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A B S T R A C T

The Mutriku Wave Power Plant (MWPP) has successfully operated since 2011, demonstrating remarkable 
operational stability with minimal issues of OWC technology in breakwaters. So far, the design, selection, and 
operation ranges of the generators at MWPP prioritized reliability. However, once the viability of the technology 
has been demonstrated, it is important to explore ways to increase energy production with the current design of 
the technology.

The objective of the present work is to improve the power production in MWPP throughout the Power take-off 
(PTO), increasing the operational limits of the generator and of the damping valve, which is located between the 
air chamber and the turbine. To this aim, new sensors have been installed in the plant, such as an inlet pressure 
sensor, to characterise the behaviour of the PTO. Investigations into the power produced and the plant avail
ability have concluded that modifying control laws of the current configuration could help to increase power 
production under generator thermal operation ranges.

The numerical results presented in the paper demonstrate that the potential benefit to the overall energy 
production of the MWPP could be significant, leading to greater advancements in the feasibility of wave energy 
technologies. The analysis of changes and improvements into the MWPP control strategies will provide further 
guidance into the development of novel wave energy control systems and components for future testing.

Nomenclature

OWC Oscillating Water Column
B2B Back to Back
EU Europe
IWS Internal Water Surface
MSL Mean Sea Level
MW Megawatt
MLWS Mean Low Water Springs
MWPP Mutriku Wave Power Plant
PTO Power Take-Off
rms Root Mean Square
WEC Wave Energy Converter

1. Introduction

Deploying Oscillating Water Column (OWC) technology within 
breakwaters to install wave energy converters (WECs) offers a compel
ling and effective solution for tapping into renewable energy derived 
from ocean waves (Xu and Huang, 2018), (Scialò et al., 2021), (Fox 
et al., 2021). Moreover, OWC represents one of the most developed WEC 
concepts (Falcão and Henriques, 2016). OWC devices fall into two main 
categories: fixed, typically attached to the seabed or shoreline, such as 
MWPP (Faÿ et al., 2020a), Pico wave power plant (Falcão et al., 2020) or 
Limpet (Heath, 2000), and floating devices, not fixed to a specific 
location, allowing them to be deployed in deeper waters, such as 
IDOM-Marmok spar-type buoy (Touzon et al., 2018), OE buoy 
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(WEDUSEA wave energy project) or Wave swell (Wave Swell). The 
present study will focus on the improvement of MWPP power produc
tion, located in Mutriku (Torre-Enciso et al., 2009), a town in the Basque 
Country, North of Spain. MWPP is one of the firsts commercial wave 
power plants in the world (Fig. 1) and one of the very few still opera
tional and continuously active since its commissioning.

Inaugurated in 2011, the development was partially supported by 
the NEREIDA MOWC project (Nereida) and executed by the Basque 
Energy Agency (Homea). This commercial facility continuously gener
ates electricity by harnessing the energy generated by the waves. The 
generated energy is seamlessly fed into the grid, equivalent to the annual 
consumption of approximately one hundred households. Consequently, 
it stands as the world’s longest-standing wave energy plant, having 
produced and supplied the highest amount of energy to the grid. 
Furthermore, it boasts the highest accumulated operational hours and 
availability. In 2016, marking its fifth anniversary, MWPP reached the 
significant milestone of being the world’s first facility of its kind to 
produce 1 GWh of energy. 2020 set a new production record (Mutriku 
Wave Energy Plant hits) by reaching an accumulated 2 GWh, and 3 GWh 
in 2024 (The Mutriku wave plant achieves), a generation milestone 
never before achieved in a facility harnessing wave energy to produce 
electricity.

It’s worth noting that the MWPP serves not only as an energy- 
generating facility but also as a demonstration project that provides 
valuable insights into the feasibility and efficiency of wave energy 
conversion technologies. MWPP has served as a study basis for the 
improvement of OWC PTOs, such as the OPERA H2020 European project 
(Homeb), where a biradial turbine was tested (Gato et al., 2022), as well 
as advanced controllers to maximize power extraction (Faÿ et al., 
2020b), (Faÿ et al., 2020c), (Carrelhas et al., 2023). Other studies such 
as (Lekube et al., 2018a) also focus research on the control of MWPP. 
MWPP consists of 16 OWC air chambers designed to produce pneumatic 
pressure fluctuations, initiating a bidirectional oscillating airflow 
through the turbine. All chambers share identical dimensions, 
measuring 3.1 m in length, and 4.5 m in width oriented to face directly 
towards the incoming waves, and the turbine positioned 9.7 m above the 
Mean Low Water Springs (MLWS) level. Fig. 2 presents a turbine gallery 
lay-out:

The oscillating air movement within the chamber is channelled 
through a turbine located at the top of the structure. The turbine is 
connected to a generator, and as the air flows back and forth, it makes 
the turbine spin, converting mechanical energy into electricity. The 
generated electricity is then fed into the grid for distribution and use. 
The plant contributes renewable energy to the local power supply 
without emitting greenhouse gases during the generation process.

The Wells turbine, which consists of co-rotating double monoplanes, 
rotates in the same direction irrespective of the airflow orientation, 
owing to its inherent self-rectifying nature. The turbine, featuring a 5- 
bladed design with a diameter of 0.75 m, is mechanically coupled to 
an 18.5 kW induction generator equipped with a squirrel-cage rotor. The 
generator operates at a voltage of 460 V and a nominal speed of 3,000 
rpm.

