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wind turbines (WTs) are large devices utilized to convert the wind's kinetic energy into electricity. There are several
different typologies of WTs, the most common type being the so-called Horizontal Axis Wind Turbine (HAWT) systems. In
this configuration, the rotation axis of the rotor is parallel to the ground. Specific attention must be paid to the orientation
with respect to the wind direction, which is different from other types of wind turbines such as those with a vertical axis
(VAWT), whose orientation is independent of the prevailing wind direction. For HAWT, the three-bladed upwind
configuration is the most common one, with the rotor facing the incoming wind. WTs can be deployed both on- or offshore
and have very different blade lengths, which result in different sizes (especially regarding the tower height) and power
output. Due to fatigue and exposure to outdoor elements, WT monitoring and diagnostics are strictly needed to reduce
structural and mechanical failure and achieve cost-effective energy production. This requires both the Structural Health
Monitoring of the WTs load-bearing components (tower, blades, foundations, etc) and the Condition Monitoring of their
mechanical parts (gearbox, generator, etc).
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; offshore structures ; sustainable energy ; energy transition ; damage detection

| 1. Wind Turbines: Structural and Mechanical Components

There are several different typologies of “wind turbines”, the most common type being the so-called Horizontal Axis Wind
Turbine (HAWT) systems. In this configuration, the rotation axis of the rotor is parallel to the ground. Specific attention
must be paid to the orientation with respect to the wind direction, which is different from other types of wind turbines such
as those with a vertical axis, whose orientation is independent of the prevailing wind direction. The upwind configuration is
the most common one, with the rotor facing the incoming wind.

here, the focus will be on HAWT only since they represent the most common and conventional typology. The term “wind
turbine” will therefore be used exclusively for this specific device hereinafter. In more detail, the only structural
configuration of interest will be the classic towered HAWT, with one or more blades (usually three). Both on- and offshore
turbines are included. Except for small wind turbines for private on- or off-grid energy production, any tower size and
blade length are considered.

From an engineering perspective, any wind turbine is made up of:

(i) static, load-bearing components;The elements in (i) are mainly part of the support structure, with the important
(ii) moving/rotating parts, needed to harness the wind’s kinetic energy and turn it into electricity.exception of the WT
blades. The components of (ii) can be further divided between slowly rotating elements (blades) and high-speed rotating
mechanisms. These latter ones are all included in the rotor—nacelle assembly on top of this support structure.

These distinctions are essential since the blades and the support structure are fields of application for Structural Health
Monitoring (SHM), while Condition Monitoring (CM), according to the common definition of the term, deals with machinery
and rapidly moving components such as gears and bearings in the gearbox and generator.

Indeed, elements in both (i) and (ii) are subject to naturally occurring use and consumption and, therefore, can develop
structural damage in the long run. Damage in the external structure will cause (partial and localized or global) collapse,
while damage in the internal mechanisms will cause faults, disruption in the energy production, and potentially fire,
explosions, oil leakage, or other events.



| 2. Components under Structural Health Monitoring
2.1. The Tower

The tower is the main component of the support structure. Apart from foundation costs (which vary noticeably for on- and
offshore structures), its cost can be up to one-fourth of the total I (Figure 1).

The main parameter of the tower is its height. This is typically about 1.5 times the rotor diameter; generally, it is never
lower than 20 m and can reach up to 150 m or more (for 10-12 MW outputs). In absolute terms, the higher the tower, the
better the wind conditions in terms of intensity and constancy.

Conventionally, the WT tower can be lattice or tubular. This second design choice has been more common since the mid-
1980s. In this case, the tower is made of thin-walled steel conical parts of varying diameters and diameter-to-wall
thickness ratios. These offer a practical and safer way for the survey teams to access the nacelle. Moreover, in
comparison to lattice structures, there are fewer bolted joints to inspect and maintain. The tower diameter (maximum at its
basis and minimum at its top) increases with the tower height; e.g., a typical 50 m-tall HAWT will have a diameter ranging
from 3.5 mto 0.4 m &,

From a vibrational and SHM perspective, the stiffness of the tower is the main parameter to be taken into consideration in
evaluating the global dynamics of WTs due to the possibility of coupled vibrations between the tower and the rotor.
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Figure 1. Estimated costs of a HAWT, as a percentage of the total and excluding foundations.
2.2. The Substructure

Offshore HAWTS, differently from their onshore counterparts, include a further group of structural elements, which are
included below the platform and above the seafloor (Figure 2). These components are particularly at risk due to their
location underwater or—even worse—in the splash zone, immediately above/below the mean water level and highly
subject to corrosion. Furthermore, being submerged, they cannot easily be visually inspected if not using divers or
manned/unmanned underwater inspection robots. They are also subject to marine growth and other potentially damaging
environmental conditions such as wave, tidal, and current forces.
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Figure 2. Structural components of a fixed offshore HAWT according to IEC 61400-3-1.

