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A B S T R A C T

Global energy strategy has quickly shifted to a new paradigm. Countries understand the importance of a
near-zero carbon energy mix and the need to reduce their energy imports and become energy independent.
One immediate solution is the re-enforcement of renewable energy infrastructures such as wind, solar and
hydro generation. However, certain sectors, particularly the Blue Economy, may need a different solution. The
oscillating-water-column (OWC) wave energy converter is a proven concept, many prototypes of which are
already being deployed on the open sea, and can help bridge this gap. Energy harvesting from this system
will be improved if more efficient (and reliable) power take-off (PTO) systems and control algorithms are
used. A novel control algorithm for a turbine–generator set was developed based on the physical interactions
between the PTO and the OWC system. The results were compared with experimental data from real operation
at sea. The algorithm does not need to predict the sea state conditions in order to maximise power generation.
Additionally, it protects the PTO in extremely energetic sea states and minimises overspeeding and the use
of a safety valve. Comparing the operating results of the 30 kW biradial turbine–generator set at the Mutriku
wave power plant with the corresponding numerical results provided by the novel control algorithm showed
a 6% increase in annual electricity production.
1. Introduction

The world is at the dawn of a new energy paradigm. From the find-
ings of the Intergovernmental Panel on Climate Change (IPCC) [1] to
the growing fear of reaching climate tipping points [2], once considered
far-fetched, the focus is now clear: the transition to a zero-carbon, high-
efficiency energy sector [3], also called the energy transition. Strong
policies [4] have used funds, taxes and subsidies [5] to enable the
necessary gradual transformation of the current energy mix [6] from
markets with a high share of conventional polluting energy resources to
a near zero-carbon market with a high penetration of renewable energy
resource technologies [7,8]. Moreover, this dynamic means that energy
demand will increase as it is expected to electrify everyday products
and various sectors [9]. Thus, to keep energy prices affordable, supply
must increase.

Although wind, solar and hydropower are likely to be the lead-
ing renewable energy technologies to meet energy needs [10], there
are certain situations where their role is less appropriate and other
technologies, such as renewable marine energy, provide an excellent so-
lution [11,12]. Namely, engaging in solutions to sustain Blue Economy
(e.g.: aquaculture [13], decarbonisation of ports [14], oceanographic
monitoring [15,16] or small coastal communities [17]).
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Offshore wind energy technologies are experiencing rapid growth,
with an new installed capacity of nearly 29GW in 2019 and an es-
timated increase to 35 times in 2050 [18]. Due to bathymetry is-
sues in some potential markets, such as the United States and Japan,
which have few shallow-water sites, this technology is expected to be
used more in deep waters [19]. Therefore, floating foundations are to
be used and an installed capacity of up to 150GW is envisaged by
2050 [18]. The potential for large turbines of up to 20MW [18] has led
to a large amount of funding being poured into this technology, making
it probably the biggest threat to the development and funding of wave
energy converters (WECs). The introduction of this new technology has
set a new level of cost that wave energy technologies must reach if they
are to compete in the renewable energy market. Like the offshore wind
industry, wave energy technologies can use the accumulated knowledge
from the oil and gas industry to develop and consolidate improved
concepts for the structural foundations, operation and maintenance of
WECs [20].

A common unfair analysis directly compares the energy extracted
from a single WEC and a single wind turbine. This comparison devalues
WECs because the amount of energy extracted from each converter is
inherently limited. It also does not consider the array effect [21,22],
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Nomenclature

Romans

𝑎 Control law parameter [Nm s𝑏]
𝑏 Control law parameter
𝐷 Rotor diameter [m]
𝑓o Frequency of occurrence
𝐹 Fitness function
𝐻s Significant wave height [m]
𝐼 Inertia [kg m2]
𝐾 Constant of Eq. (5)
MAEP Mean annual electricity production [Wh]
𝑝 Pressure [Pa]
𝑃 Power [W]
𝑄 Flow rate [m3∕s]
𝑡 Time [s]
𝑇 Torque [Nm]
𝑇p Peak period [s]

Greek symbols

Δ Variation, interval
Δ𝑝 Turbine available pressure head [Pa]
𝜂 Efficiency
Π Power coefficient
𝜌 Fluid density [kg/m3]
Φ Flow coefficient
Ψ Pressure coefficient
Ω Rotational speed [rad/s]

Superscripts

∗ Dimensionless value
− Average quantity
𝑖 Sea state index
lim Limit
rated Rated quantity
ref Reference
RO Regular operation
SM Safe-mode operation

which can be used to increase the system’s overall efficiency, nor
the cost of construction, installation, maintenance, space requirements
or separation between devices. The challenge for the next genera-
tion of WECs is to develop simple and reliable devices with minimal
maintenance costs that compete with rapidly emerging offshore wind
technologies. It is necessary to install as many devices as possible
to achieve CAPEX and OPEX values that the market can absorb. To
achieve this goal, research communities, companies and governments
must make a concurrent effort to promote the construction and testing
of many prototypes under real ocean conditions. Testing should be
carried out in the first phase in open test facilities such as EMEC
(Scotland), Galway Bay (Ireland), Belmullet (Ireland), BiMEP (Spain),
Mutriku (Spain) or Viana do Castelo (Portugal) to gain further experi-
ence in critical areas such as operation and maintenance, installation,
commissioning and decommissioning. Fundamental steps such as those
mentioned increase the technological readiness and reduce the risk
of the sector, but also promote the necessary steps towards licencing,
legislation and a smooth transition to introduce wave energy into the
energy mix [23] as has been the case with solar and wind technologies,
which have been continuously invested in, researched, developed and
2

deployed over the last 30 years.
Subscripts

avail Available
bep Best efficiency point
CL Control law
elec Electrical
f Final
gen Generator
i Initial
𝑗 Test number
L Lower-threshold
max Maximum
RO Regular operation
rated Rated quantity
Thrs Threshold
total Total
turb Turbine
U Upper-threshold

Acronyms

BCA Best Control Algorithm
CAPEX Capital Expenditures
ga Genetic Algorithm
H2020 Horizon 2020
IST Instituto Superior Técnico
IPCC Intergovernmental Panel on Climate

Change
OPERA Open Sea Operating Experience to Reduce

Wave Energy Cost
OPEX Operational Expenditure
OWC Oscillating Water Column
PLC Programmable Logic Controller
PTO Power Take-off System
RO Regular Operation
SM Safe Mode
WEC Wave Energy Converter

The oscillating water column (OWC) is a proven WEC concept [24]
with many prototypes deployed in the open ocean. There are fixed [25,
26] and floating structures [27]. The floating type has similarities
with offshore wind technologies, e.g., floaters, moorings, electronic
components and manufacturing processes. The power take-off systems
(PTO) that equip these units are turbine–generator sets [28], with
Wells [29] and impulse turbines [30] being the most popular choice.
The energy extraction from OWC WECs will improve as more efficient
(and reliable) PTOs become available along with advanced control
algorithms [31].

Most of the control strategies published in recent years are mainly
related to non-OWC WEC types [32]. Those studying OWC systems
usually focus on one or two of their subcomponents to maximise
electricity production: (i) the hydrodynamics of the device, (ii) the
air turbine, and (iii) the electric generator. Most numerical models
consider a PTO whose turbine is of the Wells [33,34] type. The Wells
turbine is a relatively low-cost option due to its simple construction.
However, it has a narrow operating range compared to impulse turbines
due to stall on the rotor blades above a certain flow rate threshold [35],
which can affect the cost of electricity of the system. Due to their
specific operating characteristics, the two types of turbines cannot use
the same control algorithm strategy. There is less published work for
impulse turbines than for Wells turbines [36]. Most impulse turbine

control algorithms have been developed for axial-flow turbines [37].
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Only a few papers deal with the joint study of the behaviour of air
turbines and generators under different sea state conditions [38,39].
There are two possible explanations for this: (i) either the authors
choose an ‘‘off-the-shelf’’ turbine with some design features and pro-
ceed with the development of the control algorithms, or (ii) the turbine
designers have a sound knowledge of the fluid dynamics in the whole
turbomachine, but not of the control strategies of the whole WEC. Both
situations are plausible (and understandable) as they are completely
different technical problems. However, in resonant WECs, such as the
OWC type, the control of the PTO can affect both the PTO efficiency and
the hydrodynamic efficiency (conversion of energy from the waves),
depending on the air turbine used. Consequently, the control of the
PTO of the OWC device depends on a comprehensive understanding
of the overall system, and the control algorithm should be designed to
be coupled with the physics of the WEC.

In addition, real-world experience provides a macro view of the
needs. Thus, the integration of the algorithm into the industrial control
equipment, i.e. the programmable logic controller (PLC), the minimisa-
tion of the sensors used, the caution of the sensors used due to problems
in the field, such as introducing noise into the input/output signals
or delays in the sensors/actuators, and the effects of fatigue on the
components of the system must be considered.

