanned maintenance, helping further increase the utilization factor by
18% [22], which could result in more than 15% decrease in the LCOE as Figure 1.4 shows. Besides

that, new PdM strategies are also expected to significantly reduce O&M costs and help increase the



lifetime of WTs, which have a significative impact in the LCOE, as Figure 1.4 also shows. In fact, new

PdM strategies are one of the main long-term research challenges in wind energy [23].

1.4 Predictive Maintenance

Before proceeding, it's important to note that the terms fault and failure have been used rather loosely in
the literature. In this work we will follow the definition from [24]. To summarize, a fault is a condition of a
machine that occurs when one of its components or assemblies degrades or exhibits abnormal behavior.
A fault can in turn lead to a failure which is a termination of the ability of an item to perform a required
function. Failure is an event as distinguished from fault, which is a state [25].

With this in mind, the objective of PdM is to optimize maintenance by making use of Condition
Monitoring (CM) techniques on various components. CM involves continuously monitoring the health or
condition of a piece of equipment with the objective of detecting incipient faults early and to determine

any necessary maintenance tasks ahead of failure.

1.4.1 Wind Turbine Technology

To understand what type of failures actually occur in a turbine it’s important to understand its technology,
in this section a brief review will be given, focusing on the aspects that are most relevant for the rest of
the work. It's important to note that there are many WT designs, but due to being the industry standard
we’re going to focus on the horizontal axis turbine with pitch control and high speed drive train. A scheme
of this WT design is illustrated in Figure 1.6.

The WT works by using the rotor blades to convert the kinetic energy of wind into mechanical energy
in the rotor hub, which is connected to the drivetrain that will convert the mechanical energy into electrical
energy. As can be seen in Figure 1.6, the drivetrain is composed by the main shaft, the gearbox and
the generator. The main shaft transfers the mechanical energy from the rotor hub to the gearbox, which
will convert from the frequency of the rotor to the generator/grid frequency. Finally, the generator will
produce power, which is mostly proportional to the wind speed, but due the control systems of the WT
it is normally characterized by a power curve. A reference power curve is illustrated in Figure 1.7, and
it's important to go into further detail on the regime of when the wind speed reaches rated speed. When
this happens, it is necessary to waste this excess energy in order to avoid damaging the WT. In practice,
this is done by using the pitch system, which controls the angle of the blades, and when the wind is past
the rated speed it turns the blades out of the wind, thus lowering the input energy. Another fundamental
control system in the WT is the yaw system, which controls the nacelle direction in order to align it with
the wind direction, thus maximizing the share of energy in the wind that will be running through the rotor

area.
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1.4.2 Wind Turbine Failures

Figure 1.8 shows the failure data of 350 modern offshore turbines [27]. As can be seen, the components
with the highest rate of failures per turbine per year are the the pitch and the hydraulics system. In second
place comes "Other Components”, which includes ladders, hatches, lifts and door and nacelle seals. But
it's important to note that the failures in the previous components result mostly in minor repairs, on the
contrary it can be seen that the generator and the gearbox have a significant amount of failures that led
to major repairs and replacements. In fact, in [28] the authors performed an historical analysis of failure
and downtime data of more than 4300 turbines. The results showed that the generator and gearbox were
the most responsible components for downtime due to failures, which reduces the availability of the WT.
Besides that, the authors in [27] also note that these are also some of the most expensive components
to replace, with a gearbox replacement accounting to 230.000€ on average and 60.000€ for a generator
replacement. For the previous reasons this work will focus on WT drivetrain failures, such as gearbox,
generator and main bearing failures.

With this in mind, it's now interesting to understand how can PdM reduce the LCOE of wind by pre-
dicting these drivetrain failures. In fact, if the failure of a component can be predicted months ahead, the
planning of the repair or replacement is greatly improved as spare parts, equipment and personnel re-
sources can be ordered in due time thus lowering the O&M costs. Besides that, due to this optimization,
the downtime of the turbine is also kept at a minimum, which increases the utilization factor. Adverse
weather conditions may also prevent repairs for extended periods of time, and it may be advantageous
to react to a fault warning early to avoid long periods of downtime following a critical failure in a severe
weather window. Finally, if faults are corrected at an early stage, secondary damage to equipment can
be avoided, which can help prolong the lifetime of the turbine. But to actually implement a PdM strategy

there must be a CM technique.
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Figure 1.8: Failure rates of components of offshore turbines - Source: [27]

1.4.3 Drivetrain Condition Monitoring

In the wind industry, CM has traditionally been carried out by installing additional vibration, oil-particulate,
or other sensors to the turbine. These systems are normally known as Condition Monitoring Systems
(CMS). The sensors can be expensive to install and record data at very high frequencies, meaning there
are high bandwidth and storage requirements. Although these systems have seen significant success
in the oil and gas industries, the cost justification for wind turbines is not nearly as strong . Furthermore,
due to the fact that wind turbines operate at relatively low and variable speeds, the signals are harder to
interpret and have not been as successful at fault prognosis as in other industries [20].

However, all large utility scale WTs have a standard Supervisory control and data acquisition (SCADA)
system principally used for performance monitoring. Such systems provide a wealth of data at normally
10 minute resolution, though the range and type of signals recorded can vary widely from one turbine
type to another. As CM using SCADA data is a potentially low cost solution requiring no additional sen-
sors, there’s been a significant amount of research on how to best use this data for fault detection in
WTs [29]. Having this in mind, in the next section the literature on SCADA-based WT drivetrain fault

detection will be reviewed.

1.5 State of the Art

The SCADA system provides two types of data: alarms and signals. SCADA alarms can be used for
condition monitoring, but as has been noted in the literature these alarms are currently too frequent for
rational analysis [30]. This happens because SCADA alarms are simple thresholds to the signals, which
is a very crude way to detect fault because the WT operates at varying operating regimes. For these
reasons there’s been research in developing more advanced data analysis methods for SCADA signal
data of which a review will be done in this section.

The most common approach for SCADA-based CM is trough the method of bins for power curve
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monitoring, defined in the standard IEC 61400-12-1 [31]. Briefly, the objective of this approach is to
build a model of the power curve and monitor real time data to detect deviations from the model. More
advanced methods to model the power curve have been researched, such as K-Nearest Neighbors
(KNN) [32], Artificial Neural Networks (ANNSs) [33], and Gaussian Processes (GPs) [34]. These have
been successful in finding many types of faults related with underperformance of the WT such as pitch
misalignment, yaw misalignment and blade icings. But in terms of detecting faults in the drivetrain of the
WT the results haven not been as promising. The majority of the work that has been done has shown
that sometimes there is some underperformance in the WT before the fault, but the high amount of false
positives and the impossibility of performing fault diagnosis, since we’re only looking at the output power,
make this approach difficult [28, 35].

There has also been some research regarding the applicability of classification algorithms to predict
failures. By using different sensors of the WT as features of a classification algorithm and the failures as
labels, it's expected for the model to learn to predict failures. For example, in [36] and [37] the authors
used Support Vector Machines (SVM) to predict generator faults. Although the results were promising,
the unbalanced nature of the data resulted in less than ideal overall results. Besides that, the prediction
window was at most 12 hours, which is very small for it to have an actual impact on PdM strategy.
But the main disadvantage of this approach is that it requires labelled data to actually be able to train
the classification algorithm in a supervised manner. As mentioned throughout this work, the existence
of clear WT labels is extremely rare in the wind industry, which makes the classifier-based approach
challenging.

Finally, the most promising method for SCADA-based drivetrain fault detection are Normal Behaviour
Models (NBMs). They are being actively researched by both the research community and the industry.
It should also be noted that, during the initial phase of the present work, different approaches that
didn’t use NBMs were tested. These approaches were based on unsupervised algorithms, which have
the main advantage of not needing to assume that the training data belongs to a period of normal
behavior. The first approach was regarding fault detection as a time series anomaly detection problem.
Here, different anomaly detection algorithms were used, such as Seasonal Hybrid Extreme Studentized
Deviate Test [38] and Matrix Profile [39]. The second approach used different statistical distances, such
as Earth Mover’s Distance [40] and Quadratic Chi-square Distance [41], to compare the distribution
of temperatures between WTs to find anomalies. Nonetheless, their results in terms of actual fault
detection were considerably worse when compared to NBM-based approaches. Hence why the focus
of the thesis shifted towards the latter. The next section will provide a brief review of trending, which

provided the fundamental reasoning behind NBMs.

1.5.1 Trending

The fundamental assumptions of NBMs come from a previous method that was used in the industry
called trending. Trending is based on the fact that faults in a component can relate to changes in

its efficiency. In turn, these changes in efficiency can be detected by changes in the thermodynamic
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behaviour of the system. The authors of [42] and [43] demonstrated this for a rotating mechanical
system of the wind turbine, such as the bearings of drivetrain components.

The first law of thermodynamics states that changes in the internal energy AU can derive either from
heat supplied to the system @ or work done by the system W, as Equation 1.3 shows. Under quasi-
stationary conditions, it can be assumed that the internal energy does not change, resulting in Equation
1.4.

AU=Q-W (1.3)

Q=W (1.4)

The work done by the system can be described as the difference of kinetic energy E;, taken from and
supplied to the system, as Equation 1.5 shows. Since these components are mainly transferring energy,
the output energy can be described by the input energy multiplied by the efficiency of the bearing 7, as
shown in Equation 1.6. Since the kinetic energy is rotational energy, it can be described by Equation 1.7
with inertia I and angular speed w. Thus resulting that the work done by the system can be described

by Equation 1.8

W = Ek,out - Ek,in (1 5)
Ek,out = nEk,in (1 6)

1 2
Bi= 11w (1.7)
W= (5 — 1)1 (1.8)

The heat flow can be described by Equation 1.9 with the temperature change AT and the heat
transfer rate k for the material compound. Combining Equations 1.4, 1.8 and 1.9 it is possible to derive

the temperature change in the bearing, as Equation 1.10 shows.

Q = —kAT (1.9)

AT:(kn)w?% (1.10)

Since ﬁ is constant, it results that AT is a function of n and w?. It's also important to note that
w? is proportional to the produced power P. This results that monitoring the temperature measure
by the sensor, T, to P ratio makes it possible to detect changes in the efficiency of the bearing 7,

and thus possible faults. In fact, many Wind Farm Owners, Original Equipment Manufacturers and
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Independent Service Providers are already using SCADA temperatures and binning them by active
power to monitor the health of the WT components. However, this simple method does not consider
more complex thermodynamic relations that exist in the drivetrain of the WT, such as the seasonal effect
of ambient temperature, the heat transfer between different components and the effect of the lubrication
and cooling systems. Due to these challenges, there has been research in NBMs, which are able to

model temperatures based on various input signals.

1.5.2 Normal Behavior Models

One of the most important aspects behind training a NBM are the input features. If these are carefully
selected and the model is trained with data from a period when the turbine is healthy then it will learn the
normal behaviour of the WT, being robust to different ambient temperatures and operational regimes.
Afterwards, it is possible to compare the predictions of the NBM with the real measured values, to
understand if the component is hotter or cooler than our model expected. The difference between the
measured value and the prediction make it possible to detect anomalies in the component and possible
faults. This process is summarized in Figure 1.9, where it should be noted that the differences between

the predictions and the measured values are normally called the residuals.