Facilitating variable speed operation, the generated power initially 

undergoes conversion to direct current (DC) and subsequently transi
tions to alternating current (AC) with a consistent frequency and phase 
matching the power supply grid (50 Hz). To achieve this, each generator 
is linked to a variable-frequency drive, which serves the dual purpose of 
rectification and primary control over the turbo-generator. A unique 
configuration involves two groups of eight variable frequency drives, 
one per each turbo-generator, organized within a 700 V DC-link, uti
lizing a singular regenerative inverter drive for each group to convert DC 
to AC. The resulting power is then transmitted through the output power 
transformer at a voltage of 13.5 kV.

After having demonstrated the feasibility of the technology, one 
important objective for future development is increasing the energy 
production using the existing design. The goal of this work is to show 
how to enhance power output in the MWPP by optimizing the Power 
Take-Off (PTO) system, including the generator and the damping valve 
between the air chamber and turbine. To this aim, two strategies have 
been considered in this study. 

• Increasing the Torque Limit: Since the stator winding failure is not a 
reported issue in MWPP (Lekube et al., 2018b)- (M’zoughi et al., 
2024), it’s feasible to consider increasing the generator’s operating 
limits. This approach relies on previous studies (Lopez-Mendia et al., 
2024), where the generator’s behaviour during overload was 
examined. As long as the stator winding temperature remains well 
below the maximum allowable limit defined by the generator’s 
insulation class, the torque limit of the generator can be extended. 
This allows the generator to manage higher loads, thereby poten
tially extracting more power.

• Adjusting the Damping Valve: The damping valve controls the 
available pneumatic input power at the turbine. It operates within a 
specific range of chamber pressure rms, from 5,250Pa to 15,250Pa. 
The angle of the valve changes depending on the moving average 
chamber pressure rms. By fine-tuning this valve, the pneumatic input 

Fig. 1. Mutriku Wave Power Plant picture (Technical Characteristics).

Fig. 2. MWPP turbine gallery layout (Características técnicas).
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power can be optimized, which in turn, could lead to an increase in 
power output.

These options aim to push the operational boundaries of the gener
ator and the turbine system, thereby maximizing power extraction. 
However, it’s important to monitor the system closely during these ad
justments to prevent any potential damage or inefficiencies.

The paper is structured as follows: An overview of MWPP is pre
sented in Section 1. Section 2 outlines the development of a multi- 
physics numerical model aimed at assessing MWPP performance. This 
model accurately estimates the produced power and the evolution of the 
generator’s stator winding temperature, enabling performance predic
tion and monitoring under overload conditions. Section 3 builds on 
these results to explore the control laws for the generator and damping 
valve, with the goal of increasing the energy production. It also com
pares power production across several operational limits of the gener
ator. Finally, Section 4 presents the conclusions and future work.

2. MWPP numerical model

This section describes the MWPP numerical model developed to 
analyse the capability of generator and damping valve limits to increase 
power production. Starting with a general description of the dynamics of 
the wave energy converter, the air chamber, the frequency domain 
model, and the PTO consisting of the Wells turbine, damping valve, and 
the generator will be presented, including a discussion on the thermal 
model for the generator to analyse its thermal limits. Fig. 3 represents 
the summary of the power conversion chain.

2.1. Dynamics of the oscillating water column

Given the dimensions of the chamber in comparison with the typical 
waves occurring at Mutriku, the free surface within the OWC chamber, 
hereafter referred to as the Internal Water Surface (IWS), is assumed to 
move as a weightless piston only capable of vertical displacement, 
because the wavelengths are large enough to neglect the influence of 
standing wave modes along the IWS. Therefore, the dynamics of the 
oscillating water column (Fig. 4) have been modelled through the dy
namic equilibrium of forces acting on the water column IWS: 

Mz̈(t)= FE(t) + FR(t) + FH(t) + FPTO(t) (1) 

Where M represents the mass of rigid water piston, z̈(t) denotes the 
acceleration of the free surface of the oscillating water column, FE(t) is 
the excitation force due to the waves, FR(t) is the radiation force, FH(t) is 
the hydrostatic force, and FPTO(t) is the force attributed to the presence 
of the Power Take-Off (PTO). The calculation of FE(t), and FR(t) depends 
on hydrodynamic coefficients that, in the frequency domain, represent 
the interaction between the IWS and the waves. For the calculation of 
FE(t), the excitation force coefficient in the frequency domain, FE(ω), is 
employed. FE(ω) represents the excitation force associated with an 
incident wave of frequency ω and an amplitude of 1 m. Typically, there 
are three positions to represent the mean sea level (MSL), at low tide, 
mean tide and high tide. For the present study, the mean tide has been 
considered (MSL = 2.77 m):

The total excitation force in the time-domain for realistic irregular 
wave conditions (the sea states have been defined by the JONSWAP 
spectrum) can therefore be described as the superposition of N compo
nents associated with N waves with different frequencies: 

FE(t)=
∑N

j=1
FE
(
ωj
)
aj
(
ωj
)
cos

(
ωjt+φj + εj

)
(2) 

The radiation force originates from the motion of the IWS. This force 
is computed as the sum of two terms. The first term, known as added 
mass, is an inertia term representing the force caused by the acceleration 
resulting from the movement of the IWS in the adjacent fluid. The sec
ond term is called radiation damping, and it represents the transfer of 
energy from the IWS to the medium due to the ripples generated by its 
oscillatory motion and radiated away from the chamber (Perez and 
Fossen, 2009). 

