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A B S T R A C T

Control algorithms for wave energy conversion technologies with air turbines require contingency tools to
prevent the rated power and maximum rotational speed from being exceeded. Survival problems limit energy
conversion when the available power is too large compared to the turbo-generator-rated power. Short-term
predictions require information from local wave-measuring buoys, which raises reliability concerns. Wave
groups in the ocean result in extremely high wave power peaks that cannot be smoothed by low-inertia
power-take-off (PTO) systems, leading to survival problems. The most common strategy to cope with this
situation is to set the rated power of the PTO several times more than the annual average produced electrical
power. The PTO is shut-down when the available power is excessive. These two engineering decisions have
a detrimental impact on the capacity factor and the energy cost. The paper shows a new control algorithm
for wave energy oscillating-water-column (OWC) devices that can control the shutter position of a fast-acting
valve to dissipate the pneumatic energy excess. Hence, the PTO can operate even when the available power
is significantly larger than the generator’s rated power. The algorithm was validated with the 30 kW biradial
turbine prototype from the OPERA H2020 European project under real sea conditions at Mutriku’s wave power
plant. Results show the algorithm’s effectiveness in real situations and during a generator failure simulated
during the experimental campaign. This new concept may reduce the energy cost from wave energy and open
a new field of design possibilities for OWC wave energy converters.
1. Introduction

In the last 30 years, climate change and its dreadful consequences
have been debated and studied massively, leading to significant gov-
ernment efforts to take several mitigation actions over the years to
stop it [1]. Not all countries are on the same step on the ladder,
and developing countries have been making a hard path throughout
economic growth with the same tools already developed countries used
(and are using) [2]. Consequently, many international protocols have
been signed over the last decades to overcome this issue that does not
directly impact the final goal, which is to be possible for humankind to
live on Planet Earth [3].

For most countries, the consequences of climate change are not yet
in their backyard, which implies that national politics cannot deploy a
lot of the annual expenditures on that sector to the detriment of others,
such as health or education [4]. Nevertheless, recent events caused this
subject to become a priority due to the possibility of a lack of energy
supply. Countries minimise energy consumption and make significant
investments and strategic planning for sustainable energy generation.
Security of supply and energy independence is now a must-have [5].
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The plan is to have a highly electrified, efficient, and low-carbon
energy system [6]. Digitisation of all components connected in a smart
grid will allow real-time control of the grid demand and supply of
energy [7]. The upcoming regulation must adapt to the changing mar-
ket conditions and disruptions to promote resilience in the sector [8].
Introducing new players in the liberalised market will decrease the final
energy cost. Marine renewable technologies have potential competitive
advantages over other mature renewable technologies in decarbonis-
ing activities that concern the ocean – the Blue Economy – such as
shipping, ports [9], offshore aquaculture [10], oceanographic observa-
tions [11], remote islands [12] and power-to-gas [13]. Furthermore, it
will help the path to decentralisation and boost existing local energy
communities. This aligns with several of the Sustainable Development
Goals set forth by the United Nations, namely, affordable and clean
energy; decent work and economic growth; industry, innovation and
infrastructure; sustainable cities and communities; and climate action.
vailable online 2 May 2023
364-0321/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access ar
c-nd/4.0/).

https://doi.org/10.1016/j.rser.2023.113299
Received 7 August 2022; Received in revised form 8 March 2023; Accepted 11 Apr
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

il 2023

https://www.elsevier.com/locate/rser
http://www.elsevier.com/locate/rser
mailto:ana.carrelhas@tecnico.ulisboa.pt
mailto:luis.gato@tecnico.ulisboa.pt
https://doi.org/10.1016/j.rser.2023.113299
https://doi.org/10.1016/j.rser.2023.113299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2023.113299&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Renewable and Sustainable Energy Reviews 180 (2023) 113299A.A.D. Carrelhas et al.

s
w
o

m
a
s
3
o
t
l
m
i

t
o
v
o
f
i
i
o

d

Nomenclature

Roman symbols

𝑎 control law parameter [Nm s𝑏]
𝑏 control law parameter [-]
𝐷 rotor diameter [m]
𝑒 normalised error of the P controller [-]
𝐾p proportional gain of the P controller [-]
𝑝 pressure [Pa]
𝑃 power [W]
𝑃 PSC
gen generator power limit for controller [W]

𝑄 flow rate [m3∕s]
𝑡 time[s]
𝑇 torque [Nm]
𝑢 HSSV normalised shutter position [-]

Greek symbols

Δ variation, interval
Δ𝑝 turbine available pressure head [Pa]
η efficiency [-]
Π power, torque coefficient [-]
ρ air density [kg/m3]
Φ flow coefficient [-]
Ψ pressure coefficient [-]
Ω rotational speed [rad/s]
ΩPSC
gen generator rotational speed limit for con-

troller [rad/s]

Superscripts

− average quantity
A–C atmosphere to chamber
C–A chamber to atmosphere
lim limit
PSC peak shaving control
rated rated quantity

Subscripts

avail available
bep best efficiency point
ctrl reference to valve position function
gen generator
L lower-threshold
max maximum
rated rated quantity
turb turbine
U upper-threshold

Acronyms

AMCA Air Movement and Control Association
CAPEX Capital Expenditures
DI Digital Input
DO Digital Output
H2020 Horizon 2020
HSSV High-Speed Safety Valve
IST Instituto Superior Técnico
OPERA Open Sea Operating Experience to Reduce

Wave Energy Cost
2

f

OPEX Operational Expenditure
OWC Oscillating Water Column
PSC Peak Shaving Control
PEHD Polyethylene High-density
P Proportional
PLC Programmable Logic Controller
PTO Power Take-off System
WEC Wave Energy Converter

Albeit extensive research and development programmes have been
undertaken to foster a wave energy industry, the technology is still far
from the maturity of more conventional renewable technologies [14].
The EU recognised this fact and provided several policy mechanisms
to raise the competitiveness of the wave energy sector to the level of
the wind and photovoltaic sectors [15]. Despite these efforts, wave
energy has yet to reach the commercial stage. Two reasons for this
failure are the harsh environment and the large peak-to-average power
ratio associated with the randomness of the resource. They make the
wave energy converter (WEC) design a unique engineering challenge
compared with other renewable energies [16].

A standard parameter used to compare energy systems is the ca-
pacity factor. The capacity factor is the ratio between the electrical
energy produced during one year and what would be produced annu-
ally if the system always performed at its rated power. The capacity
factors of intermittent renewable energy technologies are relatively low
compared to dispatchable generation such as biomass and geothermal
power plants or coal, natural gas and nuclear power plants.

