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Abstract

The privileged location of breakwaters makes them high potential targets for the installation of a wave energy
converter. The wide utilization of the oscillating-water column (OWC) as a wave energy converter (WEC) relies on
its simple concept: the only moving part of the power take-off (PTO) mechanism is the rotor of an air turbine directly
driving a conventional electrical generator. The OWC's hollow structure, either fixed or floating, opens to the sea
below the water surface, thus trapping air above the inner free-surface. When wave action alternately compresses
and decompresses the trapped air, the forced air flows through a turbine coupled to an electrical generator. The
objective of this paper is to study the viability of the installation of an OWC device in the Leixões breakwater. The
performance of the Wells turbine and the Biradial turbine was compared using a mathematical model developed
for this project. An optimisation of the performance of the turbine was analysed considering two control strategies:
feedback control law and integral sliding mode control (ISMC). Results have shown that the Biradial turbine has a
better high peak efficiency when compared to the Wells turbine. For this reason, the ISMC was implemented into
the Biradial turbine with the goal of tracking the pressure head at its best efficiency point by means of the rotational
speed. It was found that the ISMC is more efficient than the feedback control for low inertia turbines, but it presents
several issues of implementation for high inertia turbines.
Keywords: wave energy, oscillating water column, air turbine, feedback control law, integral sliding mode.

1. Introduction

In 2014, the International Renewable Energy Agency
(IRENA) published a technical report on wave energy
which stated that the potential for wave energy extrac-
tion is set to be 500 gigawatt per unit wave-crest length if
40% conversion rate is considered worldwide [1]. Although
some of this potential may be unattainable due to poor
shoreline conditions (implying high sum of investments),
some locations, such as the coastline of Australia, United
Kingdom, and the Northwest of the Iberian Peninsula,
where the Leixões breakwater is included, among others,
present themselves as viable options and they should be
further analysed.

A new energy converter system is to be analysed under
the SE@PORTS project, which should present itself as a
reliable source for harnessing wave energy. The new energy
converter to be designed is a set of an oscillating-water-
column device with an overtopping energy converter on
top and the Leixões breakwater case-study was selected as
one of the locations. This paper’s purpose is to: i) study
the hydrodynamic behaviour at the Leixões location; ii)
define and select the most viable power take-off system
for power generation; iii) establish control strategies to be

applied; iv) evaluate both the effectiveness and efficiency
of the Leixões breakwater location for the installation of
an OWC.

1.1. Port of Leixões

Facing the Atlantic Ocean, the Port of Leixões is the
largest port in the North of Portugal (second only to the
Port of Sines, country-wise) and its advantageous geo-
graphic location represents a national relevant economic
asset in the transportation and fishing industries, besides
all ancillary businesses.

In particular, the breakwater (Figure 1) is composed of
2000 meters of rubble-mound type structure with a de-
tached submerged breakwater at the end.

A study conducted by LNEC [3] has shown that the con-
struction of an OWC wave energy converter in this site is
feasible, either at an initial stage or once the structure has
been finalised. As such, the Leixões North Breakwater has
been suggested for the implementation of a WEC concept
to be developed as part of the SE@PORTS project.

1.2. The Oscillating-Water-Column Device

The OWC is the most auspicious device for wave energy
extraction nowadays [4], either due to various research of
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Figure 1: Leixões’s breakwater. Source:[2].

Figure 2: Schematic of an onshore Oscillating-Water-
Column.

interest performed in the academic community [5, 6, 7],
or due to real-life implementations that have proven the
viability of this concept.

This device can be installed afloat, laid on the seabed
or dug in the cliff [4]. Either solution (afloat or ashore)
has the same functioning: wave energy is transformed into
pneumatic energy due to pressure oscillation, which com-
presses and decompresses the air inside the hollow cham-
ber in the direction of the turbine, turning pneumatic en-
ergy into mechanical energy; finally, the rotational me-
chanical energy is converted into electric power in the elec-
tromagnetic generator.