FR(t)= FA(t) + FRAD(t) = − A∞z̈(t) −
∫t

− ∞

KR(t − τ)ż(τ)dτ (3) 

Where A∞ is the added mass at infinite frequency (5), which can be 
derived from the added mass coefficient A(ω) in the frequency domain 
computed by standard commercial software and KR(t) is the impulse 
response function (4), which is calculated with the damping coefficients 
in the frequency domain, B(ω), using the equations: 

KR(t)=
2
π

∫∞

0

B(ω)cos(ωt)dω (4) 

A∞ =A(ω) + 1
ω

∫∞

0

KR(t)sin(ωt)dω (5) 

In this work, the convolution integral used for the calculation of radia

Fig. 3. Power conversion chain of an OWC device (Lopez-Mendia et al., 2024).

Fig. 4. Chamber of MWPP, and water levels: low tide, high tide, and mean tide.
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tion damping (3) has been approximated using the Prony (Duclos et al., 
2001) method (6), enabling the approximation of radiation damping 
through the state-space representation shown in (7). 

KR(t)≈
∑N

i=1
αi eβi t =

∑N

i=1
Ii (6) 

İi = ArIi + Brż
FRAD = CrIi + Drż

(7) 

Where αi y βi are the Prony fitting coefficients, and Ar, Br, Cr, Dr are the 
state-space matrices obtained from the Prony coefficients.

The hydrostatic force is proportional to the weight of water displaced 
during the oscillation of the free surface and is calculated as: 

FH(t)= − ρH2OgSIWSz(t) (8) 

Where ρH2O is the density of water, g is the gravitational acceleration, 
and SIWS is the area of the Internal Water Surface (IWS).

Finally, FPTO(t) is the force exerted by the PTO system and is pro
portional to the pressure difference between the interior of the air 
chamber and the environment outside the chamber. Assuming that the 
surroundings are at atmospheric pressure, FPTO(t) is computed as: 

FPTO(t)= − [p(t) − patm] SIWS (9) 

Where p(t) is the pressure inside the chamber, whose dynamics, intro
duced in Section 2.2, are described by (16), and patm is the atmospheric 
pressure.

2.2. Air chamber

Considering the relatively short time scales involved in the process, 
the compression and expansion of air within the chamber can be 
assumed to be adiabatic and modelled as an isentropic process, with 
physical air properties following the well understood laws of thermo
dynamics (Weber, 2007) for ideal gases. Under this assumption, the 
following relationship is derived: 

p + patm

ργ =
patm

ργ
atm

(10) 

Where ρ is the density of air within the chamber, ρatm is the density of air 
at atmospheric pressure, p is the relative pressure in the chamber, γ is the 
isentropic expansion factor of air, which is assumed to be constant and 
equal to 1.4. For a better accuracy in the resolution of thermodynamic 
processes, usually the dimensionless pressure p* = p/ patm, Equation 
(10) can be rewritten as: 

1
ρ =

(p* + 1)−
1
γ

ρatm
(11) 

By differentiating (11) concerning time, we obtain: 

ρ̇
ρ=

ṗ*

γ(p* + 1)
(12) 

As the dimensionless coefficients defining the aerodynamic behav
iour of the turbine are based on the flow rate, it is necessary to rewrite 
Equation (12) in terms of mass flow rate. Knowing that the mass flow 
rate across the turbine is defined as: 

ṁ=
d
dt

(− ρV) = − ρV̇ − ρ̇V (13) 

V̇ +
ρ̇
ρ V = −

ṁ
ρ (14) 

Where V = SIWS⋅(hch − z) is the volume of air in the chamber. Replacing 
the equations, we deduce that the time derivative of dimensionless 

pressure is: 

żSIWS +
ṗ*

γ(p* + 1)
(hch − z)SIWS = −

ṁ
ρatm

(p* + 1)−
1
γ (15) 

Finally, after simplification the pressure evolution in the chamber is 
found to be: 

ṗ* = −
ṁ γ patm

ρatm

patmSIWS(hch − z)
(p* + 1)

γ− 1
γ − γ

ż
hch − z

(p* +1) (16) 

2.3. Frequency-domain model

The hydrodynamic modeling of OWCs is typically based on the as
sumptions of linear wave theory, also known as linear potential theory 
which assumes that the flow is incompressible and irrotational, with 
wave amplitudes and device displacements being small in comparison to 
the wavelength (Rosati et al., 2022a).

The frequency-domain analysis employs a boundary element method 
solver based on potential flow theory, specifically applied to the OWC 
chamber geometry of the plant situated along the seabed slope in front 
of the breakwater wall. Adopting the rigid piston modeling approach 
from previous work on the onshore OWC at Pico (Heath, 2000), the 
Internal Water Free Surface (IWFS) is treated as a massless oscillating 
body restricted to heave motion, with the chamber wall serving as the 
second fixed body.

For the MWPP, in the absence of detailed bathymetric data, the 
seabed geometry is simplified to a constant slope initiating 50 m ahead 
of the plant with a water depth of 15 m as presented in Fig. 5 (Faÿ et al., 
2020d). The dyke’s total length is set at 100 m positioning air chamber 9 
at the center, a choice that aligns with the realistic layout of the actual 
plant.