Several OWC PTOs have already been tested in real sea conditions,
such as in (i) the Pico plant [40], (ii) the Limpet [41], (iii) the OE buoy
[42] and (iv) the Oceanlinx MK3 [43]. As is to be expected with new
technology, the main focus of the first deployments is to ensure that
the device can be commissioned and operated safely and withstand
real ocean conditions during the test campaign. In most cases, the
lessons learnt remain with the developer for commercial reasons, so
the knowledge gained is not disseminated throughout the research
and development community. In contrast, the European H2020 project
OPERA [44] published data from more than a year of operation of the
biradial air turbine [45] at the Mutriku wave power plant. It provided a
unique opportunity to explore the results of an experimental campaign
under real conditions, learn from them and develop new solutions to
increase the maturity of the wave energy sector.

The OPERA project was a 5-year project in which the novel biradial
air turbine for OWC applications was built and tested in three different
environments: (i) under controlled conditions at the IST 55 kW Variable
Flow Laboratory [46,47]; (ii) at the Mutriku wave power plant [48]
and; (iii) at the BiMEP test site, installed in IDOM’s MARMOK-A5
device [49].

The test results of OPERA’s project trial campaign at the Mutriku
facility are reported in Refs. [50,51]. These include non-adaptive and
adaptive control laws based on one or more variables from rotational
speed, pressure in the pneumatic chamber, electric generator power
output, hourly sea state data, next wave information, high-speed valve
shutter position and OWC motion as reported in Refs. [50,51] and
summarised in Table 1. The control laws tested worked alternatively,
allowing comparison between the control laws for the prevailing sea
state and tuning of the control law parameters [50,51]. The OPERA’s
tests at the Mutriku facility aimed to experiment with various control
algorithms, and consequently, several non-optimal parameterisations
were tested [50,51]. Some problems contributed to the non-optimal
control of the turbine–generator set, such as open-loop control and a
misconception of the self-starting capabilities of the biradial turbine
operation [50,51].

The subject of this paper is the control of the biradial air turbine,
for which few studies of control algorithms are available. Some focus
on numerical simulations [52–55], others involve experimental valida-
tion [56], but most of them were produced in the framework of the
OPERA project [39,50,51,57,58]. This paper presents and analyses a
novel control algorithm for the turbine–generator set that could have
been used during the experimental campaign of the OPERA project. The
design of the control algorithm described in this paper is based on the
3

analysis of the results and lessons learnt from the project OPERA. The
Table 1
Summary of the OPERA’s control laws for the biradial turbine.
Source: Adapted from [51].

Law Control Input

CL1 Generator torque Rotational speed
CL2 Generator torque Chamber pressure
CL3 PTO damping, valve Hourly sea-state data

open-close timings
CL4 Valve open-close timings Rotational speed, chamber pressure

and shutter position and valve shutter position
CL5 Generator torque Next wave information, rotational

speed and generator power output
CL6 Generator torque OWC motion, chamber pressure,

rotational speed and wave elevation

algorithm represents a new approach to control OWC devices, as the
physics of the air turbine installed in an OWC is used for its devel-
opment. The measurement of the rotational speed and the pneumatic
chamber pressure are the only inputs for the proposed control of the
torque of the generator. It is thus an evolution of the CL1 control law
of the OPERA project [51] (Table 1), designed to maximise the power
output of the PTO when its operation is safe and to use the time-
averaged available pneumatic power of the turbine over a backward
time horizon to switch to a safe operating mode when needed. Unlike
some existing control algorithms [50,51,57], prediction of sea state
conditions is not required, so data from a real-time wave measurement
system near the OWC device is not needed, which has proven to be
quite difficult and fraught with uncertainty [51]. It is also very reliable
as it minimises the operation of a safety valve. The experimental data
recorded during the experimental campaign are available in the public
Zenodo database [59] and are used as input to the numerical model
that replicates the performance of the turbine–generator set in the
Mutriku wave power plant. Comparing the numerical data of the new
control algorithm with the experimental data from the project OPERA
has validated the new algorithm and shown its good performance for
future industrial applications.

The research question to be answered in this paper is: Can a control
algorithm be developed that maximises energy output without knowl-
edge of sea state conditions, and that can be integrated into reliable
and simple industrial equipment?

The main contributions of the current work are:
1. Critical analysis of data obtained during an experimental cam-

paign under real sea state conditions and direct application of
the knowledge gained to develop a new control strategy for
turbine–generator sets for OWC WECs.

2. Development of a control algorithm for a biradial air turbine.
3. Development of a novel control algorithm based on the system

physics of OWC WECs to enable safe and reliable operation.
4. An in-depth and comprehensive analysis of the results carefully

describes the performance of the air turbine and the electric
generator.

5. Comparison of the numerical results with real operation data
measured at the Mutriku wave power plant.

The structure of the paper is as follows. The PTO system under study
is described in Section 2. Then, in Section 3, the method used to develop
the novel control algorithm is presented. The analysis of the results and
the conclusions are presented in Sections 4 and 5, respectively.

2. Power take-off system

The Mutriku power plant consists of sixteen pneumatic chambers
with a width of 4.5 m, a length of 4.3 m and a height of 7.45 m
above the highest equinoctial spring tide. It has been integrated into
the 440m long local breakwater since 2011 [60], see Fig. 1 a). The
Wells turbines, rated at 18.5 kW, are connected at the top of each

pneumatic chamber within a common gallery. The biradial turbine
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Fig. 1. Mutriku’s wave power plant: (a) Bird’s eye view of the plant; (b) Side section
schematic view of one pneumatic chamber, adapted from [48] (not to scale, the height
is considerably larger when compared with the width [60]); (c) Photograph of the
turbine’s gallery. 1 - Turbine’s gallery; 2 - Opening to the atmosphere; 3 - PTO; 4 -
Conical adapter; 5 - Interface duct with the power plant butterfly valve; 6 - Pneumatic
chamber.
4

Table 2
Power take-off system main characteristics.
Source: Reproduced from Ref. [47].

WEC type fixed OWC
Air turbine biradial turbine
Assembly position vertical axis
Rated power, 𝑃 rated

gen [kW] 30
Maximum speed, Ωmax [rad/s] 314
Maximum generator counter torque, 𝑇 lim

gen [Nm] 256
Turbine rotor diameter 𝐷 [m] 0.50
Turbine stator diameter [m] 2.10
Distributor type 4 × 64 fixed guide vanes
Safety valve high-speed
Turbine rotor inertia, 𝐼 [kg m2] 5.01

from the OPERA project was mounted in chamber nine via a conical
adapter, see Fig. 1 b) and c).

The PTO system consists of a biradial air turbine with a new stator
design [45,61], a 30 kW electric generator and a high-speed safety
valve, see Fig. 1 c). The built-in high-speed safety valve is located on
the atmosphere side of the turbine stator, close to the rotor [47]. It
is axially movable and allows no and partial to complete blockage
of the flow by means of linear actuators. Table 2 contains additional
information about the turbine and generator. For more details on the
turbine–generator set components and the turbine aerodynamic design
strategy, see Refs. [45,47]. The PTO was installed at the Mutriku
wave power plant to be tested between May 2017 and June 2018. In
the first phase, from May to June 2017, the team from IST was the
consortium partner that carried out the commissioning tests. In the
second phase, from June 2017 to June 2018, the consortium tested six
advanced control algorithms. The field data from this phase is available
online [59]. Measurements of rotational speed, turbine pressure head,
output power, water column motion in the chamber and wave height
upstream of the plant were used for the adaptive and predictive control
laws implemented and tested [50,62].

At high Reynolds numbers and low Mach numbers, the performance
characteristics of the turbine are described in dimensionless form by the
turbine pressure head coefficient [63],

Ψ =
Δ𝑝

𝜌Ω2𝐷2
, (1)

the flow rate coefficient,

Φ = 𝑄
Ω𝐷3

, (2)

the power coefficient,

Π =
𝑇turb
𝜌Ω2𝐷5

, (3)

and the efficiency,

𝜂turb = Π
ΦΨ

, (4)

as presented in Fig. 2. Here, 𝑄 is the volumetric flow rate, 𝐷 is the
turbine rotor diameter, Ω is the rotational speed, 𝜌 is the air density at
the turbine inlet, Δ𝑝 is the turbine pressure head and 𝑇turb is the turbine
shaft torque. The experimental results of Ref. [47] are shown in black
circles in Fig. 2. The coloured lines are the curves resulting from the
data fitting used in this work.

