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Abstract: Most offshore wind farms built thus far are based on waters below 30 m deep, either using
big diameter steel monopiles or a gravity base. Now, offshore windfarms are starting to be installed
in deeper waters and the use of these structures—used for oil and gas like jackets and tripods—is
becoming more competitive. Setting aside these calls for direct or fixed foundations, and thinking of
water depths beyond 50 m, there is a completely new line of investigation focused on the usage of
floating structures; TLP (tension leg platform), Spar (large deep craft cylindrical floating caisson),
and semisubmersible are the most studied. We analyze these in detail at the end of this document.
Nevertheless, it is foreseen that we must still wait sometime before these solutions, based on floating
structures, can become truth from a commercial point of view, due to the higher cost, rather than
direct or fixed foundations. In addition, it is more likely that some technical modifications in the wind
turbines will have to be implemented to improve their function. Regarding wind farm connections to
grid, it can be found from traditional designs such as radial, star or ring. On the other hand, for wind
generator modeling, classifications can be established, modeling the wind turbine and modeling
the wind farm. Finally, for the wind generator control, the main strategies are: passive stall, active
stall, and pitch control; and when it is based on wind generation zone: fixed speed and variable
speed. Lastly, the trend is to use strategies based on synchronous machines, as the permanent magnet
synchronous generator (PMSG) and the wound rotor synchronous generator (WRSG).

Keywords: offshore foundations; connection to grid; modeling; control

1. Introduction

The world’s fastest growing energy source is wind energy [1]. Many countries have most of their
wind farms onshore [2,3]. However, since 1947, more than 10,000 offshore platforms of various types
have been constructed and installed worldwide. In 1995, 30% of the world’s crude production was
made offshore [4]. For this reason, although still a bit far from this figure, the number of offshore
windfarms represents a significant amount [5,6]. In this sense, the design and construction problems of
offshore windfarm platforms are very similar to the ones that the oil and gas platforms have to deal
with—even taking into account the additional port works, which have to be done in both cases [7,8].

At the end of 2018, there was a cumulative installation in the offshore sector of around 20 GW in
Europe. Offshore wind capacity is expected to multiply by four over the next decade, as reported by [9].
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The reason behind the current offshore windfarms developed thus far is based on the adapted technology
used in the oil and gas industry. It is due to similar construction requirements in terms of distance
to shore, huge cost of geotechnical campaign, as well as dependency of these offshore installation
tools, which are very restricted and expensive [10,11]. In this sense, engineering, construction, and
installation companies already working in the oil and gas industry have played a key role in the
development of offshore windfarms [12].

Nevertheless, it is key to point out the difference between oil and gas and the offshore windfarm
industry in terms of the cost incurred by each one. In this sense, the offshore wind industry cannot
completely afford all techniques already implemented in the oil and gas industry; therefore, this
industry must seek their own technical solutions based on the unitary cost reduction of the foundations,
as well as benefit from a big scale production [13,14]. At an earlier stage, offshore windfarms were
developed close to shore with shallow waters and with favorable technical conditions. In this scenario,
foundations were installed up to 20 meters water depth, characterized by sandy sea beds, which
allowed their driving into or laying down of gravity base structures [15,16].

In recent years, due to the installation of offshore windfarms in deeper waters, as well as the
increase of wind turbine’s power, other structures like jacket and tripods have been used, i.e., in Alpha
Ventus offshore windfarm [17–19].

Of those researched so far, it can be outlined that the cost of foundations increases significantly
with depth, and therefore, the depth of the sea is the most crucial factor for the sustainability of offshore
wind farms. For the exploitation of the wind energy resource, the depth of the sea is classified in three
levels depending on its depth: shallow waters from 0 to 30 m, transitional waters from 30 to 50 m, and
deep waters to more than 50 and generally up to 200 m. Table 1 summarizes the water depths and
expected of the different types of foundations of offshore wind farms. Fixed structures are considered
suitable up to a maximum depth of 50 m. Thus, it is assumed that there is a technical–economic barrier
of about 40–50 m. Currently, above this depth, only floating structures are considered profitable.

Table 1. Summary of foundation types, depths, and use frequency.

Foundation Structure Type Water Depth
(m)

Ground
Type

Expected Depth
(m) Current Use

Monopile Fixed <15 Sandy-clayey 50 (with guy wire) the most used

Gravity Base
Structure (GBS) Fixed ≤30

Requires the previous
preparation of the

terrain.
30–50 significant

Jacket Fixed >30 (25–50) Different types of soils
(non-rocky) <50 significant

Tripods Fixed ≈30 Different types of soils
(non-rocky) >40 not common

Semisubmersible Floating >60 - >60 not common
Spar-buoy Floating >60 - >120 not common

Tension Leg
Platform (TLP) Floating >60 - >100 not common

2. Main Typologies of Direct or Fixed Structures

The cost of support structures is approximately 35% of the total cost of offshore wind facility
projects, and foundations are key aspects for their future development [20]. Main typologies of
foundations used in the wind farms erected so far are monopiles, gravity base structures (GBS), jackets,
and tripods [21]. Key characteristics of these structures are described below, as seen in Figure 1.
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Figure 1. Fixed foundations: (A) Monopile. (B) Gravity. (C) Jacket.