1.3. Self-Rectifying Turbines

Most self-rectifying air turbines for wave energy conver-
sion are axial-flow machines and fall in two categories:
the Wells turbine and the impulse turbines [8], with the
Wells impulse turbine currently being the most common
in the literature [6]. Apart the aforementioned, more self-
rectifying turbines exist, as it is the case for the Bira-
dial turbine, which has shown promising results, and the
tetra-radial, still under development, both developed by
the Wave Ocean Group (WOG) at IST. In this paper, a
comparison between the Wells turbine and the Biradial
turbine will be drawn.

1.4. Sliding Mode Control Theory

Sliding Mode Control is an effective tool for modelling the
control of nonlinear systems with matched and unmatched
uncertainties and is based on the notion that nth-order
systems (i.e., systems described by nth-order differential
equations) are complicated to model, while 1st-order sys-
tem, be they nonlinear, uncertain or both, are fairly easier
[9].

The sliding mode design approach consists of two dis-
tinctive steps: firstly, a switching function is designed ac-
cording to system specifications; secondly, a control law
is selected in order to establish a tendency for the system
states to derive towards the switching function as intended
[10]. The closed-loop dynamic behaviour of the system
happens along two phases. The first phase is called the
Reaching phase which comprises the motion as the states
are being driven towards a sliding surface. As this phase
is affected by unmatched disturbances, it is ideal to reach
it in the minimum time possible. Once the states reach
the sliding surface, the second phase is induced by the dy-
namics of it. This trait is called sliding motion, with the
system becoming insensitive to all matched uncertainties
[10].

This paper is organised as follows: section 2 describes
on the procedure utilised to characterise the OWC in the
Leixões breakwater, where the frequency-domain model
approach developed by INEGI is introduced as well as
the time-domain wave-to-wire model. In section 3, it is
explained the control strategies applied to the numerical
model: feedback control law and integral sliding mode con-
trol. Section 4 is divided in two main parts: the first one
presents the initial assessment on the characteristics of the
power take-off system and introduces the feedback control
law results. The second analyses the outcome of the power
take-off system with integral sliding mode control theory
and establishes a comparison between both control strate-
gies. Finally, some conclusions are presented in Section
5.

2. Theoretical Framework
2.1. Frequency-domain Model

In the framework of this project, the annual wave climate
has been approximated by a set of 31 sea states from the
37 sea states available. Only 31 were considered so that
the linear wave theory would remain valid (the excluded 6
sea states presented a wave height that compromised the
linear wave theory assumption).

The cross-section of the OWC in the Leixões is repre-
sented in Fig. 3.

The hydrodynamic coefficients, namely, the added-mass
coefficient, A(ω), the radiation damping coefficient, B(ω),
the excitation force per unit of wave height, Γ(ω), and the
excitation force phase response, φ(ω), were computed with
the help of ANSYS simulation.

2.2. Time-domain Model

Define a submersed body with a mass, m, and an acceler-
ation z̈. Let z be the heave motion of the body, modelled
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Figure 3: Cross-section view of the Oscillating-water-
column geometry implemented in the Leixões breakwater.
Source: INEGI

as a piston, with z = 0 representing the equilibrium posi-
tion. The equations of motion for the OWC free-surface
are given by

(m+A∞) v̇ = − %wgS z − pat S p
∗ + Fexc − R, (1)

ż = v. (2)

Here, the dots denote time derivatives, v is the velocity
of body, g is the acceleration of gravity, %w is the water
density and the constant A∞ is the added mass at infinite
frequency. The internal air-water interface area is denoted
by S.

The excitation force acting on the imaginary piston is
obtained as a sum of M components of frequency ωm:

Fexc(t) =

n∑
m=1

A(ωm) Γ(ωm) sin
(
ωmt+ φ(ωm) + φr(ωm)

)
.

(3)
The parameters Γ(ωm) and φ(ωm) are the excitation force
per unit of wave height and the phase response of the
heave body at the angular frequency ωm, respectively. The
random phase as a function of the frequency is denoted as
φr(ωm). The radiation force is defined as the sum of A∞
and R, with R computed as

R =

∫ t

0

k(t) ẋ(t− τ)) dτ. (4)

where k(t) is the impulse response function of the piston
motion. The linear time-invariant state-space approxima-
tion model which characterises the impulse response func-
tion is defined as

ṙ = Assr + Bssv, (5)

R = Cssr, (6)

and was computed using the FOAMM software, as seen
in Figure 4. State matrix r ∈ Rn, its time derivative
ṙ ∈ Rn, the output radiation force R ∈ R, the input
velocity v ∈ R, the state transition matrix Ass, the
input matrix Bss and the output matrix Css. (Ass ∈
Rn×n,Bss,Css ∈ Rn).