The electric generator is a standard squirrel-cage induction machine
with a rated output of 𝑃 rated

gen = 30 kW, operating in four quadrants.
Before installation in the turbine, the efficiency of the generator was
determined experimentally as a function of the rotational speed and
load. The results are shown in Fig. 3.

3. Method

A flowchart of the method used to develop the control algorithm is
shown in Fig. 4. The method is as follows:
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Fig. 2. Efficiency (𝜂turb), flow (Φ) and power coefficients (Π) as a function of the
turbine pressure head coefficient (Ψ). Experimental results: black circles [47]. Fittings:
𝜂turb - red line; Φ - blue line; Π - green line. Best efficiency point (bep): Ψbep = 0.360,
Πbep = 0.0290 and Φbep = 0.115.

Fig. 3. Generator efficiency map [47]. The maximum generator counter torque is
represented by the colour lines: dotted blue line - 𝑇 lim

gen∕𝑇
lim
gen ; dot-dashed red line -

𝑃rated∕(Ω 𝑇 lim
gen ).

Fig. 4. Method flowchart: 1 - Definition of the sea states; 2 - Numerical model;
3 - Control algorithm strategy; 4 - Optimisation; 5 - Adjustment of variables; 6 -
Comparison.
5

1. Definition of sea states: The data available in the Zenodo
database from the experimental campaign of the biradial turbine
of the OPERA project at the Mutriku wave power plant are
compared with the local hourly data of sea state conditions at the
SIMAR point 3171032 [64]. The aim is to identify the sea state
conditions for each test in the Zenodo database; see Section 3.1.

2. Numerical model: A numerical model reproduces the behaviour
of OPERA’s 30 kW turbine–generator set at Mutriku wave power
plant, see Section 3.2.

3. Control algorithm: A novel control strategy based on the rota-
tional speed and time-averaged available pneumatic power of
the turbine over a backward time horizon is used to maximise
electricity production. This strategy uses two operating modes:
regular mode and safe mode, see Section 3.3.

4. Optimisation algorithm: A genetic algorithm explores and finds
the best variables for implementing the control algorithm’s reg-
ular and safe operation modes. At the same time, it satisfies
the imposed constraints and minimises the proposed objective
functions; see Section 3.4.

5. Adjustment of variables: Some test variables from the database
had to be adjusted to fairly compare the results of the experimen-
tal campaign from the project OPERA with those of the current
study, see Section 3.5.

6. Comparison of results: The results of the numerical simulations
are compared with real data from the experimental campaign at
the Mutriku wave power plant.

3.1. Definition of the sea states

The data from the experimental campaigns at the Mutriku wave
power plant are available online in the Zenodo database [59]. There
are 257 test results from almost a year of testing, from June 2017 to
June 2018. For each test, the dataset contains time series of relevant
data related to turbine and generator operation (see Appendix A). The
database contains the hour and date of each test, but not two essential
variables to characterise the sea state conditions: the significant height
𝐻s, and the peak period, 𝑇p.

Wave data from oceanographic buoys in the coastal areas of Spain
are available in the database Puertos del Estado [64]. Among other
variables, this database contains information on the significant wave
height 𝐻s, the peak period 𝑇p, and the corresponding frequency of
occurrence 𝑓o, obtained from measurements of up to 60 years. For
each oceanographic buoy location, the wave climate is defined by a
frequency of occurrence matrix of sea states resulting from the discreti-
sation of 𝐻s and 𝑇p at intervals of 0.5m and 2 s, respectively. The buoy
closest to the Mutriku wave power plant is at SIMAR point 3171032
(see Ref. [64]), and its measurements were used to estimate the 𝐻s
and 𝑇p corresponding to each test available in the Zenodo database.

Fig. 5 a) shows the frequency of occurrence for each bin of 𝐻s and
𝑇p. The bin discretisation is shown in the Puertos del Estado database.
Fig. 5 b) presents the number of tests from the Zenodo database con-
tained in each bin. It can be seen that the available tests are not evenly
distributed among the different bins. From Fig. 5 a) it can be seen
that the sum of all frequencies of the Zenodo database bins is 95.2%,
and these cases correspond to 80% of the total available pneumatic
power. Therefore, the results in this database can be considered fairly
representative of the local wave energy resource. For each bin with at
least one test, an index was defined to facilitate further analysis of the
results (see Fig. 5 c)). A total of 27 sea states were defined.

A detailed analysis of the time series of the turbine pressure head
for the sea states defined above shows that while the root-mean-square
of the pressure head is similar between tests in the same bin, significant
differences are observed between the maximum and minimum values of
the time series. Therefore, two subsets of 27 sea states were identified
as representative and extreme. Representative and extreme are tests
that describe the average and extreme conditions of the test set of
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Fig. 5. Definition of sea states: a) Frequency of occurrence 𝑓o in % (white colour
indicates bins with no data); b) Number of tests in the Zenodo’s database for each
(𝐻s , 𝑇p) bin and; c) Sea state index for each bin with available data.

a particular bin. For example, there are 34 tests for 𝐻s = 1m and
𝑇p = 12 s, see Fig. 5 b). Of these 34 tests, those that present character-
istics closer (distant with higher energy) to the average conditions go
to the representative (extreme) sub-set.

3.2. Numerical model

A numerical model was developed to replicate the behaviour of
the biradial air turbine of the OPERA project at the Mutriku wave
power plant. Typically, a numerical wave-to-wire model of an OWC
WEC is as follows [65,66]. An incident wave characterised by 𝐻s
and 𝑇p causes the water-free surface of the OWC to move within
the pneumatic chamber. The corresponding time-dependent pressure
variation generates a flow rate through an air turbine. The turbine
converts the available pneumatic power into shaft power, which drives
an electric generator. The turbine’s rotational speed is a function of the
instantaneous available pneumatic power and the counter torque of the
generator. In general, the turbine rotational speed changes the turbine
damping (ratio between turbine flow rate and turbine pressure head),
which affects the hydrodynamic process of energy conversion. This is
not the case with the biradial turbine, where the rotational speed has
a negligible influence on the flow rate [47,67,68]. It is Ψ(Φ) ≈ 𝐾Φ2,
where 𝐾 is a constant. Then

Δ𝑝 ≈

(

𝜌𝐾
4

)

𝑄2 , (5)
6

𝐷

Fig. 6. Control algorithm strategy for regular operation and safe-mode operation.

which means that the turbine pressure head, in relation to the flow rate,
does not depend on the turbine’s rotational speed. This feature is crucial
as it ensures that the control of the turbine–generator set does not
affect the hydrodynamic energy conversion process for a given turbine
geometry and size (damping). Consequently, using the time series of
turbine pressure heads available in the Zenodo database for each sea
state is valid and accurate for performing the numerical simulations
presented in this paper, even if other control laws are used.

The former is the case when the high-speed safety valve of the
turbine and the plant’s butterfly valve are always fully open. Including
the opening control of a valve connected in series or parallel in a
control algorithm necessarily requires modelling the hydrodynamic
process due to the effect of the damping variation in the dynamics
of the pneumatic chamber introduced by the variation of the valve
opening.

The differential equation governing the dynamics of the turbine–
generator set is derived from Newton’s second law of motion as

𝐼
dΩ(𝑡)

d𝑡 = 𝑇turb(𝑡) − 𝑇gen(𝑡) , (6)

where 𝐼 is the inertia of the rotating masses of the PTO (turbine,
generator and other rotating subcomponents), 𝑡 is time, and 𝑇gen is the
counter torque of the generator.

The finite difference method with backward differences approx-
imates the first-order differential Eq. (6). Taking into account the
turbine torque and the counter torque of the generator, the inertia and
the rotational speed at time 𝑡(𝑛), the rotational speed at time 𝑡(𝑛+ 1) is
then given by

Ω(𝑡 + 1) = Ω(𝑡) + Δ𝑡
𝐼

(

𝑇turb(𝑡) − 𝑇gen(𝑡)
)

, (7)

where Δ𝑡 = 𝑡(𝑛 + 1) − 𝑡(𝑛) is the sampling time. The sampling time of
the available time series is less than 0.25 s, which makes the error of
the discretisation process introduced by Eq. (7) negligible.

