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Recent studies have demonstrated the merits of spectral-domain (SD) modeling in efficiently addressing nonlin-
ear dynamic behvavior of stand-alone wave energy converters (WECs). However, the potential of the SD model-
ing approach deserves further exploitation by examining its applicability in simulating the entire wave-to-wire
(W2W) process of WEC arrays. This article proposed and verified a SD W2W model of WEC arrays. The WEC ar-
rays are considered as five same-sized heaving cylindrical point absorbers, and they are all equipped with linear
Permanent Magnet (PM) generators. The established SD W2W model is verified by being compared with results
of a nonlinear time-domain-based W2W model across a variety of operation conditions. The computational ef-
ficiency of the two simulation approaches in modeling WEC arrays is also identified and compared. The results
suggest that the SD W2W model is associated with a relative error of less than 11 % to the nonlinear time-domain
reference, with regard to the estimates of significant statistical performance indicators, such as WEC velocity,
absorbed and electrical power of individual power, and total electrical power production of the WEC arrays. At
the same time, the SD W2W model presents a high computational efficiency, being around 2000 times faster

than the time-domain W2W model of WEC arrays.

1. Introduction

Ocean wave energy has long been recognized as a vast renewable re-
source, but its large-scale deployment lags behind that of offshore wind,
solar, and tidal energy. A major hurdle is the uncompetitive economic
performance of wave energy converters (WECs), whose estimated lev-
elized cost of energy (LCOE) remains substantially higher than that of
other renewable energy technologies (De Andres et al., 2017).

Several recent studies highlight the importance of developing WECs
at the array scale to reduce the LCOE (Astariz and Iglesias, 2015). Com-
pared to individual devices, arrays offer opportunities to share costs re-
lated to infrastructure, installation, and maintenance. However, their
performance is influenced by hydrodynamic interactions among units,
making array layout an important factor in maximizing energy output.
Numerical modeling has emerged as an efficient alternative to wave
tank testing and sea trials for optimizing array configurations, attract-
ing growing research interest. For instance, an analytical hydrodynamic
model was developed in a study Sharp and DuPont (2015) to determine
optimal layouts based on energy production and economic factors. A
simplified WEC model was proposed in a recent study Liu et al. (2021)
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to investigate the interaction between point absorbers. Another study
Penalba et al. (2017) examined hydrodynamic coupling effects across
various WEC types. A large-scale array of up to 1000 point absorbers was
studied in the reference Goteman et al. (2015) via an efficient analytical
hydrodynamic model. It concluded that the total power production of
different array configurations appeared to be comparable, but a remark-
able influence on the power fluctuation was identified. Optimization al-
gorithms were employed in the work Lyu et al. (2019) to collectively
iterate buoy dimensions and layout configurations, demonstrating that
integrated design approaches can substantially improve the total energy
performance of WEC arrays. These studies highlight the value of numer-
ical modeling in enhancing the efficiency and design of WEC arrays.
Unlike conventional hydrodynamic models, wave-to-wire (W2W)
modeling aims to provide a comprehensive representation of WECs’ op-
eration processes, from fluid-structure interaction through power trans-
mission to electricity generation. Several studies have been carried out
to address the development and validation of W2W models for stand-
alone WECs (Numerical Modelling of Wave Energy Converters, 2016;
Dong et al., 2023; Zhou et al., 2022; Penalba and Ringwood, 2019). In
more recent years, increasing attention has been directed toward W2W
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\begin {equation}\label {irregular} \eta _{\mathrm {irr}}(x,t) = \sum _{j=1}^{N} A_{j} \cos \big (k_j x - \omega _j t - \phi _j \big )\end {equation}


$k_j$


$A_j$


$\phi _j$


$j$


$\omega _j$


$A_j$


\begin {equation}\label {jonswap} S(\omega ) = \frac {320 H_{s}^2}{T_{p}^4} \omega ^{-5} \exp \big [ \frac {-1950}{T_{p}^{4}} \omega ^{-4} \big ] \gamma ^{\exp \big [ - {\big ( \frac { \frac {\omega }{\omega _{p}} - 1 }{ \beta \sqrt {2} } \big )}^2 \big ] }\end {equation}


$T_p$


$\omega _{p}$


$H_{s}$


$\gamma $


$\beta $


$\omega $


\begin {equation}\label {beta} \beta ={\left \{\begin {array}{@{}ccc} 0.07, & $for$ & \omega \leq \omega _{p} \\ 0.09,& $for$& \omega > \omega _{p} \end {array}\right .}\end {equation}


\begin {equation}A_j = \sqrt {2 S(\omega _j) \Delta \omega } \label {Xeqn3-4}\end {equation}


$\Delta \omega $


\begin {equation}\label {eom_cummins} \left ( \mathbf {M} + \mathbf {M}_{a,\infty } \right ) \ddot {\mathbf {z}}(t) + \mathbf {K}_{\mathbf {h}} \mathbf {z}(t) + \int _0^t \mathbf {K}(t - \tau ) \dot {\mathbf {z}}(\tau ) \, d\tau = \mathbf {F}_e(t) + \mathbf {F}_{pto}(t) + \mathbf {F}_{vis}(t)\end {equation}


$t$


$\tau $


$\mathbf {M}$


$\mathbf {M}_{\infty }$


$\mathbf {F}_{vis}$


$\mathbf {F}_{pto}$


$\mathbf {K}_{\mathbf {h}}$


$\mathbf {K}$


$\mathbf {F}_e$


$\mathbf {z}$


$\dot {\mathbf {z}}$


$\ddot {\mathbf {z}}$


\begin {align}&\mathbf {M}=\left [\begin {array}{ccccc} M_{11} & 0 & \ldots & 0 \\ 0 & M_{22} & \ldots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ 0 & 0 & \ldots & M_{nn} \end {array}\right ] \label {Xeqn5-6}\\ &\mathbf {M}_{{a,\infty }} =\left [\begin {array}{ccccc} M_{{a,\infty }_{11}} & M_{{a,\infty }_{12}} & \ldots & M_{{a,\infty }_{1n}} \\ M_{{a,\infty }_{21}} & M_{{a,\infty }_{22}} & \ldots & M_{{a,\infty }_{2n}} \\ \vdots & \vdots & \ddots & \vdots \\ M_{{a,\infty }_{n1}} & M_{{a,\infty }_{n2}} & \ldots & M_{{a,\infty }_{nn}} \end {array}\right ] \label {Xeqn6-7}\end {align}