0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
, [rad/s]

103

104

105

106

107

|K
(

)|,
 [k

g/
s2 ]

K (approx)
K

a)

0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
, [rad/s]

2.0
1.5
1.0
0.5
0.0
0.5
1.0
1.5
2.0

K
(

), 
[ra

d]

K (approx)
K

b)

Figure 4: Fitting of the impulse response function, k(ω).
a) Modulus and b) phase response of the original AQWA
data and state-space approximation, as a function of the
wave angular frequency ω.

The dimensionless relative pressure oscillation inside the
chamber is given by

p∗ =
p

pat
− 1. (7)

where pat is the atmospheric pressure and p is the instanta-
neous absolute pressure oscillation inside the air chamber.
Once dimensional analysis is applied to incompressible
flow turbomachinery, the dimensionless variables which
characterise the turbine’s aerodynamic performance can
be expressed as in [11]

Φ =
ṁturb

%inΩd3
, (8)

Ψ =
∆p

%inΩ2d3
, (9)

Π =
Pturb

%inΩ3d5
, (10)

which are the dimensionless flow rate, Φ, the dimensionless
pressure head, Ψ, and the dimensionless power coefficient,
Π. Also, ṁturb is the turbine mass flow rate, Ω is the
rotational speed in radians per unit time, d is the diame-
ter of the turbine, %in is the reference density at the en-
trance of the turbine in stagnation conditions, ∆p = p∗ pat
and Pturb is the turbine power output (neglecting bearing
losses).

Neglecting the effects of the variations in Reynolds num-
ber (since it is, in general, large enough to admit so, Re
> 106) and Mach number (see [11]), the dimensionless
variables Φ, Π and ηturb can be plotted as simple curves
as a function of Ψ, as shown in Figure 5.

2.3. Power Take-off System
The rotational kinetic energy of the mechanical side of the
turbine-generator set is described by
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Figure 5: Dimensionless flow rate, Φ, dimensionless power
coefficient, Π, and efficiency, η, as functions of the dimen-
sionless pressure head, Ψ, for the Wells turbine a), and for
the Biradial turbine b) used in the numerical simulations,
based on [12] and [13], respectively.

k =
1

2
I Ω2, (11)

where I is the moment of inertia of the turbine-
generator set and Ω is the rotational speed in radians per
unit time. The rate of change of kinetic energy is equal to
the resultant power

d k

d t
= Pres, (12)

and the resultant power is the balance between the instan-
taneous turbine aerodynamic power and the instantaneous
generator electromagnetic power

Pres = Pturb − Pgen. (13)

Finally, the dynamics of the turbine-generator set can
be defined by

d

d t

(
1

2
I Ω2

)
= Pturb − Pgen, (14)

with the turbine aerodynamic power being computed as

Pturb = %in Ω3 d5 Π(Ψ). (15)

The generator electromagnetic power, Pgen, is imposed
by the rotational speed control laws addressed in sec-
tion 3.

3. Control Strategies

3.1. The Feedback Control Law
In [7], it was suggested a control law taking into consid-
eration the physical principles ruling the power take-off
system and it is the one that will be concerned in this
subsection.

Taking the limiting case when inertia is zero in Eq. (14),
the instantaneous turbine power equals the instantaneous
generator power.

Knowing that the instantaneous turbine power is given
by Eq. (15) and that

ρind
5Ψ = Cte, (16)

for a given pressure head when operating at the best effi-
ciency point (Ψbep), the generator control law must follow
the relation

Pgen = abep Ωb, (17)

with

abep = ρind
5Ψbep. (18)

The terms a and b are the generator control law constant
and the generator control law exponent, respectively. In
order to prevent overloading, the following control law
should be adopted as

Pgen = min (Pgen, Prated), (19)

where Prated is the rated (maximum allowed) power of the
generator, defined by the manufacturer.

