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Oscillating Water Column (OWC)-based power take-off systems are one of the potential solutions to the current energy problems
arising from the use of nuclear fission and the consumption of fossil fuels. This kind of energy converter turns wave energy into
electric power by means of three different stages: firstly wave energy is transformed into pneumatic energy in the OWC chamber,
and then a turbine turns it into mechanical energy and finally the turbogenerator module attached to the turbine creates electric
power from the rotational mechanical energy. To date, capture chambers have been the least studied part. In this context, this
paper presents an analytical model describing the dynamic behavior of the capture chamber, encompassing the wave motion and
its interaction with the OWC structure and turbogenerator module. The model is tested for the case of the Mutriku wave power
plant by means of experimental results. For this purpose, representative case studies are selected from wave and pressure drop
input-output data. The results show an excellent matching rate between the values predicted by the model and the experimental
measured data with a small bounded error in all cases, so that the validity of the proposed model is proven.

1. Introduction

At present, the safety of the energy obtained by means of
nuclear fission is being questioned due to waste disposal
issues and accidents such as the one at Fukushima. Besides,
continued consumption of fossil fuels threatens the health of
the planet and contributes to global warming. To avoid these
consequences, a transition to clean energy sources is urgently
needed [1–3]. Here is where the need for renewable energies
arises [4–6].

Among these kinds of energy, ocean energy is expected
to play a principal role in future years. According to some
works, 100% of total energy consumption could be obtained
from solar, wind, and wave energy [7–9]. Likewise, according
to European Union (EU) reports, worldwide energy require-
ments could be fulfilled with just 0.1% of the total ocean
energy available [10]. In this respect, themost promising dev-
ices for harnessing the power of the sea are based onwave and
tidal power [11], with a high potential power density [4].

Currently, there is a wide variety of point absorbers and
on-shore devices based on different technologies to harness
wave energy (OWC systems, hinged contour devices such as
the Pelamis, overtopping devices such as the Wave Dragon,
etc. [12, 13]).Of these,OWC-based devices are themost popu-
lar due to their characteristics and stage of development [14–
16].

TheNereidaMOWC is a project based on this technology
located in the town of Mutriku, Gipuzkoa, Basque Country
(Figure 1). Within this project, the Basque Energy Board
(EVE) has installed an OWC-based power plant along the
shoreline of this town, composed of 16 18.5 kW turbines [17].

In this context, thiswork is focused on the development of
an analytical model of the OWC capture chamber in this kind
of system and its interaction with the ocean waves (Figure 2).
The proposed model is also tested and validated by means of
experimental results for the particular case of Mutriku OWC
wave power plant.
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Figure 1: OWC power plant at Mutriku.

The rest of the paper is organized as follows. Section 2
provides some background on OWC systems, the Wells tur-
bine, and wave theories. In Section 3, development of the
model is presented. In Section 4, experimental data sets are
analyzed and the model is implemented and tested. Finally,
concluding remarks end the paper in Section 5.

2. Background

An Oscillating Water Column (OWC)-based energy conver-
ter (Figure 3) is basically a device that transforms the mecha-
nical energy of the waves into electric power.

The main part of the converter is the capture chamber,
which is composed of a fixed structure whose lower part is
open to the sea water below the still water level (SWL) [18].
The waves entering the chamber compress and decompress
the air around this SWL so that an oscillating airflow is cre-
ated. This airflow is passed through a power take-off (PTO)
system consisting of a turbine and an induction generator
that transforms this motion into electrical power [19] (see
Figure 4).

Currently, two different types of turbine are mainly used
in power plants around Europe, India, Japan, Korea, and so
forth [20]: theWells turbine [21–24] and impulse turbine [25].

In particular, the type used in Mutriku is a Wells turbine
(see Figure 5). The geometry of this kind of turbine allows a
unidirectional rotationalmovement to bemaintained regard-
less of the airflow direction [20, 23–25]. However, the sym-
metric profile that allows this self-rectifyingproperty also pro-
duces an undesired behavior: the stalling effect. This phe-
nomenon causes the turbine to stall when the airflow exceeds
a certain value, greatly decreasing its efficiency [25].

