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Influence of Unidirectional Power Flow and
Restoring Force Absence on Wavepiston
Performance

Eugenio M. Gelos, Pedro O. Fornaro, Colm J. Fitzgerald, and John V. Ringwood

Abstract—Wavepiston is a novel wave energy converter
(WEC) comprising multiple energy collectors coupled on
a string, each equipped with a sail designed to harness
surge excitation from incoming waves. The current con-
figuration features two distinctive design characteristics
that significantly influence its hydrodynamic behavior and
control: (i) a passive Power Take-Off (PTO) enabling only
unidirectional power flow, and (ii) the absence of hydrody-
namic restoring capabilities. Despite recent technological
progress and a high technology readiness level, limited
attention has been given to implementing state-of-the-art
control strategies for this device, particularly evaluating
how its unique design features influence overall perfor-
mance. Therefore, this preliminary study aims to evaluate
how unidirectional power flow imposed by the passive
PTO and the absence of restoring capabilities influence
the following performance metrics: (i) power capture across
various sea states, (ii) operational spaces of sail stroke and
(iii) PTO control force, along with (iv) energy production
in a specific wave climate. The results provide a basis
for identifying performance trade-offs and support the
evaluation of potential design pathways accounting for
both device dynamics and wave climate characteristics.

Index Terms—Wavepiston, Performance Assessment, Op-
timal Control, Power Constraints, Wave Energy

I. INTRODUCTION

AVEPISTON is a novel wave energy converter

(WEC) that consists of multiple energy collec-
tors coupled together on a string [1], as depicted in
Figure 1a-1b. Each collector includes a sail, designed to
harness the surge excitation from incoming waves and
a hydraulic power take-off (PTO). To date, Wavepiston
has achieved significant technological milestones, in-
cluding the recent installation of 3 generation device
at the PLOCAN offshore facilities in Gran Canaria
[2], where testing is being conducted to evaluate the
overall performance of the device. Insights gained from
this experimental testing will inform future design
refinements for an upgraded full-scale device intended
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(b)

Fig. 1: (a) Schematic illustration of the Wavepiston
device, comprising multiple energy collectors coupled
along a string. (b) Detail of a single energy collector,
equipped with a sail and a hydraulic PTO designed to
harness surge excitation from incoming waves.

for potential deployment on the northern side of Gran
Canaria.

Interestingly, the baseline configuration of the
Wavepiston device features two distinctive design
characteristics that have significant implications for
both its hydrodynamic behavior and control. First, in
its current baseline configuration, the PTO is passive,
meaning it allows only unidirectional power flow,
preventing power transmission from the PTO to the
energy collector. Second, since the sails are constrained
to move horizontally and are assumed rigid, no hy-
drodynamic restoring force acts on the WEC. The lack
of restoring force distinguishes Wavepiston from most
established WEC concepts that operate as resonant sys-
tems with inherent self-centering capabilities, such as
point absorbers and oscillating wave surge converters.

Wavepiston efforts have primarily focused on tech-
nological development, achieving significant advance-
ment on its technology readiness level (TRL) index
[1]. In the light of this, several studies have lever-
aged its high TRL, using the Wavepiston device as
a case study, to develop and implement WEC-to-site
pairing techniques, and to conduct analyses for spe-
cific applications, such as desalination plants, with a
strong emphasis on evaluating various economic fac-
tors [3]-[12]. Moreover, some performance assessments
of Wavepiston device have been conducted, mainly
through experimental testing on offshore platforms [2],
or in wave tanks [13], [14]. Additionally, [15] presents a
preliminary performance assessment, based on simula-
tion of the Wavepiston device using simple modelling
techniques and monochromatic wave scenarios.

Therefore, to the best of the authors’ knowledge,
limited attention has been given to the application
of state-of-the-art control strategies to the Wavepiston
device, particularly regarding how its unique design


https://doi.org/10.36688/ewtec-2025-964
https://doi.org/10.36688/imej.9.19-28

20

characteristics affect overall performance. Addressing
this gap can provide insight to inform future iterations
of the Wavepiston design and improve the develop-
ment of effective control strategies for this device.

