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ABSTRACT

As wave energy converters (WECs) progress toward large-
scale commercialization, deployment in arrays is required to
achieve higher power capacities, where hydrodynamic interac-
tions strongly influence performance. While Power Take-Off
(PTO) systems play a key role in both WEC dynamics and cost,
PTO sizing has mainly been studied for standalone devices. This
work investigates the combined effects of PTO sizing and array
configuration on the techno-economic performance of WEC ar-
rays. A reference array of five heaving point absorbers is ana-
lyzed using numerical hydrodynamic modeling with Nemoh and
a spectral-domain approach incorporating PTO force capping
via statistical linearization, alongside a preliminary cost model.
Three representative array configurations are examined, and the
results show that PTO sizing is strongly configuration-dependent
and can significantly improve overall techno-economic perfor-
mance, assessed through the levelized cost of energy.
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1 Introduction

Ocean wave energy has been recognized as a renewable en-
ergy resource for decades, yet its large-scale adoption remains
limited compared to offshore wind, solar, and tidal energy. A key
obstacle is the non-competitive economic performance of wave
energy converters (WECs) [1], with their estimated levelized cost
of energy (LCOE) significantly exceeding that of other renew-
able technologies.

Recent studies have emphasized the importance of develop-
ing WEC:s at the array scale to reduce LCOE. Compared to stand-
alone WEC devices, deploying arrays can lower costs associated
with infrastructure, installation, and maintenance. Unlike single
WEC devices, the power performance of arrays is influenced by
hydrodynamic interactions between devices, making optimal ar-
ray layouts crucial for maximizing total power production. The
configuration of WEC arrays has garnered significant research
attention in recent years. For instance, [2] employed a genetic
algorithm to optimize array layouts by incorporating both power
production and economic factors, presenting and comparing sev-
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eral configurations. In [3], a simplified WEC model for point ab-
sorbers was introduced to investigate hydrodynamic interactions
within arrays. The impact of such interactions on different types
of WECs was further analyzed in [4]. Meanwhile, [S] proposed
an analytical model to estimate the dynamics of large-scale point
absorber arrays, involving up to 1000 devices, and found compa-
rable total power production across configurations, though with
notable effects on power fluctuations. Additionally, [6] explored
the simultaneous optimization of buoy dimensions and array lay-
outs for point absorber arrays, demonstrating that such an ap-
proach enhances total power performance.

Proper sizing of power take-off (PTO) systems is critical
for improving the techno-economic performance of wave energy
converters [7,8]. As PTO systems represent a substantial portion
of capital expenditure (CAPEX), increasing their capacity signif-
icantly raises total costs. However, PTO systems are essential for
energy conversion, with their capacity directly influencing power
generation. Undersized PTO systems limit maximum force or
power output, reducing the WEC’s energy absorption capabil-
ity [8—12]. Studies such as [7, 13—15] have shown that proper
PTO sizing can lower the levelized cost of energy (LCOE) by
20% to 30% for single-point absorbers.

The objective of this paper is to analyze the influence of PTO
sizing on the techno-economic performance of WECs on an ar-
ray scale. Five heaving point absorbers WECs are considered
in the WEC array, and three different array configurations are
taken into account. The PTO sizes of WECs are represented by
the maximum PTO force. A spectral-domain (SD) model is es-
tablished to estimate the dynamics of the WECs, and the PTO
force saturation is incorporated through statistical linearization.
The hydrodynamic interaction between WECs is analyzed by the
open-source software boundary element method solver Nemoh
which is linear potential flow theory. The techno-economic per-
formance of the WEC array is reflected by the LCOE, which
is calculated by a preliminary economic model. The PTO siz-
ing is implemented for each WEC in the array to minimize the
LCOE and a realistic sea site is considered as the environmental
input. Based on the results, the relation between the WEC loca-
tion within the array and the PTO sizing of the individual WEC
is identified. Then, the optimized PTO sizes in varied WEC ar-
rays are compared, and the impact of WEC array layout on the
PTO sizing is analyzed. Furthermore, the techno-economic per-
formance of WEC arrays with PTO sizing is presented, and the
contribution of the PTO sizing to the reduction of the LCOE is
revealed.