3.3. Control strategy

The control algorithm is represented schematically in Fig. 6. There
are two operating modes: (1) regular operation mode (RO) and (2) safe
mode (SM).
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The control law RO is based on the evidence that maximum power
output is achieved with an ideal electric generator with constant ef-
ficiency and zero inertia turbine–generator set whose instantaneous
rotational speed is controlled so that [38]

𝑇gen(𝑡) = 𝑎bepΩ2(𝑡) . (8)

ere 𝑎bep = 𝜌Πbep𝐷5 is the control parameter, where Πbep is the value
f the turbine power coefficient at the maximum efficiency point (best
fficiency point (bep), see Fig. 2). It is assumed that 𝜌 has negligible
ariation. In practice, a more general control law of the type

gen = 𝑎Ω𝑏 , (9)

s used, where the values of the constants 𝑎 and 𝑏 maximise the electric
enerator power output, taking into account the inertia of the rotating
asses and the effect of the efficiency of the electric generator [47].
ef. [39] presents a sensitivity analysis of the control parameters 𝑎 and
for rotational speed control of Wells and the biradial turbine. The re-

ults in Ref. [39] are plotted on a semi-logarithmic scale and show that
oth turbine–generator sets can operate at maximum efficiency over a
ide range of control parameter pairs (𝑎, 𝑏), which are determined by

= 𝑏ref + 𝑚
(

ln 𝑎 − ln 𝑎ref
)

, (10)

here 𝑚 is a constant that depends on the turbine–generator set,
and (𝑎ref, 𝑏ref) is a pair of reference control parameters chosen at a

aximum efficiency point. Therefore, the control parameter 𝑏 can be
fixed without loss of generality. According to Eq. (8), 𝑏 = 2 is assumed.

Based on the above, the control law during RO is defined as follows

RO
gen = min

(

𝑎RO(rms(Ω))Ω2, 𝑃 rated
gen ∕Ω, 𝑇 lim

gen

)

, (11)

where the control law parameter 𝑎RO is a function of the
root-mean-square of the rotational speed, rms(Ω), during a certain time
interval to be determined, and 𝑇 lim

gen is the maximum counter torque that
the generator can apply, see Table 2. The control law follows the green
dot-dashed line in Fig. 6.

The control algorithm goes into SM operation when:
1. the mean available pneumatic power, 𝑃 avail, during a given time

interval, Δ𝑡CL, is larger than a given threshold value 𝑃thrs and;
2. the instantaneous rotational speed is larger than a given upper-

threshold value, Ω(𝑡) > ΩU.
he mean available pneumatic power is,

𝑃 avail =
1

𝑡f − 𝑡i ∫

𝑡f

𝑡i
𝑄(𝑡)Δ𝑝(𝑡)d𝑡 , (12)

where 𝑡i and 𝑡f are the initial and final evaluation times. Under SM
operation, the control law is

𝑇 SM
gen = 𝑇max

gen (Ω) = min
(

𝑃 rated
gen ∕Ω, 𝑇 lim

gen

)

. (13)

Eq. (13) represents the maximum allowable counter torque the electric
generator may apply. Therefore, the control follows the blue dot-dashed
line in Fig. 6.

The control algorithm switches to RO when the instantaneous rota-
tional speed is lower than a lower threshold, ΩL, and the mean available
pneumatic power, 𝑃 avail, during a certain time, Δ𝑡CL, is lower than 𝑃thrs.

3.4. Optimisation algorithm

The aim of the control strategy is to maximise the electricity produc-
tion, i.e., the overall efficiency of the PTO. There are five unknown vari-
ables, 𝑎RO, 𝑃thrs, Δ𝑡CL, ΩU, ΩL, which need to be evaluated to implement
the control algorithm described in Section 3.3. A genetic algorithm [69]
capable of converging to a global maximum while exploring different
solutions is used to find the values for these variables.

In the current work, two optimisations are performed with the same
genetic algorithm: optimisation of the (1) representative sea states and
7

(2) extreme sea states.
The first optimisation aims to determine the value of the control pa-
rameter 𝑎RO such that the total time-averaged efficiency, 𝜂total, is max-
mised for each representative sea state subset. The total time-averaged
otal efficiency is defined here as

𝜂total = 𝜂turb𝜂gen , (14)

here

𝜂turb =
𝑃 turb

𝑃 avail
, (15)

nd

𝜂gen =
𝑃 elec

𝑃 turb
, (16)

are, respectively, the turbine and generator time-averaged efficiencies.
Here, the mean turbine power is,

𝑃 turb =
1

𝑡f − 𝑡i ∫

𝑡f

𝑡i
𝑇turb(𝑡)Ω(𝑡)d𝑡 , (17)

nd the mean electrical power output is,

𝑃 elec = 1
𝑡f − 𝑡i ∫

𝑡f

𝑡i
𝜂gen

(

Ω(𝑡),
𝑃gen(𝑡)

𝑃 rated
gen

)

𝑃gen(𝑡)d𝑡 , (18)

here 𝜂gen is the efficiency of the generator (see Fig. 3), and 𝑃gen(𝑡) =
gen(𝑡)Ω(𝑡) is the generator counter power.

The second optimisation aims to determine the variables 𝑃thrs,
𝑡CL, ΩU, ΩL, such that the mean annual electrical energy production,
AEPext, for the extreme sea state sub-set is maximised. The mean

nnual electrical energy production is given by

AEP [Wh] = 8760
27
∑

𝑖=1
𝑃
𝑖
elec𝑓

𝑖
o , (19)

where 𝑃
𝑖
elec and 𝑓 𝑖

o are the average electrical power and frequency of
occurrence of sea state 𝑖, respectively, see Fig. 5 b). The calculation of
MAEPext is obtained from Eq. (19) considering the subset of extreme
sea states.

The fitness function, constraints and optimisation problem for both
optimisations are given in Table B.7 in Appendix B. The main features
of the genetic algorithm and the stopping criteria for both optimisations
are in Table B.8 in Appendix B. Both optimisation problems were solved
using the optimisation Tool with the solver ga - genetic algorithm of
MATLAB version 2020a.

3.5. Adjustment of variables and results comparison

The test results of the biradial turbine of the Mutriku wave power
plant available in the Zenodo database cover two test periods. The
first period corresponds to the operation of the frequency converter
in a closed loop. These tests took place between July and December
2017. In the second period, the frequency converter controller operated
the generator in an open loop. A d𝑉 ∕d𝑡 filter was installed between
the frequency converter and the biradial turbogenerator, separated
by a distance of over 100m. The second-period tests were conducted
between January and June 2018. Increased electrical losses were ob-
served in the second test arrangement, which affected the average
electrical efficiency of the generator [48]. A fair comparison between
the results of the present control algorithm and those developed and
tested in the OPERA project is achieved by assuming the efficiency of
the electric generator as measured in its dry tests at IST [47]. Their
results are shown in Fig. 3. Therefore, a new post-processing of these
test results was carried out, as described below:

1. Generator efficiency: The generator efficiency and electrical
power are evaluated using the numerical model from the exper-

imental characterisation [47] (see Fig. 3);
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Table 3
Information about the tests used for the numerical validation.

Test 𝐻s 𝑇p 𝑎 × 103 𝑏 rms(Ω) rms(Δ𝑝)
number [m] [s] [Nm sb] [–] [rad/s] [kPa]

1 1.2 11.0 1.11 2.0 162 4.3
2 0.6 10.2 0.10 2.9 102 1.9
3 0.7 14.0 0.15 2.4 128 2.8
4 1.3 8.9 1.11 2.0 154 3.8

2. Counter torque of the generator: From the measured time series
of the rotational speed and torque of the turbine shaft, the
counter torque of the generator is calculated using Eq. (7);

3. When the high-speed safety valve or the plant’s butterfly valve
are closed, the available power and the turbine power are set to
zero.

4. Analysis of the results

4.1. Pressure readings as input of the numerical model

As indicated in Section 3.2, the damping provided by the biradial
turbine is weekly dependent on the rotational speed and has no signifi-
cant influence on the hydrodynamic process of wave energy extraction
by the WEC. Consequently, the time-domain numerical model can be
simplified by neglecting the existence of the hydrodynamic conversion
of energy from waves to pneumatic power, using the time series of
the available pressure head of the turbine as input, regardless of the
chosen turbine–generator control law. Comparing the numerical and
experimental results implies that the same control algorithm must
be applied for the same turbine pressure head. As described in Ap-
pendix A, the Zenodo’s database does not provide the control algorithm
parameters used for each test, which prevents the reproduction of the
control algorithms. Instead, data collected by the IST team during
the commissioning phase of the OPERA turbine–generator set at the
Mutriku wave power plant is used here to validate the numerical
model. From the collected data, information on the sea state conditions
and the parameters of the control algorithm was recorded. Four CL1
tests of 30min duration were selected for the proposed validation;
see Table 1. The sea state conditions, control variables 𝑎 and 𝑏, and
oot-mean-square of the rotational speed and turbine pressure head are
hown in Table 3.

Fig. 7 shows the measured rotational speed (Experimental) together
ith the numerically determined values (Numerical) using the control

aw imposed at the test site. The data in Fig. 7 show considerable agree-
ent between the experimental and numerical results of rotational

peed with average and maximum errors of 3.5 rad/s and 7.5 rad/s,
espectively. These errors are acceptable, considering the accuracy of
he experimental data presented in Zenodo’s database and the order of
agnitude of the rotational speed. Therefore, the results evidence that

he numerical model is suitable for carrying out the work programme
roposed in this paper.