Acknowledging the existing gap in the literature,
the main objective of this preliminary study is to
evaluate how (a) the passive PTO enforcing unidirec-
tional power flow, and (b) the absence of restoring
capabilities in the baseline Wavepiston configuration
affect the following performance metrics of the WEC:
(i) power capture across various sea states, operational
spaces of (ii) the sail stroke and (iii) PTO control force,
as well as (iv) energy production in a representative
wave climate corresponding to a potential deployment
site in northern Gran Canaria. The performance met-
rics obtained from this analysis are presented in two
complementary forms: detailed distributions across sea
states and a condensed representation that summa-
rizes the performance of each configuration across the
evaluated metrics. This combined presentation enables
both a detailed analysis at the sea-state level and
a concise comparison of performance trends across
configurations. Additionally, the implications of the
results for potential design refinement pathways of the
Wavepiston device are discussed.

The remainder of the article is organized as follows.
Section II outlines the methodology and key consid-
erations for evaluating the performance metrics of the
Wavepiston device. Section III presents the Wavepis-
ton modelling approach and the formulation of the
optimal control problem (OCP). Section IV introduces
the numerical case study based on the wave climate of
the selected deployment site in northern Gran Canaria,
while Section V presents the corresponding perfor-
mance analysis.

II. METHODOLOGY

To evaluate the influence of (a) the passive PTO en-
forcing unidirectional power flow and (b) the absence
of restoring capabilities on the performance of the
baseline Wavepiston configuration, four different WEC
configurations, listed in Table I, are considered. Con-
figuration (C1) corresponds to the baseline Wavepiston
case, which features a passive PTO and no restoring
capabilities. The remaining configurations incorporate
either a reactive PTO, capable of transmitting power to
the energy collectors and enabling bidirectional power
flow, or an external spring mechanism that provides
restoring force and self-centering capabilities.

The four configurations in Table I are evaluated
under the wave climate of northern Gran Canaria,
represented by a set of discrete sea states, with the
optimal controller computed for each case. Within this
framework, the performance of configurations @,
(C3), and is systematically assessed relative to the
baseline configuration (C1). To ensure a representative
performance assessment, the key physical constraints
of the Wavepiston device are incorporated into the
OCP, including limits on the allowable sail stroke and
the maximum PTO control force, as well as the uni-
directional power flow constraint imposed by the pas-
sive PTO in configurations (C1) and (C2). Importantly,
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TABLE I: Evaluated Wavepiston configurations.

RESTORING CAPABILITIES
PTO TYPE | No Added Spring | External Spring
Passive @ @
Reactive @

the unidirectional power flow constraint is nonlinear,
leading to generally nonconvex OCPs whose numerical
solution poses significant challenges for the design
of computationally efficient control schemes. Notably,
the available literature addressing power constraints
is more limited than for cases involving linear con-
straints, such as position and PTO force limits [16].

Although a range of WEC control strategies has
been proposed in the literature [17]-[19], not all can
accommodate position and control force constraints.
Moreover, many approaches rely on reactive power
injection from the PTO to the energy collector [20], [21],
which is not feasible for the Wavepiston configurations
(C1D and (C2) due to the passive PTO. Consequently, the
set of applicable control strategies capable of handling
position, force, and power flow constraints is signifi-
cantly reduced.

In this context, model predictive control (MPC) and
MPC-like approaches are well suited for systematic
constraint handling in the Wavepiston device [16].
Among these, a spectral formulation [22] is adopted
in this study, as it accommodates all relevant con-
straints while maintaining computational efficiency in
solving the associated OCP. Computational efficiency
is particularly important in this study, given the large
number of simulation runs required across the four
configurations and different sea states, as detailed in
Section IV.

Finally, although the Wavepiston baseline configu-
ration consists of multiple energy collectors arranged
along a string, each equipped with a sail and PTO (see
Fig. 1a), the present analysis is restricted to a single
energy collector to simplify the problem and enable
a clear interpretation of the results. The modelling
approach and the formulation of the associated OCP
are presented next.

III. WAVEPISTON MODELLING AND OPTIMAL
CONTROL PROBLEM FORMULATION

The hydrodynamics of the Wavepiston device, con-
sidering a single energy collector with one degree of
freedom in surge, can be described by the equation

t

V() +Spx(t) = Fex(t)  Fu(b);

M
where x(t) and v(t) = Xx(t) denote the position and
velocity of the sail, respectively, and M = my, + m4
is the total mass, comprising the WEC mass my, and
the infinite-frequency added mass m4 due to radiation
effects. The term Sy, is the hydrostatic restoring coeffi-
cient, K(t) is the radiation impulse response function,
Fex(t) is the wave excitation force, and F(t) is the
control force applied by the PTO. Although config-
urations (CD) and (C3) have no restoring capability,
the term Sp X(t) is retained in (1) for consistency, as

Mx(t) + K(t
1
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con gurations (C2 and include an external spring,
leading to Sy, 6=0.