Fig. 6 shows the hydrodynamic coefficients for the excitation force 
FE(t), radiation force FR(t), and added mass A(ω) over a range of fre
quencies between 0 rad/s and 1.8 rad/s, as derived from the hydrody
namic solver. Note that, at large frequencies, the value of the added mass 
tends to the added mass at infinite frequency A(∞) introduced before in 
the time-domain equation. The numerical model has been developed 
with the following hydrodynamic coefficients represented in Fig. 6:

2.4. Power Take-Off

The present study will focus on the behaviour of the Power Take-off 
(PTO) which consists of a Wells Turbine, damping valve, generator 
(SCIG 18.5 kW) and Back-to-back (B2B) converter (Unidrive SP2404 
(Control Techniques Drives Limited, 2008)). The MWPP PTO (Fig. 7) 
attains maximum dimensions of 2.83 m in height, 1.25 m in width, and 
an estimated weight of 1200 kg. Consequently, assembly and disas
sembly procedures are uncomplicated, allowing for seamless execution 
in a singular piece.

2.4.1. Wells Turbine
The Wells turbine type (invented by Dr. Allan Wells in the mid-1970s 

(Raghunathan et al., 1982)), which is one of the most efficient OWC 
technologies (Shehata et al., 2017), is characterised by an assembly of 
uncambered blades positioned symmetrically around a plane perpen
dicular to the rotational axis. This configuration results in the generation 
of a unidirectional torque by bidirectional airflow, eliminating the need 
for rectifying valves. The control of the rotational speed in Wells tur
bines is driven by the objective of maintaining the turbine’s operation 
close to the optimal efficiency point and alleviating the occurrence of 
aerodynamic stall on turbine blades. The Wells turbine efficiency 
characteristic can be represented as follows (Falcão and Gato, 2012): 

ϕ=Kdψ (17) 

Up to the best efficiency point, it shows a linear relation between the 
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normalised (dimensionless) flow rate ϕ and ψ the normalised (dimen
sionless) pressure, where Kd is a constant that depends on the turbine 
geometry. Applying dimensional analysis to incompressible flow: 

Π= fp(Ψ) (18) 

ϕ= fq(Ψ) (19) 

Where Π dimensionless turbine shaft power, and ψ dimensionless 
pressure. This can be represented as follows (Falcão and Gato, 2012): 

ϕ=
FRturb

ρinWd3 (20) 

Π=
Pturb

ρinW
3d5

(21) 

ψ =
pc

ρinW2d2
(22) 

Where pc is the absolute air chamber pressure, qturb the turbine volu
metric flow rate at inlet conditions, Pturb is the turbine power, FRturb the 
turbine air flow rate, W the turbine/generator set rotational speed, d is 
the turbine diameter, and ρin is the air density at the turbine inlet. Based 
on the linear relation between flow rate and eqs. (20) and (22), FRturb can 
be represented as follows: 

FRturb = pc

(

kdd/W

)

(23) 

The notable decline in the Wells turbine’s efficiency stems from 

blade stall, a phenomenon arising when the angle of attack of the rotor 
blades amplifies alongside the flow rate. The Wells turbine blades 
exhibit hard-stall characteristics, imposing an aerodynamic constraint 
on all control strategies. As well described in (Rosati et al., 2022b), 
based on eq. (22) preventing stall for substantial pressure heads pc ne
cessitates an increase in W to ensure that the condition Ψ < Ψ crit is 
consistently met. Consequently, the rotational speed must surpass a 
certain threshold defined by: 

W ≥
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
|pc|

/(
ρinΨcritd2

)
√

(24) 

Where pc is the air chamber pressure, d the turbine rotor diameter, Ψcrit 
the turbine dimensionless pressure head.

This implies that substantial pressure heads require elevated rota
tional speeds. However, W encounters limitations due to the occurrence 
of shock waves on the blade’s suction surface and the blade stresses 
resulting from centrifugal forces, which escalate with W2 (Falcão and 
Gato, 2012). The blade tip speed velocity is typically capped at Vtip =

Wd/2 ≤ 180 m/s to prevent shock wave occurrence on the blade’s suc
tion surface (Henriques and Gato, 2002). Wells control algorithms 
should prevent stalls by augmenting rotational speed within the confines 
of the blade tip speed limit and permissible mechanical stresses. Table 1
presents a summary of the main parameters of the Chamber, Wells 
turbine.

The Wells turbine has been modelled through dimensionless curves 
of torque, flow, and pressure jump (Falcão and Rodrigues, 2002). Effi
ciency curve can be find at (Faÿ et al., 2015), where the biradial, Wells 
and axial flow impulse turbine efficiencies have been compared Fig. 8
presents the Wells turbine dimensional parameters and optimal 

Fig. 5. WAMIT model of Mutriku and detailed view of chamber (Faÿ et al., 2020d).

Fig. 6. MWPP Chamber 9, excitation force magnitude(N) and phase (rad), Added mass (kg), radiation damping (Ns/m) (Faÿ et al., 2020d).
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operation ranges of flow/pressure where the turbine torque is 
maximum. The pressure is around 10,000–15,000 Pa (blue dash lines) 
and the flow between 11 and 16 m3/s (black dash lines).