Direct comparison of wind turbines and WECs’ capacity factors
usually favour the wind turbine, and this is due to essential differences
between the wind and the wave resources. Moreover, wind turbines
can decrease their efficiency by blade-pitch and rotation speed control,
limiting the electrical power output for wind speeds above a given rated
wind speed, typically between 10 to 13m/s. The cut-off wind speed
is typically set above 25m/s for the most recent large offshore wind
turbines. Whereas wind power is proportional to the third power of
the wind speed, this procedure allows the turbine to operate at the
rated power between the rated wind speed and the cut-off wind speed,
which provides capacity factors above 0.4. The variation of the average
easonal wave resource and the high wave power peaks produced by
ave groups generally lead to wave energy converters capacity factors
f about 0.25 or below.

Aiming to increase the capacity factor, the WEC operation under
ore energetic sea states is a critical issue that must be addressed

t the design stage [17]. WECs are designed to withstand extreme
torm conditions with a typical peak-to-average power ratio up to
0 [18]. This value provides the conditions for the mechanical design
f the structural parts. Under normal operating conditions, the peak-
o-average power ratio in the power take-off (PTO) system is much
ower, typically from 7 to 10 [19]. This range of values is used for the
echanical design and control of the PTO system, as the power plant

s shut down in wave storms for safety reasons.
There are various physical mechanisms whence energy can be ex-

racted off waves, resulting in different WEC concepts. Based on the
perating principle and morphological characteristics, these can be di-
ided into four main groups: over-topping [20], membrane-pump [21],
scillating-body and oscillating-water-column (OWC) [22] devices. The
irst two are non-resonating WECs with water or air accumulated
nto a reservoir, giving moderate peak-to-average power ratio values
n the PTO under normal operation [23] compared to the resonate
scillating-body and OWC WECs [24].

In the case of oscillating-body WECs, the PTO system or an ad-
itional dissipative system must withstand dynamic forces resulting

rom the more energetic sea states [25]. Stiff systems such as hydraulic
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circuits or linear generators have structural problems when dealing
with the peak stresses associated with large wave forces, especially for
compressing stresses due to buckling. Furthermore, the cyclic nature
of the wave forces causes significant fatigue and wear problems. These
issues are not found in OWC WECs.

OWC are devices consisting of a fixed or floating hollow structure –
the air chamber – open to the sea below the water surface confining
air above the inner free surface [26]. The waves’ action alternately
compresses and expands the entrapped air in the chamber. The pres-
sure difference between the air chamber and the atmosphere drives a
self-rectifying air turbine [27].

Several types of self-rectifying turbines have been proposed, such
as the Wells turbine [28], axial-impulse turbine [29], radial-impulse
turbine [30], the biradial turbine [31] and twin-rotor turbine [32].
Ref. [33] provides a comprehensive review of the technology. Wells
and axial-flow impulse turbines are the most popular self-rectifying
turbines.

Compared to the expected mean for the site and device, the avail-
able energy to the PTO can be excessive in more energetic sea states.
An over-rated capacity for the electrical generator could be selected
to handle the large peak-to-average resource power ratio for the safe
operation of the OWC PTO system. If the generator’s rated capacity is
sufficiently high, neither the rotational speed nor the generator power
will be exceeded.

This design option has two disadvantages: (i) it increases the cost of
the PTO as a higher-rated-capacity generator is comparatively expen-
sive, and (ii) it reduces the efficiency of the conversion of mechanical
energy into electrical energy since under the more frequent near aver-
age conditions, the power of the over-rated-capacity generator is very
small, resulting in a low efficiency of this component.

Two types of valves can be applied to control the pneumatic power
available to the air turbine of OWC devices [37]: (i) a bypass relief
valve mounted in parallel with the turbine [37], see Fig. 1 a), or (ii) a
valve installed in series with the turbine [38,39], see Fig. 1 b). The
first solution is the most obvious concept, but the large area required
to make it effective limits its application to the protection of the
PTO, e.g., slow closing whenever the available resource energy is too
large [34]. Fig. 1 a3) shows the sliding-type relief valve installed on
he roof of the air chamber of the Pico power plant. The second one
as proposed by Stephen Salter, who designed and manufactured a
igh-speed safety valve (HSSV) for installation in series with a Wells
urbine [35,36]. The operating mode of this valve is only fully closed
r fully open. The Salter’s HSSV had two possible types of operation
i) PTO system protection by closing the valve and, therefore, restrict-
ng the airflow into the turbine and (ii) latching control where the
alve is fully closed or open to allow phase control [39]. The valve
as a rubber membrane pneumatically operated by a piston moving
nside the inner turbine duct with a time response of less than 0.1 s, see
ig. 1 b). The valve was designed for the Pico wave power plant [34],
ut its mechanical complexity and maintenance problems deterred its
nstallation.

The biradial turbine overcomes the well-known Wells turbine lim-
tations [40] for OWCs: highly efficient operation at high-pressure
eads and smooth decrease in efficiency above the peak efficiency. The
urbine is symmetrical, considering a mid-plane perpendicular to its
xis of rotation. A pair of fixed guide-vane rows installed in a radial
uct surrounds the rotor blades at the inlet and outlet. The biradial
urbine geometry enables installing a built-in axially sliding mechanism
hat operates an HSSV whose typical stroke is around 10% of the turbine
otor diameter. The biradial turbine built-in HSSV is straightforward
onstruction, reliable, much simpler and cheap than the membrane-
ased HSSV depicted in Fig. 1 b1)–b4). Although the HSSV introduces an

additional moving part to the turbine, it allows a three-mode operation:
(i) safety valve — an on/off mode aiming to protect the PTO and limit
the turbine rotational speed, (ii) latching valve — for phase control,
3

and (iii) high-speed partial closing.
The current paper explores and validates the possibility of perform-
ing a new type of control in an OWC WEC equipped with a biradial air
turbine and an HSSV, allowing complete or partial closure. The authors’
named peak shaving control (PSC) this new type of control for OWC
with an HSSV valve able to partial closure. This control type is highly
desirable as it alleviates the PTO mechanical loads and allows WEC
operation in more energetic sea states, thus improving the capacity
factor and grid integration. PSC also increases the mean efficiency of
the electrical generator by allowing regular PTO operation with re-
duced rated power since the design limit to turbine available pneumatic
power is never exceeded. It is a simple and effective mechanical energy
dissipation method since it is a thermodynamic throttling process (a
pressure loss in a valve).

PSC algorithm can be included in the category of OWC control with
valves, so it requires simultaneous action on the electrical generator
and the valve’s shutter position. This work’s primary goals are to
understand (i) how the valve’s partial shutter closure affects the turbine
performance and (ii) how a control algorithm that uses the latter
results can be devised for turbine-generator operation in real sea state
conditions. Optimising the control variables of both PTO components
is outside the scope of this paper.