2 WEC array description
2.1 WEC system

The point absorber WEC concept is depicted in Fig. 1. The
floating buoy is modelled as a spherical geometry with a radius
of 2.5 m and a density equal to half that of water. The WEC’s
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FIGURE 1: SCHEMATIC OF THE SPHERICAL POINT AB-
SORBER WEC.

motion is restricted to heave mode. The buoy is connected to
the moving component of a bottom-mounted PTO system, which
may function as a piston or generator translator, depending on the
PTO type.

2.2 Array configuration

Three different representative array configurations are uti-
lized in this study. This is intended to investigate the impact of
array layout on the PTO sizing of the WECs. The geometrical
center of each WEC in the arrays is given in Table 1. It should
be acknowledged that the considered array layouts are not neces-
sarily optimized for any conditions. They are only used as repre-
sentatives with clear geometrical variations to reflect the effects
of hydrodynamic interactions of WEC arrays. Given the purpose
of the work to demonstrate the role of PTO sizing in arrays, it is
thought to be a fair implementation. In future work, it would be
of interest to incorporate variations in buoy size and inter-device
spacing, as these parameters are highly relevant in realistic ap-
plications where the available deployment area is constrained.
Furthermore, only uni-directional waves are taken into account,
in which all waves are assumed to progress along the x-axis from
the negative direction to the positive. It is acknowledged that the
wave direction is expected to impact the power performance of
the WEC array, but it is not investigated in this study given the
primary focus of the work.

q factor is widely used in the assessment of the interaction
effects of WEC arrays. It is defined as the total power absorp-
tion of a WEC array divided by the sum of power absorption

Copyright © 2026 by ASME



Layout 1
A y

Layout 2

Layout 3
y A y

FIGURE 2: SCHEMATIC OF THE THREE CONSIDERED WEC ARRAY LAYOUTS.

TABLE 1: COORDINATES OF WECS IN THE THREE AR-
RAY CONFIGURATIONS

Layout1 Layout2 Layout3

WEC1 (0,75  (020)  (14,14)
WEC2 (0-7.5)  (0,10) (1,7)
WEC3  (750) (0,0) (0,0)
WEC4  (1575)  (0.-10) (1,-7)
WEC5 (15-7.5)  (0,20)  (14,-14)

by the same number of isolated WECs. This work is mainly
aimed at identifying the PTO sizing effect within a given array
configuration, rather than comparing the performance of various
array configurations. Hence, a modified g factor is defined here
to demonstrate the power performance of each WEC relative to
the central WEC, namely WEC 3, in the array:

P.
9mod,i = F; (D

where g;,04,; Tepresents the modified ¢ factor of i;; WEC in the
array.

3 Methodology
3.1 Numerical modeling

Numerical modelling is adopted in this study to estimate the
dynamic responses of the WEC array. As demonstrated in [16],
the equation of motion of WEC arrays in the frequency domain
is expressed as

— 0*(M+My(0)) Z (0) + jo (Ry + Re(0) + Rpto) Z (0)

+KnZ (0) = Fe(0)

@)

where o is the angular frequency; M and M, represent the mass
matrix and added mass matrix of the WEC array; Ry, Ry and
R; are the viscous damping matrix, the PTO damping matrix,
and the radiation damping matrix of the WEC array; Ky, is the
hydrostatic stiffness matrix;
WEC array; ETZ is the excitation force matrix of the WEC array.
The sizes of the matrices and the vector are n x n and n x 1, where
n represents the number of WEC devices included in the matrix.
To be specific, the mass matrix, added mass matrix, radiation
damping matrix, and the hydrostatic stiffness matrix are given as

is the displacement vector of the
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Kn=| . :22-. : (6)
0 0 ..K,

The displacement vector and excitation force vector can be
expressed as

Zo=|"" %)

F(0) = 8)

The hydrodynamic coefficients of the WEC array are nu-
merically derived by an open-source boundary element method
(BEM) solver, NEMOH. The hydrodynamic interactions be-
tween individual devices, including radiation and diffraction ef-
fects, are included in the calculation. The frequency range is

specified as [0.2 rad/s,3.1 rad/s], containing 200 frequency
components in total. It is acknowledged that the hydrodynamic
modeling utilized in this work is based on linear potential flow
theory. In this sense, the established model is inherently limited
to small wave conditions where the nonlinearities in the system
are not pronounced [17].