2.1. Monopile

In addition to their apparently conceptual simplicity, monopile foundations, seen in Figure 1A,
are far from the usual standards of onshore engineering. This is mainly due to their size and usage of a
transition piece between the pile and wind turbine tower [22,23].

Piles used so far can reach up to 5 m diameter with a weight above 600 t and thickness around
100 m where suitable [20,24]. Their installation requires jack up vessels with enough cranage power to
lift these piles, as well as with a hammer which can allow their driving into the seabed working from
below sea level. In Figure 2, some details of the described installation process can be seen.

Figure 2. (A) Jack-up during a monopile installation at North Hoyle (UK). (B) Drilling of a monopile.
Kentish Flats (UK). (C) Transition piece installation. (D) Monopile installation finished.
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The transition piece, which covers the pile along 1.5–2 m, is connected to the pile through an
epoxy resin grout of above 100 MPa resistance to simple compression [25]. This transition piece has a
double purpose: leveling the structure, allowing the verticality of the wind turbine tower, and secondly
allowing the installation of the boat-landing as well as j-tubes and anodes [26,27].

At present, it seems that the limit for the installation of monopiles is around 30 m depth, as
indicated by Rüdiger (2013) [28]. In a theoretical sense, the development of new hammers with larger
diameters could allow the installation of monopiles at greater depths. On the other hand, considering
the substantial weight gain that this represents, it would not be a valid economic option [29–31].

Monopile foundation research started in 2001 [32], reaching a maximum output in 2015 with
105 documents published in the Scopus database. By country, this technology was led by UK with
95 publications, followed in second place by Denmark (88) and third place is by the USA and Norway
(68). Most of this research was published on conference proceedings (56 %) instead of articles,
which only represented 40% of the scientific output. The institutions which were more productive in
the research of monopiles were Norges Teknisk-Naturvitenskapelige Universitet (Norway), Aalborg
Universitet (Denmark), Danmarks Tekniske Universitet (Denmark), Vrije Universiteit Brussel (Belgium),
and Delft University of Technology (Holland). The main keywords representing the topics related
to this research field are: finite element method [33], soils [34], structural design [35], and support
structures [36] or electric utilities [37].

2.2. Gravity Base Structure (GBS)

For those sites where ground conditions are good enough to support high pressures transferred
from these structures, the gravity base could be a very competitive solution [38]. Basically, these are
concrete-made structures, fabricated in a closer port to the final installation location where they sit on
rockfill or loose stone and are protected against scour [39–41]. This means that these structures require
important ground preparation prior to their installation. To protect these structures from tidal and
current effects, they are shaped with most of the weight concentrated on their base, leading to a smaller
diameter at sea water level [42,43]. Some details of the GBS parts are shown in Figures 1B and 3.

Figure 3. (A) Gravity base structure (GBS) at Nysted (Denmark). (B) GBS ready for transportation
“Rodsand 2” (Denmark).

The use of this kind of structures has been limited so far to water depths below 15 m due, as
pointed out by Winkler and Ole Stromme (2014), to their huge weight and need for very powerful
lifting and installation means [44].

Nevertheless, at the Thornton Bank wind farm—located in Belgium—gravity base structures have
been used at 30 m drafts. This experience has proven this kind of structures are very restricted by
installation tools due to their huge weight, which leads to a higher cost than expected [45]. Nevertheless,
it seems clear that gravity base structures still have wide room for improvement. This will be mainly
on the installation activities; in this sense, they have to reduce their large dependency on installation
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vessels as well as go for wider installation windows. To achieve that design for water depths higher
than 20 m, we must be focused on weight reduction during transportation, taking advantage of their
floating capacity [39–41].

On the other hand, these structures have the advantage of being simple concrete structures, which
can be constructed by a big number of construction companies. Based on that advantage, there are
many investigations whose main target is to optimize this kind of structures to be used for the offshore
wind industry [44].

Skirted gravity base foundations and suction caisson foundations are considered as viable alternatives
to monopile foundations for offshore wind turbines [46]. Research in this field started in 1982 by Dixon
(1982) in a conference proceeding [47]. However, further research in this field has not been very prolific,
being led by Germany, the United States, and the United Kingdom. One of the most important research
fields related to this topic can be considered the effect of dynamic soil–structure interaction on the rotation
of the foundation [48], and predicting the long-term accumulated angular rotation [46]. Additionally,
it is interesting to mention that this research in mainly linked to Arctic engineering [49]. Today, some
authors highlight the advantages of the GBS concept in deeper locations [20].