2.3. The Foundations

On- and offshore foundations differ sensibly. However, in both cases, the choice of the specific structural design depends
on the location and site conditions. For example, the quality and strength of the soil are the main determinants affecting
the size and shape of onshore foundations, while the depth of the water and the distance from the coast are the key
factors for offshore turbines.

For onshore installations, both surface (shallow) and deep foundations are frequently used. In the wind farms dating back
to the 1990s, square foundations with a constant thickness were commonly utilized. This solution, however, can lead to
the formation of localized damage. Hexagonal and octagonal shapes subsequently became more common, even with
variable thicknesses. The most modern designs use circular shapes, which allow the reinforcing bars to be positioned
more homogeneously. This ensures a better dispersion of the forces induced by the soil-structure (or soil-pile—structure)
interactions.

The foundation design, construction, and monitoring in offshore wind farms are more complex and challenging. The costs
are much higher as well, absorbing a large percentage of the total expense of an offshore wind turbine. Specifically, Ref.
B mentioned the offshore foundation costs to be 35% of the total project expenses. Refs. B4l estimated a cost from 352
EUR/KW (~19.6% of the total construction cost) for a water depth between 10 and 20 m, up to 900 EUR/KW (~35.8%) for
transitional waters (40 to 50 m deep). For smaller HAWT closer to the coast (1-2 MW, with A water depth <30 m),
monopile foundations are often encountered. Jacket/tripod substructures are more frequent between 25 and 50 m and for
larger structures (2-5 MW) &I, For deep waters (50—120 m and beyond), floating structures, anchored to the seafloor, are
preferable. Conversely, gravity-based foundations (to the right side in Figure 2) can be found for offshore installations in
very shallow waters but they are not widely used &I,

2.4. The Rotor

The rotor is a crucial component of the wind turbine. Indeed, it is the most expensive mechanical component, up to circa
one-fifth of the total cost [, Its design is one of the most critical and delicate phases, especially in terms of expected
performances; indeed, the economic feasibility of the whole WT depends essentially on the correct sizing and design of
this component.

The rotor consists of the blades and the hub from which they branch off. Conventionally, the rotor can be single-, double-,
or three-bladed. The most common turbines include three blades arranged at 120° from each other; this is generally
considered the optimal design.

The length of the blades determines the capability to convert high wind speed to low rotational speed and finally to
electrical energy. As mentioned before, the diameter of the rotor governs the tower height and thus the overall size of the
structure, including the foundations. Indeed, a larger rotor will produce a consequent increase in the energy produced but,
on the other hand, will require a wider tower cross-section and more massive and/or deep foundations, thus increasing
the construction costs.



For monitoring purposes, a “smart rotor” system should include several sensors (accelerometers, strain gauges, pitot
tubes, pressure tabs, etc.), embedded and distributed along the blades' whole length [,

2.5. The Blades

WT blades are generally made of glass or carbon fibre reinforced polymeric (GFRP and CFRP) materials. E-glass fibres
are particularly used as the main reinforcement in the composite material.

The blade design is actually quite complex, with several different components and materials as pictorially described
in Figure 3. This complexity makes them particularly susceptible to manufacturing defects, which indeed were estimated
in Ref. B to account for -~ 51% of all blade damages (with debonding and voids in skin core being the most common
defects at 20% and 18%, respectively).
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Figure 3. Key components of a typical wind turbine blade. The upper and lower surfaces are also known as the suction
(or windward) and pressure (or lee) sides, respectively. The blade root bolt connection shown here is a classic T-bolt type.

From a geometric perspective, the cross-section profile varies from root to tip, often also rotating around its main axis; all
these aerodynamical aspects of their airfoil design characterize the blade lift-to-drag ratio and, by consequence, the wind-
to-rotor efficiency. The internal reinforcements may include different sorts of load-carrying structural elements, such as
shear webs, closed shells, box spars, or other geometries. These design choices affect the space available for the
maintenance workers to operate.

As briefly mentioned earlier, the structural integrity of WT blades is of the foremost importance, due to the potential
impacts of fully or partially detached blades with neighbouring structures.

| 3. Components under Condition Monitoring
3.1. Drive Train (and Other Components Inside the Nacelle)

Positioned on the top of the tower, the nacelle is a cover housing, intended to shelter all the mechanical and electrical
components installed inside from the external environment. These mechanisms include (for a conventional HAWT) the
gearbox, rotor shaft, brake, and generator, all assembled together (Figure 4, adapted from Ref. [&). These pieces are

necessary for energy conversion and represent roughly between one-third and half of the HAWT total cost on their own
[6]



Control and -

power electronics
systems Main shaft bearings

Pitch

system
o \ =
N - ; / Yaw
system
Hydraulic and Mechanical \—‘
cooling brake
systems

Figure 4. Mechanical and electrical components inside the nacelle of a conventional HAWT.

