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Abstract: The technology used in wave energy conversion systems is still in the early stages of
research and development. There are a number of challenges associated with becoming a commer-
cially viable source of renewable energy due to the high operating and maintenance (O&M) costs.
A potential solution for increasing the availability of wave energy converters (WECs) and reducing
operating and maintenance costs might involve the implementation of condition monitoring and
fault-tolerant control systems, because in some reported WEC systems, 57% of total operational
expenses go to maintenance activities. The use of condition monitoring techniques in wind energy
systems has, for instance, shown the ability to detect failures months in advance, resulting in savings
of 15–20% during the operational phase. This paper reviews the methods proposed (and some used)
by researchers to monitor WEC’s condition and diagnose faults. Fault-tolerant control methods
developed to improve the reliability of WECs and hence their commercial viability are also reviewed
and discussed. In addition, a future research plan is provided here.

Keywords: condition monitoring; fault detection; wave energy converter; review

1. Introduction

Compared to other renewable energy sources, ocean waves have many significant
advantages, such as high availability, high load factors, low environmental impact, higher
energy density, and predictability [1,2]. Ocean energy is one of the renewable energy
resources that has the potential to provide a substantial amount of energy around the
world [3]. Wave energy potential is highest in Portugal, France, and the UK, among other
European countries [4].

It is estimated that ocean waves have a potential capacity of 26,000 TWh per year [5].
By 2050, OES estimated a global potential to deploy 748 GW of ocean energy, saving up to
5.2 billion tons of carbon dioxide [6]. It is estimated that there are 381 GW and 286 GW of
wave energy resources in Europe, respectively [7]. Wave and tidal capacity, as the two most
developed ocean energy technologies, combined in the EU is expected to reach 100 GW by
2050 [5]. Combined wave and tidal stream energy could provide around 20% of the UK’s
current electricity needs, equivalent to around 30–50 GW of installed capacity [8].

There were more than 200 wave energy converters (WECs) under the development
stage in the world in 2017 [9].

Despite the first patent registered in 1799 and the first wave energy devices being
designed in 1898, there are very few commercial wave energy projects in operation and
require more attention [10,11]. Wave energy systems have a much higher levelized cost
of energy (LCOE) than any other energy source [12] due to the fact that WECs are placed
in locations with harsh environmental conditions, and they might not be accessible for
up to several weeks studied as weather windows [13,14]. Other factors may also affect
the downtime of a WEC and LCOE, such as distance offshore, special permissions, and
availability of equipment like boats [15]. NEREIDA’s first year in Mutriku resulted in
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200 kWh of production instead of 600 kWh due to a severe storm and the long closure of
the facilities to fix it [16].

A wave energy converter’s cost of energy (COE) depends on its capital costs, perfor-
mance (amount of electricity produced), and operation and maintenance (O&M) [17]. In a
specific WEC, planned and unplanned maintenance activities are responsible for up to 29%
and 28%, respectively, which amounts to 57% of total operational expenses (OPEX) [18].

O&M cost evaluation and modeling have been extensively studied for wind energy
systems, but wave energy has rarely been studied [19]. Using a statistical model, Abdulla
et al. assessed the availability of Aquamarine Power’s second-generation Oyster device,
an 800 kW flap-type WEC [20]. As described by Gray et al., the Monte Carlo-based
functionality of the model is similar to an O&M tool developed by Pelamis Wave Power [21].
Using an O&M tool, Ambühl et al. explored a number of different O&M strategies for
the WaveStar device [17]. It differs from other studies in that it simulates fatigue of two
components within the device using a damage model, rather than assuming constant
failure rates.

By predicting the state of health of individual WECs in a WEC farm from sensor data,
a required level of reliability can be achieved without over-designing components, reducing
production, maintenance, and operation costs [22]. Using condition monitoring techniques
in wind power, for instance, has been found to save 15–20% during operation and to detect
failures months in advance [22].