\begin {equation}\mathbf {K} =\left [\begin {array}{ccccc} K_{11} & K_{12} & \ldots & K_{1n} \\ K_{21} & K_{22} & \ldots &K_{2n} \\ \vdots & \vdots & \ddots & \vdots \\ K_{n1} & K_{n2}& \ldots & K_{nn} \end {array}\right ] \label {Xeqn7-8}\end {equation}


\begin {equation}\mathbf {K}_{\mathbf {h}}=\left [\begin {array}{ccccc} K_{h_{11}} & 0 & \ldots & 0 \\ 0 & K_{h_{22}} & \ldots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ 0 & 0 & \ldots & K_{h_{nn}} \end {array}\right ] \label {Xeqn8-9}\end {equation}


\begin {equation}\mathbf {z}(t)=\left [\begin {array}{c} z_{1} (t)\\ z_{2} (t)\\ \vdots \\ z_{n} (t) \end {array}\right ] \label {Xeqn9-10}\end {equation}


\begin {equation}\label {matrix_exc} \mathbf {F}_{e}(t)=\left [\begin {array}{c} F_{e_{1}} (t)\\ F_{e_{2}} (t)\\ \vdots \\ F_{e_{n}} (t) \end {array}\right ]\end {equation}


\begin {equation}\label {pto_force} F_{{pto}_{i}}(t)={\left \{\begin {array}{@{}ccc} -R_{{pto}_{ii}}\dot {z_{i}}(t), & $for$ & |R_{{pto}_{ii}}\dot {z}_{i}(t)| \leq F_{m} \\ \mathrm {sign}[-R_{{pto}_{ii}}\dot {z_{i}}(t)]F_{m},& $for$& |R_{{pto}_{ii}}\dot {z_{i}}(t)| > F_{m} \end {array}\right .}\end {equation}


$F_{{pto}_{i}}$


$i_{th}$


$R_{{pto}_{ii}}$


$i_{th}$


$F_{m}$


$i_{th}$


\begin {equation}F_{{vis}_{i}}(t) = - \frac {1}{2} C_{d} \rho A_{area} z_{i}(t) |z_{i}(t)| \label {Xeqn11-13}\end {equation}


$F_{{vis}_{i}}$


$i_{th}$


$C_{d}$


$\rho $


$A_{area}$


\begin {equation}\label {voltage_td} {E}_{{p}_i}(t) = \sqrt {2} N_{m} \dot {z}(t) p l_{s} N_{s} k_{w} |\hat {B}_{gm}| K_{{par}_{i}}(t)\end {equation}


${E}_{{p}_i}$


$i$


$B_{gm}$


$p$


$l_{s}$


$N_{s}$


$k_{w}$


$N_{m}$


\begin {equation}\label {partial_td} K_{{par}_{i}} = \frac {l_{{act}_i}} {L_{sta}},\end {equation}


$l_{{act}_i}$


$L_{sta}$


$z_i$


\begin {align}\label {eq_16} l_{act}(z_{i})={\left \{\begin {matrix} L_{sta}, & |z_{i}| < 0.5 (L_{tra} - L_{sta}) \\ 0, & |z_{i}| > 0.5 (L_{tra} + L_{sta})\\ 0.5 (L_{tra} + L_{sta}) - |z_{i}|,& \text {otherwise.} \end {matrix}\right .}\end {align}


$T$


\begin {equation}\label {eq_16} P_{{Fes}_{i}} = P_{Fe0} \left [ M_{Fest}\left ( \frac {\hat {B}_{st}}{B_{0}}\right )^2 + M_{Fesy} \left ( \frac {\hat {B}_{sy}}{B_{0}} \right )^2 \right ] \frac {f_{{e}_{i}}}{f_{0}} K_{{par}_{i}},\end {equation}


$P_{Fe0}$


$f_{0}$


$B_{0}$


$M_{Fest}$


$M_{Fesy}$


$f_{{e}_{i}}$


$i$


\begin {equation}\hat {B}_{st} = \hat {B}_{gm}\frac {\tau _{s}}{b_{t}}, \qquad \hat {B}_{sy} = \hat {B}_{gm}\frac {\tau _{p}}{\pi h_{sy}}, \label {Xeqn15-18}\end {equation}


$\tau _{s}$


$\tau _{p}$


$b_{t}$


$h_{sy}$


\begin {equation}f_{{e}_{i}}(t) = \frac {2 \pi |\dot {z_{i}}(t)|}{2 \tau _{p}}. \label {Xeqn16-19}\end {equation}


\begin {equation}\label {eq_17} {P}_{{wd},i} = F_{{pto}_{i}}(t) \dot {z_{i}} - P_{{Fes}_{i}}.\end {equation}


$I_{{s}_{i}}$


$E_{{p}_{i}}$


\begin {equation}\label {eq_17+} {P}_{{wd},i} \approx F_{{pto}_i}(t) \dot {z_{i}}(t) = m E_{{p}_{i}}(t) I_{{s}_{i}}(t),\end {equation}


$m=3$


\begin {equation}\label {eq_current} I_{{s}_{i}}(t) = \frac {F_{{pto}_{i}}(t)}{m \sqrt {2} N_{m} p l_{s} N_{s} k_{w} |\hat {B}_{gm}| K_{{par}_{i}}(t)}.\end {equation}


$I_{sm}$


\begin {align}\label {Current_limit} I_{{s}_{i}}(t)={\left \{\begin {matrix} I_{{s}_{i}}(t), & |I_{{s}_{i}}(t)| \leq I_{sm}, \\ \mathrm {sign}[I_{{s}_{i}}(t)]I_{sm},& |I_{{s}_{i}}(t)| > I_{sm}. \end {matrix}\right .}\end {align}