Target

) Residual
Features Prediction * ;
SCADA NBM

» |
L

Figure 1.9: Normal Behaviour Model Testing diagram

One of the first works to apply NBMs to detect faults in the WT drivetrain was SIMAP [44]. This
framework used ANNs to model various gearbox temperatures, such as the bearings and the cooling
oil. In terms of the input features, the authors used lags of the target, thus including autoregressive
properties into the model. The authors also used active power, nacelle temperature, and the cooling
fan speeds. These features were selected using cross-correlation and impulse response analyses.
Moreover, there were no results of a detailed case study to evaluate the quality of the NBM. Following
works using similar feature selection and engineering techniques and also using ANNs showed more
interesting results. For example, in [45] the authors found overheating problems in the gearbox cooling
oil, detected almost six months before the failure of one turbine. In similar works [46] and [47] the
authors were able to detect cracks in the gearbox body and the consequent oil leaks in gearboxes
with four months in advance. In [48] the authors modelled the main shaft rear bearing temperature in
direct-drive turbines and detected a fault three months ahead of failure.

All the mentioned works have used autoregressive features. In fact, [49] was work that assessed the
impact of using autoregressive features. The authors used ANNs to model the generator bearing tem-

perature and used as input features the generator stator temperature, nacelle temperature, active power
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and the lagged target for the autoregressive model. The results showed that the temperature modelling
performance of the autoregressive model was significantly better. But in terms of fault detection perfor-
mance, the non-autoregressive model performed best, detecting faults up to five days earlier than the
autoregressive model. Indeed, it's important to clarify that NBM can be evaluated in terms of how well
they model the target temperature and in terms of how well they detect faults. The first corresponds to
evaluating how low are the residuals during healthy periods of time, while the second corresponds to
evaluating if there is an increase in the residuals before a failure. What the results from this work seem to
indicate is that autoregressive features do increase the temperature modelling performance but worsens
the fault detection performance. Other works such as [50] and [51] have reached similar results. But
there have also been works that obtained the opposite results, where including autoregressive features
improved both the temperature modelling performance of the model and the fault detection performance,
such as [52, 53].

The first work to mention that features that are highly correlated with the target increase the tempera-
ture modelling performance, but in turn they may decrease the fault detection performance of the model
was [54]. The authors tested the use of the gearbox oil temperature as a feature to model the gearbox
bearing temperature, and it led to the model not being able to predict the failure. Afterwards, in [55] the
authors compared between using features that are highly correlated with the target and not using them.
The results seemed to indicate that using features that are highly correlated with the target resulted in
lower fault detection performance, but the argument could not be fully assessed based on these results.

A summary of this literature review is presented in Table 1.2, where it is shown which input features
each work used in NBMs for the gearbox bearing temperature. The algorithm used in each work is not
represented in the table because all these works have used ANNs or ANN-based algorithms. This may
be due to the existing domain knowledge of the non-linear relationships between the input features and
the target. Since ANNs are known for their highly non-linear modelling capabilities, they are good candi-
dates. Nonetheless, these works have also criticized their high computational costs and time-consuming
optimization. This raises the need for other solutions. For example, Gradient Boosting Machines (GBMs)
are also known for their highly non-linear modelling capabilities, while having considerably lower compu-
tational costs and being more robust to hyperparameter optimization [56]. In fact, GBMs have obtained
excellent results in time series modelling challenges, as shown in works [57] and [58]. This makes them
potential candidates for normal behavior modelling algorithms.

Regarding Table 1.2, it shows that there is a lack of consensus regarding which input features should
be used, existing significant variation between works. Although some works have shown results which
indicate that using features that are highly correlated with the target, such as the gearbox oil temperature,
significantly reduces the fault detection performance of the model, these are still used in many works
today such as [25, 50, 59, 60]. There are also conflicting opinions regarding the use of autoregressive
features, which leads to some works using them and others not. The main reason behind this is the
lack of consistent case studies that evaluate the impact of different features on both the temperature
modelling and fault detection performances.

It's also important to note that, in most machine learning problems, if the model is well optimized
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Table 1.2: Input features used in NBMs for Gearbox Bearing Temperature for selected works in the
literature.

Work Ambient | Rotor | Active | Nacelle | Gearbox Autoregressive
Temp. | Speed | Power | Temp. | Oil Temp.

[44] X X X
[45] X X X
[61] X X X X X
[62] X X X
[54] X X X X X
[50] X X X X X X
[25] X X X X X
[63] X
[64] X X
[60] X X X
[59] X X X X X X

and regularized, then the use of more features is expected to either lead to the same results or better.
Indeed, in fault detection using NBMs this is not so trivial. To understand why, it's important to remind that
the model that is being trained is the NBM, which minimizes the temperature modelling error. Indeed, it's
expected that if the model has more features then the temperature modelling error should be the same
or better. But the objective of building the NBM is to perform fault detection, and since the model is not
being trained to minimize the classification error, then the impact that different features have on the fault

detection performance is not trivial.

1.5.3 Fault Detection

There have also been works that used a classification-based approach towards WT fault detection,
instead of using NBMs. In these classifiers the more features the model has the better its performance
should be. But as the literature has shown, this approach has not been as successful. One of the main
reasons behind this, is due to the lack of quality regarding groundtruth data of WT failures. Indeed,
there is data of when the failure happened, but there is no information regarding when the fault state
started, making it not trivial to formulate as a classification problem. Hence why the regression-based
approach of building a NBM has been prevalent. NBMs also face difficulties with the nonexistence of
groundtruth. Indeed, the evaluation of the temperature modelling performance of the NBM is coherent
in the literature, but the evaluation of fault detection performance is not. This happens again due to the
lack of clear groundtruth, which leads to the majority of the literature to evaluate fault detection results
by visual inspection, observing the increase in the residuals before the failure. But this is problematic,
because comparisons between different models will be highly subjective.

To perform fault detection using NBMs one has to analyse the residuals, which are the difference
between the real values and the model predictions. As has been noted in [45], the raw residuals of
the NBM are highly fluctuating, having several spikes, which makes it difficult to define a threshold
to detect faults. The authors of [49] suggested using daily averages of the residuals, thus obtaining
less fluctuating values, that represent how abnormal was the target temperature in each day. In [50],

the authors suggested using rollings averages of the residuals, instead of resampling, which has the
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advantage of not losing the resolution of the data while still smoothing the values.

Even though there have been significant advances in the post processing of the residuals, the pro-
cess of detecting faults in the majority of the works is still similar. This process consists of doing a
visual analysis of the residuals and observing if there is a significant increase before the occurrence
of a failure. This method is both time-consuming and ambiguous, due to being performed in a manual
approach. Besides that, many authors simply look at the residuals without actually inspecting the time
series and understand why the predictions are differing from the true values.

There has been some work towards automating the process of fault detection. For example in [25],
the authors formulated the detection of faults as a classification problem, but few details were given
regarding what labels were considered. The clear definition of the classification problem and corre-
sponding labels is extremely important, because it defines what is considered a True Positive (TP) and
a False Positive (FP). The authors also used the Receiver operating characteristic (ROC) curve to eval-
uate the different models, which is questionable since ROC curves are not adequate for unbalanced
classification problems such as fault detection, in which the quantity of fault states is notably smaller
than the quantity of no-fault states. Indeed, there is no standard method to evaluate the fault detection

performance of an NBM in the literature.

1.6 Objectives

Having in mind the challenges explored in the previous section, the main objectives of this work will be

the following:

e Assess the use of GBMs as a low computational cost and higher interpretability solution for mod-

elling the normal behaviour of the WT drivetrain temperatures.

e Develop an input feature taxonomy based on the causal relations between the features and the

target to categorize different input feature types.

e Based on the developed taxonomy, evaluate the impact of the different feature types on the tem-

perature modelling performance and the fault detection performance of the NBM.

e Formulate the detection of faults based on residuals as a classification problem and develop the
corresponding evaluation framework. Compare the results from the framework with those from the

visual residual analysis.

1.7 Thesis Outline

The main body of the thesis has the following structure:

e Chapter 1 contextualizes the thesis, reviews the state-of-the-art and presents the motivation for

the development of the present work.
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Chapter 2 presents the methodology behind the feature taxonomy, GBMs and the fault detection

framework.

Chapter 3 explores the data of the wind farm and the implementation of the data processing,

feature configuration, temperature modelling and fault detection frameworks.

Chapter 4 presents the results in terms of temperature modelling and in terms of fault detection

for the NBM with the different input feature selection methods.

Chapter 5 summarizes the findings from the thesis and presents possibilities for future work.

There are also several appendices, their content is described below:

Appendix A contains extra case studies from the temperature modelling results.

Appendix B contains extra residuals from the fault detection case studies.

Appendix C contains the complete precision and recall results for the different models and pre-

dictive windows.

Appendix D contains the paper that was accepted for presentation at the ICML workshop: "Cli-

mate Change: How can Al help?”.
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Chapter 2

Methodology

2.1 Feature Taxonomy

As mentioned in the Introduction, there have been works which indicated that using features that are
highly correlated with the target increases temperature modelling performance but may decrease the
fault detection performance of the model [54, 55]. For example, if the gearbox bearing temperature is
being modelled, it's expected that when it gets hotter the gearbox oil temperature will also get hotter,
due to heat transfer. Indeed, it is intuitive that the gearbox oil temperature is highly correlated with
the gearbox bearing temperature and thus will be important for modelling. But the problem is that a
state of fault is characterized by overheating in the gearbox bearing temperature, and again, due to
heat transfer, the gearbox oil temperature will also be hotter than expected. This means that if the
gearbox oil temperature is being used to model the gearbox bearing temperature, the model may model
abnormal behavior and thus not be able to detect the incipient fault. Having this in mind, the present
work hypothesizes that the decrease in fault detection performance is not due to the fact that the features
are highly correlated with the target temperature, which is subjective since there is significant correlation
between rotor speed and the gearbox bearing temperature. In fact, we suggest that what decreases
the fault detection performance is using features that have an interdependence with the target, as in
not only is the target dependent on them, they are also dependent on the target. This happens for all
temperatures in the drivetrain, since there is heat transfer between all of them.

Although the ideas behind the previous hypothesis are intuitive, it's important to make it more objec-
tive by using a clearer nomenclature. For this reason, we will present a new taxonomy based on Econo-
metric Causality [65] and Causal Inference [66], which distinguishes features based on their causal
relations with the target. Basically, if the target is causally dependent of the features, they are consid-
ered causal features. On the other hand, if there is a causal interdependence between the feature and
the target, as in they are dependent on each other, they are considered simultaneity features.

As was shown in the previous example, these causal relations can be assumed since we have
domain knowledge of the physical system. The present work suggests the causal diagram presented

in Figure 2.1, where the arrows represent causal relations. If the arrow is double-pointed, it means that
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there is interdependence between the variables. It should also be clarified that mediators are also causal
features. The only difference is that they are not the original cause, in fact they mediate the causal effect
from other causal features. For example, the gearbox bearing temperature depends on the rotor speed,
but the rotor speed depends on the wind speed. This means that the origin of the causal effect is the
wind speed, thus meaning that this is a causal feature, while the rotor speed is a mediator of this causal
relation. For the purpose of the work, mediators will be considered causal features, but there is interest
in further exploring how this intricacies can affect the NBM both in terms of temperature modelling and
fault detection performances. These causal relations of the different variables are also summarized in
Table 2.1.

The introduced taxonomy clarifies some details from previous works. For example, usually the na-
celle temperature was not considered a feature highly correlated with the target, and the works that
criticized the use of highly correlated features actually used the nacelle temperature [54]. According to
this taxonomy, both the nacelle temperature and the gearbox oil temperature are simultaneity features,
which means that if the gearbox oil temperature does negatively affect fault detection performance, then

it's expected that nacelle temperature also does.