At nine different locations, a specific study of an overtopping WEC found payback
periods of 10 to 50 months at different locations with wave energy resources ranging from
42 to 62 kW/m [23,24].

In general, only 60% and 50% of raw wind and wave resources can be usefully
converted. Basic aerodynamics (wind) and hydrodynamics (waves) account for these
limitations [25,26].

Methodology and Structure of the Review

There is a growing field of research into fault detection and condition monitoring in
WECs which is not sufficiently focused. Numerous studies have been conducted on the
control of WECs in order to increase their efficiency and decrease their costs. However, an
effective maintenance-based monitoring and supervision system can reduce the mainte-
nance costs and the overall costs of the system. Thus, this paper presents a comprehensive
review on fault detection methods and condition monitoring techniques presented in the
references. As wave energy systems share many similarities with other kinds of energy,
particularly wind energy, other alternatives have also been suggested to inform researchers
about the open fields for research.

Searches were conducted in major databases, such as Scopus, Google Scholar, and
IEEE Explore. Key sources include IET Renewable Power Generation, IET Electric Power Appli-
cations, Journal of Renewable and Sustainable Energy, Renewable Energy, Wind Energy Science,
Energies, IFAC-PapersOnLine, Journal of Marine and Engineering, and IEEE Transactions (for
example, Control Systems Technology, Power Systems, Energy Conversion, Instrumentation and
Measurement Magazine, Sustainable Energy, and Oceans). Wave energy reports from research
institutions, e.g., National Renewable Energy Laboratory (NREL), Ocean Energy Systems
and Entec, and large European projects, e.g., Holistic Advanced Prototyping and Interfacing
for Wave Energy Control (HAPIWEC) and Supergen, were also carefully reviewed.

Therefore, the current paper is organized as follows: Section 2 presents the WECs’
operation and technology briefly. Section 3 reviews fault diagnosis methods for WECs.
A discussion of fault detection, isolation and reconstruction (FDIR) methods for WECs is
provided in Section 4. In Section 5, we discuss the importance and methods of condition
monitoring in WECs. Section 6 presents fault-tolerant control methods for WECs. There
is a discussion of the direction of future research in Section 7 while Section 8 provides
the conclusion.
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2. WECs Operation and Technology

Other potential ocean energy sources, in addition to WECs, include tidal energy, which
is determined by the rise and fall of the sea level as a result of the gravitational attraction of
the moon, ocean and river currents that are affected by wind, water temperature, salinity,
or density, salinity gradient, which is determined by the difference in salinity between
seawater and land, and ocean thermal, which is determined by the temperature difference
between near-tropical surface seawater and land [27–32].

Wave energy has several advantages over other marine energy resources, including its
high energy flow density, which is 10 to 40 times greater than wind energy. In addition, the
wave energy utilization device has the advantages of being simple to construct, convenient
to maintain, and convenient for mass and intensive development [33]. Wind energy is
unidirectional, but wave energy is bidirectional. Waves are described by both amplitude
and period, whereas wind has just one primary variable, wind speed [10,25]. Over a long
period of time, ocean waves have lower power fluctuations, making them more stable
sources of renewable energy [4].

WECs can be classified as shown in Figure 1. The main forms of wave energy con-
verters include pitch type, heave type, oscillating water column type, and so on [33]. Over
1000 wave energy conversion techniques have been patented in Japan, North America, and
Europe [34,35]. Despite their wide variety in design, WECs are generally classified by their
location (shoreline, nearshore, and offshore) [32,36–40] as well as their type (attenuator,
point absorber, and terminator), as shown in Figure 2 [41–43]. In terms of working principle,
there are three types of devices: oscillating water columns, wave-activated bodies, and
overtopping devices [44–47].
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Although marine energy converters come in a wide variety, they can be designed
using IEC TS 62600-2:2019. Providing an appropriate level of protection against all hazards
that could cause catastrophic failure in the structural, mechanical, electrical, or control
systems of the energy converter is its purpose [48,49].