Experimental testing of OWC PTO control algorithms has been
made in hardware-in-the-loop (HIL) electrical test rigs [41] and in sea
trials [42,43]. In an electrical HIL test rig, the WEC performance is
numerically modelled in real-time as a function of the time-dependent
prescribed incident wave field and the measured electrical generator
rotational speed. At the same time, an electric motor applies the
calculated instantaneous turbine shaft torque to the electrical gen-
erator [41]. The IST variable-flow test rig includes a real-time HIL
flow controller, which allows experimental validation of the complete
turbine-generator set performance in real-time under different control
algorithms and realistic wave conditions [44,45].

The peak shaving control algorithm proposed in this paper was
tested using the novel biradial air turbine for OWC applications built
within the European H2020 OPERA project [46]. Two campaigns in
different test rigs were performed: First, real conditions were mimicked
at the IST variable flow test rig, allowing repeatability and reproducibil-
ity of flow conditions. Subsequently, tests were performed in real sea
conditions at Mutriku’s wave power plant.

This paper aims to answer the research question: May a peak
shaving control algorithm be devised for OWC wave energy devices?

The contributions of the paper are: (1) the introduction of the new
concept of peak shaving control for wave energy devices of the OWC
type changing the current paradigm of these devices; (2) concept proof
of the novel control algorithm with validation in dry testing at IST and
under real sea conditions at Mutriku’s wave power plant; (3) detailed
analysis of the effect of the partial closure of the HSSV shutter on the
performance of a biradial turbine; (4) demonstration that the novel
control allows continuous operation even in the case of failure of the
generator controller.

The structure of the paper is as follows. Section 2 describes the
components of OPERA’s PTO system. Next, the adopted strategy for
the peak shaving control algorithm is presented in Section 3. The
description of the two test rigs, including instrumentation and data
acquisition systems, is introduced in Section 4. The discussion and
analysis of results are followed by the conclusions and proposed future
work in Sections 5 and 6, respectively.

2. Power take-off system

The PTO consists of (i) a biradial air turbine with fixed guide vanes,
(ii) a high-speed safety valve (HSSV) and (iii) an electrical generator as
schematically depicted in Fig. 2. Its main characteristics are presented
in Table 1. A conical adapter was used to assemble the PTO at the IST

variable flow test rig and Mutriku’s wave power plant easily.
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Fig. 1. Valve arrangement types. a) Relief valve mounted in parallel with the turbine: a1) schematic view of the Pico power plant depicting the relief valve location, a2) Pico
plant view from the sea, a3) low-speed slide gate relief valve installed on the air chamber roof of the Pico power plant (fully-open position) [34]. b) Salter’s high-speed safety
valve (HSSV) in series with a Wells turbine: b1) membrane shutter contracted (open position) and b2) membrane shutter inflated (closed position), adapted from [35]. Labels: (1)
- generator, (2) - spherical casing, (3) - membrane shutter contracted, (4) - duct, (5) - piston position for contracted membrane, (6) - Wells turbine rotor, (7) - membrane shutter
inflated, (8) - piston (position for inflated membrane), b3) and b4) front and rear views of the Salter’s HSSV Pico plant prototype with the membrane partially inflated during
testing at IST [36].
Table 1
PTO main characteristics.
Source: Reproduced from [31].

Turbine-generator set High-speed safety valve

Air turbine biradial
Assembly position vertical axis Safety valve type high-speed
Rated power, 𝑃 rated

gen [ kW] 30 Valve type cylindrical
Maximum speed, Ωmax [rad/s] 314 Shutter material low friction PEHD
Turbine rotor diameter 𝐷 [m] 0.50 Valve operating system linear actuators
Maximum generator counter torque, 𝑇 lim

gen [Nm] 256 Number of actuators 4
Nozzle/Diffuser channel width [m] 0.053 Actuator unit rated capacity [kN] 1
Turbine stator diameter [m] 2.10 Protection index of actuators IP65
Stator design 4 × 64 fixed guide vanes Fast acting speed [m/s] 0.3
Turbine rotor inertia [kg m2] 5.01
The turbine is a biradial turbine with fixed guide vanes with a
new stator design [47]. The adopted design prevents high stagnation
pressure losses at the outlet guide vane system that generally penalises
self-rectifying impulse turbines [27]. This is achieved by introducing
a radial offset of the guide vanes from the rotor and replacing the
usually single vane row, on each side of the rotor, with two concentric
rows of guide vanes. The double row of guide vanes gives wider
circumferential spacing for the exit flow while appropriately deflecting
the flow admitted to the rotor [48].

The generator is a squirrel-cage induction electrical machine con-
trolled by a variable-frequency drive with four quadrants, allowing
torque or speed control. This paper refers to work performed at the
4

IST Laboratory and Mutriku’s wave power plant during the PTO’s com-
missioning tests performed by the IST Team, from May to June 2017,
within the framework of the H2020 OPERA project [46]. In these two
OPERA project phases, the turbine-generator set was grid connected
at the IST Laboratory and Mutriku’s wave power plant through a
37 kW four-quadrant variable-frequency drive Siemens SINAMICS G120
regenerative power module PM250. Another variable frequency drive
was used during the experimental campaigns that followed this work:
see (i) the project reports concerning the testing at the Mutriku Wave
Power Plant [49] and at the MARMOK-A-5 device [50]; and (ii) the
comparative assessment of the turbine performance of the Wells and
the biradial turbine at the Mutriku Wave Power Plant [19].
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Fig. 2. Schematic representation of the PTO, detailed view of the high-speed safety
valve (HSSV) (if the valve is open (closed) then 𝑢 = 1 (𝑢 = 0)) and the input/output
signals for the control algorithm using a PLC. The green and red arrows represent the
flow direction. Labels 1, 2 and 3 indicate the biradial air turbine with fixed guide
vanes, the high-speed safety valve and the electrical generator, respectively. Labels 𝑝c,
𝑝A-C
𝑄 and 𝑝C-A

𝑄 denote the pressure taps’ position to measure the air chamber pressure
and the pressure for the flow rate calculation. The label marked with ∗ represents the
perspective of the photographs shown in Fig. 4.

The HSSV is composed by two main component types: (i) a low fric-
tion PEHD annular ring with inner and outer diameters of 510mm and
600mm, respectively, and (ii) four linear actuators radially disposed at
90◦. The linear actuators have a displacement encoder allowing closed-
loop feedback control so that the position of the valve is accurately
set and always known. Fig. 3 shows a photograph of the HSSV in its
supporting structure during preliminary tests before installation into
the PTO system.