OTarget QOCausal Features OMediators Q@ Simultaneity Features

Figure 2.1: Causal diagram for the gearbox bearing temperature.

Regarding the use of autoregressive features, these are clearly causal features, since there is a
temporal relation that prevents the future values from affecting past values. Nonetheless, as noted in the
literature, the impact of these features in model performance is not consensual. For example, if there
is a developing fault and the gearbox bearing is overheating, then the use of previous values that were
already hotter than they should be to model the present temperature may result in the NBM modelling

abnormal behavior. In fact, using autoregressive features in an NBM can also be seen as what is being
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Table 2.1: Causal relations for the different variables.

Variable Causal Relation
Gearbox Bearing Temperature Target
Wind Speed Causal
Ambient Temperature Causal
Pitch Angle Causal/Mediator
Active Power Causal/Mediator
Rotor Speed Causal/Mediator
Nacelle Temperature Simultaneity
Gearbox Oil Temperature Simultaneity

modelled is not the actual gearbox bearing temperature, but the temperature rate of change. Since the
model has knowledge of the previous timestamps, it is expected to learn the normal rate of change of
temperature. Thus, the model should be mostly insensitive to changes in the mean value of the target
temperature. This is problematic if the fault is characterized by a change in the mean temperature
for the given conditions, but if the fault is also characterized by an abnormal rate of change in the
temperature then the autoregressive model should be able to detect it. This indicates that the impact
of autoregressive features may depend on the type of fault, which may also explain the non-consensual
results obtained in the literature.

In most machine learning problems, if the model is well optimized and regularized then with more
features it is expected to either obtain the same results or better. In fault detection using NBMs this is
not so trivial. To understand why, it is important to remember that the NBM minimizes the temperature
modelling error. Therefore, it’'s expected that the more features the model has the temperature modelling
error should be the same or better. But the objective of the NBM is to perform fault detection, and since
the model is not being trained to minimize the classification error, then the impact that different features
have on the results is not trivial. This shows why choosing a domain knowledge-based approach in

terms of selecting the input features to the model is specially important in this type of problem.

2.1.1 Model Types

Based on the taxonomy that was previously presented to distinguish features based on their causal rela-
tions with the target, we will also define different model types. This formulation will help when evaluating
the impact of the different input feature types on the model results. These models are the Causal Normal
Behaviour Model (CNBM), Simultaneous Normal Behaviour Model (SNBM), Autoregressive Causal Nor-
mal Behaviour Model (ACNBM) and Autoregressive Simultaneous Normal Behaviour Model (ASNBM).
Their differences are shown in Table 2.2. In Figure 2.2 are presented diagrams for two of the model

architectures to clarify their differences.

2.2 Gradient Boosting Machines

The NBMs in this work will be based in GBMs. GBMs are a machine learning technique which uses a

prediction model in the form of an ensemble. This means that it combines multiple simple models into
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Table 2.2: The input feature configuration used by each model type.

Causal | Simultaneity | Autoregressive
Model
Features Features Features
CNBM X
SNBM X X
ACNBM X X
ASNBM X X X
Target o
Causal Features - Prediction
SCADA 3 NBM |
(a) CNBM
Target

Causal Features

Prediction

SCADA  |Simultaneity Feature NBM

Y YVY? wY

1. Feedback
t-1 |«

(b) ASNBM

Figure 2.2: Schematic examples of some of the different NBM input feature types.

a single composite model. In boosting terminology, the simple models are called weak learners. In this
work, as is standard for most problems, the weak learners will be decision trees.

In [67] the authors explain the fundamentals of GBMs, based on which a brief review will be presented
in this chapter. Given the input features vector z, the ensemble Fj;(x) will be composed of M weak
learners of the form f,,(x), which will have the predictions g for the target y. This is formalized in
equation 2.1. To understand the process of building the ensemble we can imagine that the starting weak
learner simply predicts the mean of the observations, such that fy(z) = 7 . That means the residuals
for that iteration will be given by Equation 2.2. Now, another weak learner, f;(z), will be added to the
composite model, and ideally it would make Fj(x) able to predict y as Equation 2.3 shows. For this
to happen, the new weak learner must be equal to the residuals, as demonstrated in Equation 2.4. Of
course that in practice the model would need more weak learners, and it would never truly be equal to
the target values, but the main idea is that in GBMs the added models are trained on the residuals of the
previous model. For the general case it can be summarized as in Equation 2.5, in which it’s also been
added the learning rate 7, which is an hyper parameter used to prevent over fitting, so that each added
weak learner has less of an effect on the composite model. It's also important to mention that it can be
formally proven that GBMs perform gradient descent. The intuition behind this is related with the fact
that Equation 2.6, which corresponds to the gradient descent position update equation, has similarities

to Equation 2.5 that was previously explained.
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2.2.1 Temperature Modelling Evaluation

To evaluate the temperature modelling performance of the NBMs the approach that will be used in this
work is the one that is standard in the literature. The models will be evaluated on the test set, where
periods of fault were removed. The motivation behind this is that when evaluating temperature modelling
we are interested in how well the NBM models the temperature during normal behavior. This means that
fault periods would not be relevant to this evaluation. In fact, since periods of fault are characterized by
higher residuals, they would actually influence the regression metrics and introduce some subjectivity in
the results.

As is standard in the literature, the regression metrics that will be used in this work are the Mean
Absolute Error (MAE), the Root Mean Squared Error (RMSE) and the Standard Deviation (SD). These
metrics will be defined in function of the residuals, which are described in Equation 2.7. The regression
metrics are defined in function of the residuals in Equations 2.8, 2.9 and 2.10. The reason behind using
different metrics is because they all provide different insights. For example, it is known in the literature
that the MAE is more robust to outliers than the RMSE [68]. Also, as noted in [62], the use of the SD
of the residuals is also a meaningful regression metric for temperature modelling performance since it is

expected that the residuals of an healthy turbine have an approximately normal distribution.

Ti =9 — Yi (2.7)
MAE = 2zi=tI"il 2.8)
n
n 9
RMSE = E:T” (2.9)
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(2.10)

The majority of the literature compares the temperature modelling results between different works,
but it's important to remind that this comparison is not free of subjectivity. Indeed, in the area of us-
ing NBMs for WT fault detection there is no standard dataset to compare the performance of different
models. The reason behind this is due to the inherent confidentially of the majority of data in this area.
Even though all works use different data, it is still possible to compare their results since all the data
comes from the SCADA system, thus meaning that the difficulty of modelling the temperature of the

components should be the same independent of the WT, apart from rare exceptions.

2.3 Fault Detection Framework

The process of detecting faults using NBMs starts with building the NBM and then analysing the residuals
to understand if it was possible to predict the failure beforehand. Normally this is done by visual residual
analysis which provides a qualitative score. In this work, a more automatic approach which provides a

quantitative score is proposed. The overall process is presented in Figure 2.3.

+| Visual Residual |Qualitative Score
Analysis ”

«| Fault Detection

Residuals
d Framework

NBM

Post-Processing

Confusion Matrix

Classifier Quantitative Score
Evaluation g

Figure 2.3: Diagram of the fault detection methods.

2.3.1 Residual Post-processing

As the literature has shown, the raw residuals that can be calculated from the implemented NBMs are
highly fluctuating. For this reason, different post-processing techniques have been explored to make the
residuals more insightful, the most used one being the rolling mean of the residuals. The rolling mean
RM for the timestamp j, window W and signal = is described by Equation 2.11. The main advantage
of using the rolling mean is that it smooths the values of the residuals but still has the same frequency
as the original data, on the contrary to the resample transformation. This will be the method used in this

work.
1 W-1
RM; = 7 ; T (2.11)
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2.3.2 Fault Detection Framework

For the visual residual analysis, the post processed residuals are sufficient to provide a qualitative anal-
ysis. But for the fault detection framework one must obtain alarms from the residuals. Indeed, this can
be done by simply using thresholds, in which all the values above the threshold are alarms. But in the
context of predictive maintenance it's not necessary to know if there is an alarm at every sample of the
signal. In fact, for this work knowing if there is an alarm each day is sufficient. For this reason, the alarms
that will be used in the framework will be generated from a daily mean resample of the post processed
residuals. To understand the labels with which the alarms will be compared, one must first formulate the

detection of faults as a classification problem.

2.3.2.1 Classification Problem Formulation

To develop an evaluation framework for fault detection, one must first formulate it as a binary classifi-
cation problem where there are two labels: fault and no-fault. But these labels must be defined based
on the data available, which comes from the maintenance logs of the wind farm owners, and contains
only the date of failure. Indeed, there is no information regarding the fault state of the component, only
the date of when it failed. Having this in mind, it was defined with the wind farm owners that for the
type of failures discussed in this work it can be assumed that a fault state would be present at most 90
days before the failure. This means that any alarm triggered earlier than 90 days before the failure will
be considered a FP. To be considered a TP, the alarm must be triggered less than 90 days before the
failure, but also more than At days before the failure. The reason for At is that predicting a failure on
the same day it happens is not necessarily relevant. In this work, At will be a variable which will allow
us to compare how early different models are able to predict the failure.

Figure 2.4 presents a schematic example of the previously described fault detection classification
problem formulation. Taking this example, it's important to note that the number of alarms triggered in
the prediction window is not relevant, they are all aggregated as one TP. The main reason for this, is
that if the aggregation is not done, then four alarms for the same failure would count as much as four
detected failures with one alarm each. This clearly isn’'t what is intended of the framework, since one
alarm should be enough to motivate an inspection, and detecting four failures with one alarm weights
more than detecting one failure with four alarms. Finally, it's also important to note that alarms triggered
less than At days before the failure are not considered FPs, since there is indeed a fault state, it simply
isn’t relevant, so they are considered True Negatives (TNs).

The output of the fault detection framework will be a confusion matrix, which contains the total number
of TP, FP, TN and False Negative (FN). The confusion matrix for the schematic example in Figure 2.4 is
presented in Table 2.3. It should be noted that for this example it's being considered that the time range
is one year, which corresponds to 365 days. In these total number of samples, there are three false

positives, one true positive, zero false negatives and 361 true negatives.
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Figure 2.4: Schematic example of the fault detection classification problem formulation.

Table 2.3: Example Confusion Matrix

Predicted: | Predicted:
No Fault Fault

Label:

No Fault TN = 361 FP=3
Label:
Fault FN=0 TP =1

2.3.3 Classifier Evaluation

As previously mentioned, the majority of the literature only does visual residual analysis, but there have
been works that evaluated the results as a classification problem. For example, in [25] the author used
the ROC curve to evaluate the performance of each model. But it’'s also important to remind that this
problem is clearly an unbalanced one, since the number of no-faults labels is notably higher than the
number of fault labels. From this results that the use of the ROC curve and other more common metrics
such as accuracy are not adequate, since they are not robust to unbalanced data. On the other hand,
metrics such as precision and recall are significantly more robust to unbalanced data [69]. The definition
of precision and recall is presented in Equations 2.12 and 2.13, and it should be noted that they have
an interpretable meaning. Precision corresponds to how many of the triggered alarms were true, and
recall corresponds to how many of the failures were detected. For example, for the previous confusion
matrix one can calculate the corresponding precision and recall: P = 0.25 and R = 1. It’s also important
to mention the Area Under the Curve (AUC), which corresponds to the area of the precision and recall
curve, thus allowing to compare different precision and recall curves using just one metric. Since the
precision and recall curve is a discrete function, the AUC can be calculated by Equation 2.14, where &

corresponds to the index of the different thresholds of the framework.

tp
— 2.12
P P (2.12)
__
R= i (2.13)
N
AUC =" P(k)AR(k) (2.14)
k=1
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Chapter 3

Data and Implementation

3.1 Data

Before proceeding to the data description it should also be noted that all the work developed in this
thesis was done using Python 3. Regarding data processing, the main library used was Pandas [70]. In
terms of data visualization, to produce the figures in the present work, Plotly [71] was used. Libraries
used for other tasks will be referenced throughout the next sections.