Other mechanisms included in the tower and the nacelle are, to name a few, the rotor yaw system and the control and
power electronics systems.

The yaw system is responsible for the orientation of the nacelle—rotor assembly towards the wind, rotating 360° around
the vertical axis. The control and power electronics systems are tools of fundamental importance to control the operation
of the machine, manage the supply of electricity, and stop the system beyond certain wind speeds for safety reasons due
to the excessive heat (generated by the friction of the rotor on the axis) and/or mechanical stresses. Therefore, they
maximize the life of the system by ensuring the limitation of the fatigue of all components (fatigue that can result due to
changes in wind speed and direction, the presence of turbulence, shutdown, and start-up cycles of the turbine, etc.).
These systems include speed, position, temperature, and voltage sensors; mechanical or electrical controllers; actuators;
valves; switches; microprocessors; and many other components.

3.2. The Gearbox

The main rotating machinery in a typical HAWT is the gearbox, which is also the element most prone to mechanical faults.
Therefore, it is the component of major interest for Condition Monitoring.

Gearboxes in HAWTs are generally multi-stage, with one or more sequential planetary stages, followed by one or more
parallel stages (i.e., helical gears). The rationale is that the speed of the rotor axis (in the order of magnitude of tens of
revolutions per minute, rpm, depending on the wind) is not sufficient for the generator to produce electricity cost-efficiently.

In the typical drive train configuration, the gearbox acts as a rotation speed multiplier, connecting a low-rpm, high-torque
shaft on the rotor side (known as the input, slow, or main shaft) to a high-speed (output) shaft on the generator side 19,
The support bearings, mechanical brake, and rotating parts of the generator make up the rest of this common
configuration. This can increase the revolutions per minute from 12—-30 up to 1200-1800. The efficiency of the gearbox is
also linked to the lubricant conditions. These refer to both the oil cleanliness in terms of particle content and the oil
viscosity (which influences the thickness of the oil film in the gears and bearings).

3.3. The Generator

Located behind the gearbox and driven by the high-speed shaft, the electric generator accommodates the mechanical and
electrical components needed to convert the incoming rotation into electricity. In comparison to other generators, the ones
in use for wind power need to adapt to a fluctuating mechanical power (torque) source. Furthermore, for wind turbines
directly or indirectly connected to local or national grids, synchronous or asynchronous alternators are required to produce
electrical energy at the grid frequency (generally 50 Hz or 60 Hz, depending on the national standards). Traditionally,
squirrel-cage induction machines and synchronous machines have been used for small scale WTs; doubly-fed induction
generators are considered the dominant technology for larger models . Other technologies include the permanent
magnet, switched reluctance, and high-temperature superconducting generators. A comparative analysis of the benefits
and limitations of some options can be found in Ref. 12,



| 4. Incidence and Main Causes of Structural Collapse

In general terms, structural components are much less likely statistically to be subject to damage and failure than
mechanical and electrical components. This is shown in detail in the statistics in Figure 5 2214l For the tower, typical
failure mechanisms are caused by bolt loosening induced by dynamic loads 12!, However, as can be seen from Figure
5b, WT blades are the structural elements most affected by damage. This is due to their higher complexity, particular
materials, and exposition to strong dynamic loads. The static load-carrying elements (tower structure and substructure,
plus foundations) are considered to be less damage-prone. Among the many potential causes of their catastrophic
collapse, the structure of the metallic tower is subject to all the classic risks of thin-walled shells, e.g., buckling. Even
concrete-made towers may suffer total collapse due to damage at the base (at least one case was reported in Germany in
2000 16},
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Figure 5. Damage and failure statistics. (a) Percentage of unforeseen malfunctions as recorded in Germany for 1500
wind turbines. Based on data retrieved from Ref. , collected over 15 years (34,582 events). (b,c) percentage distribution of
the total number of failures and downtimes for WTs (in the same order). Based on data retrieved from Ref. , collected from
several sources in Sweden, totalling about 600 WTs from 2000 to 2004 (1202 events, 156,202 h). The nomenclature used
in the original sources is reproduced for all charts.

During their operational lifespan (commonly 20-25 years), the WT blades are subject to rapidly changing dynamic loads,
which can cause fatigue damage 148 plus other environmental conditions such as rain, humidity, and abrasive wind-
carried dust or other kinds of particulate matter. Even the simple uninterrupted exposition to sun-radiated ultraviolet rays
causes durability issues in the long term. All these eventualities might cause surface damage and/or corrosion.