Due to assembly and maintenance reasons, the valve is located in
the stator closest to the generator atmosphere side); see Fig. 2. The total
displacement of the HSSV shutter is 53mm (the span between the two
metal walls that compose the stator). Given the shutter speed of 0.3m/s,
the valve closes in less than 0.18 s. We define 𝑢 as the variable that
expresses the position of the HSSV shutter. It is 𝑢 = 1 (𝑢 = 0) if the
valve is open (closed), see the top-left corner of Fig. 2. A perspective of
the stator in the atmosphere side during operation is shown in Fig. 4
(see label ∗ in Fig. 2). Four shutter positions are shown. In Fig. 4 a) the
HSSV is fully open. In the following figures, the HSSV is gradually being
closed. The white PEHD annular ring is the HSSV shutter. In Fig. 4 d)
the HSSV is fully closed.

3. Control strategy

The control strategy is divided into two levels: electrical generator
control and HSSV control. Both levels work independently of each
other. They are shown in Fig. 5 a) and b) respectively, and are analysed
below.

In what concerns the electrical generator control, the starting point
of the control law design is based on the evidence that maximum
energy production of an OWC WEC device is reached for an ideal
turbine-generator set with zero inertia and constant electrical generator
efficiency, if the instantaneous rotational speed, Ω(𝑡), is controlled such
that the instantaneous generator counter torque is [37]

𝑇gen(𝑡) = ΠbepρΩ2(𝑡)𝐷5 . (1)

Here ρ is the air density, Πbep is the power coefficient corresponding
to the turbine’s maximum efficiency under steady-state conditions, and
𝐷 is the turbine rotor’s diameter. Under the above ideal assumptions,
the PTO would respond instantaneously to the torque control set-point
5

Fig. 3. High-speed safety valve (HSSV) in its supporting structure: 1 - actuators’
controllers CMMP-AS-C2-3A-M0; 2 - linear actuators FESTO EPCO; 3 - annular shutter.
See Fig. 2 to localise the HSSV in the PTO.
Source: Courtesy of Kymaner [51].

Fig. 4. Photographs of the biradial turbine stator in the atmosphere side during the
high-speed safety valve (HSSV) operation. The white annular ring is the HSSV shutter.
a) HSSV fully open; b)/c) partially closed; d) fully closed.

to an upcoming difference in pressure inside the pneumatic chamber.
Although this situation is highly benign from the quantity of energy
conversion point of view, it would harm the quality of the produced
electrical energy due to the high instantaneous power variation. How-
ever, an actual device has inertia (due to the turbine, generator and
other rotating masses, e.g., couplings), and the generator’s efficiency
depends on the applied load. So, a more general control law is used,

𝑇gen(𝑡) = 𝑎Ω𝑏(𝑡) , (2)

where the control parameters 𝑎 and 𝑏 are selected to maximise the
PTO’s energy conversion for given inertia and PTO damping introduced
into the WEC hydrodynamics [52]. Given the generator’s electrical
power limit 𝑃 PSC and maximum torque 𝑇 lim, the generator counter
gen gen
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Fig. 5. Peak shaving control (PSC): electrical generator counter torque, 𝑇gen, and high-
speed safety valve (HSSV) shutter position, 𝑢, as a function of the turbine rotational
peed, Ω – a) generator control and b) HSSV shutter position control.

orque is

gen(𝑡) = min
(

𝑎Ω𝑏(𝑡), 𝑃 PSC
gen ∕Ω(𝑡), 𝑇 lim

gen

)

. (3)

The amount of available energy supplied to the PTO in regular
operation allows safe operation. The HSSV is fully open, 𝑢 = 1, if the
nstantaneous rotational speed is below an upper threshold, Ω(𝑡) ≤ ΩU,
ee Fig. 5. When the available power is higher, the rotational speed
ncreases due to the generator control law applied; see Eq. (3). If
(𝑡) > ΩU, the algorithm enters in PSC, and the HSSV partially closes
0 ≤ 𝑢 ≤ 1) to respect the electrical generator power PSC setting
alue 𝑃 PSC

gen and not exceeding maximum rotational speed ΩPSC
max. The

ontrol algorithm switches to regular operation when the instantaneous
otational speed is lower or equal to a lower threshold, Ω(𝑡) ≤ ΩL. The
alues of ΩL and ΩU are determined using an optimisation algorithm to
aximise the annual electricity production as described in Ref. [52].

The HSSV shutter position was controlled using a proportional (P)
ontroller defined as

ctrl = 𝐾p 𝑒(𝑡) . (4)

ere 𝑒(𝑡) is the normalised error defined as

(𝑡) =
Ω(𝑡) − ΩU

ΩPSC
max − ΩU

, (5)

and 𝐾p is the non-negative gain of the proportional term, Fig. 6.
A proportional–integral–derivative controller was initially considered,
and valve-shutter-position control laws were compared using the same
pressure time series. Whenever the rotational speed fluctuations were
too fast, the integral controller suffered windup problems, and the
derivative controller over-predicted the system response. As such, the
integral and derivative gains were set to zero, turning into a P con-
troller.

The flow rate 𝑄 across the HSSV is a non-linear function of its
losure fraction. To cope with this non-linear behaviour, the response
6

w

Fig. 6. High-speed safety valve (HSSV) shutter position controller.

of the P controller was changed by applying a monotonic decreasing
function 𝐹 (𝑣ctrl) such that

(𝑣ctrl) =

⎧

⎪

⎨

⎪

⎩

0 𝑣ctrl ≤ 0
𝐹 (𝑣ctrl) 0 < 𝑣ctrl < 1
1 𝑣ctrl ≥ 1

. (6)

Using the function 𝐹 (𝑣ctrl) allowed testing different valve closure
trategies without changing the P controller.

The dash-dotted blue line in Fig. 5 exemplifies the implementation
f the PSC with the HSSV partial closure (0 ≤ 𝑢 ≤ 1). If the maximum
otational speed, Ωmax, is attained, the HSSV closes, 𝑢 = 0, and remains
losed until Ω(𝑡) ≤ ΩL.

As can be seen, there are several variables to be optimised. The
bjective is to minimise the actuation of the valve and maximise the
roduced energy while respecting the PTO’s constraints (e.g., maximum
otational speed, ΩPSC

max, electrical generator power PSC setting value,
PSC
gen , and linear actuators wear).

. Description of the test rigs

The experimental tests were performed in two test rigs: at the
i) IST variable flow test rig in Lisbon, Portugal and (ii) Mutriku’s
ave power plant in the Basque Country, Spain, see Fig. 7. The first

est rig allows safe operation and repeatability conditions, and the
econd allows proper PSC validation in real sea state conditions. The
ollowing subsections describe detailed information about each test rig,
nstrumentation, and data acquisition system.