The data used in this work comes from a wind farm composed of 16 turbines, from the beginning
of 2008 to the end of 2013. The turbines have a rated power of 1.5MW and their generator is of type
Double-fed Induction Generator (DFIG). The collected data are SCADA signals with ten minute reso-
lution, the relevant signals related with the operation of the WT and the drivetrain are shown in Table
3.1. It should be noted that all the signals were recorded with a 15 minute frequency. Also, during the
years of 2012 and 2013 there were a total of nine failures in the drivetrain of the WTs, related with the
gearbox bearing. For these reasons, this will be the component for which a NBM will be trained, with the

objective of predicting the corresponding failures.

Table 3.1: SCADA signals related with the operation of the WT and the drivetrain

Sensor Unit
Active Power W

Rotor Speed rpm
Wind Speed m/s
Pitch Angle deg

Ambient Temperature

Nacelle Temperature

Main Bearing Temperature

Gearbox Bearing Temperature °C
Gearbox Oil Temperature

Generator Bearing Temperature
Generator Phase Temperature
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3.1.1 Input Features

The WT operates under various regimes, the objective is to use input features that allow the NBM to
model them. As was shown in the State-of-the-art, temperature changes in the bearings are highly
dependent of the rotor speed, so this is an essential input feature for the model. But since DFIGs have
control strategies for the rotor speed [72], it means that rotor speed alone can’t completely explain the
regimes of the WT. This is supported by Figure 3.1, where it's possible to see that the rotor speed stops
increasing at 16 rpm while the active power continues increasing. This is due to the control system of
the DFIG. This regime can have influences in the drivetrain temperatures, and to capture it it's necessary
to use the active power as a feature. The blade pitch angle is used in the WT control system, thus being
an essential feature to capture the full mode of operations. Both the rotor speed and pitch angle are
only mediators, indeed the original causal feature is the wind speed, thus meaning it might also contain
relevant information for the model. Finally, another important feature which is responsible for most of
the false positives in simple models is the ambient temperature, those that don’t use it have a significant

higher amount of alarms in the summer.
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Figure 3.1: Scatter plot of active power and rotor speed during different operation regimes of a WT.
Regarding the simultaneity features, since the ones most used in the literature are nacelle temper-
ature and gearbox oil temperature, these will be the ones tested in this work. So, having in mind the

features that were selected an the model types defined in the State-of-the-art, the models that will be

tested in this work are presented in Table 3.2.
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Table 3.2: The defined models and the corresponding input features.

Model Causal | Nacelle Qearbox Autoregressive
Features | Temp. | QOil Temp.

CNBM X

SNBM1 X X

SNBM2 X X

ACNBM X X
ASNBM1 X X X
ASNBM2 X X X

3.2 Normal Behaviour Model

As noted in the Methodology, the NBMs will be implemented using GBMSs, of which there are various
open source implementations. The most efficient ones are XGBoost [73], LightGBM [74] and CatBoost
[75]. Most of the benchmarks between these three implementations [76, 77] reach the same result: there
is no clear winner, it highly depends on the problem at hand. CatBoost is known to have better results
when there are categorical features, which are not used in this work. Between LightGBM and XGboost,
the former is known to have a better computational performance. For these reasons, LightGBM will be
used in this work. Regarding the evaluation of the temperature modelling results, we will use the scikit-
learn library [78] . This library provides efficient implementations of the RMSE, MAE and SD. The next

sections will provide a more thorough explanation on how the models were trained and optimized.

3.2.1 Training

The dataset was divided as presented in Figure 3.2. The training set was composed from the beginning
of 2008 to the end of 2010. The validation set consists of 2011 and the test set of 2012 and 2013. Periods
with faults will be removed from the training and validation datasets. It's also important to mention that
although the WTs are all of the same model, in terms of the actual working of the WT there are always
differences. For example, in Figure 3.3 is presented the distribution of the gearbox bearing temperature
for different turbines over the training set, and although they have similar shapes, some are hotter and
some are colder. This variation is expected, since it's not feasible for complex machines such as WTs to
work exactly the same even if they are the same model. Due to these differences, in this work one NBM

will be trained for each turbine.

|:|Training |:|Validation |:|Test

2008 2009 2010 2011 2012 2013

Figure 3.2: Dataset division for training, validating and testing.
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Figure 3.3: Gearbox bearing temperature distribution for different turbines on the training set.

3.2.2 Optimization

When comparing different models it's always important to guarantee that they are being compared fairly,
in which hyperparameter optimization plays an important role due to its essential role in preventing
overfitting. In fact, GBMs are significantly more robust to hyper parameter optimization than ANNs, which
is why no exhaustive optimization will be performed. In this work, the number of estimators will be tuned
by early stopping, and the rest of the parameters will be standard values that are advised in the literature.
The early stopping works by defining a maximum number of estimators and the early stopping rounds,
which correspond to how many rounds must pass without the validation loss decreasing for the training
to stop. The values used in these work were 1000 and 100, respectively. An example of the training
and validation losses for the CNBM is presented in Figure 3.4. In this case, the number of estimators
was defined as 224, since by 324 estimators the validation loss had not significantly decreased. The
number of estimators for the other models, as well as the other parameters that were defined based on

best practice are presented on Table 3.3.

Table 3.3: Hyperparameters for each model with number of estimators obtained by early stopping.

Model Number of Estimators | Learning Rate | Max Depth | Number of Leaves
CNBM 224
SNBM1 232
SNBM2 149
ACNBM 305 01 8 200
ASNBM1 247
ASNBM2 218
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Figure 3.4: Training and validation losses as number of estimators increases for the CNBM.

3.3 Fault Detection

This section will explore the implementation of the fault detection framework and the libraries used for
processing the residuals. As noted in the Methodology, the residuals must first be processed by using
a rolling mean. This was done using the rolling function in Pandas, with a window of 6 hours, which will
be used throughout the work. To give a better understanding of the impact of using the rolling mean,
an example is presented in Figure 3.5. This figure shows the residuals for the ACNBM during a given
failure, with and without the rolling mean function applied. As can be seen, the post processed residuals
are more interpretable, having a clear increase before the failure and decrease after the maintenance
is performed. On the other hand, the raw residuals are notably more noisy, not being trivial to identify a
change in the residuals characteristic of a fault state. This will be particularly helpful when performing

the visual residual analysis.

3.3.1 Fault Detection Framework

The fault detection framework proposed in this work requires the implementation of several functions.
The function that uses the failure date to generate the classifier labels is presented in Algorithm 1. Note
that shift is a Pandas function that shifts the index by the desired number of periods. It was also
necessary to develop the function that generates the alarms, based on the residuals. This function is
presented in Algorithm 2. Note that resample is a Pandas function that changes the frequency of the
input data, in this case from a ten minute frequency to a daily frequency, and then applies the mean.
The alarm vector will be binary, with ones when the threshold is above the residuals and zeroes when
it's below. An example is given on Figure 3.6, where the resampled residuals of the ACNBM during a

gearbox failure are presented. Two example thresholds are also presented on the Figure, to illustrate
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Figure 3.5: Gearbox bearing temperature residuals for the ACNBM for a given failure with and without
post processing.

that all values above the threshold would be alarms.

Algorithm 1: label_generator function.
Data: prediction window At; failure f;

l=F;

for: = At to 90 do
| =14 1shift(i)

end

return [

Algorithm 2: alarm_generation function.
Data: residuals r; threshold ¢;
r = r.oresample(24H).mean();
a=17>1t;
return a

Indeed, the previous functions already produce alarms and labels that make it possible to evaluate
the fault detection performance of different models. But as was motivated in the Methodology, we only
want to consider the various alarms within the prediction window as one TP. This requires an extra
function presented in Algorithm 3, which implements those subtleties. Note that this function already
outputs the confusion matrix of the corresponding alarms and labels, by using the con fusion_matriz
function from Pandas. An example of the confusion matrices for the case of Figure 3.6, for thresholds A
and B, is presented in Tables 3.4 and 3.5, respectively.

Finally, making use of the previous functions the evaluation framework was implemented as shown in
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Figure 3.6: Gearbox bearing temperature residuals with 24H resample for the ACNBM.

Algorithm 3: cm_calculator function.

Data: alarms a; labels [; failure f
x = AN D(a,l);
y=0;
if z.sum() > 0 then
y=1
end
pred=a-x- f;
pred[pred # 1] = 0;
pred = pred + y;
em = con fusion_matriz(f, pred);
return cm

Table 3.4: Confusion matrix for threshold A.

Predicted: | Predicted:
No Fault Fault
Label:
No Fault TN = 227 FP=0
Label:
Fault FN=0 TP =1

Table 3.5: Confusion matrix for threshold B.

Predicted: | Predicted:
No Fault Fault
Label:
No Fault TN = 224 FP =3
Label:
Fault FN=0 TP =1

Algorithm 4. The confusion matrices are calculated for each combination of prediction window, threshold

and turbine. Afterwards, the precision and recall scores are calculate using the precision and recall
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functions from scikit-learn. It's also relevant to mention the precision and recall values for the previous
example. For threshold A we obtain P = 1 and R = 1. For threshold B we obtain P = 0.25 and R = 1.
But it should be noted that they have different prediction windows, threshold A has a 65 days prediction
window, while threshold B has a 73 days prediction window. This example illustrates the interest in using
varying prediction windows, since they may result in different performances.

For the final results, with the total 16 turbines, the thresholds values ranged from -2 to 4, with incre-
mental steps of 0.1. The prediction windows were 1, 10, 20, 30, 40, 50, 60, 70 and 80 days. Also, this
process will be done for each of the six models. This results in a total of 51840 combinations, which
can be considerably time-consuming to compute. Having this in mind, the evaluation framework was
implemented making use of Dask [79], which provides parallel and distributed functionalities to Pandas.
To take full advantage of Dask’s distributed capabilities, the results were calculated using a cluster com-
puting framework in the cloud, with a total of 30 workers with eight cores each, thus allowing 240 tasks

to be performed in parallel and obtaining considerably better computational time performance.

Algorithm 4: evaluation_framework function.

Data: vector of prediction windows AT'; vector of thresholds T;
vector of turbines WT'; vector of residuals R; vector of
failures I

scores = [];

for i in AT do

for j inT do

for k in WT do

r = R[k];

f=F[k];

I = label _generator(i, f);

a = alarm_generation(r,

cm = em_caleulator(a,l,

pr = precision(cm);

rc¢ = recall(em) ;

scores.append([pr,rc]);

end

end

end

return |

J);
1)
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Chapter 4

Results and Discussion

4.1 Temperature Modelling

This section will begin by exploring some case studies that show the temperature modelling performance
of the implemented models. The objective is to have a first understanding on how well the NBMs are able
to model the gearbox bearing temperature during various operating regimes of the WTs. Afterwards, a
more objective evaluation will be discussed, using the regression metrics previously described to analyse
how the models developed in this work compare between themselves and how they compare against

those in the literature.