Moreover, the blades can be hit by larger foreign objects, such as hailstone and bird strikes, and (commonly) by lightning.
These two latter factors account (in the same order) for 16% and 20% of the total damage causes according to Ref. [&],
making them the most common causes after manufacturing defects. It is estimated that one-third of all damages on
blades happens during storm events 19,

The blade tip and trailing edge (refer to Figure 3) are generally designed and shaped to minimize aerodynamic noise,
which makes them thin and particularly prone to the occurrence of mechanical damage. A full-scale static test showed that
a 40 m-long E-glass/epoxy composite WT blade can bear tip deflections up to 11 m under flap-wise loading before
structural collapse 29, This large flexibility, however, may cause the blade tip to hit the HAWT tower under exceptional
wind conditions. Due to its cross-section, the blade is much stiffer edge-wise. In conclusion, seven categories of damage
are considered as the most common ones in composite blades; these are reported in Table 1.

Table 1. Typical damage typologies in WT blades, according to Refs. [21122],

Damage _
Type Description
“ Damage formation and growth in the adhesive layer joining the skin and main spar flanges (skin/adhesive

debonding and/or the main spar/adhesive layer debonding).



Damage

Type Description

4 Damage formation and growth in the adhesive layer joining the up- and downwind skins along leading and/or
trailing edges (adhesive joint failure between skins).

43 Damage formation and growth at the interface between the face and core in the sandwich panels in skins and
the main spar web (sandwich panel face/core debonding).

44 Internal damage formation and growth in laminates in the skin and/or main spar flanges, under a tensile or
compression load (delamination driven by a tensional or a buckling load).

45 Splitting and fracture of separate fibres in the laminates of the skin and main spar (fibre failure in tension;
laminate failure in compression).

46 Buckling of the skin due to damage formation and growth in the bond between the skin and main spar under a
compressive load. *

47 Formation and growth of cracks in the gel coat; debonding of the gel-coat from the skin (gelcoat cracking and

gel-coat/skin debonding).

* Type #6 can be seen as a particular case of Type #1 damage 23],

| 5. The Incidence and Main Causes of Mechanical Failure

Recalling Figures 5b and 5c, one can see that the mechanical failures (including brakes, gears, drive train, and
generator) are preponderant in terms of both total failures and downtime. For this reason, the majority of scientific
research focuses on the CM of these components housed inside the nacelle.

In this context, the concept of the “failure rate” is generally applied. The standard time-scheduled maintenance, therefore,
should follow the classic bathtub curve, focusing on early-stage monitoring (to assess “infant mortality”, due to defective
components) and in the long run, where wear out failures start to become predominant. During its life cycle, any WT is
however subject to the random occurrence of unexpected faults; this represents a statistical constant along time. In
general, gearbox failures happen slightly more frequently due to late wear out failures compared to early infant mortality
(241 A study over a 13-year timeframe showed a failure rate from 0.10 to 0.15 mechanical failure/turbinefyear for land-
based European WTs 23],

Bearings are, arguably, the most critical component of the gearbox. A 2013 report from the U.S. National Renewable
Energy Laboratory (NREL) 28] estimated that about 70% of all gearbox failures are due to bearing failures. More
specifically, the bearing life of the parallel stages is generally considered to be very high, in many cases over 1 million
hours &, even if bearing failures at this stage are nevertheless not uncommon (see, e.g., Ref. [2&). On the other hand,
bearings in the planetary stages often do not fulfil their design lifespan . This has also been assessed in many
experimental campaigns 28 and it is quite understandable due to the large torque applied at the planetary gear stages.
The reliability and durability of these bearings have always been considered one of the major issues for WTs 2. Many
failures are observed in the bearing inner rings of the planetary stages since these are exposed to ~5 times more high
load cycles than the outer rings Z. Table 2 reports a brief description of the most common bearing failure typologies,
according to the nomenclature reported in Ref. B9,

Table 2. Typical damage typologies in bearings, according to Ref. B4,

Damage Type Description Possible causes

Rolling fatigue, caused in turn by excessive load,
misalignment, poor lubrification, water or debris inclusions,
unsuitable bearing clearance, unevenness in housing
rigidity, rust, corrosion pits, dents.

Creation of regions with a rough and
Flaking coarse texture due to the splitting off of
small pieces from the raceway surface.