3.2. ISMC implementation for the PTO System of an
OWC WEC

The objective of this section is to define a control strategy
that tracks the desired reference rotational speed for max-
imum turbine efficiency. In order to achieve said desired
state, the torque of the electromagnetic generator is ad-
justed so that it remains on the optimal rotational speed
according to

Ψ(t) = Ψbep, (20)

where Ψbep is the dimensionless pressure head at the best
efficiency point given by the biradial turbine curves, see
Figure 5. By achieving the state expressed in Eq. (20),
one is trying to avoid the loss of efficiency for Ψ > Ψbep.

For this purpose, the tracking error was defined as

e(t) = Ω∗(t)− Ω∗bep(t), (21)

where Ω∗ and Ω∗bep are the dimensionless instantaneous
and desired rotor rotational speeds, respectively, and are
determined as

Ω∗(t) =
Ω

Ω0
, (22)

Ω∗bep(t) =
Ωbep

Ω0
, (23)

where Ω0 is the rotational speed at generator rated con-
ditions.

The integral sliding switching function was established
as

s(e) = s0
(
e(t)

)
− s0

(
e(0)

)
+ kc

∫ t

0

s0
(
e(τ)

)
dτ, (24)

where kc is a control gain parameter and s0 is given by

s0(e) =

(
d

dt
+ λ

)n−1

e1, (25)

with λ ∈ R+ and e1 = x− xd.

4



By deriving Eq. (24) in respect to time, one gets

ṡ(e) = Ω̇∗(t)− Ω̇∗bep(t)− s0(e(0)) + kc e(t). (26)

In the present case, n = 1 and the resulting switching line
vector is a unitary scalar, S = 1, Eq. (??).

As stated in [9], in order to attain a sliding motion from
the beginning, the initial desired state must be such that

Ω∗d(0) = Ω∗(0) = Ω∗bep, (27)

hence, s0
(
e(0)

)
= 0.

On the grounds that the dynamics in sliding mode take
place when ṡ(e) = 0, the nominal parameter of the control
input, u0(t), can be computed from Eq. (26) as

u0(t) = −
(
Tturb − I Ω0 Ω̇∗bep + I Ω0 kc e(t)

)
. (28)

In order to enforce sliding mode even when subjected
to a perturbation h(Ω, t), the discontinuous term of the
controller is defined as

u1(t) = −θ s0(e)

|s0(e)|+ δ
, (29)

where θ is a scalar gain and δ is a small positive value. The
Lyapunov stability theory is an approach for studying the
stability of differential equations, without requiring an ex-
plicit solution to be obtained [10]. If a total time derivative
of a differentiable function V : Rn 7→ R (such that, V is
positive except at an equilibrium point) decreases along
the system trajectories, then the equilibrium point is con-
sidered stable. Defining the Lyapunov function candidate

V (t) =
1

2
s(e)2, (30)

where V (t) is clearly positive definite1, the time deriva-
tive of V (t) must be negative definite to prove Lyapunov’s
direct method for stability. As such,

V̇ (t) = s(e) ṡ(e)

= s(e)
(
ė+ kc e

)
= s(e)

(
Ω̇∗ − Ω̇∗bep + kc e

)
= s(e) (−θ (s) + h(Ω, t))

≤ −
(
θ − h

)
|s|.

(31)

Therefore, V̇ (t) is negative definite as long as the term
θ is chosen strictly positive and θ ≥ |h|,∀t > 0. As the
dynamic behaviour of the tracking error is described by
the following equation

ė(t) = −kc e(t), (32)

the error e(t) converges exponentially to zero. Equa-
tion (32) illustrates the idea behind ISMC in which the
order of motion remains the same as the original system.

1A matrix is said to be a positive definite matrix if all eigenvalues
are positive.
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Figure 6: Time-series of the excitation force.

Lastly, the control input scheme that allows maximum
turbine efficiency can be congregated into

u(t) = −
(
Tturb − I Ω̇bep + I Ω0 kc e+ θ

s(e)

|s(e)|+ δ

)
.