4.1.1 Case Studies

In Figure 4.1 is presented a period of time where a healthy turbine worked under different regimes, such
as high and low power production, as can be seen by the active power signal, and also during braking,
as can be seen by the pitch angle signal. Regarding the predictions of the models, in this case study the
CNBM and the ACNBM are being evaluated, and as can be seen both models are able to follow the true
signal during the majority of time, even for the different turbine loads. But it’s important to note that the
predictions of the CNBM are significantly worse when the blades pitch to around 95° to stop the turbine.
For example, during the morning of July 31st there are two periods of time where the WT stopped by
using the pitch angle brake system, and the CNBM predicts that the temperature of the gearbox bearing
would be lower than what it really is. This is problematic, since it would lead to false positives during
the fault detection, because the real temperature is below the predicted one, not due to the existence
of a fault but due to the model not learning the braking regime.The reason behind this may be due to
the fact that the WT being stopped by the pitch brake system is not a common event, which means it
is under represented in the dataset. This hypothesis can be supported by the histogram presented in
Figure 4.2, where it's possible to see that the amount of data where the pitch angle is at around 95° is
significantly under represented, comparing to when the turbine is operating normally, where the pitch
angle is at around 0°. This means that the models wouldn’t be able to learn this behavior as well as the

most represented ones. On the other hand, the ACNBM is able to predict the temperature with much
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less error in this regime. This may be due to the fact that the ACNBM has autoregressive features, which
considerably simplify the prediction task, thus explaining the notably better results during this regime,
independently of it being under-represented. Another possible explanation is that the braking of the
turbine is exactly the time when it is harder to predict the temperature behavior from causal features,
since it results in the stopping of the rotating components, making it the regime in which these causal
features provide the least predictive power to the model. From this, results that in this regime the target
temperature mostly depends on its previous values, hence why the autoregressive models performs

better.
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Figure 4.1: Gearbox bearing temperature predictions for the CNBM and ACNBM against the true values,
during high and low loads and braking.

In Figure 4.3, a similar case study is presented, also comparing the CNBM and ACNBM. Again, both
models follow the true signal for the majority of time, but during certain regimes the CNBM predicts with
a significantly higher error. As it can be seen, during the night of January 31st the WT started braking
and the CNBM predicts lower temperatures than the real ones, as in the previous case. But more
interesting is in the night of February 1st, where the WT is not braking but it's also not producing, which
means there is not enough wind speed for it to produce, and again the CNBM predicted the temperature
with signifcant error. This means that besides braking, the CNBM also has a higher difficulty modelling
certain shutting downs of the WT. Besides that, there’s also another regime which the CNBM clearly
hasn’t learned as well: pitch action. As can be seen during the night of January 28th, the WT started
increasing the pitch angle due to high wind speeds, and the CNBM predicts lower temperatures than the

real ones. This same situation happens in February 1st when the WT starts increasing the pitch angle.
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Figure 4.2: Histogram of the pitch angle for the complete training set.

The reason behind the CNBM not learning these regimes should be the same that was hypothesized in

the previous case, indeed as can be seen in 4.2, the regime of when the pitch angle is being actuated

is clearly under represented against the periods when the WT is working normally, thus leading to the

model not learning these behaviors as well as the other ones. Again, this is highly problematic, since it

may lead to false positives during fault detection.
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Figure 4.3: Gearbox bearing temperature predictions for the CNBM and ACNBM against the true values,
during high and low loads, braking and pitch action.

Another case study is presented in Figure 4.4 which compares the SNBM1 and the SNBM2. It’s
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possible to see that both models are able to capture the general behavior of the WT and the temperature
predictions follow the true signal during the majority of time. In this case it’s interesting to note that both
models obtain worse results when the turbine is braking, such as during the morning of July 21st,
similarly to the CNBM in the previous case. In fact, none of these models have autoregressive features,
hence why they have difficulty in following the true signal. Nonetheless, it should be noted that the
SNBM2 obtains better results during these regimes, which indicates that the gearbox oil temperature
contains relevant information for the model to capture the temperature decreasing behavior. It's also
interesting to note that during July 20th there are two periods of time where, although the WT is not
producing, the blade pitch angle is at around 30°, which is a rare situation, and it is exactly during
these periods that the SNBM1 has a significantly higher error predicting the target temperature. What is
interesting is that the SNBM2 is able to follow the true signal during these periods, meaning that again
the gearbox oil temperature contains enough information regarding the gearbox bearing temperature
for the model to significantly perform better. Indeed, simpler models like CNBM and SNBM1 perform
similarly to the other models during the majority of time, but are significantly worse in specific regimes
such as when the WT is braking, shutting down or during pitch action. Finally, it’s also worth mentioning
that although these are illustrative examples, they do generalize for the majority of the dataset, as can

be seen in the extra case studies contained in Appendix A.
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Figure 4.4: Gearbox bearing temperature predictions for the SNBM1 and SNBM2 against the true values
for different operating regimes.
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4.1.2 Evaluation

The previous case studies provided a general intuition on how the different models perform according to
the different regimes of the turbine, but to objectively evaluate the temperature modelling performance
it's important to use regression performance metrics. As is standard in the literature, these results were
calculated on known healthy periods of the WTs. For example, the results corresponding to one of these
healthy periods from the test set of one WT are presented in Figure 4.5 as a box plot of the MAE. It’s
interesting to note that the CNBM and the SNBM1 have similar performance, which means that the
nacelle temperature doesn’t seem to provide significant information to increase the predictive power of
the model. On the other hand, the SNBM2 has a much lower median MAE and also less spread, which
indicates that the gearbox oil temperature indeed increases the temperature modelling performance of
the model.

It should also be noted that the autoregressive models have significantly better results than their non-
autoregressive counterparts, this is due both to them capturing better the overall behavior of the target
signal but also due to them performing better on certain regimes, such as braking and pitch action,
as was previously observed. Also worth mentioning is that the SNBM2 has a slightly lower median
MAE and significantly less spread than the ACNBM, which indicates that the gearbox oil temperature
provides more information regarding the target temperature, then the lagged values of the target. Finally,
the ASNBM2, which is the most complex model, is the one that obtains the best performance. This is
to be expected for well optimized and regularized models, if a model has more features it is expected
to perform either similarly or better. In this case, the extra features were relevant and improved the

performance of the model.

MAE

T ]

I I 1 p——

CNBM SNBM1 SNBM2 ACNBM ASNBM1 ASNBM2

Figure 4.5: Box plot of the MAE for the different models.

The results for all the healthy periods of the total WTs are presented in Table 4.1 for the train and

test sets, in terms of MAE, RMSE and SD. In general, these results follow the trend presented in the
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previous illustrative example with the ASNBM2 obtaining the best performance on all metrics for both
the train and test sets. These results also confirm the assumption from the previous example, that the
gearbox oil temperature provides more predictive power to the model than the autoregressive feature,
hence why the SNBM2 has a better performance than the ACNBM. These results also confirm the point
previously raised, that autoregressive features and highly target correlated simultaneity features such as
the gearbox cooling oil temperature increase the temperature modelling performance of the model.

It's also important to compare these results with the ones reported in the literature. To this end, in
Table 4.2 are presented the results from the major works in the literature, with the corresponding input
features used for the NBMs. It should also be noted that all the works presented used ANNs to build the
NBM. Also, due to the inexistence of a standard dataset in this area, comparisons between works are
always susceptible to some degree of subjectivity. But as it was previously motivated, the datasets are
all from SCADA so the major part of the difference in the results should originate from the input features
and the algorithm used. Having this in mind, it’s interesting to note that [63] is the only model to only use
causal features and the results obtained are significantly worse than the ones obtained by the CNBM
in this work, which also only uses causal features. Regarding SNBMs, the results from [25] and [62]
are also worse than the ones obtained in this work with the SNBM2. Finally, in terms of autoregressive
models, the ASNBM2 obtained better results than [54] but worse results than [50]. In general, these
results indicate that, with appropriate feature engineering, GBMs can obtain similar results to ANNs,
thus being a potential alternative for significantly lower computational costs. Furthermore, tree-based
methods such as GBMs have increased model interpretability, which is important for industry related

applications, such as predictive maintenance, since there is skepticism regarding black-box models.

Table 4.1: Regression evaluation metrics for the different models on the train and test sets.

Model Train Results (°C Test Results (°C)
MAE | RMSE | SD | MAE | RMSE | SD
CNBM 1.05 1.63 1.25 | 1.36 1.75 1.1
SNBM1 | 1.03 | 1.61 1.23 | 1.31 1.74 | 1.15
SNBM2 | 0.39 | 0.56 | 0.40 | 0.52 | 0.73 | 0.51
ACNBM | 055 | 085 | 0.65| 063 | 094 | 0.69
ASNBM1 | 0.51 0.80 | 0.62 | 0.60 | 091 | 0.68
ASNBM2 | 0.33 | 0.48 | 0.35 | 0.41 0.59 | 0.42

Table 4.2: Features used in the NBMs and corresponding results for works in the literature.

Input Features Test Results (°C)
Work Nacelle | Gearbox .

Causal Temp. | Oil Temp. Autoregressive | MAE | RMSE | SD
[63] X 2.15 293 | 2.88
[61] X - - - 0.663 - -
[25] X X X - 1.22 -
[62] X X X - - 1.3
[45] X X X - 1.23 -
[54] X X X X 0.44 0.77 -
[50] X X X X - 0.31 -
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4.2 Fault Detection

The main objective of building NBMs is to perform fault detection. Initially, some case studies will be
presented in which a visual inspection of the residuals will be done to understand how each model
performs during a state of fault. Afterwards, a more objective evaluation will be done based on the

previously described evaluation framework to compare the overall fault detection results of all models.

4.2.1 Case Studies

The results presented in Figure 4.6 show the post-processed residuals of each model before and after
a failure has occurred and the corresponding maintenance is performed. The models CNBM, SNBM1,
ACNBM and ASNBM1 clearly show an increase in the residuals previously to the failure and a decrease
after the corresponding maintenance. Indeed, these models detect a fault state previously to the fail-
ure. On the other hand, the models SNBM2 and ASNBM2, which contain the gearbox oil temperature
feature, show no increase nor decrease during the fault state, which indicates that this fault resulted in
an overheating of the gearbox bearing and in consequence the gearbox oil temperature also increased.
This means that using the gearbox oil temperature as an input feature to the model resulted in a leak of
information regarding the fault state of the component, thus making the model predict abnormal behavior
and not detect the fault.

Another interesting result is that the use of the nacelle temperature as an input feature in SNBM1
and ASNBM1 doesn’t seem to make a significant difference against their non-simultaneity counterparts
CNBM and ASNBM. This means that, in terms of fault detection, the most interesting comparison is
between the causal model CNBM and its autoregressive version ACNBM, which show an increase in
the residuals at least 70 days before the failure. What is interesting is that the residuals seem to indicate
that the CNBM could have actually predicted the failure even earlier, having spikes up to 160 days before
the failure. This motivated a more careful inspection of the residuals which resulted that, in fact, these
residual spikes are related with the regimes that the CNBM did not learn. This can be seen in Figure
4.8, where it's clear to see that the residual spikes around 120 days before the failure are due to the
WT braking. Another example is the spike at around 160 days before the failure which is due to the
WT increasing the pitch angle, as can be seen in Figure 4.9. This was expected, since the maximum
predictive window should be 90 days, according to the established groundtruth. They also confirm the
previous assumption that the regimes not learned by the CNBM lead to false positives. It’s also relevant
to look at the time series to understand how the models are detecting the fault state. The temperature
predictions for the CNBM and ACNBM are presented in Figure 4.10 at around 70 days before the failure.
As can be seen, the differences between the predictions and the real values happen during varying
loads and they are not related with the regimes not learned by the CNBM. It’s also interesting to look at
Figure 4.11, which shows the same time period but for models SNBM1 and SNBM2, indeed the SNBM1
can detect the fault, while the SNBM2 completely follows the true temperatures, although they are higher
than they should be, due to the leak of information provoked by the gearbox oil temperature,

Regarding the regimes not learned by the CNBM, it should be reminded that they happen mostly
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when the turbine is shutting down. This makes them the least relevant for fault detection since it's when
the rotating components are stopped, and thus the temperature variations are not necessarily related
with efficiency changes, which are the basis of using NBMs for fault detection. Thus, a simple approach
to improve the results, as was already proposed in [25], is to apply an active power filter. The majority
of these regimes happened when the WT had active power below 200kW, so this was the value used,
below which the residuals are filtered out. In Figure 4.7 are presented the results with the active power
filter. It's interesting to note that the majority of models remained similar, but the residual spikes of
the CNBM at 140 days and 120 days before the failure disappeared, indicating they were indeed false
positives related with the turbine shutting down. On the other hand, the false positives at around 160
days before did not disappear, as expected, since these are related with the model not fully learning
pitch action, which is not as straightforward to filter out, as it would also remove time periods that may
be indicative of faulty behavior.