As described previously, the PTO system in each WEC is
simplified to be a linear passive damper. Thus, the PTO force of
each WEC is given as

F pro(0) = — joRpo Z (0) )

As each WEC has an independent PTO system, there is no cou-
pling effect between PTO systems of the WEC array. In this
sense, the non-diagonal elements in Ry, are all defined to be
zero, given as

Rpoyy 0 ... 0
0 R ... 0
e (10)

Rpto =

0 0 ...Rpo,

It is noted that the tuning of PTO damping is influential to
the power performance of WEC arrays. A PTO damping tuning
strategy was proposed in [18] for stand-alone WECs to maximize
the power absorption, which is applied in the current work to
determine the PTO damping value for each WEC in the array.
Thus, the PTO damping of individual WEC in the array is given
as

lemii(w) = \/Brii(w)z +Xii(w)2 an

where Ry, () is the tuned PTO damping for the i, WEC at
the specified wave frequency @. The on-diagonal element in the
intrinsic reactance Xj; is expressed as

K

Xii(0) = 0[M, (@) +M;i(0)] — o 12)

where M, M;;, and K}, are the element located in the iy, row
and the i;; column of the matrix M,, M and K, respectively.
The optimal PTO damping, B,;,, is inherently frequency-
dependent, indicating that this method was initially designed for
application under regular wave conditions. To adapt it for irregu-
lar sea states, the energy period, T, is employed as an equivalent
to the wave period in regular wave scenarios. Besides, the cou-
pling effects between WECs are neglected in such a PTO tuning
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strategy since only diagonal elements are involved in the calcula-
tion of the PTO damping. In addition, the derived PTO damping
normally applies to the operational regions of WECs, in which
nonlinear effects are negligible.

The PTO size of each WEC is represented by the PTO force
constraint. To describe this effect, a nonlinear saturation function
has to be implemented, which is illustrated in Figure 3. How-
ever, this represents a simplification, as the influence of PTO size
on its dynamic behavior is neglected in this study. To compre-
hensively assess the impact of PTO sizing, it would be neces-
sary to account for the variation of PTO losses and dynamics
with PTO size. Nevertheless, given the scope and objectives of
this work, this assumption is considered reasonable for provid-
ing a preliminary assessment of the effects of PTO sizing on the
techno-economic performance of WEC arrays. The PTO force
would be saturated once it reaches the defined PTO force limit.
As the conventional frequency-domain modeling approach can-
not incorporate nonlinearities, a computationally-efficient alter-
native, SD modeling, is adopted to address the PTO force satu-
ration. In the SD model, the nonlinear terms are replaced in the
equation of motion by linear equivalent coefficients via statistical
linearization. The application of the SD modeling approach to
WEC arrays has been investigated in a few of studies, marked by
some pioneering work [19,20] to recent advancement [21]. The
SD models were developed and verified to evaluate the perfor-
mance of WEC arrays with considering a variety of factors, such
as wave climate, array configurations, and control strategies. As
demonstrated in [22], the linear equivalent PTO damping of the
PTO force saturation is given as

Himit,i

3 Rptoj;

wo?erf | —=—iL

2Ryt vaoert| i,
pto,ii

GZ%, 2T V2

Req.pro; =

( Fiimit,i ) 2 13
2R pto 62 < Flimit,i ) exp Rpro;; (13)

3 Zi o 2
Gii 21 ! Rpto,',' 262',‘

2
Fios Fi
2R[)t() ( Rllmn,z ) /27t ( Rllmlt,t )
+ ploji exp | — Projj
O, 2(72

where erf” represents the error function; where Fjni; embodies
the PTO force limit of the i;, WEC in the array; oy, represents
the standard deviation of the velocity of i, WEC. The equivalent
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FIGURE 3: SCHEMATIC OF THE PTO MACHINERY FORCE
SATURATION.