To convert slow oscillating motion and high power (from waves) into rapid rotation
in one direction (required by an electric motor), the WEC power take-off (PTO) system
is needed [50,51]. As reported in [7], direct drive and air PTOs have the highest and
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lowest efficiency, respectively, among different types of PTOs, including hydraulic, water,
mechanical, and air.

Despite a lot of attention being paid to energy-maximizing point absorber WECs, fault-
tolerant control methods are more important because WECs are complex and expensive
infrastructures with high safety concerns. Due to the high installation and maintenance
costs of WECs as well as their difficulty of access, fault-tolerant controls (FTCs) and FDIR
units are necessary to maintain a robust performance [52].

Using intelligent control approaches, such as second-order sliding mode control [12],
the stochastic nature problem of wave energy can be reduced, as well as the power fluctua-
tions of WEC arrays, which will lower the overall maintenance cost.

Ringwood et al. presented a comprehensive analysis of the sensitivity and robustness
of WECs with a linear model by comparing different control methods [10]. Particularly
under highly energetic conditions, these simplifications will lead to modeling errors and
cause a degradation in the control performance [53]. Hence, in order to reduce sensitivity
to modeling errors and nonlinear effects, a hierarchical robust controller is introduced that
is capable of energy-maximization recovery via a passivity-based control means [54]. Using
generator-side power electronic converters instead of mechanical resonance regulation is a
fast-optimal control strategy for both stiffness and damping forces [55].

Due to wear and corrosion caused by seawater on the converter device and short
circuits between the external modules, a variety of faults can occur in the WEC system, with
actuators being the most common [56,57]. The most common faults of WECs are actuator
failure and sensor failure as reported in [58–60].

The failure rate, the inspection quality for overall costs, and the number of repairs
needed during the lifetime of a WEC are reported in [17]. For example, the Wavestar device
had a lifetime of 20 years and generated electricity for three and a half years between
January 2010 and September 2013 [17].
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Fault detection methods can be classified into two main approaches: model-based and
signal-based techniques [64].

Due to the wave energy industry’s lower overall technology readiness level (TRL),
the absence of a consensus on WEC technology, and the lack of reliability models for
core WEC components, the realization of WEC condition monitoring systems is still in its
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infancy [22,65,66]. Engineering and Physical Sciences Research Council (EPSRC) funded a
project called HAPIWEC to provide researchers with a remote accessible WEC to develop
and test their control algorithms. To implement their control method, collect data, and
develop their own controller, researchers can access the University of Edinburgh test bench
through the internet and Online MATLAB, as shown in Figure 3 [67,68].
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3. Fault Diagnosis Methods for WECs

During harsh conditions such as hurricanes, WECs should be resilient to loads
100 times greater than average [34]. Hence, it is necessary for WECs to have a condition
monitoring and fault diagnosis unit in order to ensure their reliability.

In land-based structures as well as wind turbines, acoustic emission monitoring is
already used to monitor structural health. As a result of this method, faults and defects can
be detected early, allowing more time for maintenance and repair procedures to be planned
in order to prevent catastrophic failures. In [70], the scope of acoustic emission monitoring
is extended to WECs.

To investigate the dynamic behavior of the WEC when the PTO is seized during a
normal wave condition, a fluid–structure interaction model was developed in [71]. As
a result of the PTO seizer fault, the frequency content of dynamic loading acting on the
WEC was modulated, although the amplitudes of the motion and tether forces of the WEC
were not significantly larger. As a result of a seized PTO located on the tether, the cyclical
loading frequency will increase by six to seven times. However, the amplitude of the
cyclical loading is reduced.

In [72], an observer estimates faults occurring in displacement and velocity sensors
and actuator faults occurring in PTOs. The proposed observer and controller parameters
are determined offline, while a linear model for WEC is considered, so the control approach
can be implemented on economic hardware efficiently.