.1. IST variable flow test rig

The PTO was tested at the variable flow test rig with the ei-
her steady-state or variable unidirectional flow, depending on the
est. The test rig is an open circuit blow-down type test rig. The air
emperature variation is assumed insignificant since the laboratory is
dequately ventilated, and its volume is much larger than the one that
asses throughout the test rig per minute. The test rig is schematically
epresented in Fig. 7 a1). The PTO (1) is connected to an adapting
ntechamber (2) by the conical adapter. The adapting antechamber is
onnected to the first plenum chamber (3) whose purpose is to reduce
he kinetic energy close to zero. At the exit of the first plenum chamber,
here is a duct filled with a honeycomb lattice (4) that straightens
he flow before entering the calibrated converging nozzle (6) for flow
ate measurements. It is followed by a diffuser (7) to recover part
f the kinetic energy and a second plenum (8) chamber designed to
ttenuate high-frequency pressure waves produced during the variable
low tests. Both plenum chambers, converging nozzle, and diffuser,
ere designed following the AMCA 210/99 Standard [54]. A 55 kW

ated power radial fan (9) provides the pressure head across the turbine
nd is controlled by a variable frequency drive. A fast-acting valve (10)
s assembled at the fan’s exit, and a linear motor actuates it. The
alibration methodology of the test-rig valve is described in [44] and

as performed accordingly for the presented experimental tests.
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Fig. 7. Test rigs. a) IST variable flow test rig – a1) top-view of the test rig: (1) PTO, (2) adapting antechamber, (3) first plenum chamber, (4) honeycomb lattice, (5) duct, (6) flow
nozzle, (7) diffuser, (8) second plenum chamber, (9) 55 kW radial fan, (10) fast-actuating air valve (reproduced from [31]); a2) PTO assembled into the laboratory. b) Mutriku’s
wave power plant: b1) bird’s eye view of the plant; b2) side section schematic view of one pneumatic chamber (not to scale, the height is considerably larger when compared
with the width [53]); b3) photograph of the turbine’s gallery: (1) turbine’s gallery, (2) opening to the atmosphere, (3) PTO, (4) conical adapter, (5) interface duct, (6) pneumatic
chamber.
4.2. Mutriku’s wave power plant

The Mutriku wave power plant is built on a breakwater structure
with approximately 440m length [53]. It was constructed in 2011
to protect the Mutriku harbour in Basque Country, Spain. A gallery
encloses the apertures to sixteen OWC chambers where circular ducts
connect Wells turbines with a rated power of 18.5 kW, see Fig. 7. The
OPERA’s PTO was assembled into chamber nine throughout the conical
adapter. The butterfly valve installed into the circular duct allows
shut-down of the airflow if needed.

4.3. Instrumentation

The turbine pressure head, Δ𝑝, was measured with a KELLER PD-23
pressure sensor with pressure range 0 − 20 kPa and accuracy of ±0.5%
of the full scale. This sensor measured the relative pressure between
the atmosphere and a pressure tap at the conical adapter wall, labelled
𝑝c in Fig. 2.

The turbine flow rate, 𝑄, is calculated from the calibration per-
formed at IST of the relation between the pressure of the tap closest
to the rotor relative to the atmosphere, 𝑝A-C

𝑄 , and the flow rate mea-
sured by the test rig calibrated flow meter, see item (6) in Fig. 7 a1).
Similarly to the turbine pressure head measurements, KELLER PD-23
pressure sensors were used for the 𝑝A-C

𝑄 measurements. A Honeywell
HSCSNBN-001P-DAA5 pressure transducer with a range ±6.8 kPa, and
0.25% full-scale accuracy was used to measure the pressure drop at
the test rig calibrated flow meter. This instrument was previously
calibrated against a Betz micro-manometer, with absolute accuracy of
7

0.05mmH2O. It was found that the flow meter pressure drop is inde-
pendent of the turbine rotational speed [31]. The turbine experiences
different airflow directions depending on if the OWC free surface is
increasing or decreasing its position relative to the sea bottom, see
Fig. 2. If it increases (see red arrows), air compression inside the
pneumatic chamber generates the flow throughout the turbine. First, it
passes by the stator, follows the rotor, and then another stator before
entering the atmosphere. If it decreases (see green arrows), air suction
inside the pneumatic chamber drives the flow in the symmetric path to
the previous situation. Thus, this implies that depending on the relative
pressure inside the Mutriku’s power plant pneumatic chamber, either
the pressure-tap labelled 𝑝A-C

𝑄 or 𝑝C-A
𝑄 was used for the calculation of

the flow rate, see Fig. 2.
The rotational speed, Ω, was measured by a Siemens encoder

1XP8012-1X HTL assembled into the generator shaft and calibrated at
IST with a tachometer Graham & White model PT331, with absolute
accuracy of 0.05 rpm.

The turbine torque, 𝑇turb, was calculated from the previous calibra-
tion data of the electrical generator at IST, measuring the generator
power with a power analyser and the rotational speed with the encoder
mentioned above, as described in [31]. Note that a torque meter
assembly in an industrial prototype is unreliable. A torque meter is a
sensible instrument used in laboratory benches with tight tolerances
and slight vibrations. Therefore, its use in applications such as floating
WECs (the final destination of OPERA’s prototype) would most likely
deteriorate the sensor.

The air density, ρ, was calculated by measuring wet and dry temper-
atures and atmospheric pressure. Temperatures were measured with an
accuracy of 0.5◦C. A digital barometer with an accuracy of 0.1mmHg
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Fig. 8. Schematic representation of the data acquisition system used in the tests.
Source: Reproduced from [31].

recorded the atmospheric pressure. The air density calculation fol-
lows the recommended procedure in AMCA 210-99 Standard [54]. In
Mutriku’s wave power plant, it was assumed that the air density is
approximately the same inside the turbine’s gallery and the pneumatic
chamber.

The HSSV linear actuators are controlled with Festo CMMP-AS-C2-
3A-M0 control modules commanded by a Programmable Logic Con-
troller (PLC). The control modules receive signals from the PLC. There
are eight DI/DO available slots on this PLC. Two define the control
mode (mode 1 - fully open/closed; mode 2 - allow partial closing),
and the remaining six determine the position of the valve with one-
millimetre discretisation. Preliminary tests showed that the current
supplied to the HSSV linear actuators exceeded the established design
safety limit of 2.4A (230V AC) for a steady position below 40% of the
valve’s aperture. Therefore, the aperture was limited to 0.4 ≤ 𝑢 ≤ 1 to
respect the maximum design actuating force of the OPERA’s shutter
actuators. When the valve is partially closed, the flow accelerates,
decreasing the pressure on the inner cylindrical shutter surface and
increasing the force acting upon the valve shutter. For this specific
project, a decision was made regarding the components that constitute
the HSSV based on the expected lifetime of the project. In future proto-
types, further investigation on other types of actuators is recommended
to endure the conditions met on the deployment site.