Another case study is presented in Figures 4.12 and 4.13, where the residuals without and with
the active power are respectively shown. Again, the models SNBM2 and ASNBM2 don’t show residual
increase before the failure. On the other hand the ACNBM and the ASNBM1 show a clear increase in
the residuals around 40 days before the failure. The CNBM and SNBM1 only seem to show an increase
in the residuals around 30 days before the failure, but once the active power filter is applied it seems that
the fault could be predicted around 60 days before, sooner than the autoregressive models, although with
some false positives. To test this hypothesis it's important to understand what triggered these residual
spikes by inspecting Figures 4.14 and 4.15. In fact, the signals seem to indicate that both of these spikes
are related with the CNBM not completely learning pitch action. What is important to note is that the
first spike was detected before the maximum predictive window, while the second was already within the
window. This raises an important question, which is if the the residual spike 60 days before the failure is
simply an error of the CNBM or if it is indicative of a developing fault. This example shows the inherent
difficulty in evaluating fault detection by visual inspection, since it can be highly subjective. This example
also illustrates the need for a more objective fault detection evaluation approach. In the evaluation
framework developed in this work, the spike 60 days before would be considered a true positive since
it is within the established predictive window, but it's important to note that all other residual spikes due
to model errors present in healthy turbines would be taken into account as false positives. This also
highlights the importance of not looking only at the periods of fault, analysing the false positives during
states of no fault is also important to guarantee a robust fault detection system.

Summarizing, the results indicate that the nacelle temperature does not impact the performance of
the models. On the other hand, the gearbox oil temperature completely eliminates the fault detection
capabilities of the models. Furthermore, the autoregressive models are able to predict the failures
with few false positives, while the causal model predicts failures but with some false positives, since
it does not capture certain regimes. This model seems to improve when using an active power filter,
since it removes some of the regimes not learned by the model while not filtering the regimes that
may be indicative of faulty behavior. Although these are just illustrative examples, the overall results do

generalize for the rest of the failures, which have their residuals presented in Appendix B.
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Figure 4.6: Post-processed residuals of different models for Failure A
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Figure 4.7: Post-processed residuals of different models with active power filter for Failure A

43



—— CNBM Prediction
—— ACNBM Prediction
— True

Temperature (°C)

< 1000

=

-

[

2

o

c

g 500

3]

< M
G/\
100
80 F

)

@ 60

[=2]

c

<

<= 40

£

o
20l
0

-127.5 -127 -126.5 -126 -125.5 -125

Time Before Failure (Days)

Figure 4.8: Temperature predictions for the CNBM and the ACNBM during the first FP
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Figure 4.9: Temperature predictions for the CNBM and the ACNBM during the second FP
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Figure 4.10: Temperature predictions for the CNBM and the ACNBM before Failure A
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Figure 4.11: Temperature predictions for the SNBM1 and the SNBM2 before Failure A
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Figure 4.12: Post-processed residuals of different models for Failure B
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Figure 4.13: Post-processed residuals of different models with active power filter for Failure B
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Figure 4.14: Temperature predictions for the CNBM and the ACNBM before Failure B
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Figure 4.15: Temperature predictions for the CNBM and the ACNBM before Failure B
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4.2.2 Evaluation

The majority of the literature work evaluates the results by visual inspection of the residuals, as per-
formed in the previous section. But this is problematic, since it results in a subjective, manual and time
consuming evaluation. Having this in mind, an evaluation framework was developed, based on the for-
mulation of the detection of faults as a classification problem. The results will be presented in terms
of precision and recall curves for fixed predictive windows and in terms of AUC for varying predictive
windows.

Before proceeding to the results, it's important to explain the baseline to which the models developed
in this work were compared. The detection of faults can be seen as an anomaly detection problem,
where anomalies are the highest values in the target temperature distribution. Having this in mind,
the baseline considered in this work is to set thresholds on the target temperature values and obtain
the corresponding precision and recall. This means that the baseline reflects the performance of the
detecting faults only looking at the target temperature, not taking into account all the input features that

model the normal behavior of the WT as it is done in the NBMs.

4.2.2.1 Precision and Recall Curves

In first place, the fault detection performance of the different models was evaluated for a short prediction
window, so At is equal to 10 days. The corresponding precision and recall curves are presented in Fig-
ure 4.16. The most straightforward result is that the ACNBM and the ASNBM1 obtain the best results,
having higher precision for all recall scores. In fact, the ASNBM1 is able to obtain both recall and preci-
sion equal to 1, which means that the model was able to detect all faults with zero false positives at least
10 days in advance. It’s also important to note that the models with the gearbox oil temperature obtain
the worse results by a notable margin, which was expected since as was seen previously their residuals
didn’t show any failure-related predictive power. Moreover, the CNBM obtains results slightly better than
the baseline but significantly worse than the ACNBM, which confirms the visual residual analysis, the
causal model has more false positives thus lowering the precision. It's also worth mentioning that the
CNBM and SNBM have similar results, again showing that the nacelle temperature doesn’'t seem to have
a notable effect on the model both in terms of fault detection. Having in mind the previous assumption
that the CNBM would benefit from using the active power filter, it was also applied for this evaluation
and the results are presented in Figure 4.17. Indeed, the results for the CNBM and the SNBM clearly
improve, being now very close to those of the autoregressive models, thus confirming the results from
the visual residual analysis.

It's also important to evaluate the performance of the models for longer prediction windows, in this
case At is equal to 50 days. The precision and recall curves are presented in 4.18 and, again, the AC-
NBM and the ASNBM1 obtain the best results. However, in this case the performance of the ASNBM1
is considerably worse than the ACNBM. This is an important result since it shows that the nacelle tem-
perature not only does not improve the fault detection performance of the model, it actually seems to

decrease it for longer prediction windows. This may be due to the fact that it is a simultaneity feature
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and, although it doesn’t leak as much information regarding a gearbox fault state as the gearbox oil
temperature, it does leak some information, which aggravates for longer predictive windows since it’s
when the temperature increases are more subtle. Also, this time the CNBM and SNBM1 performed con-
siderably better than the baseline even without the filter, since the baseline is only based on the values
of the target temperature it makes sense that it is less robust to the increase of the predictive window,
on the contrary to the NBMs. Regarding the models with the gearbox oil temperature, they performed
considerably worse than the baseline again. The precision and recall curves, already with the active

power filter, are presented in 4.19. As in the previous case, the performance of the CNBM and the
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SNBM1 clearly improved, but it’s interesting to note that the ASNBM1 also improved while the ACNBM
performed slightly worse. This is an important result, which shows that, sometimes, the active power
filter may filter some fault-related behaviors thus reducing the fault detection capabilities of the models.

Finally, it's important to note that the precision and recall curves should be analysed from a high
level perspective, since, as can be seen, they are not completely stable, existing considerable drops
of precision. One of the main reasons behind this is the low amount of failures being analysed, it
would be expected that with more failure data the results would be more consistent and the conclusions
more robust. Nonetheless, various overall conclusions can still be derived: indeed, the results from
the evaluation framework are aligned with those from the visual residual analysis, and also clarify some
assumptions such as the negative impact of the FPs in the CNBM fault detection performance and also
the performance increase due to the active power filter. It was also shown that although sometimes
the filter can negatively impact the performance, in general it does improve the results. Again, these
conclusions seem to apply for the rest of the predictive windows, whose precision and recall results are

presented in Appendix C.
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Figure 4.18: Precision and recall curves for the different models with At = 50 days.
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Figure 4.19: Precision and recall curves with active power filter for the different models with At = 50
days.

4.2.2.2 Area Under the Curve

The AUC summarizes the precision and recall curve into a value, which is important since sometimes
it's not obvious which model is best because for each recall a different model has the best precision. In
Figures 4.20 and 4.21 is presented the evolution of the AUC for the different models over the various
predictive windows without and with the active power filter respectively. These results are also presented
in Table 4.3. Regarding the results without active power filter, they seem to confirm the conclusions
from the cases where At = 10 and At = 50, indeed the ACNBM is the model that obtains the best
performance. Also, the CNBM is significantly worse than its autoregressive counterpart, but considerably
better than the baseline. It’s also interesting to note that the models with the nacelle temperature obtain
worse results, confirming the indication that this feature can decrease the fault detection quality of the
model. Finally, the models with the gearbox oil temperature clearly obtain the worse results. Regarding
the results with the active power filter, they also confirm the conclusions previously made, it's clear that
the performance of the CNBM and the SNBM1 are improved, while the autoregressive models are not
significantly affected.

Table 4.3: AUC results without and with active power filter for the different models and predictive win-
dows.

AUC AUC with Active Power Filter

Model 6T 20 730 [ 40 [ 50 [ 60 [ 70 | 10 [ 20 [ 30 | 40 [ 50 | 60 [ 70

CNBM 0.51 | 0.48 | 0.46 | 0.43 | 0.36 | 0.28 | 0.20 | 0.95 | 0.93 | 0.92 | 0.86 | 0.59 | 0.44 | 0.35

SNBM1 | 0.49 | 0.44 | 0.43 | 0.40 | 0.29 | 0.26 | 0.18 | 0.97 | 0.92 | 0.88 | 0.80 | 0.62 | 0.46 | 0.33

SNBM2 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.20 | 0.20 | 0.19 | 0.18 | 0.07 | 0.07 | 0.07

ACNBM | 1.00 | 1.00 | 0.93 | 0.88 | 0.85 | 0.56 | 0.45 | 0.99 | 0.99 | 0.91 | 0.83 | 0.80 | 0.54 | 0.43

ASNBM1 | 1.00 | 1.00 | 0.89 | 0.84 | 0.71 | 0.51 | 0.41 | 1.00 | 0.98 | 0.86 | 0.77 | 0.75 | 0.58 | 0.43

ASNBM2 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07

Baseline | 0.44 | 0.39 | 0.35 | 0.17 | 0.14 | 0.14 | 0.12 | 0.44 | 0.39 | 0.35 | 0.17 | 0.14 | 0.14 | 0.12
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Figure 4.20: Evolution of the AUC over the prediction windows for the different models.
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Figure 4.21: Evolution of the AUC over the prediction windows with active power filter for the different
models.
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Chapter 5

Conclusions

The majority of the literature uses ANNs for building NBMs. In this work, it was shown that GBMs obtain
competive temperature modelling results. This is relevant because GBMs are known to have lower
computational costs and also higher model interpretability. The latter is particularly important in this type
of industry application, where there is skepticism regarding black-box solutions. It was also developed a
taxonomy to categorize input features into different types based on their causal relation with the target
temperature. This allowed to evaluate how different input feature affect the performance of the model.