In order to minimize this efficiency issue and, therefore,
to maximize the power extraction, diverse kinds of control
schemes can be used [26–45], such as controlling the rota-
tional speed or adjusting the airflow through the blades by
means of a control valve [5, 46].

As has been shown, the performance of the OWC con-
verter depends on the different energy exchanges that take
place during the process and in particular on the conversion
of wave energy into pneumatic energy inside the capture

chamber, so it is necessary to understand the dynamics of the
waves and the corresponding theories.

Amongst these theories [47], Stokes second- and higher-
order theories, cnoidal wave theory, and particularly Airy
linear theory [48] should be highlighted.

The latter is widely employed to model the kinematics of
the waves’ surface. According to it, wind waves can be descri-
bed as ideal sinusoidal waves, neglecting second-order effects
such as friction losses, turbulence, and other energy losses [5].

In the particular case of Mutriku, with a depth ℎ over 5
meters from the SWL, an average main period of 12 seconds,
and a mean amplitude around 1 meter, waves are taken as int-
ermediate waves, so Airy linear theory can be applied. Also,
monochromatic unidirectional waves are considered [49–51].

3. Model Statement

In this section, the interaction of the waves with the OWC
chamber structure is modelled [51]. In order to analyze the
airflow dynamic performance in the capture chamber, it is
first necessary to describe the wave’s propagation behavior.
Hence, the task of modeling the behavior of the capture
chamber is divided into three phases. Firstly, amodel describ-
ing the wave surface dynamics is provided. Then, this model
is related with the pressure change in the OWC chamber and,
in particular, with the pressure drop in the turbine’s blades,
detailing the relation between the waves and the airflow
through them. Finally, the mechanical characteristics are
taken into account to obtain the resulting rotational speed
and torque to be applied to the induction generator.

3.1. Wave’s Surface Dynamics. According to the Airy linear
theory [48],

𝑦 (𝑡) = 𝑎 ⋅ sin (𝜔 ⋅ 𝑡) = 𝑎 ⋅ sin (2𝜋𝑓 ⋅ 𝑡) , (1)

where 𝑐 = 𝜆𝑓, so that

𝑦 (𝑡) = 𝑎 ⋅ sin(
2𝜋
𝜆

⋅ 𝑐𝑡) . (2)

This expression represents the temporal variation for a wind
wave of amplitude 𝑎, wavelength 𝜆, and propagation speed 𝑐,
as a macroscopic representation of the oscillating behavior of
water particles at a specific point. It is now necessary to con-
sider a new variable corresponding to the spatial dimension
in thewave’s front direction in order to transfer the oscillation
movement to any point of the surface [52]:

𝑦 (𝑥, 𝑡) = 𝑎 ⋅ sin [
2𝜋
𝜆

(𝑐𝑡 − 𝑥)] . (3)

Then, take into account that the wave number, 𝑘, is defined as

𝑘 =
2𝜋
𝜆
, (4)

so that (3) may be written as

𝑦 (𝑥, 𝑡) =
𝐻

2
⋅ sin (𝜔𝑡 − 𝑘𝑥) , (5)

where𝐻 denotes the wave height.
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Figure 2: Capture chamber construction plan of Mutriku wave plant.
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Figure 3: On-shore MOWC system schematic.

This expression represents the surface dynamics of a
monochromatic linear wave as a function of the wave param-
eters [52].

3.2. Capture Chamber Model. The final aim is to obtain the
torque and angular speed of the turbine that serve as inputs
of the turbogenerator. These variables are indirectly related,
as it will be shown, to the axial speed of the airflow through
the turbine’s blades [51].

Thewater volumemay be used to calculate the air volume
in the OWC chamber:

𝑉 (𝑡) = 𝑉
𝑐
−𝑉
𝑤
(𝑡) , (6)

where 𝑉
𝑐
and 𝑉

𝑤
represent the capture chamber and water

volumes, respectively.
Then, by integrating the orthogonal variation of the water

surface along the area of the chamber:

𝑉 (𝑡) = 𝑉
𝑐
−∬𝑦 (𝑥, 𝑡) 𝑑𝐴. (7)

Figure 4: Turbogenerator modules.