An investigation of the impact of estimating the excitation force on a model-based
fault detection algorithm is presented in [73]. This study presents smoothed estimates of
excitation forces at the expense of time delay.

In the WEC fault detection method, signal-based methods are not widely used com-
pared with model-based methods.
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A temperature sensor in [74] measures the internal temperature of an induction
generator, which limits its maximum overload in PTO. Temperature sensor outputs can
also be used for fault detection and monitoring purposes.

In [75], vibration monitoring was used to detect the wear of a linear generator at the
Lysekil research site on the Swedish West Coast. Generator cogging, fluctuations in the
damping force, and variations in the Lorenz forces in the stator are distinct issues and vary
over time.

To detect faults in generators used in WECs, active power monitoring and machine
current signature analysis (MCSA) are also recommended [76]. These techniques are widely
used for fault detection in electrical machines and can be adapted to be used in wave
systems. By using current sensors that are normally used for the generator control, the
measured stator current can be also monitored in the MCSA method for fault diagnosis
purposes. Table 1 presents a summary of fault detection approaches already used for WECs.

Table 1. Fault detection methods in WECs.

Method References Pros or Cons Comments

Acoustic emission monitoring [67] Early detection Extensively used in similar systems like
offshore wind turbines

Observer-based methods [69] Offline parameter determination,
economic solution

Fault detection for both actuators
and sensors

Excitation force estimation [70] Time delay Model-based technique

Temperature sensor [71] Used for PTO load monitoring as well

MCSA [73] Generator different faults detection No more sensors would be added
to system

Vibration monitoring [72] Various faults detections Used for wear detection

Structural analysis [74] Mechanical faults detection Lots of faults can be detected

Reactive power monitoring [73] Electrical component faults detection

System functionality method [75] Simple and early fault detection

4. FDIR Units for WECs

As an emerging market, ocean energy must overcome a number of challenges to prove
its reliability and affordability [5].

Adding a fault detection, isolation and reconstruction (FDIR) unit to WECs is an
effective method of improving their reliability without adding additional weight or cost.

Reference [72] presents a robust fault diagnosis approach for detecting WEC sensor
and actuator faults in real time. The compensator minimizes the influence of faults and
maintains the control performance. In order to optimize the energy output, a non-causal
linear optimal control method is applied, in which the future excitation force determines
the current control action.

Reference [77] proposes a model-based fault detection and isolation (FDI) method
for Archimedes wave swing (AWS) type WECs to address mechanical issues, such as
central tank perforation, brake damage, position sensor faults, and actuator faults. It is a
method based on structural analysis that provides general conditions for fault detection
and isolation in nonlinear systems described by lumped-parameter models. Damage to
damping subsystems has the greatest impact on performance as reported.

For a doubly-fed induction generator (DFIG) used in WECs in [76], a sensorless speed
control has been implemented. Electrical component faults such as rotor eccentricity and
torque oscillations were detected using reactive power monitoring.

Failure modes and effects analysis (FMEA), fault tree analysis (FTA), event tree anal-
ysis (ETA), function failure design method (FFDM), and function failure identification
and propagation (FFIP) framework are among the failure and safety analysis techniques
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currently being used in system design [78]. Engineers can evaluate system dependencies
and fault tolerance early in the design process using function-based failure analysis. It
helps catch design problems while they are still relatively inexpensive to fix. For conceptual
design stage analysis, [78] proposes a simple system functionality method, which places
systems and subsystems in a flow (mass, energy, and signal) based on their location and
assigns functionality numbers to describe their contribution. It is then possible to determine
how a component or sub-system fault affects other components or the entire system.

5. Condition Monitoring for WECs

Due to the high cost of marine intervention in challenging waters and the limited
availability of specific vessels, WECs have high operation and maintenance (O&M) costs.
Harsh conditions at sea could cause damage or failure of devices. Furthermore, weather
windows for accessing WECs for O&M activities do not always align with access needs.
Consequently, it could lead to further damage and longer periods of downtime, further
increasing O&M costs [70,79].