2.3. Jacket Foundation

These are tubular base structures widely used in the oil and gas industry. As they are made of
small diameter tubes, they have a lower till and current exposure, which makes them suitable for
severe marine climatic conditions [50].

Jacket foundations used so far for the offshore wind farm industry are based on a four-leg structure,
where each of them is fixed to ground through a pile of between 1 to 2 m of diameter which allows
transfer of loads from the structure to ground. Figure 1C and Figure 4 show a scheme of this structure.

Figure 4. Jacket structure. (A) Scheme, based on [51]. (B) Jacket foundation transportation (Alpha
Ventus wind farm). (C) Jacket foundations installed (Alpha Ventus wind farm).

To date, only two offshore windfarm projects have been developed based on this kind of structures:
“Beatrice” in Scotland, where two jacket foundations units were installed at around 45 m depth, and
“Alpha Ventus” in Germany, where six jacket foundations were constructed for up to 30 m depth. In
both cases, the wind turbine Repower 5 MW was selected to be placed on top of these jacket foundations
through respective towers, which is one of the heaviest wind turbines available on the market [52,53].
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Research on this technique can be understood to have begun in 2006, comparing this type of
foundation with others, such as the simple monopile or gravity concepts [54]. However, the research
was not disseminated until 2010, when it was shared widely thanks to a series of specific conferences
in this field. Attendance this was led first by Germany, followed by Norway, the United States,
the United Kingdom, South Korea, and China. The leading institution in the field was Norges
Teknisk-Naturvitenskapelige Universitet (Norway), followed by Gottfried Wilhelm Leibniz Universitat
(Germany) and Aalborg Universitet (Denmark). It is remarkable that this research topic is also related
to Arctic engineering, supported by the Conferences on Offshore Mechanics and Arctic Engineering.

There are other projects still under development based on water depths around 30 to 40 m, for which
it seems clear that the best foundation type to be used is jacket foundation. For this kind of water depths,
the weight of a jacket foundation is quite a bit lower than that of a monopile foundation; hence, although
the manufacturing of a jacket foundation is significantly more complex as well as more expensive, it is still
a competitive solution which could be expected to be used for up to 50–60 m water depths [55]. Based
on that, the jacket foundation could be seen as one of the more robust solutions for the development of
offshore wind farms in the short term, and there are several installation companies working right now on
the design of specific vessels to improve the handling of this kind of structures which will allow for a better
installation efficiency as well as for a reduction in the overall cost of the foundation [56,57].

2.4. Tripods

Tripods keep a central column under a wind turbine tower following the same structure as that of
a monopile, but connected through a tubular structure to three lower legs where piles will be placed,
which will transfer load to the ground in the end [58]. This structure combines the structural function
of a jacket foundation, as a triangular structure, with that of the monopile, keeping a core with great
resistance to flexion [59]. Figure 5 shows a scheme of a tripod structure.

Figure 5. Tripod structure scheme, based on [60].
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While tripods used in “Alpha Ventus” to support 5 MW Multibrid wind turbines weigh around
700 t each, jackets used in the same project to support 5 MW Repower wind turbines weigh around
500 t, which is an important structural advantage for tripod foundations [61]. To the extent that it is
possible to optimize the tripod foundation, its cost will get closer to that of jacket foundations, since
tripod fabrication is simpler than that of a jacket foundation due to the lower number of joints, as well
as the fact that it requires one less pile, with consequent savings during installation [62].

This is why it can be foreseen that the tripod foundation could be a very competitive alternative
in the following years for those locations where water depth is above 40 m [58]. In Figure 6, we can
observe a Tripod foundation transportation and installation, as well as a general view of both types of
foundations (jackets and tripods) installed at an Alpha Ventus windfarm project.

Figure 6. Alpha Ventus windfarm. (A) Tripod foundation transportation. (B) Tripod foundation
installation. (C) Jackets (right side) and tripod (left side) foundations installed.

3. Other Types of Fixed Structures

The offshore wind turbine industry is still at an early stage, with a lot of room for improvement as
well as for technical and economical optimization [63]. In recent years, a lot of new structural concepts
have been developed, aiming for one of the following targets [63]:

• Dependency reduction from installation means;
• Extension of the installation window;
• Cost reduction thanks to big-scale production;
• Lower dependency from cost of steel;
• Adaptation to deeper waters;
• Improvement of offshore site conditions with a reduction of the installation period.
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Within the next subchapters, several concepts under development are presented, which in the
future could be real alternatives from previously described typologies.