Due to the geometry of the OWC chamber,

𝑑𝐴 = 𝑤 ⋅ 𝑑𝑥, (8)

where 𝑤 is the width of the chamber.
Therefore, one has

𝑉 (𝑡) = 𝑉
𝑐
+
𝑤𝐻

𝑘
sin 𝑘𝑙

2
sin𝜔𝑡, (9)

where 𝑙 denotes the length of the chamber.
Now, it is possible to obtain the expression of the instan-

taneous airflow:

𝑄
𝑎
(𝑡) = 𝑤𝐻𝑐 ⋅ sin 𝑘𝑙

2
cos𝜔𝑡. (10)
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Figure 5: Wells turbine in Mutriku wave plant.

From this expression and taking into account the topology of
the OWC chamber in Mutriku, where the airflow is conduc-
ted through a second axisymmetric duct where the turbogen-
erator module is located (see Figure 2), it is possible to obtain
the expression of the axial airflow speed (V = 𝑄/𝐴):

V
𝑡
(𝑡) =

8𝑎𝑤𝑐

𝜋𝐷2 ⋅ sin 𝜋𝑙

𝑐𝑇
cos 2𝜋

𝑇
𝑡, (11)

where𝐷 denotes the diameter of the duct.

3.3. TurbineModel. From the previous results and the turbine
parameters, it is possible to obtain the pressure drop (dp)
through [6]

dp = 𝐶
𝑎

𝜌𝑏𝑙1𝑛

2
1
𝑎1

(V2
𝑡

+ (𝑟 ⋅ 𝜔
𝑡
)
2
) , (12)

where 𝜌 is air density (kg/m3), 𝑏 is blade’s height (m), 𝑙
1
is

length of blade’s chords (m), 𝑛 is number of blades, 𝑎
1
is blade’s

section area (m2), 𝑟 is turbine’s mean diameter (m), and 𝜔
𝑡
is

turbine’s angular speed (rad/s).
This expression is obtained by applying Bernoulli’s equa-

tion across the disc, taking into account that, under steady
conditions, the total energy of the flow remains constant pro-
vided no work is done on the fluid [53]. As it is shown, the
pressure drop also depends on the rotational speed, which is
related with every torque applied to the turbine. This inter-
action may be modeled by means of Newton’s Second Law
applied to the rotational motion [5]:

𝐻�̇�
𝑡
+𝐹𝜔
𝑡
+𝑇
𝑒
= 𝑇
𝑡
, (13)

where 𝐻 is inertia coefficient, 𝐹 is friction coefficient, 𝜔
𝑡

is rotational speed, 𝑇
𝑡
is turbine torque, and 𝑇

𝑒
is electrical

torque (applied by the inductor generator).
Besides, the torque generated by the turbine follows the

expression [5]:

𝑇
𝑡
= 𝐶
𝑡
𝐾𝑟 [V2
𝑡

+ (𝑟𝜔
𝑡
)
2
] . (14)

As may be observed from the previous three equations, there
exists a feedback between the behavior of the turbogenerator
and the pressure drop through the turbine blades, since the
pressure drop through the turbine depends on the rotational
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speed but, also, the generated pressure drop influences
the rotational speed by means of the applied torque (see
Figure 15).

Also, in order to solve the aforementioned expressions, it
is necessary to compute the power coefficient (𝐶

𝑎
) and the

torque coefficient (𝐶
𝑡
), related to the flow coefficient (𝜙) by

means of the characteristic curves of the turbine (Figures 6
and 7) [6].