The failure of wave energy systems such as [80–82] highlights the need for a condition
monitoring system that takes structural integrity and mechanical performance into account.

A condition monitoring system in a renewable energy device provides early detection
of component failures, which results in the implementation of control functions, reduced
number of shutdowns and increased availability [83]. Reference [22] presents a reference
architecture for condition monitoring of a WEC and a prototype implementation.

Condition-based monitoring is beyond fault diagnosis and prognosis. Component
typology and their failure modes must be identified and prioritized using methods such
as FMEA. The development of a condition-based monitoring strategy includes not only
diagnostic and prognostic results but also weather windows, schedule constraints and
financial considerations [65].

Condition monitoring for wave energy systems can be performed at two levels: sys-
tem level and component level [22]. At the system level, condition monitoring involves
comparing the performance of the entire system with the expected performance. To detect
failures on a component level, a mathematical or statistical model of the component (or
subsystem) is used.

It is possible to perform maintenance after a failure (corrective maintenance) or before a
breakdown occurs (preventive maintenance) [17]. A risk-based inspection and maintenance
planning approach for WECs is presented in [17] which is a dynamic approach considering
real weather data, damage accumulation, uncertainties related to costs, structural damage
accumulation, inspection accuracy and different maintenance strategies. Different transport
strategies have been considered to calculate total repair costs for O&M, including repair
and lost electricity costs. An analysis of the effect of failure rate, inspection quality, and the
number of repairs required over the life cycle of the Wavestar WEC is presented in [17].

Condition-based maintenance involves monitoring and inspecting system parts contin-
uously to predict failures and determine the necessary maintenance. Operational safety is
improved, failures are reduced, and maintenance costs are minimized by this method [84].

The typical condition monitoring techniques used for offshore wind farms can be
applied to WECs as well. Vibration monitoring for gearbox and bearing health, noise
and stress levels of rotating machinery, and oil monitoring for particulates, moisture, and
temperature are typical parameters measured [83,85]. For example, according to [80], 45%
of the gearbox faults in tidal turbines were identified by symptoms including oil debris,
temperature, vibration, and torque.

An assessment can be performed on individual components or on the entire system for
a range of operating conditions using the monitoring system. In addition, many industrial
applications like offshore wind farms utilize supervisory control and data acquisition
(SCADA) systems with multivariate real-time measurements that can be adapted for
WECs [86–89].
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In [90], 26 SCADA data analysis tools have been reviewed for wind turbines from
wind turbine manufacturers, renewable energy consultants, industrial software companies,
electrical component suppliers, wind turbine operating companies, and the American
Centre for Intelligent Maintenance Systems. CASCADA as an open-source solution for the
wind industry can be adopted for WECS [91]. A number of classifiers, including support
vector machine (SVM), decision trees, random forests, XGBoost, and LightGBM, can be
trained and compared with respect to accuracy, speed, early detection, and effectiveness
for SCADA systems with the WEC application, as was performed in [92] for wind turbines.

Based on SKF’s established offshore wind industry branch, Marnoch describes the
topology of a tidal turbine condition monitoring system [93]. A variety of components are
monitored, including generator bearings, gearboxes, shaft misalignments, shaft deflections,
mechanical looseness, vibrations of tower blades, and oil quality and level.

Using underwater acoustic emission as a remote condition monitoring technique for
WECs is proposed in [70]. Acoustic emission occurs when potential energy is released
within a material due to friction. The term acoustic emission is defined as transient elastic
waves generated by damage to a material. These waves release energy at frequencies
between 100 kHz and 1 MHz [94], while lower frequencies are typically studied by vibration
analysis. Acoustic emissions can produce two types of signals: impulsive or continuous
signals. Diagnostic techniques typically include signal amplitudes, RMS, energy, kurtosis,
crest factor, counts, events, wavelet analysis and fast Fourier transforms (FFT) according
to the type of signal [70]. An advantage of this method for WECs is that sound does not
attenuate as quickly in water as in air (although underwater higher frequencies attenuate
faster than low frequencies). As a result, water acts as a connecting medium and sensors
can be placed away from a WEC, where they can monitor multiple parts of the system
simultaneously [70].