The OCP associated with maximizing energy absorp-
tion over a nite time horizon T o, subject to the WEC
physical constraints, can be de ned as

Z 1,
max: : J= Fu (®)v(t)dt; 2)
0
sitil X X max 3)
JFu® F umax 4)
pu(t) = F u(Ov(t) O; ®)
8t2[0;Tol:

Here, p, (t)=F (t)v(t) is the instantaneous PTO power,
and J denotes the absorbed energy over the time
horizon Ty. The quantities Xmax and Fy.max de ne the
position and control force limits, respectively. The con-
straint (5) enforces unidirectional power ow, consis-

tent with the passive PTO in con gurations (C1) and
(C2. In con gurations (C3) and (C4), which employ a
reactive PTO, constraint (5) is removed, and the OCP
reduces to (2)—(4).

A. Spectral Transcription of the Optimal Control Problem

The in nite-dimensional continuous-time OCP (2)-
(5) is transcribed into a nite-dimensional optimization
problem using the spectral approach described in [22].
In this formulation, the velocity, excitation force, and
control force are approximated using a truncated zero-
mean Fourier series:

Vi) v = @OV (6)
Fex()  Fex()= OE; ()
Fu®  Fu@®= OU; (8)

where the notation €denotes the Fourier approxima-
tion of the corresponding continuous-time signal, and
() 2R N s the vector of basis functions de ned as

O=0 100; 20z o O 9)

Here, the n-th component is represented as the follow-
ing two-dimensional vector-valued function:

n () = [cos(n! ot);sin(n! ot)]; (10)

with ! ¢ denoting the fundamental frequency of the
Fourier series and n 2 N the harmonic number. Ad-
ditionally, the vectors V, E, and U contain the corre-
sponding Fourier coef cients for the velocity, excitation
force, and control force, respectively, de ned as:

with v, =[Var;ve2l”;(11)
with en =[en1;en2]”;(12)

I with Uy =[Uns;un2]” (13)

V=[vaveinv 1
E=[es;eru5e , 1

U=[uz;ug; SV
The time derivative and integral of any of the Fourier-
approximated signals can be conveniently expressed
through the block-diagonal operator D, de ned as

NF2 NF2
0 n! (14)

L
where denotes the direct sum operator. Using this
representation, the position and acceleration of the
WEC are approximated as

x(®) x(= (OD
v () = ()DV:

Ly, (15)

(16)

Furthermore, by applying a Galerkin projection,
where the dynamics are expressed in residual form and
orthogonality is enforced with respect to the chosen
basis [22], equation (1) can be written as:

GwV=E U; 17)
where G, is the WEC transfer matrix, de ned as
2 2
6 =G, = Bulo) Xu(lo) g
Y X ow(to) Bu(nto)

Here, By (n! o) and X, (n! o) are the n-th elements of
the WEC transfer matrix, de ned as

Bw(n! o) =B (n! o);

XW(n! 0) =n! 0

(19)

S (20)

(n! o)?
where B,(!) denotes the radiation damping, while
AN =m ()+m 1 represents the added mass due to
radiation effects. These hydrodynamic coef cients are
typically obtained using Boundary Element Method
(BEM) solvers such as NEMOH, Capytaine, or WAMIT
[23]-[25].

As a result, the spectral approach enables the tran-
scription of the in nite-dimensional continuous-time
OCP (2)—(5) into the following nite-dimensional form:

my +m;(n! g)+m

max: E= %OU> Gi E T?°U> Gl U; (21)

st: %t m)= (t WD Gy (E U) X ma (22)
Ieu(tm): (t m)U F u:max; (23)
Rutm)=U” “(tm) (t m)Ga (E U) 0;(24)

The resulting OCP (21)-(24) seeks to determine the
control coef cient vector U that maximizes (21), subject
to constraints (22)—(24), enforced at the discrete collo-
cation pointst, 2T [0;T o]

B. Considerations for Numerical Implementation

It is worth noting that the optimization problems
associated with con gurations (C3) and (C4), de ned by
OCP (21)—(23) (excluding the power constraint), feature
a quadratic objective and linear constraints with re-
spect to U. These problems can therefore be ef ciently
solved using standard quadratic programming (QP)
solvers [16], [22], [26].