In turn, the flow coefficient may be calculated as follows:

𝜙 =
V
𝑡

𝑟 ⋅ 𝜔
𝑡

. (15)

As a result, and recalling (12), it is possible to derive an
expression for the pressure drop through the turbine in terms
of the wave features, the ocean structure’s characteristics, and
the turbogenerator behavior as follows, 𝑓(⋅) being a function
matching the𝐶

𝑎
and 𝜙 values according to the corresponding

turbine characteristics:

dp = 𝑓(
V
𝑡

𝑟 ⋅ 𝜔
𝑡

) ⋅
𝜌𝑏𝑙1𝑛

2

⋅
1
𝑎1

((
8𝑎𝑤𝑐

𝜋𝐷2 ⋅ sin 𝜋𝑙

𝑐𝑇
)

2
cos2 2𝜋

𝑇
𝑡 + (𝑟 ⋅ 𝜔

𝑡
)
2
) .

(16)
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Table 1: Parameters of the Wells turbine and OWC chamber.

Air density (𝜌) 1.19 kg/m3

Blade height (𝑏) 0.03m
Length of blade’s chord (𝑙

1

) 0.165m
Number of blades (𝑛) 5
Blade’s section area (𝑎

1

) 0.004m2

Turbine’s mean diameter (𝑟) 0.375m
Chamber width (𝑤) 4.5m
Chamber length (𝑙) 4.3m
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Figure 8: Frequency analysis of the waves.

4. Model Implementation and
Experimental Validation

This section is devoted to the implementation of the wave-
structure interaction model previously obtained and its vali-
dation bymeans of experimental data available fromMutriku
wave plant. For data validation convenience, a model based
on mean values data is also used.

Thevalidation data sets correspond towave data ondiffer-
ent representative sea states collected by AZTI-Tecnalia at the
Mutriku plant breakwater, and the corresponding Mutriku
wave plant data are provided by the Basque Energy Board
(EVE) for the same periods.

4.1. Mutriku Wave Plant: Experimental Validation Data. The
aim of this subsection is to establish the parameters of the
OWC chamber and theWells turbine and to analyze the exp-
erimental data available fromMutriku wave plant.

On the one hand, the values of the parameters of the tur-
bine and capture chamber expounded in the previous sec-
tions (see Figures 2 and 5) for the case of Mutriku wave plant
are shown in Table 1.

On the other hand, from the experimental data obtained
from Mutriku wave plant, a spectral analysis of the waves
arriving at the plant can be obtained from representative
pressure drop data sets (Figure 8).

Figure 8 shows that the main frequency of the waves is
0.08Hz, which corresponds to a 12.5-second period, with a
second harmonic around 0.165Hz that provides a significant
period 𝑇 = 6 seconds. This information is of great relevance
in order to choose adequate data to test the model.

Taking into account these results, representative experi-
mental data, from May 12, 2014, whose wave main charac-
teristics may be summed up as shown in Table 2, has been
considered.

For this date, detailed 20-minute input wave surface
elevation data series were collected every 2 hours with a sam-
pling period of 0.5 seconds.These data were derived from the
high frequency measurements of the orbital velocities close
to the surface, using an Acoustic Doppler Current Profiler
(Workhorse 600 kHz from Teledyne RDI). And analogous
experimental data series are available for dp and 𝑃 from
Mutriku wave plant for the same periods.

From these data, the mean wave period and the mean
wave amplitude are particularly relevant, as depicted in
Figure 9.

Also, the prevailing values of wave amplitude and periods
for the chosen data sets are shown in Figure 10.

Itmay be observed thatwhile thewave amplitude presents
some predominant values (i.e., 0.5 and 0.25m), with a mean
value of 0.43m as shown in Table 2, the wave period values
vary from 1.5 to 12 seconds with a mean value of 5.8 seconds,
corresponding to the second harmonic of the spectral analy-
sis of Figure 8 previously mentioned.

Once adequate experimental validation data sets have
been chosen, the next step is to validate the proposed model
by comparing the results of themodel against real output data
for the same wave input data. To do so, a mean values model
that provides convenient general results has been used and
afterwards analogous studies are performed for the full ins-
tantaneous model.

4.2. Mean Values Model. From (16), it is easy to obtain the
expression that represents the mean pressure drop produced
in the capture chamber for certain wave features, given the
OWC structure characteristics:

dpmean

= 𝑓(
V
𝑡

𝑟 ⋅ 𝜔
𝑡

)

⋅
𝜌𝑏𝑙1𝑛

2
1
𝑎1

[(
8𝑎𝑤𝑐

√2𝜋𝐷2
⋅ sin 𝜋𝑙

𝑐𝑇
)

2
+ (𝑟 ⋅ 𝜔

𝑡
)
2
] .

