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Abstract:
Wave energy is a significant source of renewable energy which is harnessed by wave energy
converters (WECs). However, due to the relatively high levelised cost of energy, wave energy
has not attained a commercial stage yet. One of the key pathways to achieve commercialisation
of WECs is to design effective control strategies to optimise the overall wave-to-wire (W2W)
energy conversion process. This paper particularly focuses on W2W efficiency maximisation
for oscillating-water-column (OWC) WECs. In OWC systems, the displacement of a water
column compresses/decompresses a volume of air, consequently generating a bidirectional air
flow. The air flow is typically used to drive a self-rectifying air turbine, which is directly
coupled with a suitable electric generator. Due to the demanding issue of turbine efficiency,
current OWC control strategies aim to maximise turbine efficiency by controlling the turbine
rotational speed, albeit ignoring hydrodynamic performance. However, for Wells turbines,
variations in the rotational speed affect the hydrodynamic efficiency (i.e., the wave-to-pneumatic
energy conversion process) of the OWC system. Furthermore, the generator performance also
depends on rotational speed and, therefore, rotational speed should be ideally modulated to
improve the overall W2W efficiency, rather than just turbine efficiency. To this end, this paper
investigates the benefits of W2W efficiency maximisation through Wells turbine rotational speed
modulation, for a fixed OWC system. Results from numerical simulation show that, for Wells
turbines, appropriate rotational speed control can further improve the overall OWC W2W
energy conversion process, especially due to the impact of rotational speed on the hydrodynamic
performance.

Keywords: Energy systems, hydrodynamic/aerodynamic interactions, oscillating-water-column,
wave energy, wave-to-wire efficiency, Wells turbine.

1. INTRODUCTION

Wave energy is a significant source of renewable en-
ergy (Astariz and Iglesias, 2015) which can considerably
contribute to decarbonization.

One of the most promising wave energy converters
(WECs), which are devices used to harness wave power,
is the oscillating-water-column (OWC) (Falcão and Hen-
riques, 2016), shown in Fig. 1. Essentially, ocean waves
excite a water column which consequently compresses and
decompresses an air volume in a pneumatic chamber. The
air compression/decompression generates a bidirectional
air flow which is typically used to drive a self-rectifying air
turbine (Falcão and Gato, 2012), such as a Wells turbine
or an impulse-like turbine. Finally, the turbine is directly
coupled to a suitable electric generator, which converts the
turbine mechanical power into electrical power.

To date, WECs struggle to reach commercial viability
due to the relatively high levelised cost of energy (LCoE)
characterising wave energy projects, defined as
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Fig. 1. Schematics of a fixed OWC device in still water
conditions.

LCoE =
CapEx + OpEx

Produced energy over the WEC lifetime
, (1)

where CapEx and OpEx indicate the capital and oper-
ational costs, respectively. To minimise the LCoE, com-
prehensive control strategies for maximising the produced
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electric energy are essential (Chang et al., 2018), although
energy maximisation alone does not necessarily imply a
better return of investment (effects of control on CapEx
and OpEx also need to be considered).

In OWC control, to obtain satisfactory levels of energy
production, it is crucial to keep the turbine operating
around its maximum efficiency point (MEP). Moreover,
the lack of suitable actuators makes traditional WEC
hydrodynamic control (Ringwood, 2020) (which, for OWC
WECs, corresponds to the optimisation of the wave-to-
pneumatic energy conversion process) more difficult for
OWCs (Rosati and Ringwood, 2022). As such, OWC con-
trol strategies typically focus on turbine efficiency maximi-
sation (Rosati et al., 2022a; Garrido et al., 2012; Henriques
et al., 2019), ignoring the hydrodynamic/aerodynamic
interaction, i.e., the effect of turbine rotational speed
on hydrodynamic performance. Although, for impulse-like
turbines, it is reasonable to neglect the effect of the hy-
drodynamic/aerodynamic interaction, this assumption is
not realistic for Wells turbines (Rosati et al., 2022c). In
other words, Wells turbine rotational speed control affects
the OWC hydrodynamic performance and, therefore, ro-
tational speed can, and should, be modulated to improve
the overall wave-to-wire (W2W) efficiency of the OWC
system (as opposed to maximise only turbine efficiency).
Finally, alongside hydrodynamic and turbine performance,
also the characteristics of the electric generator should also
be considered in the complete W2W system.