3.1. Tripile

Developed by “Bard Engineering”, the prototype has already been installed in offshore sites, and
this technical solution is backed up by a contract for the installation of 400 MW in the German North
Sea [64]. An overview of this prototype can be seen in Figure 7. In summary, this structure is built
up of three vertical piles set into a cross-shaped platform over which the tower of the wind turbine
is placed. This structure works as a portico with rigid knots in the upper part, allowing pile flexion
reduction; therefore, the piles’ diameter could be below 3 m [65].

Figure 7. Bard 5 MW wind turbine over a tripile foundation.

3.2. Monopile Suction Bucket

This concept was developed by “Ballast Nedam”, a company which has a wide proven experience
within the offshore foundations’ installation field [66]. Basically, this consists of a concrete pile set up
with prefabricated concrete segments. Its installation is done through drilling along the inside of the
pile, which is driven into the ground while drilling moves down forward [67]; see Figure 8. Below, an
example of this kind of structure installed in the German Baltic sea for a 5 MW wind turbine at around
30 m depth is presented [68,69]:

• External diameter: 6900 mm;
• Thickness: 700 mm;
• Lowest level: −61.00 m;
• Upper level +3.50 m;
• Passive mass: 65 kg/m3;
• Active frame: 37 tendons with 22 wires of 15.7 mm (0.6′′);
• Weight: 2200 t.
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Figure 8. Monopile suction bucket. (A) Installation. (B) Scheme.

3.3. “Zublin” Gravity Base

It is a gravity base foundation made up of a cross-shaped box based on four legs and made of
pre-tensed steel, which lies down over the ground [70]. In this case, the ground only requires minimum
preparation for the installation of this structure. A scheme of this structure can be seen in Figure 9. The
main characteristics of this foundation are as follows [71]:

• Easy fabrication, although its installation is quite complex due to its weight;
• Suitable for water depths of around 40 m;
• No cathodic protection against corrosion required;
• Lower dependency from steel cost;
• Easy to dismantle.

Figure 9. Züblin gravity base.

4. Floating Structures

Floating structures are neither a technically nor economically viable solution yet. Nevertheless,
research on these solutions is very active today in a few remarkable projects, even more when
“near-shore” projects are no longer available and it comes to exploring deeper waters (>50 m depths).
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As per the fixed structures case, these new developments are inspired by the evolution of floating
structures coming from the oil and gas experience [72–74]. Figure 10 shows a representation of the
floating structures used in the oil and gas industry.

Figure 10. Typical floating structures used in the oil and gas industry [51].

Due to the relatively fast development the offshore wind industry has experienced in recent years,
moving from 3–4 GW figures early in the 21st century to contemporary figures of about 12 GW, and
bearing in mind the market forecast reaching up to levels of 40–50 GW by 2020 as per information
published by the Carbon Trust organization on their webpage, it is logical that the offshore industry
would have to study new alternatives for future projects, which it will be necessary to instal far from
currently near-shore layout projects (<50 km) once these scenarios are exhausted [75–77]. To make
floating structures a reality, several aspects, both cost-competitiveness and technical reliability, must be
overcome [78].

From a cost point of view, due to the investment effort required to move from currently floating
“demonstration” projects to commercial ones, it is not only private investment that would be required
but also and mainly government support, at least for the early phases of this transition. On the other
hand, due to the technology itself of the floating structures, the installation and open costs are lower
rather than for fixed structures, since most of the whole structure could be assembled directly at
the dock, avoiding the huge costs coming from the installation vessels (limited due to their current
availability as well as weather downtime due to bad weather conditions) [79,80].

From a technical point of view, it is clear that floating structures still have some problems to
be re-engineered on the dynamic behavior of their structures, catenary mooring lines, anchoring,
etc. [75–77]. Although there are a lot of branches or derivations, there are mainly three core floating
wind types of foundations [81], see Figure 11:

• Semisubmersible;
• Spar-buoy;
• Tension leg platform (TLP).

Before getting into the description of the main floating foundations named above, it would be
interesting to draw our attention to the fact that the configuration of the Spanish coast, where depths
are very high next to the shoreline, would be very favorable to this kind of foundations, but massive
development of the offshore wind turbine industry in Spain, beyond 3000 to 5000 MW, using direct or
conventional foundations, would be only possible if these floating structures reach enough maturity to
be economically viable [5].
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Figure 11. Floating wind foundations typologies [76]. (A) Spar-buoy structure. (B) Semisubmersible.
(C) Tension leg platform (TLP).