.2. Optimisation for the representative cases

The control algorithm described in Section 3.3 was applied to the
ubset of 27 representative test cases in the Zenodo database. The
ptimisation results for the generator, turbine and time-averaged total
fficiency are shown in Fig. 8 as a function of the root-mean-square
f the turbine pressure head, rms(Δ𝑝). Note that the rms(Δ𝑝) value
ncreases with the increasing energy of a given sea state. The rms(Δ𝑝)

value ranges from 1.7 to 7.7 kPa for this subset of sea states.
Fig. 8 also shows boxplots of the generator load normalised by

he rated power of the generator, 𝑃gen∕𝑃 rated
gen , see Fig. 8 a), and the

ressure coefficient normalised by the pressure coefficient at the best
8

fficiency point, Ψ∕Ψbep, see Fig. 8 b), for three cases corresponding c
Fig. 7. Validation of the numerical model. Experimental (solid black lines) and
numerical results (blue dashed lines): a) Test 1; b) Test 2; c) Test 3; and d) Test 4.

to different values of rms(Δ𝑝), see Table 4. Furthermore, in Fig. 8 c),
three regions can be seen where the variation of the time-averaged total
efficiency 𝜂total is significant. This variation corresponds to the different
oad characteristics imposed on the generator and the turbine. These
egions are represented in Fig. 8 by white, grey and black symbols
orresponding to different rms(Δ𝑝) ranges. Table 4 also shows the
esults of some helpful variables for analysing three cases within the
dentified rms(Δ𝑝) regions. Next, the behavioural analysis of the system
or each identified region is presented.

In region I, 𝜂total increases with rms(Δ𝑝), mainly due to the increase
n 𝜂gen. The increase in 𝜂gen is due to the variation of generator’s
ounter torque as a quadratic function of the rotational speed when it is
perated at a generator power below the rated power (𝑇gen = 𝑎ROΩ2),
ee Fig. 6. Thus, the turbine–generator set rotates faster when the
vailable pneumatic power increases. Consequently, the power of the
enerator and its efficiency increase; see Fig. 3. As with standard
quirrel-cage induction motors, the generator’s efficiency reaches high
alues in the range of 𝜂gen = 0.70 to 0.91 at low load (for this generator
or 𝑃gen∕𝑃 rated

gen > 0.05, see Fig. 3). In Fig. 8 a), the blue boxplot
orresponding to Case 1 with a load rms(𝑃gen)∕𝑃 rated

gen = 0.05 shows
𝜂gen = 0.656, well below the maximum value 𝜂gen = 0.800 observed
at the end of the interval defining this region. A more detailed analysis
of the optimisation results shows that 𝑎RO is significantly larger than
𝑎bep in region I, which is due to the high sensitivity of the electric
generator efficiency to the generator counter torque at low energetic
sea conditions, corresponding to a low rotational speed of the turbine–
generator set, see Fig. 3. As shown by the blue boxplot in Fig. 8 a), the
turbine is operated at higher values of pressure head coefficient Ψ than
the value for the best average turbine efficiency to achieve a higher
average electric generator efficiency, which more than compensates for
the decrease in average turbine efficiency.

In region II, 𝜂total increases slightly with the increase in rms(Δ𝑝).
here is a tiny decrease in 𝜂turb and a slight increase in 𝜂gen. The
enerator operates with higher loads than in Case 1, so its efficiency
s higher. In Fig. 8 b) the green boxplot shows that the difference
etween the 25% and 75% percentiles of Ψ∕Ψbep is smaller compared
o Case 1, with the median value closer to 1, corresponding to a higher
verage turbine efficiency 𝜂turb. The small decrease in 𝜂turb results from

the higher accumulation of kinetic energy ( 12 𝐼Ω
2(𝑡)) in the rotational

asses of the PTO when rms(Δ𝑝) and rms(Ω) increase.
In region III, 𝜂total decreases with the increase in rms(Δ𝑝) due to

he abrupt decrease in 𝜂turb. This decrease is due to the change of the
ontrol law from regular to safe-mode operation, which is required
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Table 4
Three selected cases from the representative cases optimisation.

Case 𝑎RO × 103 𝜂gen 𝜂turb 𝜂total
rms(Ψ)
Ψbep

min(Ω) rms(Ω) max(Ω)
rms(𝑃gen)
𝑃 rated

gen
rms(Δ𝑝) max(Δ𝑝)

[Nm s2] [–] [–] [–] [–] [rad/s] [rad/s] [rad/s] [–] [kPa] [kPa]

1 (blue) 2.89 0.656 0.565 0.370 2.73 41 75 115 0.05 1.7 5.8
2 (green) 2.86 0.809 0.574 0.464 2.56 50 147 277 0.39 6.0 24.7
3 (red) 2.86 0.809 0.536 0.433 3.75 50 144 301 0.53 7.7 34.3
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Fig. 8. Optimisation of representative cases: Generator, turbine and total time-averaged
fficiencies, respectively, a), b) and c), as a function of the root-mean-square of the
urbine pressure head, rms(Δ𝑝). Boxplots for the generator load normalised by the
enerator rated power, 𝑃gen∕𝑃 rated

gen , and pressure coefficient normalised by the pressure
oefficient at the best efficiency point, Ψ∕Ψbep, for three cases: Case 1, blue, Case 2,
reen, Case 3, red, corresponding to different rms(Δ𝑝) values, see Table 4. Illustration
f three regions with the variation of total time-averaged efficiency: Region I, II and
II, corresponding to ranges of rms(Δ𝑝) ∶< 4.0 kPa, [4.0 kPa, 7.7 kPa], > 7.7 kPa.

to maintain the rated power and maximum rotational speed for long
periods. In contrast to Case 2, the generator load in Case 3 shows
9

greater variability and a higher occurrence of high loads (more oc-
currences of 𝑃gen = 𝑃 rated

gen ). These conditions are detrimental to the
turbine performance and result in high Ψ peaks. At the same time,
the generator’s performance benefits from a high load (and thus high
efficiency, see Fig. 3). Therefore, its 𝜂gen does not change significantly
compared to other cases studied. For rms(Δ𝑝) > 7.7 kPa, 𝜂total is
xpected to decrease due to the high energy flux the PTO is subjected
o, resulting in the turbine being operated in the safe mode for a longer
ime, further decreasing the turbine efficiency. Nevertheless, there is
limit of rms(Δ𝑝) above which the maximum rotational speed of the

urbine–generator set is exceeded unless a relief valve connected in
arallel with the turbine is open or a safety valve connected in series
ith the turbine is partially closed [38]. The control of such valves is
eyond the scope of the present work, and their operation interferes
ith the hydrodynamic conversion of wave energy into pneumatic
ower, as mentioned in Section 3.2.

We use the air density, rotor diameter and root-mean-square of
otational speed, rms(Ω), to define the dimensionless control parameter,
∗, given by

∗ =
𝑎RO

𝜌𝐷5rms(Ω)
. (20)

Since the atmospheric conditions are not given in the Zenodo’s data
base, 𝜌 = 1.225 kg/m3 is assumed.

A plot of 𝑎∗ as a function of rms(Ω) is shown in Fig. 9, as is
∗
bep (corresponding to 𝑎RO = 𝑎bep, see Eq. (8)). At low rotational

speeds, Fig. 9 shows a rapid decrease in 𝑎∗ with increasing rms(Ω)
in the region I, where the low generator load makes the generator
efficiency most sensitive to the increase in generator load. At higher
rotational speeds, 𝑎∗ approaches the value corresponding to the highest
turbine efficiency, 𝑎∗bep, as the generator efficiency is nearly constant at
the corresponding loads. The least-squares fitting of 𝑎∗ versus rms(Ω)
represented in Fig. 9 is given by

𝑎∗ × 103 =

⎧

⎪

⎨

⎪

⎩

1.524 rms(Ω) < 60 rad/s
391.2 rms(Ω)−1.355 60 ≤ rms(Ω) < 166 rad/s ,

0.3838 rms(Ω) ≥ 166 rad/s
(21)

with a coefficient of determination 𝑅2 = 0.95. Since there is a clear
correspondence between the fit and the data obtained from the optimi-
sation, it is possible to perform real-time control where the parameter
𝑎RO(rms(Ω)) is updated at every given time interval. The sensitivity
analysis results for different sea state conditions showed 6 s as a suitable
time interval for updating the control parameter 𝑎RO(rms(Ω)).