(17)

In order to simulate and validate the model, measured wave
data for Mutriku plant breakwater are employed. Also, accor-
ding to the Airy linear theory [52], the mean propagation
speed can be calculated from 𝑐 = √𝑔ℎ, where ℎ is the distance
from the seafloor to the SWL.

For this purpose, three different representative data sets
have been chosen as case studies.

4.2.1. First Case Study: May 12, 2014, 6.00 am. For this case
study, a 20-minute dp data series with 2Hz sampling rate was
selected as shown in Figure 11. From this data, it is possible
to extract the real measured experimental mean value of
3018 Pa, whereas the corresponding theoretical mean value
obtained from the proposed mean value model is 2921.3 Pa.
This represents a difference of 200.1 Pa between themeasured
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Table 2: Wave main characteristics.

Hour HS T3 HT TT NZ TB HB HV
0:00:00 1.768 9.424 2.313 9.609 188 6.38 1.032 1.206
2:00:00 1.564 8.754 1.989 9.575 193 6.215 0.958 1.093
4:00:00 1.513 9.064 1.821 9.138 181 6.627 0.941 1.063
6:00:00 1.724 9.624 2.168 9.627 167 7.183 1.052 1.202
12:00:00 1.416 8.756 1.711 9.163 208 5.767 0.839 0.961
14:00:00 1.367 7.949 1.785 9.629 241 4.977 0.791 0.924
16:00:00 1.319 7.92 1.725 8.529 241 4.977 0.757 0.891
18:00:00 1.419 9.221 1.787 9.513 202 5.938 0.835 0.975
20:00:00 1.144 8.933 1.484 9.59 211 5.685 0.663 0.778
22:00:00 1.33 8.223 1.831 9.477 225 5.331 0.797 0.926
Hour HR HSS T01 T02 TP HMAX PMAX TE
0:00:00 1.33 1.882 7.353 5.842 9.635 3.009 11.708 10.864
2:00:00 1.181 1.672 6.876 5.43 11.935 2.569 7.716 9.905
4:00:00 1.135 1.607 6.943 5.545 11.935 2.338 10.012 10.359
6:00:00 1.225 1.734 7.243 5.605 11.055 2.922 11.237 10.41
12:00:00 1.044 1.478 6.369 4.905 11.055 2.026 9.155 9.513
s14:00:00 1.055 1.493 5.885 4.414 11.055 2.34 9.998 9.262
16:00:00 1.01 1.43 5.872 4.457 9.635 2.389 9.409 8.916
18:00:00 1.075 1.522 6.766 5.153 10.296 2.248 9.681 9.539
20:00:00 0.874 1.237 6.601 5.212 10.296 2.094 8.585 9.231
22:00:00 1.048 1.484 6.266 4.721 10.296 2.582 9.327 10.342
HS: statistically meaningful wave height; T3: statistically meaningful wave period; HT: wave height 1/10; TT: wave period 1/10; NZ: zero ascendant crossings;
TB: mean wave period; HB: mean wave height; HV: mean quadratic wave height; HR: quadratic means wave height; HSS: spectral meaningful wave height;
T01: mean periods T01 = mo/m1; T02: mean periods T02 = (mo/m2)1/2; TP: peak period; HMAX: maximum height; PMAX: maximum height’s wave period;
TE: energetic period.
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Figure 9: (a) Mean wave amplitude (𝐻/2) and (b) mean wave periods.

real data and the data predicted by the model, with an error
of 3.2%.

4.2.2. Second Case Study: May 12, 2014, 12.00 am. For this
case study, a 20-minute dp data series with 2Hz sampling rate
was selected as shown in Figure 12. According to these data,
the real mean pressure drop is 2893.1 Pa while the theoretical
pressure drop computed by the model is 2867.7 Pa, reducing
the error to 0.9%.