\begin {equation}\label {eq_current_force} F_{m} = m \sqrt {2} N_{m} p l_{s} N_{s} k_{w} |\hat {B}_{gm}| I_{sm}.\end {equation}


$I_{{s}_{i}}$


\begin {align}\label {copper losses} & P_{{copper}_{i}}(t) = m I_{{s}_{i}}^{2}(t)R_{t},\\ \label {converter losses} & P_{{conv}_{i}}=\frac {P_{convm}}{31} \left [ 1 + 20 \frac {|I_{{s}_{i}}(t)|}{I_{sm}} + 10 \left ( \frac {I_{{s}_{i}}(t)}{I_{sm}} \right )^2 \right ],\end {align}


$R_{t}$


$P_{convm}$


\begin {equation}P_{{grid}_{i}}(t) = P_{{wd}_{i}}(t) - P_{{copper}_{i}}(t) - P_{{Fes}_{i}}(t) - P_{{conv}_{i}}(t). \label {Xeqn23-27}\end {equation}


$0.2$


$3.1~\text {rad/s}$


\begin {equation}\label {eom_sd} -\omega ^2 \left (\mathbf {M} + \mathbf {M}_{\mathbf {a}}(\omega )\right ) \overrightarrow {\mathbf {Z}}(\omega ) + j\omega \left (\mathbf {R}_{\mathbf {v}} + \mathbf {R}_{\mathbf {r}}(\omega ) + \mathbf {R}_{\mathbf {pto,eq}} \right ) \overrightarrow {\mathbf {Z}}(\omega ) + \mathbf {K}_{\mathbf {h}} \overrightarrow {\mathbf {Z}}(\omega ) = \overrightarrow {\mathbf {F}_{e}} (\omega )\end {equation}


$\omega $


$\mathbf {M}$


$\mathbf {M}_{\mathbf {a}}$


$\mathbf {R}_{\mathbf {v,eq}}$


$\mathbf {R}_{\mathbf {pto,eq}}$


$\mathbf {R}_{\mathbf {r}}$


$\mathbf {K}_{\mathbf {h}}$


$\overrightarrow {\mathbf {Z}}$


$\overrightarrow {\mathbf {F}_{e}}$


$n \times n$


$n \times 1$


$n$


\begin {align}&\mathbf {M}=\left [\begin {array}{ccccc} M_{11} & 0 & \ldots & 0 \\ 0 & M_{22} & \ldots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ 0 & 0 & \ldots & M_{nn} \end {array}\right ] \label {Xeqn25-29}\\ &\mathbf {M}_{\mathbf {a}}(\omega ) =\left [\begin {array}{ccccc} M_{a_{11}}(\omega ) & M_{a_{12}}(\omega ) & \ldots & M_{a_{1n}}(\omega ) \\ M_{a_{21}}(\omega ) & M_{a_{22}}(\omega ) & \ldots & M_{a_{2n}}(\omega ) \\ \vdots & \vdots & \ddots & \vdots \\ M_{a_{n1}}(\omega ) & M_{a_{n2}}(\omega ) & \ldots & M_{a_{nn}}(\omega ) \end {array}\right ] \label {Xeqn26-30}\\ &\mathbf {R}_{\mathbf {r}}(\omega ) =\left [\begin {array}{ccccc} R_{r_{11}}(\omega ) & R_{r_{12}}(\omega ) & \ldots & R_{r_{1n}}(\omega ) \\ R_{r_{21}}(\omega ) & R_{r_{22}}(\omega ) & \ldots & R_{r_{2n}}(\omega ) \\ \vdots & \vdots & \ddots & \vdots \\ R_{r_{n1}}(\omega ) & R_{r_{n2}}(\omega ) & \ldots & R_{r_{nn}}(\omega ) \end {array}\right ] \label {Xeqn27-31}\\ &\mathbf {K}_{\mathbf {h}}=\left [\begin {array}{ccccc} K_{h_{11}} & 0 & \ldots & 0 \\ 0 & K_{h_{22}} & \ldots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ 0 & 0 & \ldots & K_{h_{nn}} \end {array}\right ] \label {Xeqn28-32}\end {align}


\begin {align}&\overrightarrow {\mathbf {Z}}(\omega )=\left [\begin {array}{c} \hat {z}_{1} (\omega )\\ \hat {z}_{2} (\omega )\\ \vdots \\ \hat {z}_{n} (\omega ) \end {array}\right ] \label {Xeqn29-33}\\ &\overrightarrow {\mathbf {F}_{e}}(\omega )=\left [\begin {array}{c} \hat {F}_{e_{1}} (\omega )\\ \hat {F}_{e_{2}} (\omega )\\ \vdots \\ \hat {F}_{e_{n}} (\omega ) \end {array}\right ] \label {Xeqn30-34}\end {align}


\begin {equation}\overrightarrow {\mathbf {F}}_{pto}(\omega ) = -j \omega \mathbf {R}_{\mathbf {pto}} \overrightarrow {\mathbf {Z}} (\omega ) \label {Xeqn31-35}\end {equation}


$\mathbf {R}_{\mathbf {pto}}$


\begin {equation}\mathbf {R}_{\mathbf {pto}}=\left [\begin {array}{ccccc} R_{pto_{11}} & 0 & \ldots & 0 \\ 0 & R_{pto_{22}} & \ldots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ 0 & 0 & \ldots & R_{pto_{nn}} \end {array}\right ] \label {Xeqn32-36}\end {equation}


$i$


$\omega $


\begin {equation}\label {sd_voltage} \hat {E}_{{p}_{i}}(\omega ) = \sqrt {2} N_{m} \hat {u}(\omega ) p l_{s} N_{s} k_{w} |\hat {B}_{gm}| L_{sta} K_{par_{i},eq},\end {equation}