Currently, there is not enough operational data available in the marine energy industry
to establish a comprehensive FMEA for WECs [83]. Nevertheless, an FMEA was performed
by Kelly et al. for a WEC, and a list of condition monitoring solutions to cover high,
medium, and low-priority failure modes was provided [83].

Sensor fusion techniques are established by combining multiple sensors’ outputs, or
by collecting signals from a single sensor’s output over time, and feeding them to a signal
processing or machine learning approach, such as an artificial neural network. Various
sensors used in a WEC, such as voltage sensors, proximity sensors, torque sensors, ac-
celerometers, pressure sensors, temperature sensors, ultrasonic level sensors, strain gauges,
linear position sensors, GPS, absolute encoders, electrical current sensors, moisture sensors,
and humidity sensors, can be used to collect the required signals over time for sensor
fusion [22,83]. Wavelet transform, empirical mode decomposition, principal component
analysis and Park’s vector approach, Fourier transform, fast Fourier transform (FFT), short-
time Fourier transform, S-transform, Hilbert transform (HT), Wigner–Ville distribution
(WVD), singular value decomposition, principal component analysis (PCA), independent
component analysis (ICA), spectral kurtosis (SK), and Kalman filter (KF) are amongst the
most common advanced signal processing methods used for condition monitoring [64,95].

In order to reduce the power consumption of offshore WECs, short-range wireless
communication with nearshore WECs acting as gateway nodes to the onshore back end
is proposed as a proper communication infrastructure, since continuous wireless data
transmission over long distances reduces their power output [22].

6. Fault-Tolerant Control for WECs

FTC can be classified as active and passive FTC based on the control strategy [58,96]. It
is possible to construct a fault estimation device in the active FTC to estimate the unknown
failures in the system, and then, based on the estimated failures, a corresponding control
scheme can be designed in accordance with the estimate of the failures. In contrast, passive
FTCs do not contain fault estimation links, since the fault system is directly connected
to the control module. Hence, the passive FTC has a simple structure and fast operation
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speed, which can only handle simple failures [58]. Yu et al. seek to design an efficient
FTC for WECs in [58]. A multi-controller FTC is proposed in [33] as the main strategy
for improving a two-body point absorber WEC fault tolerance. This is based on adaptive
observer-based fault estimation, along with a suitable H∞ performance index. In addition,
the iterative learning approach is applied to this method in order to implement an FTC
against actuator faults, such as lock-in-place failures and loss of effectiveness [56]. A WEC
device with linear fluctuation can be approximated as a dynamic system with periodic
repetitive motions. As a result, an iterative learning control strategy can be selected as an
efficient way to keep the WEC system moving in a defined trajectory and quickly achieve
zero error tracking. In order to decrease the tracking error, multiple iterative learning-based
controllers were constructed based on the multiple tracking errors and input information
of the previous times [56].

Alejandro et al. propose a passive FTC for WECs prone to faults in braking subsys-
tems. To achieve robust tracking, they used a nonlinear servo-compensator based on a
generalized internal model [52], leading to reduced computational complexity compared
with alternative methods like model predictive and adaptive control. WEC excitation force
was also introduced as a non-measurable variable as a brake subsystem fault indicator [73].

The FTC design issue for the faulty WEC system is investigated on the basis of a
graph–theoretic approach and multivariate time series in [59]. The WEC-Sim open-source
modeling platform is used to estimate the performance of a WEC operating with likely
device and sensor failures, but faults related to electrical components (such as actuators)
cannot be detailed. With WEC-Sim, you can model WEC devices that consist of rigid
bodies, joints, PTO systems, and mooring systems as well as sensors and controllers
using MATLAB/Simulink simulation software [97]. This project was co-developed by the
NREL and Sandia National Laboratories (Sandia) with support from the US Department of
Energy’s Water and Power Technologies Office [98].