(33)

4. Results

A Runge-Kutta forth-order time integration was used
for integrating the system of Ordinary Differential Equa-
tions. The initial conditions for hydrodynamic parame-
ters and geometry are as follows: m = 97979.75 kg, A∞ =
271698.91 kg, S = 25 m2, V0 = 230.95 m3, width of the
chamber = 5 m, length of the chamber = 5 m, height of the
chamber = 9.238 m. The wave spectrum was discretized
considering a total of 512 frequencies. All the numerical
results were obtained by solving the system of equations
considering an integration period of Tf = 3600 s and a
time step of ∆t = 0.01 s.

4.1. Leixões Breakwater Case Study under the Feedback
Control Law

For each sea state, the program presents 8 plots. The re-
sults shown below were obtained for the the sea state #19,
Hs = 2.5 m and Tp = 16.14 s , for a turbine’s diameter of
1.5 m, for a electromagnetic generator with 120 kW of ca-
pacity and for the Biradial impulse turbine (the graphic
output for the Wells turbine is exactly the same). The
following Figures 6 – 13 are outputs of the algorithm. Fig-
ure 6 shows the excitation force. In this case, one can see
that the OWC designed by INEGI has spikes in the exci-
tation force plot for ω ≈ 0.5 rad/s and 1.25 rad/s which
roughly translates to wave periods of Tp ≈ 12.5 s and 5.0 s,
respectively. Figure 8 represents the instantaneous posi-
tion (green line) and velocity (blue line) for the modelled
piston. Figure 10 shows the pneumatic power, the tur-
bine power and the electromagnetic generator power for
a selected range of time, t ∈ [1800, 2000] s. The pneu-
matic power available to the turbine is greater than the ex-
tracted turbine power, as expected. The generator power
is clipped at the maximum rated power as it is illustrated
in the figure for an approximate range of t ∈ [1890, 1970] s.
The same clipping behaviour is depicted in Figure 11,
where the entirety of the time-series is represented. The
dimensionless variables are plotted in Figure 12. Figure 13
shows the turbine efficiency and it is demonstrative of the
turbine’s performance.
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Figure 8: Time-series of the position and velocity for t ∈
[1800, 2000] s.

4.2. Assessment of the Wells and Biradial Turbines based
on Selected Diameters

While considering the parameters presented above, an es-
timate of the annual-averaged turbine power output was
conducted as a function of the diameter for each turbine
depicted in Figures 14 and 15 for Wells and the Biradial
turbines, respectivelly.

The Wells turbine diameter was chosen based on the
growing curve of Figure 14, where the annual average tur-
bine power increases up to P turb ≈ 28 kW for a respec-
tive of d = 1.6 m. After this point, the well-known hard-
stalling behaviour that characterises the Wells turbine has
a very penalising effect. Regarding the Biradial impulse
turbine, even though a slight increase in average annual
turbine power was obtained for d = 1.7 m, this increment
would not bring additional value when weighed against its
economic constraints. Therefore, the final decision was to
continue the evaluation focusing on the Biradial turbine
with d = 1.5 m, which presents an average annual turbine
power of P turb ≈ 85 kW.

The selected diameters, control law parameters as well
as values for the moment of inertia are presented in Ta-
ble 1.

Table 1: Selected diameter, moment of inertia and control
law parameters for the Wells and the Biradial turbines.

Data Wells Biradial

Diameter [m] 1.6 1.5

Inertia [Kg m2] 44.2 217.4

aref [W(s/rad)b] 0.007 0.081

b [-] 3 3

Due to economic constraints, the generator rated power
was decided as Prated = 120 kW.

The matrices presented in this section were computed
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Figure 9: Time-series of the rotational speed for the entire
time sample.
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Figure 11: Time-series of the Generator Power and Con-
trol Power (Pctr = aΩb).

for a vector of significant wave height and a vector of wave
peak period in the range [4.5 m, 16.5 m] × [0.5 s, 4.5 s], re-
spectively. This approach allows a full inclusion of the
sea spectrum data of the Leixões breakwater as well as
fully characterisation/understanding of each turbine for a
broader interval.