In terms of temperature modelling performance these are several main conclusions:

e Causal models are able to model the gearbox temperature during the majority of time. But the
model has significant error during certain regimes, due to both the under representation of this
regimes in the dataset and also to the fact that these regimes are when the target temperature

least depends on the causal features from a domain knowledge perspective;

e The addition of autoregressive features notably improves the performance of the model. Indeed,
with the autoregressive features the model is able to model the gearbox bearing temperature during

those regimes that the causal model couldn’t capture as well;

e The addition of the nacelle temperature feature doesn’t have a significant improvement in the
model. On the other hand, the gearbox oil temperature notably increases the model performance,

even more than the autoregressive features.

The detection of faults was formulated as a classification problem and an evaluation framework was
developed using classification metrics for unbalanced datasets. The results from this framework con-
firmed those obtained by visual inspection, indicating that this is a good alternative which is more objec-

tive and involves less manual work. The main conclusions were the following:

e Causal models are able to predict all the failures with better precision than the baseline with pre-

dictive windows of up to 70 days;

e The addition of autoregressive features notably increases the fault detection performance, obtain-

ing better results than the causal model and the baseline for all predictive windows. Indeed, the
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model with the autoregressive features was able to predict all failures without false positives up to

20 days before the failure;

e The use of the gearbox oil temperature completely eliminated the fault detection capabilities of
the model. The nacelle temperature also seemed to decrease the fault detection performance of
the model. This means that although simultaneity features can improve the temperature modelling

performance of the model, they decrease the fault detection performance.

It should also be mentioned that the results regarding simultaneity features are aligned with the works
in the literature that showed that highly correlated features, such as gearbox oil temperature, resulted
in lower fault detection performance. But this work also showed that the origin of the problem is not in
the fact that the features are highly correlated, but due to the simultaneity nature of their causal relation.
Furthermore, for the type of failures evaluated in this work the use of autoregressive features did not
reduce the fault detection performance of the model. In fact, it helped the fault detection performance
by reducing the number of false positives from the causal model, by modelling the regimes that the
previous had more difficulty capturing. In the literature, there were conflicting results regarding the use
of autoregressive features, but the results from this work do align most with the ones that reported better
results using them. It’s also important to note that the cause of these conflicting results may be due to
the type of failures analysed in different works, which have different datasets and thus different failures.
In fact, the impact of autoregressive features on fault detection performance may be highly dependent
on the type of failures that one is trying to detect. Furthermore, this work also showed that besides
using autoregressive features to improve the fault detection performance of causal models, one can
also use post-processing techniques on the residuals. The results showed that the active power filter
considerably increased the fault detection performance of the model, due to filtering out the regimes that
this model didn’t learn as well.

Finally, it's important to remind that the method of evaluation of some of these works was based
on visual residual analysis, which as was shown in this work has several disadvantages, such as not
taking into account the existence of false positives. This again highlights the importance of the evalu-
ation framework that was developed in this work based on the formulation of the detection of faults as
classification problem, which was aligned with the results from the visual residual analysis but has the

advantages of being more objective and less time-consuming.

5.1 Future Work

Several conclusions were derived from the results of this work. Having this in mind, they also leave

opportunities for further work, and also various points of improvement:

e The results from this work indicated that GBMs are a potential alternative to ANNs. This assess-
ment can be further tested by performing a direct comparison between the two algorithms on the

same dataset;
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Several conclusions were derived in terms of the impact of feature causality on the GBMs. It would

be relevant to assess if these conclusions generalize to the use of ANNs;

As shown in the results, there are certain regimes that the causal model had difficulty learning, pos-
sibly due to their under representation in the dataset. Techniques to handle unbalanced datasets,

such as under-sampling, may be investigated to improve this;

Another way to improve the results from the causal model is to investigate other post processing
techniques in the residuals. In this work, an active power filter was applied. But filters based on

the pitch angle may lead to better filtering out the regimes not learned by the causal model;

This work only had data of nine failures. With more failures it would be possible to separate
them into a training and test dataset, where the former would serve the purpose of optimizing the
residual threshold. With the set threshold, the test set results would give a better approximation of

real time performance.
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Appendix B

Extra Residuals Case Studies

In this appendix the results for the visual inspection of the residuals for the other failures in the dataset
will be presented. The following blank space will be left on purpose so that the pairs of images from the

same failure with and without active power filter are presented on the same page.
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Figure B.1: Post-processed residuals of different models for Failure C
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Figure B.2: Post-processed residuals of different models with active power filter for Failure C
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Figure B.3: Post-processed residuals of different models for Failure D
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Figure B.4: Post-processed residuals of different models with active power filter for Failure D
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Figure B.5: Post-processed residuals of different models for Failure E
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Figure B.6: Post-processed residuals of different models with active power filter for Failure E
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Figure B.7: Post-processed residuals of different models for Failure F
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Figure B.8: Post-processed residuals of different models with active power filter for Failure F
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Figure B.9: Post-processed residuals of different models for Failure G
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Figure B.10: Post-processed residuals of different models with active power filter for Failure G
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Figure B.11: Post-processed residuals of different models for Failure H
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Figure B.12: Post-processed residuals of different models with active power filter for Failure H
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Figure B.13: Post-processed residuals of different models for Failure |

—— CNBM —— SNBM1 —— SNBM2 —— ACNBM —— ASNBM1 —— ASNBM2
3 3
2
e
<
© N H
©
=3
2 0
& N lf |'I
-1
-2 ‘ -2 l
0.6
0.4
[5)
< 02
©
©
=}
o
3
[0
o

Residuals (°C)
o
o
-
p————
o
[=] N

A ALl |

-140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 -140 -120 -100 -80 -60 -40 -20 O 20 40 60 80

Time Before Failure (Days) Time Before Failure (Days)

Figure B.14: Post-processed residuals of different models with active power filter for Failure |

B.11



Appendix C

Precision and Recall Results

Table C.1: Precision and recall values for the different models with At = 10

0.00 0.11 0.22 0.33 0.44 0.56 0.67 0.78 0.89 1.00
CNBM 10 100 100 100 100 100 1.00 0.88 0.89 0.60
SNBM1 10 100 100 100 100 100 1.00 1.00 0.80 0.82
SNBM2 10 1.00 0.12 0.12 0.02 0.02 0.02 0.02 0.02 0.01
ACNBM 10 100 100 100 100 100 1.00 1.00 1.00 0.90
ASNBM1 10 100 100 100 100 100 1.00 1.00 1.00 1.00
ASNBM2 1.0 0.03 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01
Baseline 10 1.00 040 043 050 050 020 020 0.22 0.10

Table C.2: Precision and recall values for the different models with At = 20

0.00 0.11 0.22 0.33 0.44 056 0.67 0.78 0.89 1.00
CNBM 10 1.00 1.00 1.00 1.00 1.00 086 0.88 0.80 0.60
SNBM1 10 1.00 1.00 1.00 1.00 1.00 0.75 0.80 0.80 0.82
SNBM2 1.0 1.00 0.12 0.12 0.02 0.02 0.02 0.02 0.02 0.01
ACNBM 10 100 100 100 100 100 1.00 1.00 1.00 0.90
ASNBM1 10 100 100 100 100 100 1.00 1.00 1.00 0.64
ASNBM2 1.0 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Baseline 1.0 1.00 0.40 043 044 0.18 0.18 0.19 0.16 0.10

Table C.3: Precision and recall values for the different models with At = 30

0.00 0.11 022 033 044 056 0.67 0.78 0.89 1.00
CNBM 10 100 100 100 100 1.00 0.88 0.88 0.80 0.45
SNBM1 10 100 100 100 100 1.00 0.78 0.78 0.67 0.41
SNBM2 1.0 1.00 0.08 0.05 0.02 0.02 0.02 0.02 0.02 0.01
ACNBM 10 1.00 1.00 1.00 100 1.00 1.00 0.88 0.73 0.13
ASNBM1 10 1.00 1.00 1.00 1.00 1.00 1.00 0.62 0.62 0.09
ASNBM2 1.0 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Baseline 10 1.00 040 038 0.15 0.18 0.18 0.19 0.11 0.10
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Table C.4: Precision and recall values for the different models with At = 40

0.00 0.11 0.22 0.33 0.44 0.56 0.67 0.78 0.89 1.00
CNBM 10 100 100 100 080 083 088 088 0.80 O0.11
SNBM1 10 100 100 100 1.00 083 0.78 0.78 0.25 0.12
SNBM2 10 1.00 0.04 0.03 0.02 0.02 0.02 0.01 0.01 0.01
ACNBM 10 100 100 100 100 1.00 1.00 0.70 0.25 0.06
ASNBM1 10 100 100 100 1.00 1.00 0.58 0.58 0.21 0.04
ASNBM2 1.0 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Baseline 1.0 025 0.08 0.12 0.12 0.15 0.13 0.09 0.09 0.09

Table C.5: Precision and recall values for the different models with At = 50

0.00 0.11 0.22 0.33 0.44 056 0.67 0.78 0.89 1.00
CNBM 1.0 050 067 075 040 035 035 026 0.11 0.11
SNBM1 1.0 1.00 0.67 060 056 056 0.11 0.07 0.06 0.04
SNBM2 1.0 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
ACNBM 10 100 100 1.00 057 023 023 023 0.12 0.01
ASNBM1 10 100 100 100 044 039 039 039 0.08 0.01
ASNBM2 1.0 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Baseline 1.0 006 008 0.10 0.12 0.11 0.08 0.08 0.09 0.09

Table C.6: Precision and recall values for the different models with At = 60

0.00 0.11 0.22 0.33 0.44 056 0.67 0.78 0.89 1.00
CNBM 10 050 067 033 033 031 023 0.18 0.10 0.05
SNBM1 1.0 1.00 067 043 024 0.07 0.05 0.04 0.04 0.04
SNBM2 1.0 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
ACNBM 10 100 100 050 033 0.17 0.12 0.12 0.12 0.01
ASNBM1 10 100 100 031 031 031 019 0.19 0.08 0.01
ASNBM2 1.0 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Baseline 1.0 0.04 005 007 006 006 0.08 0.08 0.08 0.09

Table C.7: Precision and recall values for the different models with At = 70

0.00 0.11 0.22 0.33 0.44 056 0.67 0.78 0.89 1.00
CNBM 10 033 025 020 0.10 0.10 0.09 0.09 0.08 0.05
SNBM1 10 020 020 0.06 0.06 0.04 0.04 0.04 0.04 0.03
SNBM2 1.0 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
ACNBM 10 025 0.11 011 0.09 0.09 0.09 0.05 0.01 0.01
ASNBM1 1.0 017 021 021 0.14 0.14 0.07 0.07 0.01 0.01
ASNBM2 1.0 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Baseline 1.0 0.04 005 007 005 006 0.06 0.06 0.06 0.06

Table C.8: Precision and recall values for the different models with At = 80

0.00 0.11 0.22 0.33 0.44 056 0.67 0.78 0.89 1.00
CNBM 10 033 025 006 0.06 006 0.06 0.06 0.02 0.02
SNBM1 10 020 020 0.06 0.03 0.02 0.03 0.08 0.02 0.02
SNBM2 1.0 0.01 0.01 0.01 0.01 0.0t 0.01 0.01 0.01 0.01
ACNBM 1.0 025 0.08 0.08 0.08 0.08 0.02 0.02 0.01 0.01
ASNBM1 1.0 017 021 021 0.05 0.05 0.01 0.01 0.01 0.01
ASNBM2 1.0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Baseline 1.0 0.04 005 004 0.05 005 0.05 0.05 0.05 0.05
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The Impact of Feature Causality on Normal Behaviour Models for
SCADA-based Wind Turbine Fault Detection

Telmo Felgueira ' > Silvio Rodrigues?> Christian S. Perone” Rui Castro >

Abstract

The cost of wind energy can be reduced by us-
ing SCADA data to detect faults in wind turbine
components. Normal behavior models are one of
the main fault detection approaches, but there is a
lack of consensus in how different input features
affect the results. In this work, a new taxonomy
based on the causal relations between the input
features and the target is presented. Based on
this taxonomy, the impact of different input fea-
ture configurations on the modelling and fault
detection performance is evaluated. To this end, a
framework that formulates the detection of faults
as a classification problem is also presented.