Using reinforcement learning-based control approaches, the control policy is able
to learn an objective (e.g., maximizing energy capture) based on experience instead of
an explicit model [53,99]. Thus, the learned control policy will incorporate the implicit
behavior of the plant without requiring a priori specification of the analytical behavior.
In [100], a WEC with two PTOs is designed to simulate the condition in which one of the
PTOs fails to operate. In order to deal with PTO failures, a reinforcement learning approach
is proposed since they are model-free. Bayesian optimization combined with reinforcement
learning is capable of learning and adapting its control function to a dynamic environment
without requiring extensive domain knowledge.

Mohsen et al. proposed an improved direct model predictive control to maintain
the stability of an Archimedes wave swing system under different constant power load
demands and systems faults. It improves the robustness and fault-tolerant capability of the
system in regular and irregular waves even in the loss of one leg in the power electronic
converter [101].

Redundancy for components such as motion measurements, displacement, and accel-
eration is a common solution to increase availability and reliability. Having redundancy
ensures that valid information is accessible even if some transducers fail [102]. By having a
fault detection, isolation, and reconstruction unit, switching between parallel units can be
accomplished in order to avoid failure in the whole system’s operation. Cost, space, and
weight of extra components are disadvantages of this method. FTCs without extra weights
and costs can be achieved by using analytical redundancy [103]. Patton establishes a FTC
with analytical redundancy by using different methods to estimate excitation force instead
of measurement for actuator faults [104,105].

It was suggested by Baker et al. to use a Vernier-hybrid machine as the electrical
generator for low-speed, high-torque applications like WECs [106]. Compared to other
machines developing similar torque, this machine has a high inductance. In spite of the
fact that it requires an over-rated power converter, this application gives the machine
fault tolerance and soft control features. Additionally, each stator module can have its
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own co-located power converter, minimizing current loops. In addition to fault tolerance,
system availability will also improve as converter failures reduce the output power without
disabling the whole system.

When there are brake faults, the linear generator can compensate for the deviation of
the damping force by injecting a force that is controlled to maximize energy conversion
under nominal conditions. An Utkin-based unknown input observer is used in this active
FTC method to estimate the force deviation from a fault detection and isolation (FDI)
module, which is then used for compensation [107].

Power converter failures account for almost half (48%) of the electrical system failures
of wind turbines among the failures related to the electronic subassembly [108]. WECs
should follow a similar pattern.

One of the fault-tolerant solutions that can be applied when one of the six switches
or one of the converter legs is damaged is the three-phase four-switch converter [109].
The midpoint of the DC link should be connected to the faulty phase, while the other
four switches continue to function. Despite the converter’s ability to work with only
four switches, unbalanced currents and high-power ripples may occur in the system if
the control is not designed for this type of fault. In [110], this topology is proposed in a
model-predictive control approach to have a fault-tolerant WEC against open-circuit or
short-circuit faults.

Ref. [60] proposes an active FTC to increase WEC reliability, which will reduce down-
time when a fault occurs at any of the voltage source converters, either machine-side
converters or grid-side converters, or even at both. With some restrictions, the power
converter can keep extracting energy from the WEC and sending it to the grid. This reduces
downtime and the urgency for the repair team to reach the WEC.

A Bayesian policy gradient-based WEC control approach was presented by Leila et al.,
which is responsive and adaptable to faults in controller feedback, controller actuation, and
changes in the plant model [53]. In the event of information loss from one or two sensors,
the proposed control adapts its policy effectively by using a model-free reinforcement
learning control method.

7. Future Research Direction

Based on the papers published to date, there are some potential research topics in
condition monitoring and fault diagnosis in WECs. WEC actuators and sensors are the most
commonly affected by wear and corrosion, as mentioned previously. Electrical actuators
and sensors have been extensively studied, and the proposed method can be applied
to WECs.