PTO damping matrix is written as

Regpioy, O ... 0
0 Regproy, -~ O
Req,pto = : . . . (14)
0 0 oo Reg ptomm

As a consequence, the equation of motion in the SD model can
be extended from (2) to

— 0*(M+My(0)) Z (0) + jo (Ry + Re(0) + Reg pto) Z (0)

+KnZ (0) = Fo(0)

s)

To solve this equation of motion, an iterative scheme is
needed and it is implemented referring to [13]. After solving
the equation, given in (15), the dynamic responses of the WEC
array is derived. The power absorption of i;;, WEC at one specific
sea state is calculated as

k=N

1 N
P(ss) = Z w%ERe%Pt”iiki(wk” (16)
k=1

where P; is the absorbed power of i;;, WEC in the array, k means
the k;, frequency component, ss embodies the considered sea
state, and Z; is the element located in the #,;, row in the displace-
ment vector of the WEC array 7 The total power production
of the WEC array is then obtained by summing up the power
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absorbed by all individual WECs as

i=n

Piotal(ss) =Y P, (17)

i=1

In the power calculation, the JONSWAP spectrum is applied
to represent the irregular waves in the simulation of the WEC
dynamics, and the peakedness factor is selected as 3.3. Each
generated sea state consists of 200 harmonic wave components
whose angular frequencies are evenly spaced from 0.2 rad /s to
3.1 rad/s.

3.2 Economic modeling

An economic model is developed to estimate the LCOE of
the WEC array deployed at the European sea site near Yeu Is-
land, located off the Vendée coast in western France. The scatter
diagram for Yeu Island is illustrated in Fig. 4, where T, and H;
denote the mean zero-crossing wave period and the significant
wave height, respectively. Sea states with H; exceeding 5 meters
are excluded from the analysis, as these are considered beyond
the operational limits of the WEC. The zero-crossing period T; is
converted into the peak period 7, by applying a factor of 1.287,
consistent with the JONSWAP spectrum [23,24].

1200

1150

Tz (s)

FIGURE 4: HOURS OF OCCURRENCE OF SEA STATES IN
YEU ISLAND [25].

The CAPEX of WECs is composed by the mass related cost
Chrass and the power related cost Cpyyer, expressed as

CAPEX - CMass + CP{)wer (18)

where Cyy,ss and Cpyyer can be calculated as

Prgm
s

P
Chtass = Cs + Cram +Cr = ( +F;+1)CS (19)

P
Crower = Cpro +Cc = (Pf +1)Cpro (20)

where Cs, Crgu, and Cy represent the costs associated with the
structure, foundation & mooring, and installation, respectively.
Cpro and C¢ are the costs of the PTO and grid connection, while
P, Prgym, Pr, Pp, and Pc are their respective percentages of the
total CAPEX, as detailed in Table 2 [18].

Referring to the reports [26,27], the marine stainless steel
price, as of Q3 in 2024, was 3670 US dollars per metric tonne
in the Europe market, and the hot-rolled band steel was around
750 US dollars per metric tonne. Given the fact that offshore
structure manufacturing requires the combined use of multiple
types of steel. The average steel price of the WEC structure is
roughly estimated to be 1 Euro/kg, considering the currency ex-
change rate of 1.06. The PTO system is considered a direct drive
generator, and all associated costs are attributed to it. The re-
quired active material depends on the generator’s force limit and
the force density. Based on [28], the maximum force density is
taken to be 44 kN/m?, typically varying from 30 to 60 kN/m?
depending on the design. The active material cost is estimated at
14,600 Euros/ m? [18, 28], with the total PTO cost being twice
this value to account for manufacturing. In addition, the opera-
tional cost (OPEX) is assumed to be 8% of the CAPEX, with a
discount rate of 8% and a 20-year lifespan, based on [29]. The
LCOE of WECs is then calculated as:

CAPEX + Y| OPEX,
LCOE = ) @1
Lo (1+r)

where Y represents the total years of the lifespan, and f represents
the evaluated year. The annual energy production (AEP) of the
WEC at the sea site is calculated as

ss=S
AEP =AY €P,ya(ss)T (ss) (22)

ss=1

where € is the overall conversion efficiency from absorbed en-
ergy to AEP, set to 0.7 [30]; A is the WEC availability, taken as
0.9 to account for operation and maintenance [31]; T represents
the total hours a given sea state occurs, shown in Fig. 4; ss is the
sea state, and S is the total number of sea states considered.
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TABLE 2: Percentages of CAPEX related components of WECs in total CAPEX [18].