1. Introduction

In 2018, global energy-related CO5 emissions reached a his-
toric high of 33.1 gigatonnes. These emissions are caused
by the burning of fossil fuels, mainly natural gas, coal and
oil, which accounted for 64% of global electricity produc-
tion in this same year (IEA, 2018). Greenhouse gases like
COx, are responsible for climate change which threatens to
change the way we have come to know Earth and human
life. For the previous reasons, there has been a global effort
to shift from a fossil fuel based energy system towards a
renewable energy one. In fact, it is expected that by 2050
wind energy will represent 14% of the world’s total primary
energy supply (DNV-GL, 2018).

The operation and maintenance costs of Wind Turbines
(WTs) can account for up to 30% of the cost of wind energy
(EWEA, 2009). This happens because while generators
in fossil fuel power plants operate in a constant, narrow
range of speeds, WTs are designed to operate under a wide
range of wind speeds and weather conditions. This means
that stresses on components are significantly higher, which
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puter Engineering, Instituto Superior Tecnico, Lisbon, Portu-
gal *Jungle.ai, Lisbon, Portugal *INESC-ID/IST, University
of Lisbon, Portugal. Correspondence to: Telmo Felgueira
<telmo.felgueira@jungle.ai>.

increases the number of failures and consequently the main-
tenance costs.

There have been recent efforts to monitor and detect in-
cipient faults in WTs by harvesting the high amounts of
data already generated by their Supervisory Control and
Data Acquisition (SCADA) systems, which, in turn, enables
the wind farm owners to employ a predictive maintenance
strategy. In fact, it is expected that by 2025 new predictive
maintenance strategies can reduce the cost of wind energy
by as much as 25% (IRENA, 2016). One of the main meth-
ods for monitoring the condition of WTs is building Normal
Behaviour Models (NBMs) of the component temperatures.
The fundamental assumption behind the use of NBMs is
that a fault condition is normally characterized by a loss
of efficiency, which results in increased temperatures. By
using SCADA data to build a model of the temperatures of
the WT components, one can calculate the residuals, which
are the difference between the real values measured by the
sensors and the predicted values by the model. These residu-
als can be used to detect abnormally high temperatures that
may be indicative of an incipient fault.

Multiple works (Zaher et al., 2009; Mesquita et al., 2012;
Brandao et al., 2015) have reported good results using
NBMs to predict WT failures, being able to predict failures
in WT components months in advance. In these works the
authors used as features active power, nacelle temperature
and lagged values of the target temperature, thus including
autoregressive properties into to the model, to predict the
temperatures of various components. In (Schlechtingen &
Santos, 2011) and (Bach-Andersen et al., 2016) the authors
obtained an important result: although the use of autore-
gressive features resulted in better temperature modelling
performance it also resulted in worse fault detection perfor-
mance. Another important result was obtained in (Banga-
lore et al., 2017) and (Tautz-Weinert, 2018), which indicated
that using features that are highly correlated with the target
also increased the modelling performance but decreased the
fault detection performance of the model. Nonetheless, this
type of features are still used in many works today, such as
(Bach-Andersen et al., 2016; Bach-Andersen, 2017; Colone
et al., 2018; Zhao et al., 2017; Tautz-Weinert & Watson,
2016; Zhao et al., 2018; Mazidi et al., 2017). There are
also conflicting opinions regarding the use of autoregressive
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features, with some works using them and others not. The
main reason behind this is the lack of consistent case studies
that evaluate the impact of different features on both the
temperature modelling and fault detection performances. It
should also be noted that in NBMs it’s not trivial that the
more features the model has the better its fault detection
performance will be. This happens because the model is
being trained to minimize the temperature modelling error
and not the fault detection one. Having this in mind, this
work will present a new feature taxonomy to distinguish
different input feature types. Then, the impact of these in-
put feature types on the temperature modelling and fault
detection performances will be evaluated.

Finally, evaluating the fault detection performance of differ-
ent models is not as trivial as evaluating their temperature
modelling performance. In fact, there is no standard in the
literature regarding how to evaluate fault detection perfor-
mance. This happens because of the inherent nature of the
fault detection problem, in which there is rarely groundtruth.
Indeed, there is data of when the failure happened, but there
is no information regarding when the fault state started,
making it not trivial to formulate as a classification problem.
Hence why the majority of the literature evaluates the fault
detection results by visual inspection, observing the increase
in the residuals before the failure. This is problematic, be-
cause comparisons between different models will be highly
subjective. Having this in mind, this work will also present
a formulation of the detection of faults as a classification
problem.

2. Methods

2.1. Data and Training

In this work a dataset composed of 15 turbines during a 6
year period will be used. This data corresponds to SCADA
signals with 10 minute resolution. During the year of 2012
there was a total of 5 failures related with the Gearbox IMS
Bearing. For these reasons, this will be the component
for which an NBM will be trained, with the objective of
predicting the corresponding failures.

The models will be trained with data from the beginning
of 2007 to the end of 2011 and tested on data from 2012.
Periods with faults will be removed from the training data
so the model does not learn abnormal behaviour. The mod-
els will be implemented with Gradient Boosting Decision
Trees (GBDT), which work by iteratively combining weak
decision trees into a strong ensemble learner. In terms of
implementation, LightGBM (Ke et al., 2017) will be used
due to its high computational performance. In terms of
optimization, the year of 2011 will be used as a validation
set when choosing the number of trees for each model by
early stopping. Note that no exhaustive hyperparameter op-

timization was performed, so all models will use the same
hyperparameters besides the number of trees.

2.2. Feature Taxonomy

In the present work we hypothesize that what causes a de-
crease in fault detection performance is not using input
features highly correlated with the target, but using those
whose sensors are physically close to the target sensor. If
there is an increase in the temperature of a faulty component,
the physically close components will also get hotter due to
heat transfer. Thus, using physically close components as
features to the model may leak information regarding the
fault state of the target, making it unable to detect abnormal
behaviour. These ideas can be clarified by using appropriate
nomenclature. Based on Econometric Causality (Heckman,
2008), we will distinguish features based on their causal
relations with the target. If the target is causally dependent
of the features, they are causal features. On the other hand,
if the target depends on the features but the features also
depend on the target they are simultaneity features. Such
causal relations are assumed based on the domain knowl-
edge of the physical system.

Based on the taxonomy previously presented, different mod-
els will be defined based on their input feature configuration.
The simplest model that will be tested is the Causal Normal
Behaviour Model (CNBM), which only uses causal features.
These are determined based on domain knowledge and will
be: rotor speed, active power, pitch angle, wind speed and
ambient temperature. All these features characterize the op-
eration regimes of the WT, these are causal features because
the gearbox IMS bearing temperature depends on their val-
ues, but their values are not dependent on it. For example,
variations in the ambient temperature influence the gearbox
IMS bearing temperature, but the influences of the latter on
the ambient temperature can be disregarded.

On the other hand, simultaneity features will be chosen
based on Pearson Correlation, which is a standard first ap-
proach for regression problems. The highest correlated
feature with the gearbox IMS bearing temperature is the
gearbox HSS bearing temperature, which is a simultaneity
feature because there is heat transfer between the two sen-
sors, thus meaning that their values are mutually causally
dependent. Having this in mind, the Simultaneous Normal
Behaviour Model (SNBM) will use all the features from
the CNBM plus gearbox HSS bearing temperature. Two
more models will be tested, which correspond to the au-
toregressive versions of the previously described models:
Autoregressive Causal Normal Behaviour Model (ACNBM)
and Autoregressive Simultaneous Normal Behaviour Model
(ASNBM).
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Figure 1. Schematic example of fault detection formulated as a
classification problem.

2.3. Fault Evaluation Framework

To develop an evaluation framework for fault detection, one
must first formulate it as a binary classification problem
where there are two labels: fault and no-fault. Since there is
no information regarding the fault state of the component,
only the date of failure, it was defined with the wind farm
owners that for the failures studied in this work it can be
assumed that a fault state would be present at most 60 days
before the failure. It was also defined that for the alarms to
be useful they should be triggered at least 15 days before
the failure. This means that to be considered a True Positive
(TP) the alarm must be triggered between 60 and 15 days
before the failure. Figure 1 presents a schematic example of
the previously described problem formulation. Taking this
example, it is important to note that the number of alarms
triggered in the prediction window is not relevant, they are
all aggregated as 1 TP. The main reason for this, is that if the
aggregation is not done, then 4 alarms for the same failure
would count as much as 4 detected failures with 1 alarm
each. This clearly is not what is intended of the framework,
since 1 alarm should be enough to motivate an inspection,
and detecting 4 failures with 1 alarm outweighs detecting
1 failure with 4 alarms. Finally, it is also important to note
that alarms triggered less than 15 days before the failure are
not considered False Positives (FPs), since there is indeed a
fault state, it simply is not relevant, so they are considered
True Negatives (TNs).

3. Results

In terms of temperature modelling, the models were eval-
uated on periods of turbines that are known to be healthy.
The results, presented in Table 1, indicate that the use of
simultaneity features indeed improves the modelling perfor-
mance, since SNBM obtains better results than CNBM. The
use of autoregressive features also improves the modelling
performance, since ACNBM and ASNBM obtain better re-
sults than their non-autoregressive counterparts. This results
make sense, since there are certain regimes of the turbine
that are difficult to model without simultaneity nor autore-
gressive features, such as the turning off of the turbine as
noted in (Bach-Andersen, 2017).

Table 1. Regression error metrics for the training and test sets of
each model.

MODEL TRAINING TEST
MAE RMSE MAE RMSE
CNBM 1.48 2.14 1.80 2.62
SNBM 0.87 1.26 1.01 1.41
ACNBM 1.03 1.57 1.14 1.67
ASNBM 0.83 1.22 0.96 1.38
1
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—e— Baseline
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Figure 2. Precision and Recall curves for the different models.

In terms of fault detection, a baseline was defined that con-
sists of setting different thresholds on the distribution of the
target temperature and obtaining the corresponding preci-
sion and recall. For the models, also different thresholds
were applied in the residuals to obtain the different values
of precision and recall. The results are presented in Figure
2. As can be seen, the CNBM which obtained the worst
modelling performance obtains the best fault detection per-
formance. Also, note that the models with the simultaneity
feature are significantly worse than the baseline.

4. Conclusions

An evaluation framework to formulate fault detection as a
classification problem was presented. This hopes to con-
tribute to the development of a standard approach for fault
detection performance evaluation. Furthermore, a taxonomy
regarding the causal relations of the different input feature
types was presented, which hopes to make the discussion
on how different features affect the performance of models
clearer. Finally, it was demonstrated that although autore-
gressive and simultaneity features increase the modelling
performance they decrease the fault detection capabilities
of the model. This is an important contribution since the
majority of works today still use these types of features.
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