$K_{par_{i},eq}$


$K_{par}$


$P_{{wd}_{i}}$


\begin {equation}\label {sd_winding_power} P_{{wd}_{i}}(\omega ) = \frac {1}{2} \mathrm {Re} \{ \hat {F}_{{pto}_i}(\omega )\hat {u}_{i}^{\ast }(\omega ) \} = \frac {1}{2} |\hat {F}_{{pto}_i}(\omega )||\hat {u}_{i}(\omega )| = \frac {1}{2} R_{pto_{i},eq}|\hat {u}_{i}(\omega )|^{2}.\end {equation}


\begin {equation}\label {current_SD} |\hat {I}_{s_{i}}(\omega )| = \frac {R_{pto_{i},eq}|\hat {u}(\omega )|^{2}}{m|\hat {E}_{p_{i}}(\omega )|}.\end {equation}


$R_{pto,eq}$


\begin {equation}\label {std_I_s} \sigma _{{I}_{s_{i}}} = \sqrt {\frac {1}{2}\sum _{j=1}^{N}|I_{s_{i}}(\omega _{j})|^{2}}.\end {equation}


\begin {equation}\begin {split} \overline {P}_{copper} &= \langle m I_{s_{i}}^{2} R_{t} \rangle \\ &= m R_{t} \sigma _{I_{s_{i}}}^{2}. \end {split} \label {Xeqn37-41}\end {equation}


$I_{s}$


\begin {equation}\langle |I_{s_{i}}| \rangle = \sqrt {\frac {2}{\pi }} \sigma _{I_{s_{i}}}. \label {Xeqn38-42}\end {equation}


\begin {equation}\begin {split} \overline {P}_{conv_{i}} &= \frac {1}{31} P_{convm} + \frac {20}{31I_{sm}} P_{convm} \langle |I_{s_{i}}| \rangle + \frac {10}{31I_{sm}^{2}} P_{convm} \langle I_{s_{i}}^{2} \rangle \\ &= \frac {1}{31} P_{convm} + \frac {20}{31I_{sm}} P_{convm} \sqrt {\frac {2}{\pi }} \sigma _{I_{s_{i}}} + \frac {10}{31I_{sm}^{2}} P_{convm} \sigma _{I_{s_{i}}}^{2}. \end {split} \label {Xeqn39-43}\end {equation}


\begin {equation}\overline {P}_{Fes_{i}} = P_{Fe0} \left [m_{Fest} \left (\frac {\hat {B}_{st}}{B_{0}}\right )^{2} + m_{Fesy} \left (\frac {\hat {B}_{sy}}{B_{0}}\right )^{2}\right ] \frac {\langle f_{e_{i}} \rangle }{f_{0}} K_{par_{i},eq}, \label {Xeqn40-44}\end {equation}


$\langle f_{e_{i}} \rangle $


$i$


\begin {equation}\begin {split} \langle f_{e_{i}} \rangle &= \frac {2\pi }{2\tau _{p}} \langle |u_{i}| \rangle \\ &= \frac {\pi }{\tau _{p}} \sqrt {\frac {2}{\pi }} \sigma _{u_{i}}. \end {split} \label {Xeqn41-45}\end {equation}


\begin {equation}\overline {P}_{grid_{i}} = \overline {P}_{wd_{i}} - \overline {P}_{copper_{i}} - \overline {P}_{Fes_{i}} - \overline {P}_{conv_{i}}. \label {Xeqn42-46}\end {equation}


$R_{pto,eq}$


$R_{vis,eq}$


$F_{non}$


\begin {equation}\label {linearization} \begin {split} R_{eq} & = \left <\frac {\partial F_{non}(x)}{\partial x} \right > \\ & = \int _{-\infty }^{\infty } \frac {\partial F_{non}(x)}{\partial x}p(x)\, \mathrm {d}x, \end {split}\end {equation}


$F_{non}$


$p(x)$


$x$


$x$


\begin {equation}\label {gaussian probability} p(x)=\frac {1}{\sigma _{x}\sqrt {2\pi }}\exp \!\left (-\frac {x^{2}}{2\sigma _{x}^{2}}\right ).\end {equation}


\begin {equation}P_{dis}(t) = \left [\frac {I_{s}(t)}{K_{par}(t)}\right ]^{2} R_{t}. \label {Xeqn45-49}\end {equation}


\begin {equation}\label {generic} \langle P_{dis_{i}} \rangle = \langle I_{s_{i}}^{2} \rangle \, \langle K_{par_{i}}^{-2} \rangle R_{t}.\end {equation}


$K_{par_{i}}$


\begin {equation}\langle P_{dis_{i}} \rangle = \sigma _{I_{s_{i}}}^{2} \frac {R_{t}}{\langle K_{par_{i}}^{2} \rangle }. \label {Xeqn47-51}\end {equation}


$K_{par_{i}}$


$z$


$K_{par_{i},eq}$


\begin {equation}\label {25} \begin {split} K_{par_{i},eq} & = \sqrt {\langle K_{par_{i}}^{2} \rangle } \\ & = \sqrt {2\int _{0}^{\infty }K_{par_{i}}^{2}(z_{i})\, p(z_{i})\, \mathrm {d}z_{i}}, \end {split}\end {equation}


$p(z_{i})$


$i$


$K_{par_{i},eq}$


$z_{i}$
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Fig. 1. Schematic of the cylindrical point absorber WEC with a linear electric generator.