In the following pages, a description of the most important concept and prototypes developed
is reported:

Research on floating structures related to wind turbines started in 1988, when Bauer (1988) used
for this concept the term of island [82]. However, important scientific production did not begin until
2007. Technologies for floating foundations for offshore wind turbines have evolved from then, and a
very good review of them is offered by Roddier et al. (2010) [83]. Research on this technology is led
by the United States, followed by China, Norway, the United Kingdom, and South Korea. In terms
of institutions, Norges Teknisk-Naturvitenskapelige Universitet (Norway) is the leader, followed by
Danmarks Tekniske Universitet (Denmark), Cranfield University (UK), National Renewable Energy
Laboratory (USA), and Shanghai Jiaotong University (China). The main topics related to this technology
are mooring [84], hydrodynamics [85], dynamic response [86], and aerodynamics [87].

4.1. Semisubmersible

A semisubmersible is a structure which remains semisubmerged on the sea, being stabilized
through catenary mooring lines anchored to the seabed. The main problem with this kind of structure
is its need for a heavy structure with high mass to provide enough stability; on the other hand, wind
turbines’ offshore installation is easier from this kind of structure due to its high level of stability [88–91].

An example of this type of floating foundation is the Windfloat project. This is a project which
wasinstalled off the coast of Portugal in 2011 and is powered by a 2.3 MW wind turbine and based on a
3 column semisubmerged structure moored to the seabed with three catenary lines [92,93].

The research related to semisubmersibles is led by the United States followed by Norway and
Spain. The main institutions are the University of Maine (USA), Norges Teknisk-Naturvitenskapelige
Universitet (Norway), Instituto Superior Tecnico (Portugal), and National Renewable Energy Laboratory
(USA). Just as for floating structures, some of the main research topics are mooring [94], dynamic
response [95], and hydrodynamics [96].

4.2. Spar Type Wind Turbines

These are cylindric structures which are also anchored to the seabed through a catenary mooring
line. Their main difference from semisubmersible structures is that they come along with a lighter but
longer structure which comes with a lower center of gravity [97,98]. On the other hand, this advantage
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in terms of design could also be seen as a disadvantage when it comes to draft depth, requiring deeper
waters than semisubmersible ones do, which could lead to more expensive projects [99,100].

In terms of installation, it is important to note that due to issues with stability during wind
turbines’ assembly, these kinds of structures are challenging and would require the use of heavy lifting
cranes (with high daily rates as well as subject to weather downtime) rather than a more accessible
concept than semisubmersible structures [101,102].

An example of this type of foundation is the Hywind and Sway project. This is a project which
was installed off the coast of Norway in 2009 and is powered by a 2.3 MW wind turbine and based
on cylinder structure moored to the seabed with three catenary lines [103]. The top five countries
conducting research on this technology are Norway, China, the United States, South Korea, and Japan,
and the top institutions are Norges Teknisk-Naturvitenskapelige Universitet (Norway), Danmarks
Tekniske Universitet (Denmark), and Pusan National University (South Korea). For the parked floating
wind turbines of a spar type concept, one of the main lines of research is the determination of extreme
responses for design checks, considering coupled wave and wind-induced motion and structural
response in harsh conditions [104,105].

4.3. Sway

The sway structure is based on a continuous tower anchored to the seabed through a mooring
connector. The prototype was installed off the coast of Norway in 2011 and is powered with a 0.15 MW
wind turbine [106].

4.4. Tension Leg Turbine Platform (TLTP)

The tension leg turbine platform is considered a method for accessing offshore wind resources in
moderately deep water [107]. The structure as per Moon and Nordstrom (2010) consists of a minimum
of three submerged arms. Later, this multiarm structure is anchored to the seabed through the same
number of tension legs [108].

As with the spar-buoy structures described above, we are facing a lot of challenges during the
wind turbines’ installation due to stability issues. On the other hand, TLP structures could mean a
very competitive alternative for deep waters [108–111].

An example of this type of foundation is the Pelastar project, a five-arms submerged structure
anchored to the seabed through five tension legs. This foundation is empowered with a 6 MW wind
turbine [112].

5. Wind Farm Connections to Grid: An Overview

Usually, the wind turbine produces electric energy in low voltage (LV). The most common voltage
for these facilities is 690 volts [113]. Today, the most common solution for the facilities is to connect the
generator output to power electronics; in this way, it can work with an extended range of wind speeds,
increasing or decreasing the speed of the wind turbine while wind speed increases or decreases. This
also allows rapidly increasing or decreasing the dispatch of energy to the grid to deal with fluctuations.
However, this system has its drawbacks; the use of this electronics implies a higher cost of control and
maintenance in front of fixed speed wind turbines. Since the appearance in the market of this type of
solutions, year after year, they are continuously imposed on the solution of fixed speed.