2.4.2. Damping valve
To date, the pressure measurement in MWPP has only been con

ducted inside the chamber. However, the turbo-generator configuration 
in MWPP uses a butterfly-type valve which regulates the airflow that 
passes through the turbine. At low pressures within the chamber, this 
valve normally remains fully open (opening angle of 90 ◦). However, 
when chamber pressure rms increases to a certain point the control 
system acts over the valve position thus reducing the opening angle and 
consequently reducing inlet pressure.

For the present study, a multipurpose flange has been installed, 
where a pressure sensor (PTX 7500 series (Druck Pressure Sensors)) has 
been installed to quantify the effect produced by the valve at the inlet of 
the turbine. The flange has been designed in such a way that it can be 
easily mounted or disassembled to facilitate its positioning in different 
places along the turbo-generator column. The height of the flange has 
been selected to ensure sufficient separation between the 

turbo-generator and sensors, at a minimum separation of half diameter, 
from any element that might perturb the airflow through the turbine. 
The flange consists of the following elements that can be seen in Fig. 9: 1. 
SFB connector 25 E− 54/G 1 ¼ ZG, 2. Circular flange, 3. Connection box, 
4. Circular joint, 5. Connection box bracket 6. Flange, 7. Cap.

Based on the chamber pressure and inlet pressure sensors, the effect 
of the valve on the inlet pressure has been characterised. In Fig. 10, one 
can appreciate the relation experimentally obtained between chamber 
pressure, inlet pressure, and the angle of the valve.

Fig. 7. MWPP PTO; Valve, Wells turbine, and generator. A) valve fully open 90 ◦, B) valve 45 ◦ (Ibarra-Berastegi et al., 2021).

Table 1 
MWPP Chamber and Wells turbine parameters (Lekube et al., 2018c).

Parameters Symbol Value Unit

w Chamber width 4.5 m
l Chamber length 3.1 m
D Air duct diameter 0.75 m
ρ Air density 1.19 kg⋅m− 3

b Blade width 0.21 m
lt Blade length 0.165 m
n Number of blades 5 ​
r Turbine radius 0.375 m

Fig. 8. MWPP: Wells turbine dimensional parameters and optimal opera
tion range.
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To validate the proper operation ranges at the current control law, 
the behaviour of the PTO on the day March 31, 2023 has been analysed 
and shown for illustration in Fig. 11. During this day, severe waves of 3 
m Hs were recorded, leading to excessive chamber pressures. As 
mentioned in previous sections, the valve starts in operation at a dy
namic pressure rms of 5250 Pa and stops production at 15,250 Pa. The 
plot demonstrates that the pressure at the inlet is kept within the range 
set by the operational limits defined for the activation of the damping 
valve.

The pressure fluctuates between positive and negative due to the 
oscillating airflow generated by wave movement. As waves cause the 
water level in a chamber to rise and fall, the resulting bidirectional 
airflow is managed by the Wells turbine, which can rotate in the same 
direction regardless of airflow direction thanks to its symmetrical 
blades. This oscillating pressure, with air being compressed (positive 
pressure) when the water level rises and drawn out (negative pressure) 
when it falls, enables efficient turbine operation.

2.4.3. Generator
A generator control law is used to modify the resisting torque by the 

generator in function of the turbine rotational speed. Fig. 12 represents 
the torque/speed relation which has been in operation since the 
commissioning of the power generation plant. There are three main 

Fig. 9. Parts of the multipurpose flange installed in MWPP.

Fig. 10. Relation between the Chamber pressure, damper position, and 
Inlet pressure.

Fig. 11. MWPP: Chamber pressure vs Inlet pressure. Day March 31, 2023 with 
Hs = 3 m decreasing.

Fig. 12. MWPP Generator Control: Speed (rad/s) vs Torque (Nm).
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operation regions. In region 1 (W ≤ 270rad/s), the turbine accelerates 
with a stable relation to torque/speed. Once the rotational speed reaches 
region 2 (270 ≤ W < 290rad/s), the generator begins to apply a larger 
resisting torque on the PTO, effectively applying a brake and increasing 
the relation torque/speed until a specified torque limit is reached. 
Finally, in region 3 (W ≥ 290rad/s), the relation torque/speed decreases 
because the torque cannot be increased above the limit and the gener
ator applies the maximum torque whilst the activation of the damping 
valve should prevent the rotational speed becoming excessive for the 
safety of the equipment.

The dynamics of the shaft are represented by the following equation: 

Ẇ=
TT − Tg

IT
(25) 

Where TT is the aerodynamic torque on the turbine shaft, Tg is the 
resisting torque exerted by the generator, and IT is the inertia of the 
turbine rotor. The efficiency of the generator has been considered based 
on results obtained in (Lopez-Mendia et al., 2024). For characterising 
the thermal behaviour of the generator, several sea states have been 
analysed from MWPP real data to demonstrate that the generator 
operates below the thermal limit (Generator Stator insulation Class F: 
155◦C). Fig. 13 shows the plots of the generator power output and of the 
stator winding average temperature (◦C) against the chamber pressure 
rms (Pa).