modeling for WEC arrays. In Forehand et al. (2015), a nonlinear time-
domain (TD) W2W model was introduced for an array of point absorber
WECs equipped with hydraulic PTO systems coupled with induction
generators. The hydrodynamic interaction between WECs and the vari-
ations in the production of each electric generator were well captured
by the proposed model. Similarly, a W2W model was developed in Bal-
itsky et al. (2019) for an array of oscillating surge converters equipped
with closed-circuit hydraulic PTO systems using the open-source soft-
ware WEC-Sim, in which both nonlinear hydrodynamics and nonlinear
PTO behavior were incorporated. A more recent study Asiikkis et al.
(2024) analyzed a dense array of heaving point absorbers with hydraulic
PTO systems coupled with rotary electric generators. The adopted W2W
model, also built upon WEC-Sim, was adopted to optimize design param-
eters of the PTO system, emphasizing the role of accumulator allocation
in enhancing power production. Although these proposed W2W models
provide a more holistic view of the performance of WECs, they are pri-
marily established based on TD analysis and are thus significantly com-
putationally intensive. This highlights the need for more efficient W2W
modeling approaches tailored for array-scale applications of WECs.
Numerical modeling approaches for WECs are predominantly catego-
rized into frequency-domain (FD) and TD models (Folley et al., 2019).
FD modeling is limited to linear harmonic analysis, but it offers high
computational efficiency. In contrast, Cummins equation-based TD mod-
eling could effectively cover nonlinear effects but is associated with sig-
nificantly larger computational demand to numerically solve ordinary
partial differential equations at each time step. As an alternative to the
modeling approaches, spectral-domain (SD) modeling is inherently ex-
tended from FD modeling while incorporating nonlinearities through
statistical linearization. It therefore combines high computational ef-
ficiency and modeling accuracy. Initial SD applications in the context
of WECs were dedicated to addressing quadratic damping on the buoy

and excitation force decoupling in oscillating surge WECs (Folley and
Whittaker, 2010). The results showed that SD modeling is well aligned
with nonlinear TD approaches in estimating power capture and dynamic
responses. Following research extended the SD approach to include var-
ious nonlinear effects, such as viscous damping (Folley and Whittaker,
2013), end-stop effects, mooring stiffness, Coulomb damping, and force
capping in machinery (Silva, 2019; Silva et al., 2020; da Silva et al.,
2020; Spanos et al., 2018; Tan et al., 2022a). Recent advancements (Tan
and Laguna, 2023a,b) have further extended SD modeling to encompass
the full W2W process of a stand-alone WEC, incorporating nonlineari-
ties in both hydrodynamics and the power conversion process. Regard-
ing the assessment of WEC array performance, a pioneering study was
carried out in Cruz et al. (2009), in which a FD model combined with
an iterative scheme for optimizing array configurations and control pa-
rameters of each array element was developed. The power absorption
of WEC arrays for different sea states can be effectively optimized and
predicted by the proposed method. More recently, the FD modeling ap-
proach was utilized in Ermakov et al. (2025) to support the development
of a novel control co-design strategy for heterogeneous arrays of point
absorber-type WECs. The developed method suggests much higher effi-
ciency compared to traditional TD modelling approaches, which implies
its huge potential in speeding up the solving process of WEC array op-
timization problems. These developments in the above-mentioned stud-
ies highlight the significant potential of SD modeling for analyzing the
dynamics and power performance of WECs. However, to the authors’
knowledge, its application to the W2W modeling of WEC arrays remains
largely unexplored.

The present work is intended to push forward the boundary of the ex-
isting SD modeling approach to cover the whole W2W process of WECs
on an array scale. The studied array contains five same-sized cylindri-
cal WECs. The individual WEC in the array is considered the heaving
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Layout 1

Fig. 2. Schematic of the considered WEC array layout 1.

_____ » Translator

Stator

I o
| B

Full overlap Partial overlap

Fig. 3. Schematic illustration of partial overlap between translator and stator
in a linear generator.

point absorber with a linear permanent magnet (PM) electric genera-
tor. The hydrodynamic interaction between WECs and their impacts on
the power conversion efficiency of each device are described by the pro-
posed SD W2W model. A few of the prominent nonlinear effects through-
out the W2W process are effectively incorporated into the established
SD model via statistical linearization. These nonlinear effects consist of
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Table 1
Specification of the cylindrical
floater.
Parameters Quantities
Cylinder radius 5m
Cylinder height 10m
Cylinder mass 402517 kg
Projected area A,,,, 78.5m?
Floater draft 5m
Table 2
Specification of the linear PM generator.
Parameters Symbol  Quantities
Maximum average power P ieq 220kwW
Maximum force F, 150kN
Stator current limit I, 243 A
Translator length L,, 4.5m
Stator length Ly, 3.5m
Stack length Iy 0.7m
Air gap length g 5mm
Slot width b, 15m
Magnet pole width b, 79 mm
Tooth width b, 18.3mm
Pole pitch 7, 100 mm
Slot pitch 7y 33.3mm
Stator yoke height h, 50 mm
Slot height hy 85mm
Magnet thickness L, 15mm
Recoil permeability of the magnets Hym 1.1
Remanent flux density of the magnets B, 1.1 Tat85°C
Iron loss per unit mass Pryy 4.9W/kg at 50 Hz and 1.5 T
Copper resistivity Pcu 0.0252 pQm at 120°C
Copper fill factor kgri 0.6
Number of conductors per slot N, 6
Number of slots per pole per phase N, 1

the viscous drag term, the machinery force saturation, partial overlap
between the translator and the stator of the linear generator, and the
electric current saturation of the linear generator. To verify the devel-
oped SD model, a nonlinear TD W2W model is built based on WEC-Sim
for the same WEC array (So et al., 2015), serving as a verification refer-
ence. The results of the SD model and the TD model are compared across
a range of operation conditions. Further, the computational efficiency
of the two modeling approaches is also identified and compared.

The remainder of this paper is organized as follows. Section 2
presents the methodology, describing the WEC concept, the array con-
figurations employed in this study, and the numerical models. Section 3
provides the verification of the proposed SD W2W model against the
nonlinear TD W2W model. Section 4 compares the computational times
of the SD and TD modeling approaches. Section 5 discusses the implica-
tions of the findings and outlines potential limitations. Finally, Section 6
concludes the paper with key insights and closing remarks.