In contrast, the inclusion of the unidirectional power
requirement through expression (24) in con gurations
(C1 and (C2) introduces a nonlinear constraint, preclud-
ing the use of QP solvers and signi cantly increasing
computational cost [16], [26]. To reduce the computa-
tional burden, analytical expressions for the gradient
and Hessian of both the objective function and the
nonlinear constraint can be incorporated into nonlinear
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() (b)

Fig. 2: Hydrodynamic frequency response of the
Wavepiston device. (a) Magnitude and phase of the
excitation force. (b) Radiation damping and added
mass. For reference, two normalized Bretschneider
wave spectra (dashed lines) with peak periods Ty =
f6:5; 199 s, representing the lower and upper bounds
of the sea states considered in this study, are included
for comparison with the hydrodynamic response.

programming (NLP) solvers. The corresponding ana-
lytical expressions, associated with OCP (21)—(24), are
provided next.

The gradient of the objective function (21) with
respect to the control force coef cient vector, denoted
asr F2RN, is given by

To

rP= 2GIE 2 GlL+G] U (29

The corresponding Hessian of the objective function
(21), HP® 2R NN s given by
To

HB= X

In addition, the gradient of the power constraint (24)
with respect to U, evaluated at the collocation pointt n,,
denoted by rp 4(tm) 2 RN, is given by
“(tm) (t m)Gw (E U)

G T(m)(t mU:

The corresponding Hessian of the power constraint
(24), H pu(tm) 2RNN s given by

H pultm) = “(@tm)(t m)Ga

Gl +G,) (26)

e ultm) =
(27)

G T(tm)(t m)

(28)
The power constraints in (24) are enforced at discrete
collocation points, yielding M constraints of the form
pu(tm) O. Each constraint is associated with a corre-
sponding gradient and Hessian, as de ned in (27) and
(28).

IV. NUMERICAL CASE STUDY

In this section, the numerical case study used to
evaluate the four con gurations summarized in Table |
is described. First, the baseline Wavepiston con gura-
tion is presented, followed by the wave climate at the
evaluation site and the characterization of the spectral
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(@) (b)

Fig. 3: Wave climate at the potential deployment site
in northern Gran Canaria. (a) Sea-state occurrence. (b)
Relative exploitable energy.

OCP. Finally, the criterion used to de ne the external
spring value for con gurations (C2) and(C4) is outlined.
Each Wavepiston energy collector consists of a salil
with a width of 8 m, height of 4 m, and depth of 0:25 m.
This geometry is modelled in the BEM software Capy-
taine [24], assuming in nite water depth and waves
propagating perpendicular to the sail. The resulting
hydrodynamic frequency response is shown in Fig. 2.
Additionally, the wave climate at a potential in-
stallation site on the northern coast of Gran Canaria
(approximately 28:5 latitude and 15:5 longitude)
is used to evaluate the performance of the proposed
Wavepiston con gurations. The wave climate is char-
acterized using ERA5 reanalysis data based on six
years of historical records [27]. The data are condensed
into twelve representative sea states, de ned by the
following sets of peak periods and signi cant wave

helghts: g 1.5, 10:5, 14:5; 19g;
S, =f1:25;2:75; 4:25¢0:

Figure 3a presents the occurrence distribution of the
considered sea states, with labels indicating the corre-
sponding occurrence Oj; , where i and j index the peak
period and signi cant wave height from the sets S 1,
and Sy, respectively. A Bretschneider wave spectrum
is assumed to generate wave realizations for each sea
state when evaluating the Wavepiston con gurations.

To discretize OCP (21)-(24), a cutoff frequency of
s = 20 rad/s is used, with a total of N=2 = 300
frequency components. This results in a fundamental
Fourier frequency of ! o=! =(N=2)=0:67 rad/s and a
simulation time horizon of T =2 =! ¢=94:25 s. This
discretization provides an adequate approximation of
the Wavepiston hydrodynamics shown in Fig. 2, while
capturing the higher-frequency components required
to represent rapid control variations. A total of M=601
equally spaced collocation points are used to enforce
the constraints, with the rst element of the time set T
de ned as t ;=0 s. The physical constraints include a
maximum stroke of X max=2 m and a maximum PTO
control force of F,max=1 MN. To obtain statistically
meaningful results, 20 realizations are generated for
each sea state, and the corresponding OCP is solved for
each con guration, resulting in 960 simulation runs.