A thermal model has been utilized to evaluate if the thermal 
behaviour of the generator at overload, following an increase in its 
operating limits regarding torque and speed, remains within the insu
lation limits of the stator winding. For this issue, a first-order model 
following (Nogal et al., 2021) has been developed. The heat balance 
equation for the generator has been derived from an idealised system 
represented by a homogeneous body, where the current and the stator 
winding resistance are used directly as input: 

RuI2dt=mcdθ + Sθkpdt (26) 

Where Ru is the stator winding resistance (Ω), I is the current through the 
stator windings (A), t the time (s), m the mass of the winding (kg), c is the 
specific heat of the stator winding ( J

kgK), θ the temperature (K), S the 
surface area through which heat is released (m2) and finally kp the co
efficient of heat transfer from the windings to the ambient ( W

Km2).
Equation (26) can be transformed to the final thermal model equa

tion (27) which defines the temperature evolution resulting from a 
specific power loss directly related to the stator current, considering the 

previous sample temperature increase (θ1): 

θu(t)= θss

(
I
In

)2
⎡

⎣1 − e−
t
τ

⎤

⎦+ θ1(t− 1)e−
t
τ (27) 

Where I corresponds to the instantaneous current, In nominal current, 
θSS the maximum temperature increase in steady-state, τ = 2348.9s is 
adjusted time constant obtained from the cooling curve of the MWPP 
chamber 2 generator stator temperature presented at Fig. 14.

The numerical model results have been compared with MWPP data 
(Fig. 15) to evaluate the goodness of the model when it is subject to real 
conditions and to quantify the sensitivity of the model output to varia
tions in ambient conditions.

Fig. 15 shows the plot of the generator stator winding temperature 
(◦C) for various chamber pressure RMS values (Pa) comparing the 
measured values in the MWPP generator in Chamber 2 against those 
predicted by the numerical model of the thermal behaviour of the 
generator. This figure shows that the results generated by the numerical 
model are reasonably representative of the generator stator winding 
temperatures occurring in reality. The model under study omits four 
factors that may affect initial conditions: (1) Ambient temperature, 
which varies significantly throughout the year (1.4 ◦C–35.6 ◦C) 
(Euskalmet Agencia vasca de); (2) Sea water temperature, influencing 
air-water thermal exchange (15.24 ◦C–25.53 ◦C) (Página Inicio puertos); 
(3) Adiabatic temperature, affected by fluctuating air pressure in the 
chamber; and (4) Magnetizing temperature, maintained for generator 
safety to prevent turbine overspeed.

The stator winding temperature is noticeable lower than 155 ◦C, 
which is the maximum allowable operating temperature that generators 
with Class F insulation (the class of the generators used in MWPP) can 
withstand in continuous operation (IEEE Recommended Practice for 
Thermal). Finally, Fig. 16, presents the power production validation of 
the numerical model vs real measured data at MWPP.

As seen for the generator stator winding temperature, the numerical 
model predicts the electric power output with reasonable accuracy when 
compared with the power measured at MWPP.

3. Tuning generator operational limits and damping valve

Several considerations were factored into the design of the MWPP 
PTO, including operational safety, efficiency, service loads, cost, 
corrosion resistance, and maintenance accessibility. However, the 

Fig. 13. MWPP chamber 2: generator power output the stator winding average 
temperature ◦C vs chamber pressure (rms).

Fig. 14. MWPP chamber 2 (February 08, 2022), Generator Stator Cool
ing Curve.
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challenging conditions, characterised by elevated humidity levels and 
exposure to a saline environment, induce material fatigue that affects 
the performance of WECs and contributes to the failure of power 
equipment. The main failures in MWPP reported in (Lekube et al., 
2018b)- (M’zoughi et al., 2024) are summarised here. 

• Wells Turbine: Exposure to salt water and material fatigue from 
strong airflows.

• Generator: Exposure to salt water and/or strike by broken blades.
• Bearing cover: Excessive axial force induced in the turbine shaft 

leads to bearings rubbing against the inside of the generator cover.
• Cooling system: Salt accumulation.

Stator winding failure of the generator is not one of the types of 
failures and problems reported during the operation of the MWPP. This 
aligns with the results disclosed in Fig. 15, as the generator’s maximum 
allowable operating temperature is never reached. Consequently, the 
winding degradation is minimal. Considering this, it seems reasonable to 
try to increase the generator operating limits to maximize the power 
extraction. Based on previous studies such as (Lopez-Mendia et al., 

2024), where the behaviour of the generator at overload has been 
studied, the option to increase the torque limit becomes a possibility.

A second element whose modifications could improve the MWPP 
power production is the damping valve which controls the available 
pneumatic input power at the turbine. This valve starts operating at 
chamber pressure rms of 5,250Pa and stops the production at 15,250Pa, 
with the angle of the valve changing depending on the moving average 
chamber pressure rms (see Fig. 10).

Based on the Occurrence matrix of MWPP, presented in Figs. 17 and 
4 sea states have been selected for the investigation:

Analysing the number of occurrences of significant wave heights and 
peak period in Mutriku in Fig. 18, it can be observed that 72.9% of the 
occurrences are between Hs = 0.25m and Hs = 1.25m. Under these 
conditions, an increase in the generator operating limits would have 
negligible effect and would be useless, so the analysis will focus on sea 
states with higher waves. Larger waves with height between Hs = 1.25m 
and Hs = 3.25m account for approximately the 25% of the occurrences, 
whilst the number of occurrences for waves between Hs = 3.25m and 
Hs = 5.25m is 2,07%. The most representative periods are between Tp =

10.5 − 12s. However, considering that Hs is directly correlated with Tp, 
a range of Tp = 12.5–13s will be selected. Based on this data, four sea 
states (presented in Table 2) with Hs between 1.5 m and 3 m have been 
selected for the power production comparative study by modifying 
generator limits.