2. Methodology
2.1. WEC system and array configuration

The concept of the point absorber WEC is illustrated in Fig. 1. The
WEC buoy is represented by a cylindrical floater with a radius of 5m.
The mass density of the buoy is assumed to be uniform and to be half
of the water density. The motion of all the WECs in the array is con-
strained to move only in heave mode. The buoy is directly connected to
the translator of the linear PM electric generator (Table 1). The design of
the generator is based on the electrical machine used in the AWS wave
energy converter (Prado and Polinder, 2013), but it is scaled down to
suit the dimensions of the floater used in this study, following the work
in Tan et al. (2021, 2022b). The design parameters of the generator are
specified in Table 2.
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2.2. Array configuration

Three different representative array configurations are utilized in
this study. This is intended to investigate the impact of the array layout
on the PTO sizing of the WECs. However, it will be first focused on one
array configuration given in Fig. 2, and the geometrical center of each
WEC in the arrays is given in Table 3. This array layout is labeled as
WEC array layout 1, since the other two array configurations will be
implemented later to identify the modeling accuracy in varied config-
urations. The results and discussions throughout this manuscript corre-
spond to WEC array layout 1, otherwise specified. It should be acknowl-
edged that the considered array layouts are not necessarily optimized
for any conditions. They are only used as representatives with clear ge-
ometrical variations to reflect the effects of hydrodynamic interactions
within WEC arrays. Given the purpose of the work to demonstrate the
role of PTO sizing in arrays, it is considered a fair implementation. Fur-
thermore, only unidirectional waves are taken into account, in which
all waves are assumed to progress along the x-axis from the negative

Table 3
Horizontal coordinates of center of gravity of the WECs in the considered
array configuration.

WEC 1 WEC 2 WEC 3 WEC 4 WEC 5

Coordinates (m) (0,0) (0,40) (0, —40) (40,20) (40, —20)

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.

2.3. Time-domain model

2.3.1. Wave input description

In Airy wave theory, an irregular sea state can be described by the
summation of a set of regular waves with random phase seeds. Consid-
ering unidirectional waves, the wave elevation of an irregular sea state



J. Tan et al.

WEC model

Linear PM generator

<position> PTO system

<velocity> Response

P

-

WEC 2

—

Ocean Engineering 347 (2026) 123942

Constraint 1
Il |

Global Reference Frame

Constraint 2

Constraint 3

Constraint 4

Constraint 5

Fig. 5. Simulink model of the WEC array utilized in WEC-sim.

can be expressed as

N
Mo (X, 1) = D A cos (k;x — w;t = ) b}
j=1

where ki, Aj, and ®; denote the wave number, wave amplitude, and
phase angle of the j-th regular wave component corresponding to an-
gular frequency o;. In practice, the wave amplitudes A; are typically
determined from a wave spectrum. The JONSWAP spectrum is applied
in this study to describe the distribution of energy over frequency com-
ponents (Journée et al., 2015), given as

a)12

320H} - (2
St = = e ;?fow“‘]r”p[ G @
p p

where T, and o, are the spectral peak period the spectral peak fre-
quency, which is defined as the period or frequency component asso-
ciated with the highest energy peak in a given wave spectrum; H, is
the significant wave height, which represents the average height of the
highest one-third of waves; y is the peak enhancement factor, defined as
3.3 in this work Journée et al. (2015); and f represents a step function

of w

= 0.07, for
7 10.09, for

< @, 3
w > a)p ( )

The JONSWAP spectrum allows the significant wave height and spec-
tral peak period to be directly related to the amplitudes of the individual
components in (1). The amplitudes of the individual wave components
can then be computed from the spectrum as

A; = 4/28(@))Aw 4

where Aw is the frequency interval between successive components.

2.3.2. Hydrodynamic modeling
In the time domain, the dynamic responses of the WEC array can be
described according to the Cummins equation (Cummins, 1962), as

t
(M + M, )i(t) + Kpz(t) + / K(1 — 0)a(r) dt = F, (1) + F,, (6) + F (1)
0
(5)

where:

t: time;

7: intermediate variable;
M: Rigid body mass matrix;

M_,: Added mass matrix at infinite frequency;

F,;,: Viscous drag force matrix;

F,,: PTO force matrix;

Kj,: Hydrostatic stiffness matrix;

K: Matrix of the impulse response function of radiation force;
F,: Wave excitation force vector of the WEC array;

z: Displacement vector of the WEC array;

z: Velocity vector of the WEC array;

Z: Acceleration vector of the WEC array.

The mass matrix and the infinite added mass matrix are given as

M, 0 ... 0
M
M= 0 .22 0 (6)
0 0 M,,
Mam” Ma,°ch2 Ma.ool,,
Ma’oo = M"v_°°21 Ma~_°°22 Ma:°°2n (7)
Ma,ocn] Ma,oonz e MH,OO,m
The matrix of the impulse response function is expressed as
Ky, K, K,
K= K.Zl K'zz K, 8)
Knl Kn2 Knn

As there is no coupling between the hydrostatic effects of WECs in the
array, the hydrostatic stiffness matrix is expressed as

Ky, 0 0
K= O K ’ ©
0 0 K,,
The displacement vector is expressed as
zy(1)
an=| 20 10)
2,0

The velocity and displacement matrix can be given similarly. The exci-
tation force vector can be expressed as
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Fig. 6. Simulation results of WECs in different peak periods estimated by the SD model and the TD model. (H, = 2 m and B,,, = 100 kNs/m).

F,, 1)

Fez' 0]

F.()= 1D

0

The viscous drag force matrix and the PTO force matrix can be writ-
ten similarly as (11). A passive control strategy is considered for the
PTO system, and the PTO force with the realistic saturation limit can be
expressed as

Fpro-(f) = { . _Rﬂmiz z.f(t)’ for |Rl’f9uz.'/(t)| < F, (12)
i sign[— Ry, 2;(DIF,,,  for |R,, z,(O] > F,
where F,, is the iy, element in the PTO force matrix; R, is the PTO

damping of the i,, WEC; F,, is the PTO force limit. The viscous drag
matrix is included as a correction term in (5) to represent the viscous
effect, and the i,, element in the matrix can be expressed as

1
Fvis,»(t) = _EcdpAareazi(t)lzi(t)l (13)

where F,; is the iy, element in the viscous drag force vector; C, is
the drag coefficient, defined as 1 in this study, referring to Giorgi and
Ringwood (2017); p is the water density; A,,., is the projected area of
the cylindrical buoy.