A. Determination of the External Spring Value

As indicated in Table I, con gurations (C2) and
incorporate an external spring to provide restoring
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capability to the baseline Wavepiston con guration
@. Determining the optimal spring value constitutes
a control co-design problem, requiring iterative eval-
uation across the wave climate to maximize energy
capture (and potentially other objectives) under mul-
tiple constraints. This challenging problem is beyond
the scope of the present study. Instead, a simpli ed
approach is adopted for this preliminary study, based
on the exploitable energy distribution of the wave
climate, which is sufcient to assess the impact of
including an external spring in the baseline Wavepiston
con guration.

Figure 3b shows the relative exploitable energy dis-
tribution within the selected wave c)l(imate, de ned as

Erexpii % =100 Eexpiij =
z, i
cg()S i (Hd!

is the exploitable energy of sea state ij, is the water
density, g the gravitational acceleration, cg4 the group
velocity, and S the Bretschneider wave spectrum
associated with the corresponding sea state.

As evidenced in Figure 3b, the exploitable energy
is concentrated around the sea state (To;Hs) =
(14:5;2:75). Based on this observation, the external
spring is selected such that the Wavepiston system
resonates at the frequency corresponding to Ty, = 14:5
s. This results in a spring stiffness of S, = 2:45 10 *
N/m.

Eexp;ij ;
where
Eexp;ij = Oij g

V. RESULTS ANALYSIS

This section presents a comparative analysis of the
four Wavepiston con gurations listed in Table I, eval-
uated under the Gran Canaria wave climate described
in Section IV. The objective is to quantify how (a) the
passive PTO enforcing unidirectional power ow and
(b) the absence of restoring capabilities in uence the
following key performance metrics: (i) power capture
across the considered sea states, (ii) sail stroke and (iii)
PTO control force operational spaces, and (iv) energy
production over the selected wave climate.

To this end, the performance of con gurations (C2),
(€3, and is systematically compared against the
baseline con guration (C1), enabling a con guration-
level assessment of their impact and supporting the
evaluation of design implications.

A. Power Capture Performance Metrics

This subsection evaluates the power capture perfor-
mance of con gurations (CD)~C4) across the sea states
dened by S 1, and Sy, (Section IV). The normalized
mean power capture per sea state is de ned as

p®

nor;ij

= p®_pK .
= Py =p K

max 1
where Pij(k) denotes the mean power capture at sea

state ij, and P, is the maximum mean power capture
across all sea states for con guration (CK).

The left column of Figure 4 presents the normalized
power capture distribution across sea states, with text
labels indicating the peak-to-mean power ratio for each
case. The top-right subplot (Figure 4a;) provides an

Fig. 4: Power capture performance metrics across
sea states for con gurations (a) (C1), (b) (C2), and
(c) (C3&(C4. Subplots (a)—(g) show the normalized
power capture, with labels indicating the correspond-

ing peak-to-mean power ratio. Subplot (a ) presents a
bar representation of the normalized power capture for

(C1), while subplots (b;i)-(ci) show the power capture

ratio of (C2) and (C9)&(C4) relative to (C1).

equivalent bar representation of the normalized power
capture for the baseline con guration (C1). The lower-
right subplots (Figures 4b; and 4c;) show the power
capture ratios relative to (C1), de ned as Pij(k) =Pij(1) ,and
denoted as (Ck=C1).

Con gurations (C3) and (C4), which incorporate a re-
active PTO, exhibit identical normalized power capture
distributions, regardless of the presence of an external
spring. However, their peak-to-mean power ratios dif-
fer, as indicated by the two text labels shown in Figure
4q: the upper-left label corresponds to con guration
(C3), while the lower-right label corresponds to (C4).
These differences arise from the distinct control force
requirements in the two con gurations and are further
discussed in Section V-C.

Across all con gurations, the power capture distri-
bution exhibits a consistent trend: higher values are
obtained for shorter peak periods and larger signi cant
wave heights. This behavior is primarily driven by
the hydrodynamic frequency response of the device
(Figure 2), where larger excitation force magnitudes
occur at higher frequencies corresponding to shorter-
period sea states. This contrasts with typical heave
point absorbers, which exhibit peak excitation at lower
frequencies [28].