Another important change of trend is the elimination of gearboxes that couple the generator to
the blades by direct-drive motors that connect directly to the blades. The advantages of this system are
clear: (I) there is a greater availability of space in the installation when removing the gearboxes, (II)
the space and weight of the installation is reduced, and (III) this consequently allows increasing the
capacity of the generator without penalizing too much the foundation, which is very important in
offshore wind farms.

Once the electricity is generated at the output of the generator, the main problem is the connection
to the grid. Today, the most common solution is to place a 690/30 kV transformer and carry the energy
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in high voltage (HV) through the grid and until the arrival of the substation [114], for its transformation
into medium voltage (MV), thus minimizing energy losses in the transport [115,116].

The design of an offshore wind farms usually focuses on the design and placement of wind
turbines [117–119], moving the design of the substation [120], which carries a significant percentage of
the cost of installing the wind farm, to the background, since, as a rule, the cost of the substation is
approximately 5% of the total investment of the facility. As an example, the Wikinger offshore wind
farm, inaugurated in October 2018 with an installed capacity of 350 MW, cost 1.4 billion euros. There are
technical solutions such as that proposed by Li (2008) [121], which, using a genetic and immune hybrid
algorithm, seek to obtain the best solution to minimize cost while increasing performance, depending
on the number of substations (capacity, type, and number of transformers) and the connections between
wind turbines and substations. It is important to keep in mind that the cost of the substation is a very
important part of the total cost of the facility, but also that it must keep in mind the useful life of the
substation, and this could affect the design. As an example, it is much more economical to locate the
substation on land rather than sea, but this decision may not always be optimal for certain facilities.
The trend is leading to locating offshore substations near the generation (see Figure 12) since transport
losses are minimized by delivering at 132 kv instead of 30 kV; this also reduces the cost of the dispatch
to the grid, since the tendency is to implant farther from the coast, due to several conditioning factors.
Thus, if a practical example is made for a wind farm of 100 wind turbines of 2 MW connected to
a substation, this means 200 MW installed. This makes the connection with land at 8000 m of link
distance to land, and it has been considered a power generation at full load of 2628 hours per year.
The losses and cost are summarized in Table 2. It can be seen that it is 5 times lower in the 132 kV
connection if it is considered the cost of 50€MWh.

Figure 12. Scheme of generation and transport of energy from offshore wind farms.

Table 2. Example of power and economic losses as a function of the grounding voltage (50€MWh).

Voltage
(kV)

Current
(A)

Wire Section
(mm2)

Weight Cu
(T) k€/kg (Cu) Losses

(MW)
Losses
(€/year)

30 3849,00 3 × (4 × 800) 4694 33,330 1,900 249,660
132 874,77 3 × 800 1174 8332 0,393 51,583

In addition, Figure 13 shows the limitations for the Spanish coast. Red zones are areas protected
by Spanish legislation, either for environmental, military or tourist reasons, while the yellow ones must
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be studied by the different administrations, and only the green ones are suitable in advance. Thus,
these restrictions are driving even major investors in wind farms to design underwater substation pods.

Figure 13. Areas for wind farms location on the Spanish coast, based on [122].

Regarding the design of the grid, it can be found from traditional designs such as radial [123],
star [124] or ring [125] type, to complex designs based on sophisticated mathematical techniques that
use different algorithms to obtain the optimal design as proposed by Shin in [126], who in a first stage
uses the algorithm K–clustering algorithm to create k-groups of wind turbines within the internal grid;
these, in turn, are interconnected according to different parameters such as the distance to a random
center or the radial angle between the turbine and the substation. Once the groups are obtained, the
MST (minimum spanning tree algorithm) is used to connect one turbine to another by the shortest
path, and in the last step, a local search optimization algorithm is used to obtain the optimal point to
connect to the outer grid, to minimizing the cable section [127].

The research focused on the connection to grid for wind farms can be understood to have begun
in 2002, this topic being studied with great scientific production until 2012; since then, scientific
interest has greatly decreased. The countries by order of importance of scientific output are China,
the United Kingdom, Germany, Spain, Denmark, and the United States. All these countries have
strong investments in this technology or are in need of locating wind farms. Regarding the institutions
with high productivity in this field, the first and second belong to China (North China Electric Power
University and China Electric Power Research Institute), and the third to the UK (University of
Strathclyde). As for the main keywords, they are offshore wind farms, HVDC power transmission, and
asynchronous generators. Focusing on offshore wind farms, the most important works are those related
to HVDC connection to the transmission system [128] and its relationship with doubly fed induction
generators [129], control and design of DC grids [130], and the prospect for cost reduction [131].