4.4. Data acquisition

A schematic representation of the data acquisition system is pre-
sented in Fig. 8. The system comprises two subsystems: (i) acquisition
of the signals that enable the measurement of the generator electri-
cal power output and (ii) acquisition of the remaining signals and
control signals set-points (e.g., the position of the valve shutter and
generator counter torque). The latter includes the test rig and PTO
instrumentation. The first subsystem was configured on a Host PC
with a Session-Based Interface. The second one was set throughout
a Simulink Real-Time on an xPC Target. The use of signal triggers
synchronised both subsystems, and PCI NI-6221 data acquisition boards
were used.

5. Results

This section contains two subsections: results from the dry testing
at IST in Section 5.1 and sea trial results at Mutriku’s wave power
plant in Section 5.2. Evaluating how the HSSV shutter position affects
the turbine’s performance is required to perform PSC. This analysis
is presented in Section 5.1.1. The design of the auxiliary parametric
function, 𝐹 (𝑣ctrl), in Eq. (6) is described in Section 5.1.2 together with
its validation tests. The validation test of PSC at IST variable flow test
rig is shown in Section 5.1.3. Section 5.2.1 presents the PSC tests at the
Mutriku wave power plant. As an ultimate test of the robustness of the
PSC algorithm, Section 5.2.2 contains test results in an emergency case
where the generator controller fails (zero generator’s counter torque).
Section 5.3 addresses the possible road to industrialisation and future
work to improve the studied approach.
8

Table 2
Measured values for Φη=0, Φ ηmax

and ηmax for discrete positions of the HSSV.

𝑢[−] Φη=0[−] Φ ηmax
[−] ηmax[−]

1

0.05 0.115

0.70
0.7 0.63
0.5 0.45
0.4 0.32

5.1. IST variable flow test rig results

5.1.1. Turbine performance
The turbine performance is determined under steady-state flow. The

electrical generator and motor’s fan operate in speed-control mode
when a constant rotational speed is set. The goal is to assess the
relationship between the turbine pressure head coefficient,

Ψ =
Δ𝑝

ρΩ2𝐷2
, (7)

flow coefficient,

Φ = 𝑄
Ω𝐷3

, (8)

power coefficient,

Π =
𝑇turb
ρΩ2𝐷5

, (9)

and efficiency,

η = Π
ΦΨ

, (10)

for a given constant rotational speed (set by the electrical generator)
and turbine pressure head (set by the fan). The tests were performed
for a range of rotational speed and Reynolds number of 495 rpm ≤ Ω ≤
2595 rpm and 2.1 × 105 ≤ Re ≤ 1.3 × 106, respectively, corresponding
to a range of flow coefficient of 0.05 ≤ Φ ≤ 0.56. The minimum
rotational speed was 495 rpm due to the low efficiency of the generator
for rotational speeds below that value [31]. The flow coefficient was set
for values in the above range, from zero to maximum and then to zero,
for all the rotational speeds. The maximum value of the flow coefficient
was limited by the available power given by the test rig. Each test
recorded all the needed variables to access the turbine’s aerodynamic
characteristics for 30 s. Fig. 9 displays the performance curves as a
function of the flow coefficient for four different positions of the HSSV
shutter, 𝑢 = 1, 0.7, 0.5 and 0.4 (note that 𝑢 = 1 is fully open and 𝑢 = 0
is fully closed).

Analysis of Fig. 9 shows low dispersion of the measurements for all
the presented coefficients (η, Π, Ψ), validating the dynamic similarity
analysis and indicating a consistent experimental procedure. Inspection
of the efficiency curves reveals how curves change their shape as a
function of the HSSV shutter position: in a marginal way for high
apertures, strongly as the aperture is reduced. Above 𝑢 = 0.5, the curve
begins to change its original form slightly. Values of Φη=0 and Φ ηmax
are approximately constants in the tested aperture range. As expected,
the maximum efficiency decreases as the aperture decreases. Table 2
presents the values for the abovementioned variables.

As for the efficiency curves, the HSSV shutter position modifies the
curve Ψ(Φ). A higher available pressure head is required to provide
a constant turbine flow rate value as the HSSV closes, steepening the
quadratic relationship between the flow rate and pressure inside the
turbine.

Values from Table 2 indicate that ηmax decreases as the HSSV
closes. Initially, the efficiency is barely affected by the valve’s shutter
position, following a substantial decrease as 𝑢 approaches zero. The
behaviour of the variables mentioned above is intrinsically connected.
Because the power coefficient curve, Π(Φ), is unaffected, Φη=0 and
Φ ηmax remain almost constant independently of 𝑢. This non-intuitive
result demonstrates that the valve produces local flow losses, and the
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Fig. 9. Performance curves of the turbine: efficiency, power and pressure coefficient
as a function of the flow coefficient for four different HSSV shutter positions, 𝑢 = 1,
0.7, 0.5 and 0.4.

angular momentum of the flow leaving the rotor remains approximately
the same. Therefore, the energy per unit mass exchanged between
the rotor and the fluid remains approximately constant. However, the
rotor efficiency decreases due to incidence losses at the entry of the
rotor owing to flow separation downstream of the valve’s shutter. From
the rotor’s point of view, the valve produces a local head loss, not
affecting the angular momentum of the flow at the rotor exit. Note
that the same valve configuration in other turbine types may have a
different effect. This feature of the biradial turbine rotor is due to its
blade design forming long flow channels required to provide enough
guidance to turn the inlet centripetal flow into the exit centrifugal
flow [48,55]. Also, note that the PSC objective is to dissipate excess
pneumatic energy from sea states with mean available power much
larger than the generator’s rated power using the HSSV partial aperture.
Maximising the turbine’s efficiency is not a goal in excessively energetic
sea states.

5.1.2. HSSV control algorithm under peak shaving control
The PSC implies the design of a control sub-algorithm for the HSSV

aperture. From the results in Fig. 9, the variation of the turbine peak
efficiency as a function of the HSSV shutter position 𝑢 is obtained (see
Table 2). It can be seen that ηmax decreases as an approximately cubical
polynomial when the HSSV closes. The decrease in the maximum
efficiency is higher (lower) when the valve approaches (is far from) the
closed position. Based on this evidence, an aggressive (smooth) valve
control law is needed for lower (higher) values of 𝑢.

Two valve shutter position control laws 𝐹 (𝑣ctrl) were considered:
a linear law (L) and a cubic law (C) that was designed to achieve an
almost linear variation of the flow rate across the HSSV as a function
9

s

Fig. 10. The two tested parametric control functions 𝐹 (𝑣ctrl).