From a con guration perspective, both the addition
of a restoring force ((C2) and the introduction of a
reactive PTO (C3),(C4)) lead to improvements in power
capture relative to the baseline con guration ( (CD),
see Figure 4k and 4c; . However, the magnitude
and nature of these improvements differ signi cantly.
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The inclusion of an external spring ((C2) yields mod-
erate gains, particularly at longer peak periods and
lower wave heights. In contrast, con gurations with
a reactive PTO (C3), (C4)) achieve substantially higher
improvements, with power capture increases of up to
2.3 times that of the baseline con guration for certain
sea states.

However, the power capture ratios (Ck/C1) shown
in Figures 4b; and 4c; indicate that the largest relative
improvements occur in sea states where the baseline
con guration (C1) exhibits low normalized power cap-
ture. In other words, the ratios increase in regions
where the baseline performance decreases. As a result,
even large relative gains do not translate into sig-
ni cant improvements in overall performance. When
averaged across all sea states, the mean power capture
with respect to (CI) increases by only 8% for (C2),
compared to 32% for (C3) and (C4).

From a design perspective, these results highlight
that enabling bidirectional power ow through a re-
active PTO is the primary driver for improving power
capture performance, while the introduction of restor-
ing capabilities provides comparatively limited bene-
ts.

B. Stroke Performance Metrics

This subsection evaluates the stroke performance
of con gurations (CD-C4) in terms of the root-mean-
square (RMS) sail position, denoted as xfﬁis;ij , Where
k and ij indicate the con guration and sea state,
respectively.

The left column of Figure 5 presents the RMS posi-
tion distribution across sea states, with text labels indi-
cating the peak values reached in each case. The top-
right subplot (Figure 5a j;) provides a bar representation
of the RMS position for the baseline con guration (C1),
while the lower-right subplots (Figures 5b ; and 5¢;)
show the RMS position ratios relative to (C1), de ned
as xﬁgs;ij :xﬁfs;ij , and denoted as (Ck=C1). Con gu-
rations (C3) and (C4), which incorporate a reactive PTO,
exhibit identical RMS position distributions regardless
of the presence of an external spring, and are therefore
plotted together in Figure 5c.

For all con gurations, a consistent trend is observed
in the left column of Figure 5: the RMS position varies
more strongly with signi cant wave height than with
peak period across the evaluated sea states, increasing
with larger wave heights. Additionally, the peak po-
sition labels indicate that the allowable stroke limit is
reached in all sea states across all con gurations.

From a con guration perspective, both the addition
of a restoring force ((C2) and the introduction of a
reactive PTO (C3), (C4) increase the RMS position
relative to the baseline (C1). The inclusion of an external
spring ((C2) leads to moderate increases in motion. In
contrast, con gurations with a reactive PTO ( (C3), (C4)
exhibit a more pronounced ampli cation of motion
across the sea states, resulting in consistently higher
RMS position levels.

Moreover, the RMS position ratios show that changes
in the motion operational space vary across con g-
urations differently. In particular, con guration (C2)
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Fig. 5: Sail stroke performance metrics across sea states
for con gurations (a) (C1), (b) (C2), and (c) (C3&(C4.
Subplots (&)—(¢) show the RMS position, with labels
indicating the corresponding peak values. Subplot (a i)
presents a bar representation of the RMS position for
(C1), while subplots (bj)—(Gi) show the RMS position

ratio of (C2) and (C3&(C4) relative to (C1).

exhibits increases in RMS position that become more
pronounced with increasing peak period and decreas-
ing wave height (Figure 5bj). In contrast, con gura-

tions with a reactive PTO ((C3), (C4) exhibit a milder
variation across peak periods, with a subtle mini-

mum around Ty = 10:5 s, while displaying a more

pronounced dependence on signi cant wave height

(Figure 5¢;).

From a design perspective, these results highlight a
key trade-off: while reactive PTO control signi cantly
enhances power capture, it also leads to increased
motion amplitudes. This ampli cation of stroke may
impose stricter mechanical and structural requirements
on the device. In contrast, the addition of a restoring
force results in more moderate increases in motion,
consistent with its comparatively limited impact on
power capture, and may therefore represent a more
conservative design modi cation.

C. PTO Control Force Performance Metrics

This subsection evaluates the control force perfor-
mance of con gurations (CD~C4) in terms of the RMS
PTO force, denoted as Flft?ms;ij , where k and ij indicate
the con guration and sea state, respectively.