6. Wind Generator Modeling

Analyzing scientific production on wind generator modeling as per the Scopus Database, we can
find 3700 documents on this topic. The strong research on modeling for wind generators began in 2000,
with more than 10 publications on this issue, reaching a maximum of 443 documents in 2014. This
scientific output is distributed equally between articles and conference papers, which demonstrates a
great activity of scientific meetings in this field. The countries which led this research were China, the
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United States, India, the United Kingdom, and Canada. Among the attending institutions or affiliations,
the top 10 were: IEEE (USA), North China Electric Power University (China), Tsinghua University
(China), Danmarks Tekniske Universitet (Denmark), Aalborg Universitet (Denmark), China Electric
Power Research Institute (China), University of Strathclyde (UK), Delft University of Technology
(Netherlands), University of Manchester (UK), and National Renewable Energy Laboratory (USA).

If the keywords of all these works are analyzed, it is possible to observe that there are some subjects
with more relative relevance: asynchronous generators and synchronous generators, electric generators
and electric utilities or electric power transmission networks. The most cited keywords are shown
in Table 3. It is worth noting that there is a much higher frequency for the keyword asynchronous
generators than for permanent magnet synchronous generator (PMSG), although the most interesting
and most installed is PMSG.

Table 3. Keywords and their frequency in wind turbine modeling.

Keyword Frequency

Wind Power 2039
Wind Turbines 1503

Asynchronous Generators 827
Electric Generators 777

Computer Simulation 584
Electric Utilities 582

Electric Power Transmission Networks 444
Synchronous Generators 444

Wind Turbine 427
Electric Fault Currents 395

Electric Power Generation 336
Permanent Magnets 331

Turbines 303
Modeling 302

Energy Conversion 286
Mathematical Models 275

Wind 270
Wind Energy 270
Wind Farm 268

Renewable Energy Resources 265
Permanent Magnet Synchronous Generator 245

Turbogenerators 234
Doubly Fed Induction Generators 233

MATLAB 231
Doubly Fed Induction Generator (DFIG) 221

Electric Power Systems 220
Power Converters 216

Controllers 203
Optimization 203
Wind Speed 196

When modeling a wind farm, there are thousands of modeling parameters. It is not enough to
model the output power of a turbine that depends on the density of the air, the area swept by the
blades, and the wind speed. Given the level of complexity and size that new farms are acquiring,
various models can be found for the main components. According to the literature, two classifications
can be established: modeling the wind turbine and modeling the wind farm. Some authors focus on
standalone facilities to model the constructive and structural parameters of the wind turbine, where
they focus their study on parameters such as the blades, reducer, motor, electronics or structure. Others,
meanwhile, focus on larger models, where location, layout, interconnection or hybridization are of
great importance, although the final objective must clearly maximize the performance of the installation
and minimize the cost of it.
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Some authors simplify the turbine model by eliminating any active electronics in order to construct
a low-cost model in order to evaluate the constructive and structural parameters of the installation.
Maalawi in 2002 presented a model for the design of blades where parameters such as the cross-sectional
area, the turning radius, and the length of each segment are considered in order to obtain the maximum
frequency [132], while other authors tried to optimize blade modeling, basing their approach on
parameters such as vibrations, torsion, and size while minimizing the cost of energy production
for both losses and rotor cost [133]. Li et al. [134] performed a comparative study between the
reduction ratio of the reducer and the output power, minimizing the cost of the generator; in this study,
different technologies are compared—direct-drive generators with hybrid systems of different stages
of reduction.

Advancing towards more complex solutions, some authors seek the distribution of the wind farm
based on the optimal distribution of wind turbines in order to maximize production. Many authors
propose a multiobjective evolutionary algorithm (MOEA) to find the optimal layout. According to this
method, in an initial stage, the type of turbine is selected from a set whose yields are known. More
complex methods allow the selection of different types of turbines generating hybrid models. Once the
wind turbines have been selected, a random distribution is performed within the surface of the wind
farm, which will be evaluated according to an objective function, with model parameters such as wind
direction, turbine interaction distribution, or feasibility of implementation [119].

7. Wind Generator Control

At present, there are different techniques of wind generator control (see Figure 14) so that a wind
turbine is normally designed to work within specific wind speeds, with it being necessary to limit the
power output or the speed of the wind turbine above the nominal value established [134–136].

Figure 14. Different techniques of wind turbines control.

The following classifications can be made:
Passive Stall Controlled. In this case, the blades of the wind turbine are bolted to it at a certain

angle (blade pitch) depending on the design speed. The geometry of the blade has been designed so
that when high wind speeds are reached, a turbulence in the wind turbine will be generated, causing
the wind turbine to brake and stop. Given its simplicity, it is one of the most implemented methods in
wind turbines. Its main problem is that it does not respond well to wind gusts, causing in most cases
an undesirable overpowering of the system.