CAPEX Categories Average Percentage

Mass-related capital cost Structure Ps =38.2%
Foundation and mooring Pren=19.1%
Installation P =10.2%

Power-related capital cost PTO component Pp=242%
Connection Pe =8.3%

It should be noted that this is a preliminary economic model,
and the parameter values vary across projects and are site-
specific. For example, the operation availability and lifespan of
WECs depend on factors such as wave resources, WEC designs,
and PTO control strategies. In this paper, reference values are
used to estimate the LCOE, aiming to provide a preliminary in-
dication of how PTO sizing affects the economics of WEC ar-
rays. Detailed LCOE studies for different WECs are presented
in[1,14,18,32].

3.3 PTO sizing optimization

An optimization problem is set up in this study to search the
optimal PTO size for each individual WEC within the array. The
objective of the optimization program is to minimize the LCOE
of the WEC array, and the optimization variables are the PTO
force limits of each WEC. This can be described as follows:

minimize f = LCOE(Fiimit,1,Fimit2, " » Flimit,n)

23
subjectto {Flimit,n > 0} . @3)

where Fjnit; embodies the PTO force limit of the iy, WEC in the
WEC array. In this sense, the objective function is related to n
variables. However, considering the symmetry, it is only neces-
sary to implement three independent variables. For instance, in
the optimization of the WEC array layout 1, the WEC 1 and the
WEC 2 share the same PTO force limit. It is noted that this sym-
metry doesn’t hold when the directional waves are considered.
The optimization is performed by the brute-force search. The
searching area of the PTO force for each variable is defined to be
(12 kN, 100 kN), and the searching step is set to be 2 kN.

4 Results and Discussion
4.1 Power performance of different WEC arrays

The total power absorption of different WEC array layouts is
presented in Figure 5, in which the PTO force is unconstrained.
For a better comparison, the power absorption of the WEC array
layout 2 and layout 3 is depicted as the normalized values to that

of the WEC array layout 1. It can be seen that the normalized
values of the WEC array layout 2 and layout 3 are higher than
1 over a range of peak periods, which indicates that the WEC
array layout 2 and layout 3 are associated with relatively higher
power production. Besides, it is visible that the comparison of
the power performance of WEC arrays is related to the peak pe-
riods. For instance, the WEC array layout 3 is more productive
than layout 2 at the peak period of 6 s, while it turns to be less
when the period is greater than 6 s.

80; ——Aray 1|4 5
— - -G - Array 2
E 70 "\ - - Array 3

(o)) (2]
o o

o/ Prn(arrayt)

Total power absorption (
N
o

a0 1.05 o~
20
10 L L L L L L 1

6 7 8 9 10 11 12 13

Peak period (s)

FIGURE 5: THE TOTAL POWER ABSORPTION OF THE
WEC ARRAY LAYOUT 1, AND THE NORMALIZED
POWER ABSORPTION OF THE ARRAY LAYOUT 2 AND
LAYOUT 3 TO THAT OF THE LAYOUT 1 (Hy; =2 m) Pror
REPRESENTS THE TOTAL POWER ABSORPTION OF THE
SPECIFIED ARRAY LAYOUT. THE PTO SIZES FOR THE
WECS IS UNCONSTRAINED.

To demonstrate the influence of the array interaction on in-
dividual WECs, the values of the modified q factor ¢,,,qs of the
WEC:s are presented and compared for different WEC array con-
figurations, as provided in Figure 6. Considering the symmetry
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FIGURE 6: MODIFIED q FACTORS, ¢4, FOR DIFFER-
ENT WEC ARRAY CONFIGURATIONS. WEC 3 IN EACH
LAYOUT IS CONSIDERED AS THE REFERENCE IN THE
CALCULATION OF THE MODIFIED Q FACTORS. THE PTO
SIZES FOR THE WECS ARE UNCONSTRAINED. (H; =2 m)
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FIGURE 7: THE CALCULATED POWER REDUCTION RA-
TIOS FOR DIFFERENT WEC ARRAYS. ONLY UPPER HALF