The left column of Figure 6 presents the RMS control
force distribution across sea states, with text labels indi-
cating the peak force values for each sea state. The top-
right subplot (Figure 6a i) provides a bar representation
of the RMS control force for the baseline con guration
(C1), while the remaining subplots (Figures 6b ;j—6d;)
show the RMS force ratios relative to (C1), de ned as
Fl =FY , and denoted as (Ck=C1).

u;rms;ij u;rms;ij
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Fig. 6: PTO control force performance metrics across
sea states for con gurations (a) (C1), (b) (C2), (c)(C3),
and (d) (C4). Subplots (a)-(d;) show the RMS control
force, with labels indicating the corresponding peak

values. Subplot (aj) presents a bar representation of
the RMS control force for (C1), while subplots (b;)—(d;)
show the RMS control force ratio of (C2), (C3), and (C4)
relative to (CD).

Across all con gurations, a consistent trend is ob-
served in the left column of Figure 6: the RMS control
force increases for shorter peak periods and larger
signi cant wave heights. In contrast to the stroke con-
straint, the control force limits are not reached across
all sea states; speci cally, they remain inactive across
the different con gurations for sea states with larger
peak periods and lower wave heights.

From a con guration perspective, the addition of an
external spring ((C2) reduces the RMS control force rel-
ative to the baseline (C1) in most sea states (Figure 6h).
This reduction is most pronounced around T p = 14:5
s, where the spring is tuned to introduce a resonant
response of the device.

Con gurations incorporating a reactive PTO ( (C3),
(C4) further reduce the required control force across
the sea states, as shown in Figures 6¢ and 6d;. These
con gurations exhibit lower RMS and peak control
force levels than the baseline case, with con guration
achieving the lowest values overall. The RMS force
ratios display a non-uniform distribution across peak
periods, with a local minimum around T pc = 14:5 s
and increasing values towards both lower and higher
peak periods.

A key result emerges from this analysis: both the
inclusion of an external spring and the introduction of
a reactive PTO reduce the required control force rela-
tive to the baseline con guration, with the reactive PTO
providing the most signi cant reduction across all sea
states. This improvement occurs alongside increased
power capture across all con gurations, at the cost of
increased motion amplitudes, as discussed in Sections
V-A and V-B, respectively.

From a design perspective, con guration (C4), which
combines reactive control with restoring capabilities,
provides the most favorable control force performance
among the con gurations considered, achieving the
lowest RMS and peak force levels across the sea states.

D. Energy Production Performance Metrics

The nal performance metric evaluates the relative
energy production per sea state, de ned as

E® % =100 05 P =EY;
where k F_i,enotes the con guration, ij the sea state, and
E%k) = ;G Pij(k) represents the total energy pro-
duction for the given wave climate. Note, the relative
energy production metric re ects the contribution of
each sea state by weighting its mean power capture
(Pij(k)) with its corresponding occurrence (O j ).

The left column of Figure 7 presents the relative
energy production distribution across sea states. Con-
gurations (C3 and exhibit identical energy pro-
duction distributions and are therefore presented to-
gether. The top-right subplot (Figure 7a ;) provides a
bar representation of the relative energy production
for con guration (C1), while the lower-right subplots
(Figures 7b; and 7c¢;j) show the variations in relative
energy production with respect to (C1) for each sea
state, de ned as

EWw=eP % o =0, PP 1 ;
where k and ij denote the con guration and sea state,
respectively. Furthermore, the total variation in energy
production with respect to (C1) for con guration k is
obtained by summing the contributions across all sea
states as
(k) %:

X
10EY W =P =" E§
i
which provides a consistent link between the local
variations per sea state and the overall change in
energy production across the wave climate.

Across all con gurations, the relative energy pro-
duction is concentrated in sea states characterized
by shorter peak periods and lower signi cant wave
heights (Figure 7a—¢). This distribution closely follows
the occurrence of the wave climate (Figure 3a), indicat-
ing that the most frequently occurring sea states dom-
inate the overall energy production. As a result, sea
states characterized by shorter peak periods and lower
signi cant wave heights—despite exhibiting relatively
low normalized power capture (see Figure 4)—con-
tribute most to the overall energy production due to
their high occurrence.

From a con guration perspective, the addition of an
external spring ((C2) produces moderate changes in
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