4.2.3. Third Case Study: May 12, 2014, 16.00 pm. For this case
study, a 20-minute dp data series with 2Hz sampling rate
was selected as shown in Figure 13. According to these data,
the real mean pressure drop is 2797.2 Pa while the theoretical
pressure drop computed by the model is 2827.4 Pa, with an
error of 1.1%.

The previous results can be summed up as in Table 3.

As it can be observed, the theoretical results obtained
from the proposed mean value model match the real mea-
sured experimental data, with a mean error of 1.74% for the
three case studies considered. These results may be extended
as shown in Figure 14, where a wider full-day period has been
considered. As can be seen, the error remains bounded below
14.67% with a mean value of 5%, so that similar conclusions
may be extracted.

4.3. Instantaneous Values Model. In this section, a detailed
instantaneous model based on (16) is implemented as shown
in the scheme of Figure 15 and then used for validation pur-
poses using real measured experimental data from Mutriku
OWC wave plant.

As shown in Figure 15, the model has two main parts: the
capture chamber dynamics that calculates the airflow speed
from the input wave features and the turbine dynamics that
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Figure 12: Real pressure drop on May 12, 12.00 am.

Table 3: Wave features and validation results (mean value model).

Date Hour dpreal (Pa) dptheoretical (Pa) Error
12/5/14 6:00 3018 2921.3 3.2%
12/5/14 12:00 2893.1 2867.7 0.9%
12/5/14 16:00 2797.2 2827.4 1.1%

computes the pressure difference due to the airflow passing
through the blades and the rotational speed of the turbogen-
erator module.

In order to validate the model, three different case studies
corresponding to those of the previous section are consid-
ered: May 12, 2014, 6.00 am; May 12, 2014, 12.00 am; and May
12, 2014, 16.00 pm (see Table 4). For each case, illustrative
comparisons of the real experimental and the theoretical
model predicted pressure drop are displayed in Figures 16–18.

As it can be seen, the real experimental and theoretically
calculated pressure drop outputs coincide, presenting almost
the same mean values and the same wave form. However, it
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Figure 13: Real pressure drop on May 12, 16.00 pm.

Table 4: Wave features for instantaneous values models.

Date Hour 𝑎 (m) 𝑇 (s)
12/5/14 6:00 0.5261 7.1826
12/5/14 12:00 0.4196 5.7668
12/5/14 16:00 0.378 4.977

may be observed that the predicted andmeasured data are not
of the sameorder ofmagnitude. It has been represented in this
way so that thematching can bemore easily appreciated.This
peak values difference is due to the nature of themodel, which
considers the instantaneouswave data series as representative
monochromatic wave trains at each period at hand, so that
a strain-softening effect is achieved. Nevertheless, it must be
taken into account that these values refer to pressure drop,
and therefore the difference does not affect the power extrac-
tion.

5. Conclusions

One of the potential solutions for the current global warming
problem is the use of ocean energy and, in particular, Oscil-
latingWater Columns (OWCs) technology based energy con-
verters. This kind of device is used to convert the mechanical
energy of waves into an airflow that moves a turbine coupled
to an induction generator. While the study of the turbogen-
erator module is already a relatively mature issue, obtaining
models for theOWCchamber is still an open research area. In
this context, this paper has focused on the development of an
analytical model for the OWC capture chamber in this kind
of system and its interaction with ocean waves.The proposed
model has been successfully tested and validated by means of
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Figure 14: (a) Real versus theoretical pressure drops and (b) normalized error.
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Figure 16: Wave surface (a) and real (b) and theoretical (c) pressure drop on May 12, 6:00 am.
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Figure 17: Wave surface (a) and real (b) and theoretical (c) pressure drop on May 12, 12:00 am.
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Figure 18: Wave surface (a) and real (b) and theoretical (c) pressure drop on May 12, 16:00 pm.

experimental results for the particular case of Mutriku OWC
wave power plant, affording excellent results.
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[6] A. González and A. Sala, “Weighted-delay predictor-based con-
trol: performance and robustness analysis with time-varying
delay,” Revista Iberoamericana de Automática e Informática
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