. Light wear and dull spots on the surface, Poor or unsuitable lubricant, debris intrusion in the
Peeling ] . . . X .
with micrometric cracks and minor flaking. lubricant.
Generated by accumulated small seizures, caused in turn by
Scorin Straight lines on the surface, sliding under improper lubrication or excessivelimproper
9 circumferentially on the raceway surface. loads and conditions (shaft bending, the inclination of inner

and outer rings, etc).



Damage Type

Smearing

Fracture

Cracks

Cage damage

Denting

Pitting

Wear

Fretting

False brinelling

Creep

Seizure

Electrical
corrosion

Pit corrosion

Mounting flaws

Discolouration

Description

Surface damage, with the formation of
rough and partially melted material.

Small pieces broke off due to shock loads
or stress accumulation.

Formation of surface cracks on the
raceway rings and/or rolling elements.

Cage deformation, fracture, and/or wear
(considering the cage guide surface,
pocket surface, and cage pillars).

Small dents on the surface of raceway
rings or rolling elements.

Pitted surface on the raceway rings or
rolling elements.

Surface deterioration on the raceway rings,
rolling elements, cage pockets, and/or
roller end faces.

Corrosion at the contact area between the
raceway ring and the rolling elements. It
may happen at regular roller pitch
intervals.

Hollow spots that resemble Brinell dents.

Shiny appearance on the fitting surface,
potentially coupled with scoring and wear.

Softened, deformed, and/or melt material in

the raceway rings, rolling elements, or
cage.

Corrugations resulting from locally melted
material.

Pits on the surface of raceway rings or

rolling elements due to chemical corrosion.

Scratches on the surface of raceway rings
or rolling elements caused by
mounting/dismounting.

Discolouration of the cage, rolling
elements, or raceway rings.

Possible causes

Generated by accumulated small seizures between bearing
components, caused in turn by oil film rupture (because of
poorlimproper lubrication or high speeds with very light
loads).

Impacts during mounting/dismounting, excessive loads,
progression of surface cracks.

Excessive loads, progression of flaking damage, creep-
induced heating, inappropriate shaft (e.g., poor taper angle).

Excessive speed, sudden acceleration/deceleration, high
temperature, poor lubrication, excessive vibrations, bearing
misalignment.

Caused by metallic particles or other very small debris
caught in the surface during rolling.

Poor lubricant, debris in the lubricant, or exposure to
moisture.

Sliding friction between two surfaces, caused in turn by an
irregular motion of the rolling elements, poor lubrication,
debris intrusions in the lubricant, or as a progression from
chemical or electrical corrosion.

Repeated sliding on the fitting surface.

Caused by wear, induced in turn by vibration and swaying at
the contact points between the raceway and the rolling
elements, especially with poor lubrication.

Relative slipping at the fitting surfaces, due to a loose fit or
insufficient sleeve tightening.

Excessive load, speed, shaft bending, poor housing or
lubrication, small internal clearance.

Melting by arcing, induced by the passage of electric
currents. In turn, these are induced by the electrical potential
between the inner and the outer rings.

Entry of corrosive gas or liquid, improper lubricant,

moisture, high humidity, improper handling and storage
conditions.

Incorrect mounting/dismounting (impulse loads, the
inclination of inner or outer rings, etc).

Poor lubrication and/or high temperature.

In general terms, the gearbox gears' reliability is often lower than expected; their capability to fulfil their design life
depends largely on the manufacturer's design, tooth profile, and material quality 24. Surface fatigue cracks and tooth
bending fatigue are among the most common causes 24, Outside of the gearbox, the main shaft bearings are considered
to be much less critical and are generally capable of fulfilling their design life B4,

The generator presents some rotating components that require CM as well. This can be performed with vibration-based
inspection (VBI) and signal processing approaches (two examples are reported in Refs. B2[38]) or using alternative
methods such as temperature trend analysis 4. However, one should remember that, apart from purely mechanical
failures, generators are (obviously) at risk of the failure of electrical materials 35!,

In conclusion, Table 3 reports the main causes of mechanical failure according to the scientific literature.

Table 3. Typical failure modes in wind turbine mechanical components, according to Ref. 381,



Mechanical Component Common Failure Modes

Gearbox and drive train Gear tooth damages, high- or low-speed shafts faults, gearbox bearing failures.
Generator Generator stator failure, generator rotor failure, generator bearing failure.
Main bearing Bearing failure, bearing rubs, bearing looseness
Pitch gears Pitch Gear tooth damages.
Yaw gears Yaw Gear tooth damages.

| 6. Survey and Maintenance Policy for Offshore Wind Farms

Due to the great logistic complexity and high Operation and Maintenance (O&M) costs of WT maintenance, a brief
discussion about the different strategies commonly applied for on- and offshore wind farms is needed.