Active Stall Controlled. This system includes a mechanism that allows varying the inclination of
the blades of the wind turbine; thus, when an unwanted wind speed is reached, the blades rotate in the
opposite direction, causing a resistance and reducing the rotation speed of the rotor or even stopping it.
It also allows us to achieve the opposite effect, allowing the positioning of the blades in a beneficial
position to start at low wind speeds. Normally, a series of jumps are designed where it is possible to
position the blades to obtain the desired effect. It is a method widely used in turbines over 1 MW.

Pitch Control: This method provides a greater control of tilting positioning of the blades, since
the generator output power is used to control the tilting angle of the blades, i.e., the output power is
used as feedback, giving a greater or lesser angle of inclination to the blades. In this way, when the
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wind speed increases, the control algorithm sees how the output power increases and orders a new
tilting position of the blades, until the blade tilting position is optimized for the current wind speed.

The difference between the active stall control and the pitch control is that while the active stall
control is based on generating the turbulence to obtain the resistance and to make the rotor stop, the
pitch control is based on the idea of positioning the blade to reduce the force on the blades and get the
stop. This technique requires a sophisticated control algorithm and drives, usually hydraulic or motor
reducer (the latter more usual due to their lower maintenance), which increase the complexity in the
design of the rotor. Usually, they are implemented in large turbines over 4 MW.

However, if the study focuses on the wind generation zone, different control techniques can be
found. Mainly two classifications can be made:

Fixed Speed. Within this group are two types mainly, although the principle is the same: one
speed or two speeds. In the first case, the system is designed so that the generator works at full power
at a certain speed. Working at two speeds can be achieved either depending on the wind by changing
the number of poles of the motor or by installing two generators in tandem and connecting one or the
other to the grid depending on the optimal speed. Within this group, any of the strategies of the control
of blades previously seen are used, but that does not happen in the same way in those of variable
speed, where a pitch control is almost certainly applied.

Variable Speed. Mainly two groups are distinguished, depending on whether a reducer,
direct-drive or gearbox is used or not, with direct-drive being more and more commonly found
as the solution. However, at power electronics level, you can find a multitude of strategies in both
cases. The trend leads us to the permanent magnet synchronous generator (PMSG) and the WRSG
wound rotor synchronous generator, both strategies based on synchronous machines. In the first one,
the output power proportional to the input torque is obtained; it is the system controller which, when
playing with the tilt control, can effectively control the output power of the system and the efficient
connection with the grid in function of the needs, being an efficient solution. While with the WRSG
solution the field excitation can be controlled to adjust the load.

8. Conclusions

The construction of foundations for the offshore wind turbine industry still faces many technical
challenges that should be solved on a case-by-case basis. At present, there are several types of structures
that have allowed for an early development of the offshore wind turbine industry, but there is still
a long way to optimization. Floating structures are neither a technically nor economically viable
solution yet. Larger wind turbines will help towards serial production of this kind of technologies, but
transportation and installation costs must be lower. Regarding jacket leg foundations, the main problem
during manufacturing remains the high number of weldings needed to attach together individual
pieces, which could lead to structural problems increasing the OPEX costs as well as the CAPEX in the
long term, during the life of the project, due to the complexity of these weldings demanding many
hours of very specialized welders and high-cost steel plates. On the other hand, the main problem
with jacket leg foundations during the installation phase is to do with the need for usage of heavy lift
vessel for lifting operations due to size issues. The market availability of this kind of vessels, which
come with very limited installation windows and are subject to weather downtime, leads to high
cost. The usage of most spread-out, fixed-foundation, monopile structures seem to be coming close to
an end when it comes to deeper water projects. Nevertheless, big offshore developer companies are
investigating alternatives for using massive monopiles structures (bigger diameter, more tonnage, and
thicker edge) in deeper waters, far from currently near-shore projects due to the cost-effectiveness of
this sort of structures compared to jacket leg foundations, not only because of manufacturing simplicity
but also due to the easy access to installation vessels. In summary, the connections between wind
turbines and substations together with the foundations must be considered jointly in order to reach the
maximum between electrical performance and minimum costs in offshore wind farm facilities.
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Regarding the techniques of wind turbine control based on wind speeds, in short, passive stall
control is one of the most implemented methods in wind turbines due its simplicity. Its main problem
is that it does not respond well to wind gusts, causing in most cases an undesirable overpowering of
the system. On the other hand, the active stall control and the pitch regulate in inclination, but the
main difference between the two is that one does so to generate turbulence (active stall control) and the
other to place the blades in a position so that the wind does not turn them, which is more beneficial for
the mechanic. If the wind generator control is based on the wind generation zone, we can first find the
fixed speed mainly with two types: one speed or two speeds. Both systems are designed so that the
generator works at full power at a certain speed. Secondly, we can find a variable speed, where the
trend leads us to use strategies based on synchronous machines: the permanent magnet synchronous
generator (PMSG) and the wound rotor synchronous generator (WRSG).
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