4.3. Optimisation of extreme cases

When the 27 extreme cases were optimised, the genetic algorithm
converged to [𝑃thrs, ΩU, ΩL, Δ𝑡CL] = [28 kW, 155 rad/s, 35 rad/s, 12 s].

hese results imply that if, during a time interval of 12 s, the mean
vailable pneumatic power is greater than or equal to 28 kW and the
otational speed is greater than or equal to 155 rad/s, the safe mode
s activated, which prescribes the maximum permissible torque for this
TO (see Fig. 6). Note that the converged value of Δ𝑡CL is approximately
n the middle of the range of peak times of the most common sea states,
ee Fig. 5 a).
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Fig. 9. Variation of 𝑎∗ (green circles) and 𝑎∗bep (solid black line) with the
root-mean-square of rotational speed, rms(Ω). Fitting curve (dashed black line), see
Eq. (21).

4.4. Comparison with Zenodo’s database

The results from Sections 4.2 and 4.3 gave the best control law
parameters for the construction of the proposed control algorithm.
During regular operation (RO), the control law is defined as

𝑇 RO
gen = min

(

𝑎RO(rms(Ω))Ω2, 𝑃 rated
gen ∕Ω, 𝑇 lim

gen

)

, (22)

where 𝑎RO(rms(Ω)) is calculated from Eq. (21). Whenever the
time-averaged available pneumatic power over Δ𝑡CL = 12 s exceeds
𝑃thrs = 28 kW and the rotational speed is higher than ΩU = 155 rad/s,
the system enters into safe-mode (SM) operation. During SM operation,
the control law is defined as

𝑇 SM
gen = min

(

𝑃 rated
gen ∕Ω, 𝑇 lim

gen

)

. (23)

Then the control algorithm returns to RO when the rotational speed is
lower than ΩL = 35 rad/s. From now on, this control algorithm is called
the Best Control Algorithm (BCA).

The BCA was used to control the PTO, and its results are compared
below with all 257 test results available in the Zenodo database (see
Section 3.5).

The results of the MAEP, the maximum rotational speed, the number
of times the maximum rotational speed was exceeded and the number
of times the high-speed safety valve was partially closed are shown
for Zenodo’s database and BCA in Table 5. MAEP is calculated using
Eq. (19), taking into account all 257 test results available in the Zenodo
database. For each of the 27 sea states represented in the database (see
Fig. 5 c)), the mean time-averaged electrical power

𝑃
𝑖
elec = (

𝑁
∑

𝑗=1
𝑃
𝑖
elec𝑗 )∕𝑁 (24)

alculated from the 𝑁 available test results 𝑗 for each bin 𝑖, was taken
nto account in solving Eq. (19). Note also that the sum of all occurrence
requencies in Fig. 5 a) is 95.2% because there are bins in the Zenodo
atabase without tests (see white bins in Fig. 5 a)). Here, the production
orresponding to these empty bins is ignored. The results in Table 5
how that the BCA provides a noticeable increase in MAEP of 5.7%
ompared to the data in the Zenodo’s database.

There are 27 tests where the maximum rotational speed was
chieved. The following control law was applied to these cases to assess
hether the designed control algorithm is robust enough (see Fig. 6):

(Ω) = min
(

𝑃 rated∕Ω, 𝑇 lim
)

. (25)
10

gen gen gen
Table 5
Comparison of the results of the Zenodo database and the BCA control. Without
additional valve control, the BCA could not control 27 out of 257 test cases. Sixteen
constantly apply the maximum permissible counter torque of the generator, marked *.

Case MAEP max(Ω) No. of tests with No. of tests with
[MWh] [rad/s] Ωmax exceeded valve control

Zenodo’s 36.6 256 0 98database
BCA 38.7 342 (420*) 11 (27*) 0

Fig. 10. Maximum rotational speed versus total time with rotational speed above
maximum threshold Ωmax for tests requiring additional valve control. Green triangles
— Eleven tests where the BCA could not control without valve control; Red circles
— Sixteen tests where the maximum rotational speed was reached even though the
maximum permissible counter torque of the generator was applied for the entire test
duration.

Eq. (25) indicates the maximum permissible counter torque of the
generator for any rotational speed that the generator can apply. The
results show that the maximum rotational speed was reached in the
16 tests even when the maximum allowable counter torque of the
generator was applied. From now on, these tests will be referred to
as tests requiring additional valve control and will be analysed later in
Section 4.5. In the remaining 11 cases, the maximum rotational speed
with BCA control was 342 rad/s, Table 5. The control laws of the OPERA
project required the actuation of the safety valve in 98 of 257 test cases,
while the BCA could not control only 27 test cases without additional
valve control.

Fig. 10 shows the maximum rotational speed for a given test and
the total time during which the rotational speed was higher than
the maximum rotational speed. Although the BCA presents 11 tests
where the maximum rotational speed was exceeded in approximately
8% of the maximum design rotational speed, the effects during one
year of operation do not threaten the integrity of the PTO due to
the low frequency of occurrence. Analysis of these 11 tests in the
Zenodo’s database shows that the high-speed safety valve was used to
limit the rotational speed by immediately shutting off the flow rate into
the turbine, and thus the pneumatic power, as soon as the maximum
allowable rotational speed was reached.

It is important to reiterate that in the Zenodo’s database tests, it was
possible to use the high-speed safety valve on the turbine to protect
the PTO. This is not the case with the BCA control algorithm discussed
in this paper. An additional valve control loop is required for the
turbine–generator set to operate across all 257 test cases in the Zenodo
database.

Fig. 11 shows the time-averaged generator, turbine and total effi-

ciencies as a function of root-mean-square of turbine pressure head.



Energy Conversion and Management 282 (2023) 116811A.A.D. Carrelhas and L.M.C. Gato
Fig. 11. Time-averaged total, turbine and generator efficiencies as a function of the
root-mean-square of turbine pressure head. Zenodo’s database results (see Table 1):
Black markers; BCA results: Regular operation — red triangles; Safe-mode on — circles
filled with a jet colour palette representing the percentage of time in safe-mode, varying
from 0 to 52%.

Black open symbols refer to the Zenodo database results. Open red
triangles show the BCA results at the regular operation during the test
period. In contrast, squares filled with the jet colour palette represent
the test results when operating in safe mode between 0 and 52% of the
time (maximum percentage of time tested in the calculations).

A clear difference in the scatter between Zenodo’s database, and
BCA results can be seen in Fig. 11. This result was expected since the
11
Fig. 12. Normalised root-mean-square of flow coefficient versus normalised root-mean-
square of the dimensionless pressure head. Zenodo’s database results (see Table 1):
Black symbols; BCA results: Regular operation — red triangles; Safe-mode on — circles
filled with a jet colour palette representing the percentage of time in safe-mode, varying
from 0 to 52%.

goal of the experimental campaign that produced the Zenodo database
results, as opposed to the structured control algorithm of the present
work, was to test different control algorithms to see which would
perform better.

The results show that the control algorithms in the Zenodo’s
database perform better in ensuring higher time-averaged efficiency
of the generator, see Fig. 11 a). The time-averaged efficiency of the
generator is higher for a large part of the tests for Zenodo’s database
than for BCA. For rms(Δ𝑝) > 4 kPa, the value is above 0.80 (except
for rms(Δ𝑝) > 9 kPa; this particular test result will be analysed later)
and appears to plateau around this value. In contrast, BCA shows a
monotonic increase in this variable up to rms(Δ𝑝) > 9 kPa. The same
cannot be said regarding the time-averaged efficiency of the turbine,
where BCA remarkably out-stood for a great part of the tests, see
Fig. 11 b). Since the ultimate goal is to maximise the time-averaged
overall efficiency, BCA shows significantly better results overall, see
Fig. 11 c). This confirms the increase in MAEP shown in Table 5.