“Corrective” or “reactive” maintenance is, by definition, performed after failure detection, aiming at the restoration of an
asset to a condition in which it can perform its intended function. It is both unscheduled and unplanned. Thus, corrective
maintenance is often unavoidable, with the maintenance teams having to respond to equipment breakdown or failure
immediately with little to no pre-alarm and often without a totally clear understanding of the exact cause of damage/failure.
“Preventive” maintenance, on the contrary, aims to carry out an overhaul, replacement, or repair before the component
fails, in a pre-planned, predictable fashion. This can help to reduce downtimes while also improving efficient resource
planning.

Preventive maintenance can be further divided into pre-determined (time-scheduled) and predictive (condition-based)
maintenance. This scheme is the one currently set by the current European standard, as dictated by the norm EN
13306:2017 (depicted in Figure 6).
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Figure 6. Maintenance strategies according to EN 13306:2017.

The current trend in the wind industry is to transition from time-scheduled to condition-based monitoring, using embedded
sensors and continuous, permanent monitoring systems to detect early signs of anomalies at a global level. This is mostly
achieved through vibration-based signal processing, SCADA data analysis, and statistical pattern recognition, applying
Artificial Intelligence strategies (mainly Machine Learning and Artificial Neural Networks).

However, once an anomaly is detected (or even localized) at a global level, on-site maintenance is still required for in-
depth, localized analysis. Therefore, local Non-Destructive Evaluation (NDE) and global vibrational approaches are not
mutually exclusive. On the contrary, they both allow fast and cost-efficient maintenance planning. This concept is a key
component of the “Intelligent Maintenance” framework, based on a globally optimum trade-off between prevention and
repair costs [,

For the economic and logistic reasons mentioned before, the issue of proper maintenance planning is even more
prominent for offshore installations. Table 4 reports the main factors that affect the selection of the maintenance and
survey strategy for offshore wind farms, according to selected authors from the recent scientific literature.

Table 4. Main factors influencing the choice of the maintenance strategy for offshore wind farms.

Study Year Mentioned Factors

Henderson et
al. 271 2003 Accessibility of the offshore platform and reliability of the monitoring strategy.



Study Year Mentioned Factors

Niel t al. . . . . . .
s 2011 Weather conditions, total power generation, repair strategies, transportation strategies.
Dinwoodie et 2012 Repair time, wave height, wind speed, number of wind turbines in the wind farm, ship availability,
al. B availability of spare parts stocks.
Scheu et al. 2012 Expected typologies of component failures, ship fleet size, ship type, travel time, number of
140 maintenance workers on staff.
Location of accommodation facilities for maintenance staff, vessels for the transfer of crew (type and
Besnard et al. 2013 number), availability of helicopters, organization of work shifts, management of spare parts stocks,
(a1 technical support, availability of cranes (purchase or contract), environmental conditions (depending
on weather and season), economic parameters (electricity prices, ship rental costs).
Halvorsen-

Weare et al. 2013 Investment costs, ship costs (fixed and varlabl_e costs), failure probability, downtime costs,
[42] meteorological data.

Weather conditions (including uncertainty), breakdown rates, electricity price, ship price (costs, fleet

Hofmann &
Sperstad [43] 2013 composition, type, quantity), workers (shift length, quantity), location of the maintenance base of
operations.
Perveen et al. 2014 Protection methodologies, occurrence of cable and component failures, repair strategy, wind speed

predictions, and condition monitoring systems.

Endrerud et Weather conditions, ships (availability, operating limits, costs), availability of maintenance

al, [48] 2015 technicians, repair times, wind farm layout, cost of spare parts, logistics (warehousing and other
) costs).
Nguyen & Duration of maintenance (downtime), expected loss of production during maintenance time, the
[46] 2018 - - - -
Chou market price of electricity, location of the wind farm.

References

10.
11.

12.

13.

14.

. ABB SACE. Quaderni di Applicazione Tecnica N.13 Impianti Eolici; ABB SACE: Zurich, Switzerland, 2011.

. Guo, L.; Uang, C.-M.; Elgamal, A.; Prowell, I.; Zhang, S. Pushover analysis of a 53 m high wind turbine tower. Adv. Sci.

Lett. 2011, 4, 656—662.

. Esteban, M.D.; Lépez-Gutiérrez, J.-S.; Negro, V. Gravity-based foundations in the offshore wind sector. J. Mar. Sci. En

g. 2019, 7, 64.

. Sun, X.; Huang, D.; Wu, G. The current state of offshore wind energy technology development. Energy 2012, 41, 298—

312.

. European Wind Energy Association. Deep Water: The Next Step for Offshore Wind Energy; European Wind Energy As

sociation: Brussels, Belgium, 2013.