The use of signal-based methods for fault detection in motor-drive systems has been
developed for years, but they are not currently being used in WECs due to accessibility and
noise issues. In the WECs, these methods would be followed through remote communica-
tion and online condition-based monitoring. Moreover, WT, WVD, and HT should be more
focused on as part of the application of signal processing methods.

There are several ways to utilize SCADA data for condition monitoring of WECs:
(a) trending, (b) clustering, (c) NBM, (d) damage modeling, and (e) assessment of alarms
and expert systems, as seen in wind turbines [6]. Figure 4 illustrates a probability-based
Venn diagram for wind turbines based on SCADA outputs. With the experience gained
from wind turbines, SCADA solutions for WECs need to be developed based on the wind
turbine experience.
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8. Conclusions

This paper examines various aspects of WECs, including condition monitoring, fault
detection, isolation, and fault-tolerant control. The commercial viability of wave energy
projects has been limited by high operational and maintenance costs, making it essential to
develop effective strategies for monitoring and managing faults. As a result of a lack of
design consensus within the WEC design, it becomes challenging to provide a standardized
condition monitoring package for all devices.

The reliability and efficiency of WECs are largely determined by the condition mon-
itoring of their equipment. Different techniques, such as vibration monitoring, temper-
ature sensing, and underwater acoustic emission, have been proposed for detecting the
early stages of component failures and potential faults. Sensor fusion approaches, com-
bining data from multiple sensors, offer comprehensive insights into WEC conditions,
allowing for proactive maintenance planning and reduced downtime. The O&M costs
of WECs could be reduced by reducing downtime for repairs and maintenance through
predictive maintenance.

FDIR units are essential for enhancing WEC reliability. Model-based and signal-based
techniques have been explored for detecting faults in WEC systems, and the development of
comprehensive reliability models is a critical step in implementing effective FDIR systems.

FTC strategies have been reviewed to ensure reliable energy generation. Active and
passive FTC approaches have been discussed, incorporating fault estimation, analyti-
cal redundancy, and switching strategies to maintain stability and performance under
fault conditions.

Advancements in fault-tolerant control and condition monitoring techniques are
crucial in making wave energy a more viable and competitive renewable energy source.
However, further research and development are still needed to establish comprehensive
reliability models and optimize fault-tolerant control strategies for WECs. By addressing
these challenges, we can move closer to realizing the full potential of wave energy and
contributing significantly to the global renewable energy transition.

Wave and wind energy technologies share many similarities. Therefore, the condition
monitoring and maintenance techniques developed for wind energy, especially offshore
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wind turbines, can be applied here. However, wave energies face greater challenges here
because of erosion and survivability issues. There is a lack of attention on signal-based
fault detection in WECs, which is less widely used than model-based fault detection.
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Abbreviations

AWS Archimedes wave swing
COE Cost of energy
CPU Central processing unit
DFIG Doubly-fed induction generator
DSC Digital signal controller
EPSRC Engineering and Physical Sciences Research Council
ETA Event tree analysis
FDIR Fault detection, isolation and reconstruction
FFDM Function failure design method
FFIP Function failure identification and propagation
FFT Fast Fourier transform
FMEA Failure modes and effects analysis
FTA Fault tree analysis
FTC Fault-tolerant control
HAPIWEC Holistic advanced prototyping and interfacing for wave energy control
HT Hilbert transform
ICA Independent component analysis
KF Kalman filter
LCOE Levelized cost of energy
MCSA Machine current signature analysis
NREL National renewable energy laboratory
O&M Operation and maintenance
OPEX Operational expenses
PCA Principal component analysis
PMSG Permanent magnet synchronous generator
PTO Power take-off
SCADA Supervisory control and data acquisition
SK Spectral kurtosis
SVM Support vector machine
TRL Technology readiness level
WEC Wave energy converter
WVD Wigner–Ville distribution
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