Fig. 11. Tests for a control law: 𝑎 = 1.11×10−3Nms2, 𝑏 = 2, 𝑃 PSC
gen = 5 kW, 𝑇 lim

gen = 256Nm,
U = 100 rad/s and ΩL = 50 rad/s, with auxiliary parametric functions L and C.

f 𝑣ctrl, see Fig. 10. These control laws were compared using the same
mposed pressure time series. The proportional gain of the P controller
as set so that 𝐾p = 1.

For this subsection and forward, the generator operates in generator
ode. As discussed in Section 3, the proposed PSC algorithm has sev-

ral variables to consider. The current work focuses on validating the
ffectiveness of this valve type for PSC in PTOs for OWC applications.
s such, for the current Subsection, the generator’s control parameters

n Eq. (3) are shown in Table 3, see Section 3. The goal is to understand
he robustness of the PSC algorithm for the turbine not exceeding
lectrical generator power PSC setting value 𝑃 PSC

gen nor the maximum
otational speed, ΩPSC

max. Fig. 11 depicts the generator’s electrical power
utput time-series using the two functions 𝐹 (𝑣ctrl) depicted in Fig. 10.

Results in Fig. 11 show that the valve’s control parametric cubic
unction C was able to protect the generator from exceeding the elec-
rical generator power PSC setting value of 𝑃 PSC

gen = 5 kW. This can be
een by analysing the variation of the generator power depicted in a
ashed-dot blue line. On the contrary, the parametric control function
is not suitable because the obtained generator power peaks vastly

xceeded the prescribed limit, e.g., between 𝑡 = 500 s and 𝑡 = 550 s.

.1.3. Peak shaving control test implementation: variable unidirectional
low

Using the auxiliary parametric function C, another set of tests was
erformed imposing the same pressure time series but with lower
lectrical generator power PSC setting values: 𝑃 PSC

gen = 2 kW and
PSC
gen = 3 kW. Eq. (3) gives the generator control law with the corre-

ponding parameters presented in Table 3.
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Table 3
Control algorithm parameters for validation tests at both IST variable flow test rig
(IST) and Mutriku’s wave power plant (Mutriku). Here, 𝑇 lim

gen = 256Nm. The values
of the variables 𝑎 = 1.11 × 10−3 Nm s2 (𝑎 = 3.50 × 10−4 Nm s2.32) and 𝑏 = 2 (𝑏 = 2.32)
correspond to the ideal turbine-generator set with zero inertia and constant electrical
generator efficiency, see Eq. (1) (maximum turbine power for the sea state during this
specific test accordingly to the numerical simulations presented in [56]).

Test 𝑎 × 104 𝑏 ΩL ΩU ΩPSC
max 𝑃 PSC

gen 𝑃 avail Subsection/
rig [Nm s𝑏] [–] [rad/s] [rad/s] [rad/s] [kW] [kW] Figure

IST 11.1 2.00 100 130 195 5 6.5 5.1.2/11

IST 11.1 2.00 50 122 187 2 6.5 5.1.3/12 a)
139 204 3

Mutriku 11.1 2.00 180 230 295 30 14.6 5.2.1/12 b)
3.5 2.32 150 176 241 10 7.9

Mutriku 0 – 150 230 250 0 3.5 5.2.2/13
0 – 190 230 250 0 4.4

Fig. 12 a) depicts the generator’s instantaneous power, rotational
peed and HSSV shutter normalised position 𝑢 time series. Inspection of
ig. 12 a) demonstrates that the generator power 𝑃 PSC

gen was successfully
imited in all tests. The oscillations of each test relative to the imposed
lectrical generator power PSC setting value are negligible. These might
e brought on by how accurately the sensors measured the generating
ower. The number of times the HSSV has actuated decreases, whereas
he actuation time increases as the imposed rated power decreases. For
ontrol law with 𝑃 PSC

gen = 3 kW, the valve varies its aperture between
ully open and 40% closed (0.4 ≤ 𝑢 ≤ 1). Note that the HSSV was never

fully closed in any test, reinforcing the robustness of the presented
control since it effectively decreased the turbine’s available power.
Hence, the PTO can operate in very energetic sea states. Although
the control had been validated in the IST test rig, the same may still
need to be confirmed at Mutriku’s wave power plant. Since the flow is
bidirectional, the performed tests did not include the situation where
the HSSV is at a position that throttles the flow exiting the rotor.
Therefore, there is likely a need to adjust the control algorithm at
Mutriku’s plant.

5.2. Mutriku wave power plant results

5.2.1. Peak shaving control test implementation: real conditions
Results for two tests with the control algorithm variables presented

in Table 3 are plotted in Fig. 12 b). This figure displays the gener-
ator power, valve shutter normalised position, rotational speed, and
available power time series.

Inspection of Fig. 12 b) reveals that neither the imposed electrical
generator power PSC setting value, 𝑃 PSC

gen , nor the maximum rotational
speed, ΩPSC

gen , was exceeded in any tests. When the value of generator
power is 𝑃 PSC

gen = 10 kW, the valve position change with time more
intensively than when 𝑃 PSC

gen = 30 kW. There are two causes for this
difference: the ratio between the average available pneumatic power
(𝑃 avail) and the imposed electrical generator power PSC setting value,
𝑃 PSC

gen . As indicated in Table 3, 𝑃 avail∕𝑃 PSC
gen = 0.79 in the test case

ith 𝑃 PSC
gen = 10 kW, whereas 𝑃 avail∕𝑃 PSC

gen = 0.49 in the test case
ith 𝑃 PSC

gen = 30 kW. Secondly, the value for the upper rotational speed
hreshold ΩU for the 𝑃 PSC

gen = 10 kW test case is lower than for the
PSC
gen = 30 kW.

As previously mentioned, the control algorithm was designed for
nidirectional flow. Nevertheless, in bidirectional flow, the robustness
f the PSC was, again, validated without further change in the control
ariables.

.2.2. Generator control failure and the importance of the high-speed safety
alve

The previous sections showed that the PSC algorithm maintained
he electrical generator power PSC setting value, 𝑃 PSC, and maximum
10

gen p
otational speed, ΩPSC
max, either in variable unidirectional flow or under

eal bidirectional flow conditions. This algorithm was tested to the limit
here a major electrical generator failure is simulated by losing the
enerator’s counter torque setting point and, consequently, stopping
ontrol over the generator. In this situation, the HSSV is to act as a
afety valve, closing immediately.

This test assumed that the emergency flag related to generator
orque set-point loss was not activated. Therefore, the plant’s central
ontrol unit was unaware of this situation, and the PSC algorithm
ontrolled the turbine-generator speed in a runaway condition.

Fig. 13 presents the rotational speed, the available power, and the
SSV shutter position for two tests where the torque set-point was set

o zero (the variable speed converter was shut down) in tests performed
t Mutriku’s wave power plant.