. Fingersh, L.; Hand, M.; Laxson, A. Wind Turbine Design Cost and Scaling Model; National Renewable Energy Laborato

ry: Golden, CO, USA, 2006.

. Barlas, T.; van Kuik, G. Review of state of the art in smart rotor control research for wind turbines. Prog. Aerosp. Sci. 20

10, 46, 1-27.

. NENUPHAR. NENUPHAR Report 2010. In Wind Farms Designed for the Offshore Environment; NENUPHAR SARL.: Li

lle, France, 2010.

. Tchakoua, P.; Wamkeue, R.; Ouhrouche, M.; Slaoui-Hasnaoui, F.; Tameghe, T.A.; Ekemb, G. Wind turbine condition mo

nitoring: State-of-the-art review, new trends, and future challenges. Energies 2014, 7, 2595-2630.
Hau, E.; von Renouard, H. Wind Turbines; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2006.
Cao, W.,; Xie, Y.; Tan, Z. Wind turbine generator technologies. Adv. Wind Power 2012, 1, 177-204.

U.S. Department of Energy. Advanced Wind Turbines Drivetrain Concepts; U.S. Department of Energy: Washington, D
C, USA, 2010.

Bethold, H.; Durstewitz, M.; Rohrig, K. Reliability of Wind Turbines: Experiences of 15 Years with 1500 WTs; Springer:
Berlin/Heidelberg, Germany, 2007.

Ribrant, J.; Bertling, L.M. Survey of failures in wind power systems with focus on swedish wind power plants during 199
7-2005. IEEE Trans. Energy Convers. 2007, 22, 167-173.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nguyen, T.-C.; Huynh, T.-C.; Yi, J.-H.; Kim, J.-T. Hybrid bolt-loosening detection in wind turbine tower structures by vibr
ation and impedance responses. Wind Struct. Int. J. 2017, 24, 385-403.

Ashley, F.; Cipriano, R.J.; Breckenridge, S.; Briggs, G.A.; Gross, L.E.; Hinkson, J.; Lewis, P. Report from the Bethany W
ind Turbine Study Committee. 2007. Available online: https://docs.wind-watch.org/bethany-windturbinestudycommittteer
eport.pdf (accessed on 10 February 2022).

Shokrieh, M.M.; Rafiee, R. Simulation of fatigue failure in a full composite wind turbine blade. Compos. Struct. 2006, 7
4, 332-342.

Marin, J.; Barroso, A.; Paris, F.; Cafias, J. Study of fatigue damage in wind turbine blades. Eng. Fail. Anal. 2009, 16, 65
6-668.

Caithness Windfarm Information Forum. Wind Turbine Accident Data to December 31st 2005; 2005. Available online: ht
tp://www.caithnesswindfarms.co.uk/accidents.pdf (accessed on 10 February 2022).

Yang, J.; Peng, C.; Xiao, J.; Zeng, J.; Xing, S.; Jin, J.; Deng, H. Structural investigation of composite wind turbine blade
considering structural collapse in full-scale static tests. Compos. Struct. 2013, 97, 15-29.

Sorensen, B.F.; Lading, L.; Sendrup, P.; Mcgugan, M.; Debel, C.P.; Kristensen, O.J.D.; Larsen, G.; Hansen, A.M.; Rhein
lander, J.; Rusborg, J.; et al. Fundamentals for Remote Structural Health Monitoring of Wind Turbine Blades—A Preproj
ect; Risg National Laboratory: Roskilde, Denmark, 2002.

Sgrensen, B.F.; Jgrgensen, E.; Debel, C.P.; Jensen, F.M.; Jensen, H.M.; Jacobsen, T.K.; Halling, K.M.; Jensen, H.M. |
mproved Design of Large Wind Turbine Blade of Fibre Composites Based on Studies of Scale Effects (Phase 1)—Sum
mary Report; Risg National Laboratory: Roskilde, Denmark, 2004.

Ciang, C.C.; Lee, J.-R.; Bang, H.-J. Structural health monitoring for a wind turbine system: A review of damage detectio
n methods. Meas. Sci. Technol. 2008, 19, 122001.

Faulstich, S.; Hahn, B.; Tavner, P.J. Wind turbine downtime and its importance for offshore deployment. Wind Energy 2
011, 14, 327-337.

Tavner, P. How are we going to make offshore wind farms more reliable? In Proceedings of the SUPERGEN Wind 2011
General Assembly, Durham, UK, 20 March 2011.

Sheng, S. Report on Wind Turbine Subsystem Reliability—A Survey of Various Databases (Presentation); National Ren
ewable Energy Laboratory (NREL): Golden, CO, USA, 2013.

Ukonsaari, J.; Bennstedt, N. Wind Turbine Gearboxes Maintenance Effect on Present and Future Gearboxes for Wind
Turbines; Energiforsk: Stockholm, Sweden, 2016.