3.1. Increasing generator operational limits

Operating the generator above nominal torque (which implies an 
increase in the generator’s temperature) becomes an option to maximize 
power absorption with optimal efficiency (Kylander, 1995). Table 3
presents the operational limits currently applied to the MWPP generator 
in its configuration at Mutriku together with the dimensional maximum 
operational limits set by the manufacturer for the rotational speed WCF 
and the torque TCF:

Based on the generator limits, Fig. 19 shows the relationship between 
Wells turbine flow (m3/s) and mechanical torque (− ), where CF means 
capacity factor (being Wnom = 3000rpm and Tnom = 58.8Nm). The 
following lines are represented: 

• Green dashed line represents the present generator torque limit of 
TCF = 1.56 Tnom.

• Blue dashed line represents the generator intermediate maximum 
torque limit TCF = 3 Tnom.

• Red dashed line represents the generator maximum torque limit 
TCFMAX = 4.7Tnom.

• Green continuous line represents the turbine’s flow/torque charac
teristic curve for a maximum rotational speed of WCF = 1.4Wnom, 
which coincides with the current speed limit used in currently at the 
MWPP.

• Red continuous line represents the turbine relation flow/torque, per 
generator maximum speed WCF MAX = 2Wnom.

• Finally, the blue continuous line represents the relation flow/torque, 
for an intermediate generator limit speed of WCF = 1.7Wnom, where 
the maximum turbine torque generated is just below the generator 
torque limit.

Fig. 19 illustrates the potential turbine flow/torque control laws that 
can be adopted to boost the power production by increasing the oper
ational range of the turbine-generator set whilst avoiding stall effect at 
the same time. It can be appreciated in the curves how the resultant 
torque descends drastically for high turbine flows. Increasing speed 
limits means to increase the stall limit, and therefore increasing gener
ator speed and torque limit means an increment of power production. 
Three different case studies have been defined in Table 4, with a com
bination of the maximum speed of the generator of WCF = 2Wnom, and a 

Fig. 15. MWPP Generator stator winding measured temperature (◦C) vs Nu
merical model temperature depending on the chamber pressure rms (Pa).

Fig. 16. MWPP Numerical model vs Measured power output comparative.
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maximum torque of TCF = 3 Tnom , whose feasibility was demonstrated 
in a previous study (Lopez-Mendia et al., 2024) by operating the 
generator at 3 times the nominal torque on a test bench:

Fig. 20 presents the percentage of power production increase for 
different case studies, measured with respect to the power generated 
with current limits of TCF = 1.56 Tnom and WCF = 1.44 Wnom.

Although the benefit on power production of these changes in the 
operational limits has been demonstrated, the generator stator insu
lation thermal behaviour needs to be controlled to ensure that the 
temperature on the stator winding maintains within the thermal limit. 
Fig. 21 presents the results of the MWPP generator stator temperature 
(◦C) based on the numerical model developed at section 2.4.3 for the 4 
sea states and three different generator limits. It can be appreciated that 
the generator operates inside the stator insulation Class F thermal limits 
(155◦C).

It should be noted that, upon analysing the relation between speed 
and vibrations from (M’zoughi et al., 2024), it appears that there is not a 

Fig. 17. MWPP Occurrence matrix.

Fig. 18. Mutriku Hs occurrence (%) and Tp occurrence (%).

Table 2 
4 Sea states selected properties.

Sea state number Hs (m) Tp(s)

1 1.5 12.5
2 2.0 12.5
3 2.5 12.5
4 3.0 13.0

Table 3 
MWPP generator current and dimensional maximum limits.

Generator current limits Generator maximum limits

WCF 1.4Wnom 2Wnom

TCF 1.56 Tnom 4.7 Tnom

Fig. 19. Wells turbine non-dimensional flow vs torque CF (− ) with actual limits 
and possible available generator limits.

Table 4 
MWPP generator case study limits.

Generator current limits Option A Option B Option C

WCF 1.44Wnom 2.00Wnom 1.44Wnom 2.00Wnom

TCF 1.56Tnom 1.56Tnom 3.00Tnom 3.00Tnom
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direct correlation between overspeed and increase in vibrations which 
could cause damage to the PTO. Fig. 22 presents a summary of vibration 
speed measurements (M’zoughi et al., 2024), plotted against the rota
tional speed with different colours and symbols depending on the type of 
operational regime the Wells turbine was working in and the associated 
problems in the machinery (e.g. unbalanced, problems with the bearing, 
and occurrence of resonance). The vibration resonance point in MWPP is 
around 3000 rpm (red points).

Considering this resonance point, the possibility of increasing the 
generator speed becomes a real option, on one hand, to increase the 
power output and on the other, to reduce the vibrations on the PTO. 
Nevertheless, blade tip speed velocity should be analysed, as com
mented in section 2.4.1, to prevent shock wave occurrence on the 
blade’s suction surface.

3.2. Increasing valve activation point

Analysing the instantaneous pressure data from chamber 2 of the 
MWPP reveals that the pressure is consistently around 15,000 Pa 
(Fig. 11). This indicates that the valve operates correctly, limiting the 
inlet pressure to optimal ranges during energetic sea states and ensuring 
the PTO generator operates within safe limits.