Despite its relatively low root-mean-square of the available power,
here are, in both cases, some considerable amount of available power
eaks during consecutive waves. No braking torque is applied, and
he turbine-generator set attains the corresponding runaway speed.
s shown in Fig. 13 the valve prevented over speed in the cases
resented. Almost continuous valve actions were needed to ensure safe
nd permanent operation. Also, note that this test was dangerous for
he integrity of the PTO. Therefore, the maximum rotational speed for
his test was set to ΩPSC

max = 250 rad/s (and not Ω = Ωmax as defined in
ection 2).

The OPERA project testing did not include monitoring the power
onsumption of HSSV linear actuators. Still, the HSSV linear actuator
urrent was limited to 2.4A (230V AC) for safety. The HSSV was
ctuated with four linear actuators instead of three for redundancy.
oreover, failure simulations revealed that the HSSV could be operated
ith just two actuators. Therefore, the maximum power consumption
ecessary for the linear actuators is estimated to be below 1 kW, a small
raction of the generator’s rated capacity.

.3. The road to industrialisation of peak shaving control

The industrialisation of OWC WEC devices will significantly benefit
rom applying the proposed HSSV and the algorithm if it is successful.
he paper describes the path from the original concept of peak shaving
ontrol to validation under real conditions. The authors were involved
n every stage of the development of the proposed control. This helps to
nderstand where improvements are needed and what can be done next
o achieve industrialisation. Some insights into the possible approach
o achieve this goal are then given.

Although the strategy was developed in the laboratory before the
ea testing, some results were only available after the tests, namely (1)
ow the HSSV position affects the turbine performance and (2) how
ast the HSSV has to be actuated to achieve the desired result. All this
ork was carried out under tight time constraints as part of the OPERA
uropean project. Some issues need to be addressed in the future. In the
ollowing, these issues are addressed.

The HSSV consists of a low-friction PEHD annular disc actuated
y four high-performance linear actuators. This is a straightforward
esign. PSC can also be performed with subcomponents of the HSSV
ther than those described here. For redundancy, four actuators were
sed instead of three. Nevertheless, fault simulations have shown that
he HSSV can be operated with only two actuators, and a test with only
wo actuators must be considered. In addition, other linear actuators
hould be tested to determine which are the most durable and have
ow consumption.

The power consumption of HSSV was not monitored during the
PERA project testing. It should be further analysed and included in
ptimising the control algorithm, as this must be taken from the final
nergy production. However, preliminary estimates have shown low

ower consumption for the current hardware solution.
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Fig. 12. Peak shaving control test results from the two test rigs: generator power, rotational speed, normalised valve position and available power as a function of time. a) IST
variable flow test rig: tests using the auxiliary parametric function C and electrical generator power PSC setting values 𝑃 PSC

gen = 2 kW and 𝑃 PSC
gen = 3 kW. b) Mutriku’s wave power

plant: tests with 𝑃 PSC
gen = 10 kW and 𝑃 PSC

gen = 30 kW.
The PSC involves the simultaneous control of two components:
the position of the HSSV shutter and the generator. A solution for
both is presented here. The PSC variables need to be optimised and
validated using the same control strategy. Not only to maximise the
power production but also to minimise the actuation of the HSSV and
reduce the actuator’s wear. Further analysis must be done to evaluate
the higher energy produced by actuating the HSSV compared to the
OPEX/CAPEX values. Furthermore, both controls can be improved if
they are optimised with the knowledge gained from this paper.

Finally, the most critical step is long-term testing under real con-
ditions: the Mutriku wave power plant allows testing under real con-
ditions with easy access to the PTO compared to operation and main-
tenance on a floating device in the open sea. This type of testing can
increase investor confidence in the solution.
11
6. Conclusions

Two significant closely linked design variables of oscillating-water-
column wave energy converters equipped with air turbines are (i) the
rated power of the device and (ii) the functional operational resource
window. Both are function of the predicted available power, and a
fraction of the available energy is discarded when defining the most
economical operational resource window. The device stops operation
if the available power is too small to produce significant electrical
power or is too large compared to the generator’s rated power for safe
operation.

A new high-speed safety valve (HSSV) was designed, constructed,
and integrated into OPERA’s H2020 project 30 kW biradial air turbine
prototype. The valve consists of a cylindrical low-friction shutter moved
by linear actuators. The valve shutter can run the whole span in less
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Fig. 13. Test results from Mutriku’s wave power plant: time-series of the rotational
speed, Ω(𝑡) (solid black line), the normalised position of the HSSV shutter, 𝑢(𝑡) blue
ashed line), and available power, 𝑃avail(𝑡) (solid black line), for two test cases. The
oot-mean-square of the rotational speed and average available power are for test a)
91 rad/s and 3.5 kW, and for test b) 175 rad/s and 4.4 kW (dashed black lines). The red
ash-dotted lines indicate the maximum allowable rotational speed.

han 0.18 s and provides possibilities for new control algorithms, like
hase control or peak shaving control (PSC).

The paper describes and analyses the novel PSC algorithm for PTO
peration in highly energetic sea states. PSC was first tested at the IST
ariable flow test rig under benign conditions and later at Mutriku’s
ave power plant under real sea state conditions.

Efficiency tests with different HSSV shutter positions at the IST
ariable-flow test rig showed how the valve aperture drastically affects
he turbine performance curves. Nevertheless, the HSSV shutter posi-
ion does not change the power coefficient curve as a function of the
low coefficient. This result reveals that the angular momentum of the
low leaving the rotor remains nearly the same. Therefore, the energy
er unit mass exchanged between the rotor and the fluid remains
lmost constant. The decrease in the overall efficiency is due to flow
hrottling at the valve and flow incidence losses at the rotor inlet.

The PSC algorithm prevented generator overload and turbine-gene-
ator overspeed under real bidirectional flow conditions at Mutriku’s
ave power plant. Furthermore, PSC avoided turbine-generator over-

peed under a generator’s control failure.
The generator-rated power can be significantly reduced by con-

training the power available to the turbine. The power plant can
perate under higher energetic sea states, thereby increasing the ca-
acity factor and the quality of the electrical energy supplied to the
rid.
12
It should be noted that the hardware solution presented was de-
eloped as part of the OPERA project for operation at the Mutriku
ave power plant and in IDOM’s MARMOK-A5 floating wave energy

onverter in the BiMEP test site. PSC can also be performed with
ther HSSV subcomponents. Moreover, optimisation of the PSC control
ariables is required. In addition to increasing the power output, the
ctuation of the HSSV should be minimised to reduce wear on the actu-
tors balancing the increased energy generated by the HSSV actuation
ith the OPEX and CAPEX.
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