2.3.3. Generator modeling
An analytical electrical model is utilized to estimate the genera-
tor performance of the WEC array, following the approach detailed in

Tan et al. (2023). The key design parameters are summarized in Table 2.
The linear generator’s translator is mechanically linked to the buoy, cre-
ating relative motion between translator and stator, which induces a
no-load voltage expressed as:

E, (1) = V2N, 20)pl Nk, By | K, (0 a4

In this expression, E,, represents the no-load voltage of the ith WEC unit,
B,,, is the main spatial harmonic of the magnetic flux density in the air
gap (Polinder et al., 2004), p denotes the number of pole pairs, /; the
active stack length, N, the number of conductors per slot, and k,, the
winding factor. Because the machine has a double-sided configuration
to balance magnetic attraction, N,, equals 2. The instantaneous partial
overlap factor is defined as:

!
Kpor, = —,
pari Lsm

act;

(15)

where /., and Ly, are the effective overlap and total stator lengths.
The overlap length varies with the translator displacement z; according
to:

Lsm’ |Zi| < O-S(Ltra -
lact(Z[) = 0’
O'S(Ltra + Lsra) - |Z[ l

L.mz)
|Zi| > 0'5(Ltra + Lsta)
otherwise.

(16)

This nonlinear partial-overlap phenomenon is unique in linear gen-
erators, stemming from the translator being marginally longer than
the stator. Fig. 3 visualizes the reduced overlap during large translator
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excursions. The diminished overlap weakens the induced voltage, ne-
cessitating higher stator current to maintain the desired electromagnetic
force. The effect on voltage and current under harmonic motion is de-
picted in Fig. 4.

The iron loss, varying with the electrical frequency, can be written
as:

B

B,

B,

)

By

2
1
;) +MFesy<

where Py, is the reference specific iron loss measured at f, and B,
Mg, and Mp,, denote the masses of the stator teeth and yoke, re-
spectively, and f,, is the electrical frequency of the ith generator, deter-
mined by the translator velocity. The magnetic flux density components
are given by:

2
fe,
—L 17
7 7)

par;>

PFex‘- = PFe() MFest<

T, T

A A Ts A A p
BSZ = Bgmb_j’ sy = Bgm%s (18)
where 7, and 7, are the slot and pole pitch, and b,, h;, the tooth width
and yoke height. The frequency expression is:
27|Z;(0)
Jo )= ——. 19)
Tp
The electrical power delivered to the windings becomes:
Pwd,i = Fptoi(l)zi - PFeA',-’ (20)

As indicated in Tan et al. (2022b), iron losses are relatively small com-
pared with the absorbed mechanical power. To maximize efficiency, the
stator current [ is assumed in phase with E, (Polinder et al., 2004),
simplifying the expression to:

Pwd,i ~ Fpto, (t)zi(t) = mEpi (t)Ix, (t),

2D

Relative error of

Relative error of grid power
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where m = 3 is the number of phases. Using (14), the stator current can
be formulated as:

Fpuo®

mV2N,,pl Nk, | By, | K

par;

I, (1) = (22)

o

To avoid thermal overload, the current is capped by a maximum limit
1

sm*

gm={

Because the stator current directly controls the PTO force, the current
saturation can equivalently be reflected by limiting the PTO force in the
hydrodynamic domain:

1,0,
signl[ 1, (D)L

1, ()] < L.

|1, > Iy, (23)

Fpy = mV2N,pl N k| Byl L. 24

Once I, is known, copper and converter losses are obtained as:

Peopper, () = mI] (R,. (25)
2
P [, ()] 1, (1)
Py, = % 14+20——— 4+ 10 1 , (26)
sm sm

where R, denotes the phase resistance and P,,,,,,, taken as 3% of the
rated converter power (Polinder et al., 2004), represents the constant,
switching, and conduction loss components.

The instantaneous power exported to the grid is therefore:

Pgrid,»(t) = Pwd,» (t) - Pcapper,» (t) - PFes,-(t) - Pconvi (t) (27)
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Fig. 8. Simulation results of WECs in different significant wave heights estimated by the SD W2W model and the TD W2W model. (7, =9 s and B,,, = 100 kNs/m).

2.3.4. Implementation of the time-domain approach

For verification, a nonlinear TD W2W model is developed using the
open-source WEC-Sim package (Lawson et al., 2014). This platform, val-
idated against both experimental and high-fidelity numerical models
(Ruehl et al., 2014, 2016; Jin et al., 2023; Ogden et al., 2022), com-
putes device dynamics through numerical integration in a Simulink-
based framework, as shown in Fig. 5.

The hydrodynamic coefficients required for the time-domain anal-
ysis are computed using the open-source BEM solver NEMOH, which
accounts for both radiation and diffraction interactions among the de-
vices. The frequency domain extends from 0.2 to 3.1 rad/s, discretized
into 200 frequency points. Because the hydrodynamic formulation re-
lies on linear potential flow theory, the model is applicable to small or
moderate sea states where nonlinear effects remain limited (Numerical
Modelling of Wave Energy Converters, 2016).

To emulate realistic ocean conditions, simulations are performed un-
der irregular waves generated using the JONSWAP spectrum (Journée
et al., 2015). Each simulation lasts 3600 s, including an initial 100 s
ramp-up period to minimize transient effects (Ruehl et al., 2014). A uni-
form time step of 0.1 s is employed throughout all the TD simulations.

To reflect the stochastic nature of ocean waves, random phase seeds
are introduced for each test case. Thirty independent runs are carried
out with different phase seeds, and the averaged results are reported to
reduce statistical variation (Kvittem and Moan, 2015; Gao et al., 2023).
A one-hour simulation period is typically sufficient to capture the dom-
inant performance trends of floating renewable systems (Kvittem and
Moan, 2015).