OF EACH WEC ARRAY IS DEPICTED HERE GIVEN THE
SYMMETRY. (H, =2 m; T, = 8 5)

of the defined WEC array layouts in this work, only half of the
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WECs above the x-axis are presented in the Figure. As the WEC
3 is located at the central line in every array layout, it is used
as the normalization reference in the definition of the modified q
factor, as formulated in (6). It can be deduced that the more dif-
ferent the modified q factors in the array layout are, the stronger
the interaction of the WEC array. It is noticed that the WECs in
the array layout 2 have more uniform power production, by com-
paring Figure 6(b) with Figure 6(a) and (c). For instance, the
lowest and largest values of the modified q factor for the WEC
array layout 2 are around 0.9 and 1.04. Comparatively, the cal-
culated lowest values for the array layout 1 and layout 3 are ap-
proximately 0.7 and 0.65. This is thought to be reasonable, given
the geometrical configurations of the arrays. Specifically, all five
WECs are evenly spaced along a vertical line, which is expected
to induce less hydrodynamic interaction compared with the other
two considered WEC arrays. In addition, it is noted that the mod-
ified q factor presents a clear correlation with the peak periods.
For example, in Figure 6(c), the modified q factor of the WEC
1 increases from 0.65 to over 0.9. This results from the fact that
the hydrodynamic interactions in an array are realized by the ra-
diation and diffraction of the WECs. The variation of the wave
periods and then the oscillation period of the WECs would re-
sult in changes in the wavelengths of both radiated waves and
diffracted waves. However, the relative distances of the WECs in
a WEC array are fixed. Consequently, the changed wave lengths
inevitably lead to different characteristics of the hydrodynamic
interactions.

4.2 The effect of the PTO size on the power produc-
tion

The PTO size is associated with the maximum force the PTO
system could handle. Hence, the PTO size is expected to make a
difference in the dynamics and then the power absorption of the
WEC system. Given the interaction between WECs, the effect
of PTO sizing on the power absorption of the individual WEC
is related to its position in the array. To better demonstrate the
effect, a parameter power reduction ratio” is introduced for the
individual WEC, named "R,.;”, as

P;(unconstrained ) — P;(Fjimi ;)

Rred = (24)

P;(unconstrained)

where P;(unconstrained) and P;(Fjjp;; ;) mean the power absorp-
tion of i;; WEC without the PTO force constraint and that with
the PTO force limit F};,,;; applied to all WECs in the array. R,.q
is the power reduction ratio, which indicates how much the im-
posed PTO force limit reduces the power absorption.

Figure 7 illustrates the power reduction ratio of WECs in
different array configurations. It is easy to observe the variations
of the power reduction ratios of WECs in all the array layouts.
For instance, in Figure 7(a), the power reduction ratio for the

WEC 4 is 0.25 while it is around 0.33 when the PTO force limit
is 20 kN. It corresponds to a difference of 24 %. This implies the
necessity of implementing the PTO sizing for individual devices
in a WEC array. In addition, it can be found by comparing the
three subfigures that the power reduction ratios have a strong re-
lation with the array configuration. In Figure 7(a), the WEC 3,
known as the centrally located one, has a higher power reduction
ratio than other individual WECs. However, in Figure 7(b), the
WEC 3 has the lowest power reduction ratios. In addition, when
the PTO force limit is decreased below 12 kN, the power reduc-
tion ratios of WECs in array layout 3 are more comparable than
those in the WEC array layout 1 and 2. The relative deviations
of the power reduction ratios of WECs in the WEC array 3 are
no more than 10 %. It is inferred that the PTO sizing effect on
individual WECs would differ depending on the specific array
configurations.

4.3 PTO sizing optimization in WEC arrays

The obtained optimal PTO sizes of individual WECs in dif-
ferent array layouts are presented in Table 3, and the correspond-
ing values of the LCOE are given in Table 4. It can be noticed in
Table 3 that the individual WECs are associated with the varied
optimal PTO sizes, even in the same WEC array configuration.
For example, in the WEC array layout 3, the WEC 1 and WEC 5
have an optimized PTO size of 38 kN, while the optimized PTO
size for the WEC 2,3 and 4 is 44 kN. This marks a difference of
over 10 %. Furthermore, It can be seen that the array configu-
ration has a clear influence on the PTO size optimization. For
instance, the centrally-located WEC, WEC 3, has the optimal
PTO force limit of 40 kN, 36 kN and 44 kN for the layouts 1,
2 and 3 respectively. Therefore, the PTO sizing is highly array
configuration-specific and it is suggested to conduct the PTO siz-
ing together with the array optimization for the sake of a better
techno-economic performance.