In this paper, important steps towards W2W control of
OWC systems, through Wells turbine rotational speed
modulation, are made. In general, the W2W control
problem can be tackled in two different ways. One way
is to solve an online nonlinear constrained optimisation
problem. Some solutions to such W2W control problems
for OWCs (Silva et al., 2023) and other floating WEC
types (Haider et al., 2021; Bacelli and Ringwood, 2014)
have emerged, but the resulting real-time optimisation
problems are quite nasty and, in many cases, convexity
is not guaranteed. Furthermore, typical nonlinear WEC
controllers can handle only specific types of nonlinearity,
related to hydrodynamic models of floating bodies, while
the main source of nonlinearity in OWC modelling is the
turbine. In contrast to the global optimisation approach,
the W2W control strategy considered in this paper follows
a somewhat more traditional (Garćıa-Violini et al., 2020)
and simpler method based on static efficiencies, which
allows for a direct comparison with the specific turbine
efficiency maximising control approach. In particular, the
effect of turbine rotational speed on the OWC W2W
performance is analysed, and a possible generator power
curve for W2W efficiency maximisation is obtained by
solving a static optimisation problem. Results from nu-
merical simulation, carried out in different sea states, for a
Mutriku-like (Torre-Enciso et al., 2009) fixed OWC device
equipped with a Wells turbine, show that hydrodynamic
performance is significantly affected by rotational speed.
As such, electric energy production significantly improves
if turbine rotational speed is controlled considering the
complete OWC system, rather than just the turbine.

The paper structure is organised as follows. In Section 2,
the W2W model of the fixed OWC considered in the
numerical simulation is presented. In Section 3, numeri-

cal simulation is carried out to investigate the effect of
rotational speed on the OWCW2W performance. Further-
more, a generator power curve for maximising W2W effi-
ciency is proposed. Results of the numerical simulations,
and co-design aspects, are discussed in Section 4. Finally,
some conclusive remarks are provided in Section 5.

2. OWC MODELLING

A physics-based model of the Mutriku-like fixed OWC
WEC considered in this paper is now presented, and, to
simplify the notation, the time dependence of variables is
omitted. The values of the parameters of the OWC system
are detailed in Table 1 (Henriques et al., 2019).

Table 1. OWC system parameters

mp 27748 (kg) A(∞) 71618 (kg)
I 3.06 (kgm2) Sw 19.35 (m2)
dr 0.75 (m) l 4.5 (m)
κ 0.775 ( - ) V0 144 (m3)

2.1 Hydrodynamic modelling

Under liner potential theory assumptions, if the water
column is modelled as a neutrally buoyant piston, the hy-
drodynamic model for a fixed OWC can be written (Evans,
1978) as

mpv̇ = −ρwgSwz − Swpc − fr + fex, (2)

where mp is the piston mass, z is the position of the
water column relative to the still water level, v = ż is the
velocity of the water column, ρw is the water density, g is
the gravity acceleration constant, Sw is the OWC water
plane area, pc is the air chamber pressure, fex indicates
the excitation force due to an incident wave of frequency
ω, and fr is the force due to radiated waves, written as

fr = A(∞)v̇ +

t∫
−∞

kr(t− τ) v(τ) dτ. (3)

In Eq. (3), A(∞) is the OWC added mass at infinite
frequency (A(ω)|ω→∞ = A(∞)), while kr is the piston
impulse response function computed as the inverse Fourier
transform of the OWC radiation damping, B(ω). Finally,
the excitation force is computed as a sum ofN components
of frequency ωn (Henriques et al., 2019), as

fex =

N∑
n=1

Aex(ωn) cos(ωn t+ ϕex(ωn)), (4)

where Aex and ϕex are, respectively, the amplitude and
phase of the excitation force. The frequency dependent
functions A(ω), B(ω), Aex(ω), and ϕex(ω) are obtained
by solving a boundary element problem (Falnes, 2002). To
this end, the WAMIT software (Ewman and Lee, 2016)
is used. The frequency dependant parameters used in this
paper are shown in Henriques et al. (2019).

Following a common practice in the wave energy field,
the convolution integral in Eq. (3) is approximated with a
suitable (and less computationally expensive) linear state
space model using, among different possible methods, a
Prony method (Sheng et al., 2015).
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2.2 Pneumatic chamber modelling

The pressure oscillations in the air chamber can be mod-
eled as

ṗc
pc

= − γ

Vc

(
V̇c +

wturb

ρc

)
, (5)

where Vc = V0 − Swz is the chamber air volume, V0 is the
air volume in still water conditions, γ is the air specific
heat ratio, wturb indicates the turbine air mass flow rate
(positive for outward air flow), and ρc is the air chamber
density. If the air compression/decompression process is
isentropic, ρc = ρ0(pc/p0)

1/γ , where the subscript ‘0’ refers
to standard atmosphere values.