With BCA, the safe mode is turned on when needed. Fig. 11 shows
that for rms(Δ𝑝) < 3.5 kPa safe mode was not used due to the
relatively low relation between pneumatic and generator power. In
this range, the 𝜂turb increased with increasing rms(Δ𝑝) because the
efficiency of the electric generator decreases at higher loads (this result
was previously justified, see Section 4.2). In these cases, the turbine
operates under near-optimal conditions (see Fig. 6), most of the time
with the control law 𝑇 RO

gen(Ω(𝑡)) = 𝑎RO(rms(Ω(𝑡)))Ω2(𝑡), and only a few
times in 𝑇 SM

gen(Ω(𝑡)) = min
(

𝑃 rated
gen ∕Ω(𝑡), 𝑇 lim

gen

)

. These conditions greatly
benefit the efficiency of the turbine. This is confirmed by the position
of the open symbols in Fig. 12, where the operating range of Ψ (or
Φ) is narrow and close to Ψbep (or Φbep). If the inertia of the PTO
was virtually zero, one could keep Ψ = Ψbep. Since a real PTO has
inertia and the pressure head of the turbine (and thus the flow rate) is
not constant in time, to maximise 𝜂turb, one must control the biradial
turbine so that Ψ > Ψbep to operate the turbine at a high efficiency
most of the time. As can be seen in Fig. 12, the Ψ∕Ψbep in normal
operation is between 2 and 5 (see Fig. 2). For rms(Δ𝑝) > 3.5 kPa, the
safe mode was on, prescribing the maximum torque in some periods
and reducing 𝜂turb. To illustrate this statement, assume that for a certain
time 𝑡 the rotational speed is Ω(𝑡) and two situations both operating in
RO and 𝑇 RO(Ω(𝑡)) = 𝑎 (rms(Ω(𝑡)))Ω2(𝑡). At the next time-step, 𝑡 + 1,
gen RO
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Fig. 13. Mean relative increase in time-averaged total, turbine and generator efficiencies by the present BCA control algorithm compared to the control laws of the project OPERA
(see Table 1) for representative ranges of the root-mean-square of turbine pressure head.
there is a need to operate in the safe mode in the second situation.
Assume that the turbine pressure head is similar in both situations, so
that Δ𝑝RO(𝑡+ 1) = Δ𝑝SM(𝑡+ 1) = Δ𝑝(𝑡+ 1). If safe mode operation is on,
then 𝑇 SM

gen(𝑡 + 1) > 𝑇 RO
gen(𝑡 + 1) and consequently ΩSM(𝑡 + 1) < ΩRO(𝑡 + 1).

Therefore, it follows from Eq. (1), ΨSM(𝑡 + 1) is necessarily higher
than ΨRO(𝑡 + 1): ΨSM(𝑡 + 1) = ΨRO(𝑡 + 1)

(

ΩRO(𝑡 + 1)∕ΩSM(𝑡 + 1)
)2. The

efficiency of the turbine will inevitably decrease if more instances of
Ψ ≫ Ψbep appear during a particular test. So more time in safe mode
means lower turbine efficiency and a high frequency of occurrence of
Ψ ≫ Ψbep. In contrast, when entering safe mode, the 𝜂gen benefits from
its high efficiency both in terms of rated power (𝑇gen(𝑡) = 𝑃 rated

gen ∕Ω) and
maximum generator counter torque (𝑇 lim

gen ), see Fig. 3.
Fig. 13 highlights the differences between the performance results

shown in Fig. 11 for each OPERA’s control algorithm [51] and the
present control algorithm. The bar graphs in Fig. 13 represent the
mean relative increase in time-averaged generator, turbine and overall
efficiencies achieved by the present control algorithm compared to each
of the OPERA control laws (see Table 1) in representative ranges of
the root-mean-square of turbine pressure head rms(Δ𝑝). If the bar is
above (below) zero, it means that the BCA control algorithm provides
higher (lower) time-average efficiency than the control algorithms of
Ref. [51]. The first important observation is the lack of test results in
some ranges of root-mean-square of the turbine pressure head. Indeed,
the analysis of the Zenodo database shows that not all the proposed
control algorithms have been tested under similar sea state conditions
(see, for example, the absence of some bars, namely for CL6, which is
only present within the range 8 kPa> rms(Δ𝑝) ≥ 4 kPa). The control
law CL5 is the one that shows results in each of the investigated
ranges. Except for CL5, the control laws of the OPERA project favour
the average efficiency of the electric generator Fig. 13 a) but disfavour
excessively the average efficiency of the turbine Fig. 13 b) compared
to the present BCA control law. As a result, the BCA control algorithm
outperforms all OPERA’s control laws, especially for rms(Δ𝑝) > 2 kPa,
as shown in Fig. 13 c).

A feature of the PTO control algorithm is the ratio between the
maximum and root-mean-square of the generator’s counter torque,

𝜏 =
max(𝑇gen)
rms(𝑇gen)

. (26)

Ideally, 𝜏 should not be too large. Otherwise, generator fatigue can lead
to reliability problems (e.g., damage to the generator windings) if it is
not already considered in the specification of the electric generator.
For an OWC PTO like this, where the rotating masses have a relatively
low moment of inertia and max(Δ𝑝)∕rms(Δ𝑝) ≫ 1, it is not possible
12
Fig. 14. Ratio between the maximum and the root-mean-square counter torque of the
generator, 𝜏, as a function of the root-mean-square of the turbine pressure head. (a) BCA
control algorithm with the regular operation (black triangles) and safe-mode operation
activated when required (blue squares), without safety valve operation. (b) Tests of
OPERA control laws without the use (open symbols) and with the use (solid symbols)
of the high-speed safety valve; CL1 — right triangles; CL2 — diamonds; CL4 — left
triangles; CL5 — circles; the symbols are filled with a jet colour palette representing
times the high-speed safety valve is actuated in 15 min intervals.

to have 𝜏 ≈ 1. Fig. 14 a) shows 𝜏 as a function of root-mean-square
of turbine pressure head for tests where only RO was used (black
triangles) and where SM operation was enabled (blue squares). The
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inspection of Fig. 14 a) shows similar values between the tests in
RO and when SM was activated in the ranges of turbine pressure
heads of rms(Δ𝑝) < 3.5 kPa and 6 kPa < rms(Δ𝑝) < 10 kPa. In the
tests performed only in RO, the imposed control algorithm had no
𝜏 discontinuities, and the counter torque of the generator followed
𝑇 RO

gen = min
(

𝑎RO(rms(Ω(𝑡)))Ω2(𝑡), 𝑃 rated
gen ∕Ω(𝑡)

)

. The same is true for the
tests that operated in SM in the range 6 kPa < rms(Δ𝑝) < 10 kPa, as it
was found that the control algorithm entered SM when the control law
was 𝑇 SM

gen(𝑡) = 𝑃 rated
gen ∕Ω(𝑡).

From the results in Fig. 14 a) it is also evident that in the range
of turbine’s pressure heads 3.5 kPa < rms(Δ𝑝) < 6.0 kPa there was
a significant difference between the tests where only RO and with
SM was activated. Depending on whether or not the rotational speed
before entering SM was closer to Ω = (𝑃 rated

gen ∕𝑎RO)1∕3, the difference
in the counter torque of the generator could be lower or higher. The
evaluation of these variables during one year of operation gives an
average value of 𝜏 = 2.7, which seems to be a relatively favourable
value concerning the fatigue of the electric generator components.

The comparison of Fig. 14 (a) and 14 (b) shows a larger scatter of the
parameter 𝜏 for the control laws of the project OPERA compared to the

Fig. 15. Half-violin plots from representative (blue line), extreme (green line) and cases
requiring safety valve operation (red line) for 𝑃avail∕𝑃 rated

gen (dashed line) and 𝑃gen∕𝑃 rated
gen

solid line). The square, diamond and circle symbols present the maximum value of
avail∕𝑃 rated

gen for each case.
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c

CA control law, which does not exceed 𝜏 = 5. This is achieved by the
ntensive operation of the high-speed safety valve for rms(Δ𝑝) > 4 kPa,
hich may raise reliability concerns.

.5. Cases requiring safety valve operation

The Zenodo’s database show that the BCA control algorithm did
ot prevent the turbine from exceeding the maximum speed in 16 out
f 257 tests. Not even this situation was avoided when the maximum
ounter torque of the generator was constantly applied, see Section 4.4.
ig. 15 shows half-violin plots of the pneumatic and generator power
ormalised to the generator’s rated power, 𝑃avail∕𝑃 rated

gen and 𝑃gen∕𝑃 rated
gen ,

or three different cases: representative, extreme and need of safety
alve.

Observation of the half-violins plots in Fig. 15 corresponding to
avail∕𝑃 rated

gen (filled ones) indicates a very high frequency of occurrence
or 𝑃avail∕𝑃 rated

gen < 2 for any case. This result shows that the generator’s
ated power fits the available pneumatic power met at Mutriku’s wave
ower plant. However, comparing the cases for each operating range
f 𝑃avail∕𝑃 rated

gen , it can see that the case labelled ’Need of a safety valve’
ccurs more frequently at higher values of 𝑃avail∕𝑃 rated

gen and also has the
ighest value of 𝑃avail∕𝑃 rated

gen (close to 15). Plotting turbine pressure
ead, pneumatic power, rotational speed and generator power as a
unction of time for the three cases in Fig. 16 shows that a group
f waves may induce very high turbine pressure head peaks in short
eriods.

From the point of view of PTO control, the problem is not the
ccasional occurrence of high-pressure peaks and as a consequence of
he available pneumatic power (see the range 400 s > 𝑡 > 350 s in
ig. 16), nor a high occurrence of 𝑃avail∕𝑃 rated

gen < 2, as observed in
ig. 15. The problem is the duration of the wave group with high-
ressure peaks resulting in a strong acceleration of the PTO. Such
xcessive available pneumatic power significantly hinders the control
f the PTO. Moreover, in cases like the one presented here, where the
ms(Δ𝑝) is relatively low, it is even more difficult, as it was not foreseen
hat this case would be problematic.