However, if the RMS pressure activation point is increased, the 
instantaneous inlet pressure will rise, thereby increasing the average 
pneumatic power. With the current generator limits, the turbine is more 
likely to stall. Yet, based on the relationship between the flux and tur
bine speed presented in equation (24), increasing rotational speed can 
help maintain the flux within optimal ranges.

This section examines the possibility of raising the valve’s opera
tional starting point in conjunction with the generator’s operational 
limits TCF = 3.0 Tnom and WCF = 2.0 Wnom. To address this, the four sea 
states outlined in Table 2 have been analysed for different valve acti
vation starting points (Fig. 23, Fig. 24).

The analysis has not only focused on comparing production relative 
to the base case with current limits but has also examined the internal 
behaviour of the generator in terms of thermal response. For this pur
pose, the thermal model presented in Section 3 has been utilized. In 
Fig. 23, instances where the thermal limit of class F insulation of the 
stator winding has been exceeded are marked with a circle. Additionally, 
Fig. 24 shows the thermal response of the stator winding for each case 
study. This figure also illustrates both the operating limit and the 
breakdown limit of the class F insulation for the MWPP generator.

It has been demonstrated how increasing the generator limits in 
combination with the modification of the damping valve activation 
point can improve the power production using the same control law. 

• For Hs = 1,5 m the valve is not in operation because the chamber 
pressure rms doesn’t increase to 5250 Pa. Nevertheless, an increment 
of 5% of power can be obtained by increasing the generator limits.

• For sea states of 2 and 2.5 m, an increment of between 10% and 
22,5% can be appreciated depending on the valve activation point, 
with a reasonable thermal response.

• Finally, for the case of 3 m H, the power production increases to 
between 20% and 38%, but the generator thermal response indicates 
a degradation of the insulation of the stator winding. At this Hs there 
is an additional potential problem with the water level, in some 
cases, rising up to the PTO, inducing non-desirable effects associated 
with corrosion and splashing of the mechanical and electrical parts.

Once the control limits presented before are validated, the last aspect 
to be considered before implementing the proposed novel MWPP control 
limits is their influence on the electrical connection, and the inverter 
behaviour. The MWPP electrical connection consists of 16 AC/DC drives 
(Control Techniques Drives Limited, 2008) (Control Techniques Uni
drive SP 15 kW Inverter Drive 32 A 380 … 480 V AC Three Phase) which 
are connected through a DC bus to DC/AC inverter, and then throughout 
0.460kV/13,2 kV Merlin Gerin transformer the energy is delivered to the 
grid. The Unidrive Inverter has a thermal limitation of 110 ◦C, in 
addition to the reduced rated power, and this is possibly the main 
bottleneck element within the power train. A deeper analysis should be 
completed to understand the thermal behaviour of the converter when 
the generator operating limits are increased. In any case, the increase in 
captured power would more than justify selecting a larger power con
version stage if necessary. This makes the proposed option of increasing 
the maximum operating ranges of the generator and the valve a prom
ising choice for boosting power production.

4. Conclusions

The study demonstrated that sensors installed in the MWPP provided 
valuable insights into the operation of the PTO system. By using a 

Fig. 20. MWPP numerical model: Power production increase with respect to 
existing setting (with current limits TCF = 1.56 Tnom and WCF = 1.44 Wnom) 
for several generator limits Tmax and Wmax, for 4 sea states.

Fig. 21. MWPP Generator stator temperature (◦C) for 4 sea states and gener
ator limits.
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calibrated numerical model (MWPP-NM), it was shown that increasing 
the generator’s operational limits, torque and speed, can enhance power 
production while keeping the thermal response within safe limits (below 
155◦C).

The MWPP-NM helped explore power production gains under 
various sea states by adjusting generator and valve settings. For sea 
states with wave heights Hs < 2.0m, the damping valve was inactive, but 
power increases of up to 5% were observed with adjusted generator 
limits for Hs = 1.5m. For higher sea states Hs = 2 − 2.5m, power in
creases ranged from 10% to 30%, depending on valve activation points. 
In very energetic sea states Hs ≥ 3m, while power production rose, the 
thermal response indicated potential risks of stator insulation damage 
and other operational issues, such as water intrusion into the PTO. 
Future work may explore hybrid strategies to maximize performance 

under these conditions.
Additionally, the thermal model for the generator’s stator winding 

was validated and showed accurate temperature predictions. However, 
the study also highlighted limitations, as the thermal model is sensitive 
to environmental factors like ambient temperature and air pressure, 
which affect the cooling effect of the airflow in Oscillating Water Col
umn (OWC) systems. These factors should be incorporated in future 
studies to refine the model’s accuracy.

Future research will focus on analyzing the thermal behaviour of the 
power converter to prevent overheating and applying the knowledge 
gained in full-scale tests of OWC systems, including ongoing projects like 
the TurboWave initiative [63].

Fig. 22. Vibrations velocity for several cases: Healthy Wells turbine, unbalanced turbine, bearing problems, and resonance problems (M’zoughi et al., 2024).

Fig. 23. MWPP-NM: Summary of Power production increment (%) increasing 
generator Limits (T and W) and for several valve activation points. Fig. 24. Generator stator temperature (◦C) vs Valve activation rms pressure for 

several sea states.
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