2.3 Turbine/generator set modelling

If the bearing friction loss is ignored, the turbine/generator
set dynamic is modelled as

d

dt

(
1

2
IΩ2

)
= Pturb − Pctrl = Pturb − Tctrl Ω, (6)

where Ω is the turbine rotational speed, I is the inertia
moment of the rotating parts, Pturb is the turbine power,
Pctrl is the generator control power, and Tctrl is the gen-
erator control torque. The electric power in the numerical
simulation is computed from the efficiency curve of the
squirrel-cage induction generator

Air turbine modelling For large Reynolds numbers (Re
> 106) and small Mach numbers (Ma < 0.3), the dimen-
sionless functions

Φ = fΦ(Ψ), Π = fΠ(Ψ), (7)

can be used to model the turbine (Dixon and Hall, 2013),
where

Φ =
wturb

ρair Ω d3r
, Π =

Pturb

ρair Ω3 d5r
, Ψ =

∆p

ρair Ω2 d2r
. (8)

In Eqs. (7) and (8), Ψ is the dimensionless pressure
head, Φ is the dimensionless air mass flow rate, Π is
the dimensionless turbine power, dr is the turbine rotor
diameter, ∆p = pc − p0, and ρair = max(ρc, ρ0) is the
air density. Fig. 2 shows fΦ(Ψ), fΠ(Ψ), and the turbine
efficiency, defined as

ηturb(Ψ) =
Pturb

Ppneu
=

fΠ(Ψ)

Ψ fΦ(Ψ)
, (9)

for the Wells turbine considered in this paper. In Eq. (9),
Ppneu = qturb ∆p is the pneumatic power available to the
turbine, where qturb = wturb/ρair is the turbine volumetric
flow rate.

Turbine damping Turbine damping is defined as the
ratio wturb/∆p and, for a Wells turbine, is a function of
the rotational speed (Falcão and Gato, 2012), as

Θ =
wturb

∆p
=

dr
κΩ

, (10)

where κ is a constant that depends on the turbine geom-
etry. In impulse-like turbines, turbine damping does not
depend (or only marginally depends) on Ω (Rosati et al.,

Fig. 2. Φ, Π, and ηturb as functions of Ψ for the Wells
turbine considered in this paper.

2022c), meaning that it is not possible to significantly af-
fect the OWC hydrodynamic performance by modulating
Ω. In this paper, since only Wells turbine rotational speed
significantly influences hydrodynamic efficiency, a Wells
turbine is considered for maximising the W2W efficiency
through rotational speed modulation. Fig. 3 shows the re-
lationship between wturb and ∆p, as Ω varies, for different
types of self-rectifying air turbines.

Fig. 3. Pressure difference vs mass flow rate for a Wells
turbine with dr = 0.75 m, and for two different types
of impulse turbines, both with dr = 0.65 m. The air
density is considered constant, ρair = ρ0.

3. W2W EFFICIENCY MAXIMISATION

3.1 Effect of turbine rotational speed

The effect of turbine rotational speed on the W2W perfor-
mance of the Mutriku-like device presented in Section 2 is
investigated for fifteen evenly spaced constant values of Ω,
ranging from 50 to 400 rad/s. Numerical simulations are
run for eight different irregular sea states (SS1-SS8), gen-
erated from JONSWAP spectral density functions (Hassel-
mann et al., 1973) with peak shape parameter γJ = 3.3.
The significant wave height, Hs, and peak period, Tp, of
the considered sea states (which are selected considering
the characteristic wave climate measured at the Mutriku
power plant (Torre-Enciso et al., 2009)), are listed in Table
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2. To take into account the shoaling effect, characterising
the ocean waves at Mutriku power plant, the JONSWAP
spectra are modified using an attenuation function, as
detailed in Henriques et al. (2019). For all of the 120 tested
conditions (15 values of Ω and 8 sea states), 20 distinct
realizations are run for 1200 s each, with a time step of
0.01 s.