Although these tests occur very rarely, common sense dictates that
he design of a control algorithm should not allow for these situations.
safety control valve (slow or high-speed) must be installed in series or

arallel with a PTO component. The control algorithm strategy is the
ame as the one described and analysed in this paper, in addition to
master control unit that checks if the accumulated energy is above a
ertain safety threshold that triggers the valve operation. As mentioned
Fig. 16. Pressure head, rotational speed and counter torque of the generator as a function of time for three cases: Case 1, representative (green dotted line), Case 2, extreme but
controllable (solid red line) and Case 3, extreme, requiring the operation of the safety valve (blue dash-dotted line).
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earlier, the numerical model does not model the hydrodynamics of the
OWC chamber. Therefore, the actuation of the safety valve was not
investigated due to its influence on the hydrodynamics of the system.

4.6. Implementation of the control algorithm into real applications

The implementation of the novel control law under real conditions
requires the use of hardware and software.

The hardware is an encoder, pressure, humidity and temperature
sensors to measure the rotational speed and calculate the available
pneumatic power. The PLC reads the above variables and controls the
turbine–generator set by providing the torque control setpoint to the
control unit of the variable frequency drive. The variable frequency
drive must operate in close-loop torque-control mode with encoder.

Master–slave software must be implemented in the PLC. The master
monitors the rotational speed, and a low-speed safety valve is actuated
when the maximum threshold rotational speed is reached. The slave
software follows the control strategy described in the paper.

5. Conclusions

A novel control algorithm for a turbine–generator set to equip
oscillating-water-column devices was designed according to a detailed
method to maximise energy production while ensuring the safe and re-
liable operation of the system. The algorithm has a master–slave control
strategy. During regular operation, the algorithm follows a control law
that increases the counter torque of the generator quadratically with
speed and maximises the overall efficiency of the turbine–generator set
on a time average. The algorithm checks the time-averaged available
pneumatic power of the turbine over a backward time horizon. If the
time-averaged pneumatic power and rotational speed are above certain
thresholds, the safe-mode operation is switched on, and the generator’s
maximum permissible counter torque is set. The algorithm can be
easily integrated into an industrial programmable logic controller that
uses as inputs the rotational speed and turbine pressure head from an
encoder assembled into the turbine shaft and pressure sensors on the
pneumatic chamber, respectively. A genetic algorithm optimised the
variables required to achieve the set goal.

A numerical model with input field data from the Mutriku wave
power plant is used to simulate the performance of OPERA’s biradial
turbine–generator set. Comparing the results of the control algorithms
of the project OPERA with those of the novel BCA control algorithm
for the 257 test results available in Zenodo’s public database, it is
concluded that:

• The BCA control algorithm achieves a significant 6% increase
in average annual electricity generation compared to OPERA’s
control laws.

• In general, OPERA’s control laws favour the average efficiency of
the electric generator but disfavour the average efficiency of the
turbine excessively compared to the BCA control law.

• OPERA’s control laws required the high-speed safety valve to
operate in 98 of 257 test cases, while the BCA could not control
only 11 test cases without additional valve control.

• The BCA control algorithm results in higher ratios between the
maximum and root-mean-square of the generator’s counter torque,
which must be considered in the electric generator specification
to avoid reliability problems due to generator winding fatigue.

• The OPERA’s control laws require the intensive operation of the
high-speed safety valve for rms(Δ𝑝) > 4 kPa, which can lead to
reliability concerns.

• Unlike some existing control algorithms, prediction of sea state
conditions is not required, avoiding relying on online wave mea-
surement systems near the OWC device, whose reliability is ques-
14

tionable.
Some tests have shown that the control algorithm did not prevent
turbine overspeed. These tests present wave groups producing high
time-averaged pressure peaks of excessive duration for the generator’s
rated power.

Although it is possible to predict the resource reaching a particular
wave energy converter a few days in advance, unexpected wave groups
can reach the system and cause undesirable energy peaks. Common
sense engineering rules dictate that a safety valve (not modelled in
this paper) is triggered whenever the accumulated energy is above a
certain threshold. Note that this control law does not need to predict
the coming wave. It uses the accumulated energy to determine whether
the operation is safe.

The novel BCA control algorithm was developed for a biradial
turbine. However, it is also expected to apply to axial impulse air
turbines.
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Appendix A. Zenodo’s database

The collected data can be downloaded from the Zenodo reposi-
tory [59]. There are 257 tests in HDF5 files with the following des-
ignation: OPERA_PP_YYYYMMDD_HHhMMmSS.h5, where YYYY is the
year, MM is the month, DD is the day, HH, MM and SS are the hour,
minute and second of the start of the test, respectively. Each file has
two groups: ‘‘Values’’ and ‘‘TimeSeries’’. In the ‘‘Values’’ group, it is
the control law type used, and some mean and root-mean-square values
of power, control variables, and turbine coefficients, see Table A.6. In
the ‘‘TimeSeries’’ group, it is the time series of essential variables to
characterise the turbine’s performance fully; see Table A.6.

In this database, some variables are missing that are needed to
perform a numerical study like the one presented in this paper: (1)
the air density in the turbine gallery and the pneumatic chamber; (2)
the sea state conditions, i.e. the significant wave height and the peak
(or energy) period; and (3) the parameters of the control law, e.g. for
the case of CL1 the control parameters 𝑎 and 𝑏 are not mentioned.

Therefore, it is not possible to accurately replicate the above tests.
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Table A.6
List of variables in each group of the HDF5 files [57].

Values TimeSeries

Dataset ‘CL’
Dataset ‘Eta_Mean’ Dataset ‘Delta_p’
Dataset ‘Omega_Mean’ Dataset ‘Eta’
Dataset ‘Pdrive_Mean’ Dataset ‘HSSV’
Dataset ‘Pgrid_Mean’ Dataset ‘Omega’
Dataset ‘Pi_Mean’ Dataset ‘Pdrive’
Dataset ‘Ppneu_Mean’ Dataset ‘Pgrid’
Dataset ‘Pturb_Mean’ Dataset ‘Phi’
Dataset ‘RMS_Omega’ Dataset ‘Pi’
Dataset ‘RMS_Phi’ Dataset ‘Ppneu’
Dataset ‘RMS_Pi’ Dataset ‘Psi’
Dataset ‘RMS_Psi’ Dataset ‘Pturb’
Dataset ‘RMS_Q’ Dataset ‘Q’
Dataset ‘RMS_p’ Dataset ‘damper’
Dataset ‘TimeStamp’ Dataset ‘time’

Table B.7
Genetic algorithm: Fitness function, constraints and optimisation problem for
optimisation of representative (1) and extreme (2) cases.
Case Fitness function Constraints Optimisation problem

1 𝜂total = 𝜂turb𝜂gen

10−6 < 𝑎RO < 102 minimise 𝐹1 = 1 − 𝜂total
Ω(𝑡) < Ωmax subject to

10−6 < 𝑎RO < 102

Ω(𝑡) < Ωmax

2 MAEPext

𝑃 rated
gen ≤𝑃thrs≤3𝑃 rated

gen minimise 𝐹2 = 1 −
MAEPext

MAEPref

Ωrated≤ΩU≤Ωrated subject to
𝑃 rated

gen

𝑇 lim
gen

≤ΩL≤
1
2
Ωmax 𝑃 rated

gen ≤𝑃thrs≤3𝑃 rated
gen

ΩU > ΩL Ωrated≤ΩU≤Ωrated

Ω(𝑡) < Ωmax

𝑃 rated
gen

𝑇 lim
gen

≤ΩL≤
1
2
Ωmax

ΩU > ΩL
Ω(𝑡) < Ωmax

Table B.8
Genetic algorithm: Main characteristics and stopping criteria for both optimisations.

Optimisation 1, Representative 2, Extreme

Reproduction - Main characteristics

Size 400 1500
Fitness scaling Rank
Selection Roulette-wheel
Mutation Adaptive feasible
Crossover 0.8
Elite Elite

Stopping criteria

Maximum number of generations 25 100
Fitness limit 0.37 1
Stall limit 5
Tolerance function 10−5

Appendix B. Genetic algorithm

Table B.7 lists the fitness function, 𝐹𝑖, the constraints and the
ptimisation problem for both optimisations. For the extreme sub-set
ptimisation, the objective function was set to a minimisation problem
here MAEPref is a reference value that ensures that 0 ≤ 𝐹2 ≤ 1.
able B.8 shows the main features and stopping criteria for both
ptimisations.
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