The time-averaged Wells turbine efficiency matrix is
plotted in Figure 16 a) and its maximum efficiency is about
59%. Figure 16 a) shows that the time-averaged turbine
efficiency is around 45-50% for Hs values below 4.5 m.

For the present case, the maximum efficiency of the Bi-
radial turbine is about 68.3%. The time-averaged Biradial
turbine efficiency matrix plotted in Figure 16 b) shows a
drop of efficiency for Hs values above 3.0 m. This effect
is substantial to the overall efficiency of the turbine and
is partially explained by the high value of inertia the Bi-
radial turbine has. However, because the power station
has been optimised for values up to Hs = 2.5 m, the Bira-
dial turbine still presents a better overall efficiency when
compared to the Wells turbine.

The matrices for the time-averaged turbine shaft power
and the turbine rotational speed, as a function of Tp and
Hs, are plotted in the Figure 17 for the Wells and Biradial
turbines. The discrepancy of values are indicative of the
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Figure 13: Time-series of the turbine efficiency for t ∈
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behaviour of the Biradial turbine when compared to the
Wells turbine. Taking into account the turbines’ curves,
as seen in Figure 5, one notices that the Biradial turbine’s
efficiency has a smooth decrease of efficiency past its best
efficiency point, whereas the Wells turbine has a sharp
drop of efficiency once it goes beyond its best efficiency
point. Therefore, it takes a longer time recovering back to
the neighbouring of that point.

In order to assess the viability of each turbine, the ro-
tational speed at the tip of the blades was analysed while
considering that the fluid should remain at subsonic speed
so that to avoid flow compressibility effects on the turbine
rotor blades or fluid separation. Hence, a Mach number of
up to 0.3 (Ma < 0.3) was proposed. Assuming a temper-
ature of 273 K and the velocity of sound, c, of 343.4 m/s2,
the threshold rotational speed for the each turbine is 128.8
rad/s and 137.4 rad/s for the Wells and the Biradial, re-
spectively.

Comparing the limiting value for the rotational speed
with Figures 17 b) and 17 d), the Wells turbine reaches
the threshold rotational speed limit for very low sea state
regimes, around a significant wave height of 1.5 m. Indeed,
the Wells turbine reaches higher rotational speeds – about
1.5 times more than the Biradial turbine. This is partially
explained by its low inertia – two orders of magnitude
less – than the Biradial turbine. On the other hand, the
Biradial turbine is capable of handling a broader interval
of the wave spectrum, up to Hs = 3.5 m.

A computation for characterising the performance of
the Biradial turbine is plotted in Figure 18. One can no-
tice that the OWC is to be designed for a wave period of
around 8 to 9 seconds as the sea spectrum presents higher
probability of occurrence for those instances. Overall, the
Biradial turbine seems a more appropriate choice for the
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Figure 14: Annual-averaged Wells turbine power as a func-
tion of the rotor diameter for the Leixões wave power
plant. The red circle denotes the diameter selected for
the subsequent computations.
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Figure 15: Annual-averaged Biradial turbine power as a
function of the rotor diameter for the Leixões wave power
plant. The red circle denotes the diameter selected for the
subsequent computations.
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Figure 16: Wells turbine a) and Biradial turbine b) effi-
ciencies as a function of the peak period Tp and significant
wave height Hs for the Leixões wave power plant.

installation of an OWC WEC at the Leixões breakwater
due to the available instantaneous pressure head.

4.3. Leixões Breakwater Case Study under Integral Sliding
Mode Control

Although the feedback control law in the previous sec-
tion has shown promising results, the ISMC strategy was
selected as integrated part of the continuing process of
evaluating Biradial turbine’s response to a novel control
strategy. For this reason, a first assessment was devel-
oped taking into consideration the work developed in [14];
then, the ISMC was applied to the Leixões breakwater
case study.