For each realization, the time-averaged pneumatic power,
P̄pneu, turbine power, P̄turb, electric power, P̄elec, and
turbine efficiency, η̄turb, are computed. Furthermore, the
hydrodynamic capture width ratio (CWR), ξhydro, aero-
dynamic CWR, ξaero, and electric CWR, ξelec, defined as

ξhydro =
P̄pneu

P̄wave l
, ξaero =

P̄turb

P̄wave l
, ξelec =

P̄elec

P̄wave l
(11)

are also calculated. In Eq. (11), l is the OWC capture
width and P̄wave, which is a function of the sea state, is
the time-averaged wave power per metre of wave crest.
ξelec is essentially the OWC W2W efficiency, ξaero is the
wave-to-mechanical efficiency, and ξhydro is the wave-to-
pneumatic efficiency (or hydrodynamic efficiency). The
mean values (from 20 realizations) of the quantities of
interest are shown, for three different sea states, in Fig. 4.

Table 2. Parameters of the sea states

Sea state Hs (m) Tp (s)

SS1 0.88 6.40
SS2 1.03 7.55
SS3 1.04 8.75
SS4 1.08 11.05
SS5 1.48 14.55
SS6 1.81 15.70
SS7 2.07 16.90
SS8 3.20 14.55

3.2 Generator power curves

Fig. 5 shows P̄elec (the blue curves) as a function of Ω
for the sea states SS1 - SS8, and two different generator
control laws. The green dashed curve is a turbine efficiency
maximising control law, while the orange curve is a pro-
posed control law for W2W efficiency maximisation.

A turbine efficiency maximising control law, introduced by
Justino and Falcão (1999), has the following form

Pctrl = Tctrl Ω = a1 Ω
a2 . (12)

To maximise turbine efficiency, the turbine is operated at
its maximum efficiency point, i.e. Ψmep (see Fig. 2). To this
end, the control parameters in Eq. (12) are set as a1 =
ρair d

5
r fΠ(Ψmep) and a2 = 3, where a1 is approximately

constant since ρair ≈ ρ0. For the Wells turbine considered
in this paper, a1 = 3 × 10−4.

To maximise the W2W efficiency, a possible control law
for the generator is found by fitting a suitable curve to the
peak values of P̄elec. For the OWC system considered in
this paper, a suitable control curve is of the type

Pctrl = Tctrl Ω = b1 + b2 Ω︸ ︷︷ ︸
linear term

+ c1 expc2 Ω︸ ︷︷ ︸
exponential term

, (13)

where b1 = 136.088, b2 = 0.739, c1 = 1.151, and
c2 = 0.0337. The linear term determines the value of

Pctrl for relatively low values of Ω (< 100 rad/s), while
the exponential term becomes the dominant term if Ω is
relatively high (> 200 rad/s). It should be noted that,
in contrast to the turbine efficiency maximising law in
Eq. (12), which is derived analytically (Justino and Falcão,
1999), the W2W efficiency maximising law in Eq. (13) is
derived purely from data, therefore is specific for the OWC
model in Section 2.

Table 3 reports the percentage values of η̄turb, ξelec, and
relative increase in electrical power, P̄%

elec, obtained using
the two control laws in Eqs. (12) and (13). For each control
law, numerical simulations are run for 1200 s with a time
step of 0.01 s, and the percentage values in Table 3 are the
mean values obtained from 20 sea state realizations.

Table 3. Results of the simulations

Eq. (12): η̄max
turb Eq. (13): ξmax

elec

Sea state η̄turb ξelec η̄turb ξelec P̄%
elec

SS1 36.8 2.8 29.9 2.8 ∼ 0
SS2 36.9 4.2 30.4 4.3 ∼ 0
SS3 37.2 7.8 32.3 8.0 2.0
SS4 37.7 13.0 35.1 13.3 2.6
SS5 38.5 11.1 37.4 12.2 8.9
SS6 38.7 10.2 38.2 11.7 12.5
SS7 38.8 10.7 38.6 11.0 2.5
SS8 39.1 4.5 37.0 13.7 67.2

4. DISCUSSION

4.1 Results of the numerical simulations

Figure 4 shows that the turbine MEP generally does not
coincide with the optimum operating points for the electric
generator and/or the hydrodynamic part. To optimise
sole turbine performance, since ηturb is a function of Ψ
(see Fig. 2), Ω should be lower if low pressure levels
are available in the chamber (Fig. 4(a)) and vice-versa
(Fig. 4(b) and (c)).

Since Wells turbine damping is a function of the rota-
tional speed (see Eq. (10)), hydrodynamic performance
(i.e., ξhydro and Ppneu) depend on Ω, particularly when
medium-to-high (Fig. 4(b) and (c)) wave energy levels are
available. Indeed, with high pressure levels in the pneu-
matic chamber, variations in Ω have a significant impact
on turbine damping (as shown by the ‘red cone’ in Fig. 3).
In general, as Ω increases, ∆p tends to increase, whereas
qturb decreases. To maximise P̄pneu, a trade-off between ∆p
and qturb has to be made.