The values of the LCOE and the AEP of WEC arrays with
the optimized PTO sizes are provided in Table 4 and 5. For
comparison, the LCOE and the AEP are calculated for WECs
without implementing any PTO size optimization, named “Non-
Optimized” in the tables. The PTO force limits for all the WECs
are defined to be 65 kN, by which the WEC array layout 1 could
operate at full capacity at the most powerful sea state occurring
at the sea site [18]. The sea state is characterized as H; = 4 m
and 7, = 10 s. Table 5 suggests that the optimized PTO sizes
lead to the reduction of the AEP in all the considered array con-
figurations, in which the reduction could reach 9 %. However,
an improved techno-economic performance of the WEC arrays
can be achieved by implementing the PTO sizing for individual
WECs. As depicted in Table 4, the PTO size optimization for
individual WECs in arrays could reduce the LCOE by around 10
% to 14 %, depending on the array configurations.
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TABLE 3: THE OPTIMAL PTO FORCE LIMIT OF EACH
WEC IN THE THREE ARRAY CONFIGURATIONS

Layout1 Layout2 Layout3
WEC1 42 kN 36 kN 38 kN
WEC 2 42 kN 38 kN 44 kN
WEC 3 40 kN 36 kN 44 kN
WEC 4 38 kN 38 kN 44 kKN
WEC 5 38 kN 36 kN 38 kN

TABLE 4: THE VALUES OF THE LCOE WITH AND WITH-
OUT THE PTO SIZE OPTIMIZATION

Optimized  Non-Optimized Deviation
(Euros/kWh) (Euros/kWh)
Layout 1 0.3185 0.3618 12 %
Layout 2 0.3020 0.3514 14 %
Layout 3 0.3150 0.3519 10 %

TABLE 5: THE VALUES OF THE AEP WITH AND WITH-
OUT THE PTO SIZE OPTIMIZATION

Optimized Non-Optimized Deviation

(MWh) (MWh)
Layout 1 271 295 8 %
Layout 2 277 304 9 %
Layout 3 278 303 8 %

5 Conclusion

In this paper, a study is carried out to reveal the interplay
between the power performance, the PTO sizing and the techno-
economic performance of WECs on an array scale. Three dif-
ferent WEC array configurations are implemented, and all the
considered arrays contain five spherical point absorbers. The SD
modeling approach is utilized to estimate the dynamics and the
power performance of the WEC arrays. The PTO size is rep-
resented by the maximal PTO force allowed by the system. In
the SD modeling, the statistical linearization method is applied
to cope with the nonlinearity introduced by the effect of the PTO
force limit on the dynamics. Additionally, a preliminary eco-
nomic model is also built to calculate the cost of the WEC array
with the varied PTO sizes. Furthermore, an optimization pro-
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gram of PTO sizes for individual WECs is performed for the
three arrays, in which a realistic sea site is taken into account.
The conclusions are drawn as follows.

First, the imposed PTO force limit would penalize the power
absorption of all WECs in an array. Generally, The smaller the
PTO force limit, the more reduction of the power absorption oc-
curs. However, the individual WECs within an array are associ-
ated with different reactions to the effect of the PTO force limit.
The deviations of power reduction ratios of WECs within one
array could even reach 24 % in particular sea states.

Secondly, the array configuration could make a difference in
the effect of PTO sizing on the power performance of individual
WECs. When the PTO force limit is restrained to 20 kN, the
difference in the power reduction ratios of the WECs could range
from 10 % to 24 % in the three considered configurations. In this
sense, it implies the importance of incorporating the PTO sizing
into the optimization of the WEC array configurations.

Thirdly, the optimized PTO force limits of individual WECs
vary even in the same array. Particularly, in the WEC array lay-
out 3, the largest value of the optimized PTO force limits arrives
at 44 kN while the smallest is 38 kN. This indicates the signif-
icance of implementing the PTO sizing for individual WECs in
an array. Furthermore, the PTO size optimization doesn’t neces-
sarily contribute to the largest AEP, but it could reduce the LCOE
by 10 % to 14 % compared to WEC arrays without optimizing
the PTO sizes.
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