4.4. Available potential for ISMC
In order to assess the potential of the ISMC for the sea-
states of Leixões coastline, an ideal execution of this con-
trol law was designed so that

Ω = Ωbep, (34)
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Figure 17: Time-averaged matrices of turbine shaft power
a) and turbine rotational speed b) for the Wells turbine
and Time-averaged matrices of turbine shaft power c) and
turbine rotational speed d), as a function of the peak pe-
riod Tp and significant wave height Hs, at the Leixões
breakwater.
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Figure 18: Annual power gain per occurrence for the ref-
erence d = 1.5 m

regardless of the relative pressure oscillation input. In
other words, the principle was to evaluate the system’s
capacity if it were to operate at its best efficiency point so
that the Biradial turbine efficiency would remain always
at its peak (η ≈ 68%).

A comparison between the available turbine power in
this ideal case and the case under feedback control for
reference d = 1.5 m is represented in Figure 19, where the
first subplot is the absolute values of each control strategy
and the second subplot is the gain margin in percentage
that one would achieve in a PTO system with zero inertia.
The inertia of the PTO system is virtually zero in this case
because the system does not depend on external inputs.
As such, there is no delay on the reaction of the rotational
speed when the electromagnetic generator either breaks or
accelerates the PTO system.

Under this assumption, the rotational speed is a result of
the instantaneous equilibrium between the turbine power
and the generator power

Pturb = Pgen (35)

If the turbine is to be operated at the best efficiency point
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Figure 19: Comparison between the zero inertia system
and the feedback control law for each sea state. The upper
plot shows absolute values of each control law, while the
subplot at the bottom shows the percentage gains for the
reference d = 1.5 m.

Ψbep

η(Ψbep) ≥ η(Ψ), (36)

then, the turbine power is proportional to

Pturb ≈ %at d5 Π( Ψ(ηbep) )︸ ︷︷ ︸
const

Ω3. (37)

meaning that the generator control law should be

Pgen = const Ω3 (38)

Even though the feedback control law matches reason-
ably the zero inertia system (gains below 10% for up to
the sea state #7), meaning that the exploitation of the
turbine power is very close to ideal, it lacks performance
for subsequent sea states (in particular, in the region of
sea-states the OWC is expected to operate during most of
its lifetime).

However, and besides sea states #24 – #31 where it is
greatly outperformed, the feedback control law is overall
adequate for most of the sea states available at the Leixões
breakwater (this operation behaviour is also identifiable in
Figure 19).

4.5. Testing of ISMC for the Leixões Breakwater Case
Study

The controller parameters were chosen as kc = 2.0 and
θ = 60 after an assessment of the variation of the turbine
power as a function of the controller parameters. Results
have shown that the high inertia of the turbo-generator
set makes the implementation of this control strategy with
restrictions practically impossible for the Biradial turbine
with d = 1.5 m. In order for the rotational speed to follow
the oscillations in pressure according to

Ω =

√
∆ p

%ind2Ψbep
, (39)
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Ω has to be able to change unconstrained along with the
available ṁturb. By clipping the value of the electromag-
netic generator (as it happens in a real-value application),
the rotational speed is only allowed to operate for the in-
terval Ωmin < Ω < Ωmax, which results in a poorer perfor-
mance than the feedback control law. In this situation, the
control input is no longer sufficient for tracking the desired
state, thus leading to an unsought output. In practice, it
implies that Ψ cannot be kept equal to Ψbep for the Bira-
dial turbine without severe repercussions. Although this
effect is later prevented as the diameter decreases, it is
quite noticeable for the present case of d = 1.5 m.

Unlike for the d = 1.5 m example, the control strategy
was found to work for a Biradial turbine with d = 0.5 m
(I = 5.01 kg m2) due to its low inertia. A comparison
between the ISMC and the feedback control law for this
diameter is illustrated in Figure 20. There is a behavioural
trend in this plot: as the sea states become more energetic
and the turbine power increases, the ISMC control law de-
creases its gain margins in regards to the feedback control
law. Nevertheless, ISMC presents better results than the
feedback control law for the majority of the sea spectrum
at the Leixões Breakwater. For states of up to #6, the
ISMC reveals an averaging ≈5 % improvement in relation
to the feedback control law, for sea states #7 – #15 about
≈4 % and for sea states #16 – #23 about ≈3 %. In the
remaining sea states, the feedback control law is more ad-
equate (about ≈-4 %).