Martin-Del-Campo, S.; Sandin, F.; Strombergsson, D. Dictionary learning approach to monitoring of wind turbine drivetr
ain bearings. Int. J. Comput. Intell. Syst. 2020, 14, 106.

Musial, W.; Butterfield, S.; McNiff, B. Improving wind turbine gearbox reliability. In Proceedings of the 2007 European W
ind Energy Conference & Exhibition, Milan, Italy, 7-10 May 2007.

NSK Company. New Bearing Doctor: Maintenance of Bearings. 2009. Available online: https://www.nsk-literature.com/e
n/new-bearing-doctor-maintenance/ (accessed on 10 February 2022).

Liang, Y.; An, Z,; Liu, B. Fatigue life prediction for wind turbine main shaft bearings. In Proceedings of the 2013 Internati
onal Conference on Quality, Reliability, Risk, Maintenance, and Safety Engineering (QR2MSE), Chengdu, China, 15-1
8 July 2013; pp. 888-893.

Yang, W.; Tavner, P.; Wilkinson, M. Condition monitoring and fault diagnosis of a wind turbine with a synchronous gener
ator using wavelet transforms. In Proceedings of the 4th IET International Conference on Power Electronics, Machines
and Drives (PEMD 2008), York, UK, 2—4 April 2008.

Yang, W.; Tavner, P.; Wilkinson, M. Condition monitoring and fault diagnosis of a wind turbine synchronous generator dr
ive train. IET Renew. Power Gener. 2009, 3, 1-11.

Guo, P; Infield, D.; Yang, X. Wind turbine generator condition-monitoring using temperature trend analysis. IEEE Trans.
Sustain. Energy 2011, 3, 124-133.

Alewine, K.; Chen, W. A review of electrical winding failures in wind turbine generators. IEEE Electr. Insul. Mag. 2012, 2
8, 8-13.

Gowda, M.M.; Mallikarjun, N.; Gowda, P.; Chandrashekhar, R. Improvement of the performance of wind turbine generat
or using condition monitoring techniques. In Proceedings of the 2013 7th International Conference on Intelligent Syste
ms and Control (ISCO), Coimbatore, India, 4-5 January 2013; pp. 495-501.

Henderson, A.R.; Morgan, C.; Smith, B.; Sgrensen, H.C.; Barthelmie, R.J.; Boesmans, B. Offshore wind energy in Euro
pe—A review of the state-of-the-art. Wind Energy 2003, 6, 35-52.



38.

39.

40.

41.

42.

43.

44.

45.

46.

Nielsen, J.J.; Sgrensen, J.D. On risk-based operation and maintenance of offshore wind turbine components. Reliab. E
ng. Syst. Saf. 2011, 96, 218-229.

Dinwoodie, I.; Quail, F.; McMillan, D. Analysis of offshore wind turbine operation & maintenance using a novel time dom
ain meteo-ocean modeling approach. In Proceedings of the ASME Turbo Expo 2012, Copenhagen, Denmark, 11-15 J
une 2012.

Scheu, M.; Matha, D.; Hofmann, M.; Muskulus, M. Maintenance strategies for large offshore wind farms. Energy Proce
dia 2012, 24, 281-288.

Besnard, F.; Fischer, K.; Tjernberg, L.B. A model for the optimization of the maintenance support organization for offsho
re wind farms. IEEE Trans. Sustain. Energy 2013, 4, 443-450.

Halvorsen-Weare, E.E.; Gundegjerde, C.; Halvorsen, I.B.; Hvattum, L.M.; Nonas, L.M. Vessel fleet analysis for mainten
ance operations at offshore wind farms. Energy Procedia 2013, 35, 167-176.

Hofmann, M.; Sperstad, 1.B. NOWIcob—A tool for reducing the maintenance costs of offshore wind farms. Energy Proc
edia 2013, 35, 177-186.

Perveen, R.; Kishor, N.; Mohanty, S.R. Off-shore wind farm development: Present status and challenges. Renew. Susta
in. Energy Rev. 2014, 29, 780-792.

Endrerud, O.-E.V.; Liyanage, J.P.; Keseric, N. Marine logistics decision support for operation and maintenance of offsho
re wind parks with a multi method simulation model. In Proceedings of the 2014 Winter Simulation Conference, Savann
ah, GA, USA, 7-10 December 2014.

Nguyen, T.A.T.; Chou, S.-Y. Maintenance strategy selection for improving cost-effectiveness of offshore wind systems.
Energy Convers. Manag. 2018, 157, 86-95.

Retrieved from https://encyclopedia.pub/entry/history/show/48033