From Table 3, in comparison to the turbine efficiency
maximising approach (Eq. (12)), the W2W control ap-
proach (Eq. (13)) provides higher values of ξelec, albeit
slightly penalising η̄turb. Ultimately, if Ω is modulated,
considering the whole OWC system, P̄elec significantly
increases (last column in Table 3) for medium-to-high
energy sea states (SS3 - SS8). For SS4, ξelec is particularly
high since Tp of SS4 is close to a resonance period of
the Mutriku plant (Henriques et al., 2019) and, therefore,
ξhydro is relatively high if Ω is appropriately controlled
(see Fig. 4(b)). Furthermore, since the green dashed curve
almost intersects the orange curve at SS7 (see Fig. 5), the
performance obtained with Eqs. (12) and (13) is similar
for SS7 (see Table 3).
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Fig. 4. Effect of Ω on the OWC system performance for three sea states: (a) SS1, (b) SS4, and (c) SS8.

Fig. 5. The blue curves represent P̄elec as a function of Ω
for different sea states. The two control curves from
Eqs. (12) and (13) are also shown.

4.2 Elements of co-design

In WEC geometry optimisation, control-related aspects
should be considered from an early WEC design stage.
To this end, control co-design techniques significantly help
to achieve the optimum control-informed WEC design
(Garcia-Rosa et al., 2015). Therefore, it is worth highlight-
ing some key co-design aspects.

As already stated, W2W efficiency maximisation, through
modulation of Ω, requires a specific turbine, namely a
Wells turbine, which is frequently used on OWCs (see
Table 1 in Rosati et al. (2022b)). Fig. 6 shows, for two
different types of turbine, the values of ξhydro and η̄turb
obtained in SS4, for different constant values of Ω. In
comparison with the Wells turbine case, the variation
of ξhydro with Ω is small for the radial-flow impulse

Fig. 6. Values of ξhydro and η̄turb for different values of Ω,
in sea state SS4. For each turbine type, the red circles
highlight the cases in which ξturb is maximised.

turbine (the model for which can be found in Rosati et al.
(2022c)), meaning that hydrodynamic performance is only
moderately affected by variations in Ω and, consequently,
W2W efficiency maximisation through turbine rotational
speed modulation is less effective. The two red circles
indicate the condition in which ξturb is maximised, hence
the case in which the best trade-off between turbine and
hydrodynamic performance is achieved. For the radial-flow
impulse turbine, due to the the poor effect of Ω on ξhydro,
the condition in which ξturb is maximised is the condition
in which η̄turb is maximum.

To maximise the benefit of W2W efficiency maximisation
for OWC WECs, a Wells turbine with a relatively flat
efficiency curve should be designed/selected. Indeed, with
a relatively high-valued and flat turbine efficiency curve,
Ω could be modulated to improve hydrodynamic perfor-
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mance more freely, without risking excessive penalisation
of turbine efficiency. In other words, the control envelope
(possibility) for Ω increases. On the other hand, if the
Wells turbine efficiency curve is too peaky, rotational speed
control should prioritize turbine performance; otherwise,
unsatisfactory levels of produced energy are obtained.

5. CONCLUSION

In light of the discussion in Section 4, all the energy
conversion processes of an OWC system equipped with
a Wells turbine are affected by rotational speed control.
As such, electric energy production can be significantly
improved if rotational speed is controlled while considering
the complete W2W OWC system. Furthermore, co-design
aspects are vital for maximising the benefit of W2W
control for OWC systems.

In this paper, control constraints (Rosati et al., 2022c),
power losses due to friction and viscosity, grid-side control
and power quality aspects (Said and Ringwood, 2021), and
possible reference tracking issues that may arise in real-
time control applications are not considered. In real-time
control applications, pressure (Marques Silva et al., 2021)
or free surface elevation forecasting (Paparella et al., 2015)
may also be required for anticipating the control action.
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(2023). GA-optimized inverse fuzzy model control of
OWC wave power plants. Renew. Energ.

Torre-Enciso, Y., Ortubia, I., De Aguileta, L.I.L., and
Marqués, J. (2009). Mutriku wave power plant: From
the thinking out to the reality. In Proc. of the 8th
European Wave and Tidal Energy Conference, 319–329.
Uppsala, Sweden.

Preprints of the 22nd IFAC World Congress
Yokohama, Japan, July 9-14, 2023

11701