Figures 21 and 22 present the comparison of rotational
speeds and the control input, respectively, for the sea state
#19. Figure 21 shows an adequate tracking of the desired
state, albeit with some delay. The controller has some
trouble enforcing the rotational speed specially when the
relative pressure drops to zero. This trend is more pro-
nounced if the changing rate of pressure happens too sud-
denly. In those instants, the error naturally spikes.

The control strategy was able to enforce the actual ro-
tational speed to values closer to the desired rotational
speed even when the error between the actual rotational
speed and the desired rotational speed increased – in this
situation, the turbine was more easily accelerated or de-
celerated to keep tracking Ψbep, due to its lower inertia
(≈ 40 times lower than for d = 1.5 m).

The electromagnetic generator torque required for a
d = 0.5 m is depicted in Figure 22. By fine-tuning the
controller’s parameters, the control input works in a nar-
rower range of values, even though they are still too sub-
stantial by comparison to the feedback control law (8 times
greater). This understanding and the fact that the con-
troller subjects the plant to fast rates of change may very
well render this type of controller invalid for the Biradial
turbine.

5. Conclusions
A mathematical wave-to-wire model of the wave power
plant was purpose-built in this paper for the breakwater
in the port of Leixões. The performance assessment con-
sidered 31 sea-states that characterise the wave climate
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Figure 20: Comparison between the ISMC and the feed-
back control laws for each sea state. The upper subplot
shows absolute values of each control law, while the sub-
plot at the bottom shows the percentage gains for the ref-
erence d = 0.5 m.
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Figure 21: Comparison between the actual rotational
speed and the desired rotational speed for the ISMC strat-
egy for sea state #19 and a reference d = 0.5 m for t ∈
[700, 1000] s.

off the coast of Leixões. Taking into consideration the hy-
drodynamic coefficients, the PTO system to be integrated
was studied for a Wells turbine and a Biradial turbine,
along with two control strategies: the feedback control
law, treated as the reference control law, and the integral
sliding mode control law.

For the feedback control law, a preliminary comparison
of the performance of both turbines was made. The tur-
bine diameters were chosen considering a trade-off between
power output and the overall dimensions of the turbine.
Even tough the wave energy power plant was designed by
INEGI for a range of about Hs = 2.5 m, the Leixões break-
water's climate has a broader wave spectrum, which leaves
an enormous potential to be left attained if one considers a
smaller turbine; hence, the starting selection of d = 1.6 m
and d = 1.5 m for the Wells and the Biradial turbines, re-
spectively. Results show that the Biradial turbine achieves
a higher peak efficiency than the Wells turbine and that
the prohibitive values of rotational speed of the Wells tur-
bine would affect far greater the overall power extracted
than the case for the Biradial turbine. Both turbines can
perform and be installed in a future wave power plant in
the Leixões breakwater. However, the Biradial turbine in-
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Figure 22: Control input, Tgen, for the ISMC, for sea state
#19 and for a reference d = 0.5 m for t ∈ [700, 1000] s.

dicates a far better performance for the local wave climate.
Having chosen the Biradial turbine in the previous anal-

ysis, the ISMC law was employed in order to assess the
best control law for the case study. It was found that the
turbine performance depends on both control parameters
and that it requires different sets of θ and kc for each sea
state. This issue was not addressed in [14], where it was
developed an ISMC law based on a single JONSWAP spec-
tra. The Wells turbine in the refered work has an inertia
of 3.06 kg m2.

The ISMC was found not to be applicable for the Bira-
dial turbine selected for the Leixões breakwater-integrated
OWC due to the influence of its high inertia. Neverthe-
less, the algorithm was implemented for a smaller Biradial
turbine for proof of concept. It was demonstrated that the
Biradial turbine can also work under ISMC, although it
presents too much control activity. In fact, the genera-
tor torque input is heavily irregular and it subjects the
plant to strong oscillations, reaching torque values 8 times
greater than the feedback control law. As such, the elec-
tric power output may become unstable from the point of
view of the energy fed into the electrical grid.

As a result, the Biradial turbine with a feedback control
strategy was regarded as the best option for the Leixões
breakwater case study under the Se@ports project. One
report was conducted from the work showcased in this pa-
per to be delivered as part of the outputs of the Se@ports
project.
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