2.4. Spectral-Domain modeling

2.4.1. Hydrodynamic modeling
The SD modeling is built upon the structure of the FD modeling, and
the equation of motion of WEC arrays can therefore be written as

—@? (M + M,(@))Z(w) + jo(R, + R.(@) + R Z(w) + Ky Z(w) = F,(0)

(28)

pto.eq )

where w is the angular frequency; M and M, represent the mass matrix
and added mass matrix of the WEC array; R, ., and Ry, ., are the equiv-
alent viscous damping matrix and the equivalent PTO damping matrix,
which are obtained by statistical linearization, later explained; R, is the
radiation damping matrix of the WEC array; K, is the hydrostatic stiff-
ness matrix; Z is the displacement vector of the WEC array; F, is the
excitation force vector 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 de-
vices included in the matrix. To be specific, the mass matrix, added mass
matrix, radiation damping matrix, and the hydrostatic stiffness matrix
are given as

(29
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Fig. 9. The relative errors of the proposed SD model to the TD model across various significant wave heights. (T, = 9 s and B, = 100 kNs/m).

M, (@) My, (0 ... M, ()
M, (@) = M az () M, az () M, az () (30)
M, @ M, @ M,, @)
R, (@) R, (0) R, (@)
R, (@) = RrZ,. (@) erz. (@) er'f (@) (31)
R, @ R, @) R, @)
Ky, 0 .. 0
K= o Km0 32)
A
The displacement vector and excitation force vector can be expressed
as
2)(w)
Zw=| 2 33)
2, ()
£, (@)
Fo=| =@ (34)
£, (@)

Identical frequency-dependent hydrodynamic coefficients, including
excitation force vector, added mass matrix and radiation damping ma-
trix, are used in the TD and SD approaches. Furthermore, as described
previously, the PTO system in each WEC is simplified to be a linear pas-

sive damper. Thus, the PTO force of each WEC is given as

F (@) = —joR o Z(w) (35)

As each WEC has an independent PTO system, there is no coupling 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

Ry, 0 .. 0
0 R .. 0
Rpto = : pim . : (36)
0 0 Ry,

2.4.2. Generator modeling

The SD modeling framework in predicting the electrical responses of
isolated WEC generators has been validated in Tan and Laguna (2023a).
Here, the methodology is extended to simulate generators within a WEC
array scale. Thanks to the stochastic nature of wave excitation, the gen-
erator dynamics can be consistently represented through the SD model-
ing approach.

Prior to applying statistical linearization to the generator subsystem,
the frequency-dependent responses of the electrical generator are out-
lined below. Referring to (14), the complex amplitude of the no-load
voltage for the generator of the ith WEC at a specific frequency w is
given by

E, (@) = V2N, a@)pl,N k| Bl Lo K par, g 37)

represents the equivalent linearized value of the time-
the derivation of which is de-

where K, .,

varying partial overlap coefficient K,,,,
tailed subsequently.
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Fig. 10. Simulation results of WECs in different significant wave heights estimated by the SD W2W model and the TD W2W model. (H; =2mand 7, =9s).

The electrical power extracted by the generator winding, denoted
P, at each frequency component can be expressed as

P (@) = SR Fy @)} @)) = 21 oy @18, (@)] = 3 Ry ol (@)
38)

Accordingly, the amplitude of the stator current for each frequency
component becomes

0 eq (@) 2

. R
|, (@)] = 22 (39)
m|E, ()|

Since the limitation of the PTO force is already incorporated through
the equivalent linear coefficient R, ,,, the corresponding current con-
straint is inherently reflected in the SD modeling. The standard deviation
of the stator current is then evaluated as

(40)

With these relationships, both hydrodynamic and electrical re-
sponses can be statistically characterized in the SD model. To further
analyze generator performance, electrical losses are to be formulated in
a statistical manner. The copper loss is given by
P

copper

= (mI*R,)
'2 (41)
=mR,oy .

10

Assuming a Gaussian distribution for I, the mean absolute value is ob-
tained as

2
(lI:‘D = \/jo-lsv‘
T i

This allows estimation of the statistical value of the converter loss:

= 1 20 10
Pconvm<|Ixi |> +

conv; = 3_1 conom t SIT _Pom)m<152i>
sm
2
Pcanum \/;GIS‘

2 C
311z,
The mean iron losses are then expressed as

A~ 2 ~ 2
P P Ba) & By ) e K
= m — m — —_—
Fes; FeO| " Fest BO Fesy BO fO

(42)

(43)
1 20

10 )
= =Pt
31 convm SIIYM

+——P o7 .
2 T conum®
3112, )

(44)

parj.eq

where (f,,) is associated with the standard deviation of the absolute
buoy velocity of the ith WEC. Under the Gaussian assumption for the
response:

2
(Fo = 3-(u)
Tp
(45)
_z \/2 .
T, Vo
Finally, the mean grid power output is described as
Fgridi = Fwdi - Fcapperi - FFesi - Fcanui' (46)
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Fig. 11. The relative errors of the proposed SD model to the TD model across various values of the PTO damping. (H; =2 m and T, = 9 s).
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Fig. 12. Schematic of the comparative WEC array layouts.
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Fig. 13. Simulation results of WECs in the array layout 2 over different peak periods

2.4.3. Statistical linearization

The approach for implementing statistical linearization of nonlinear
hydrodynamic effects has been detailed in previous works Silva et al.
(2020), Tan et al. (2022a), Folley and Whittaker (2010). Therefore, only
a concise summary of the procedure for deriving equivalent linear co-
efficients related to hydrodynamic nonlinearities is presented here. The
coefficients R, ,, and R,;, ., represent the linearized influence of PTO
force saturation and viscous damping, respectively, within the hydro-
dynamic framework. The essence of this linearization technique is to
equate the mean power dissipated by a nonlinear mechanism to that
dissipated by its linearized equivalent. Following Folley and Whittaker
(2010), the equivalent coefficient corresponding to a general nonlinear

force F,,, can be defined as

0F,,,(x)
Ry=(—3—

ox
(47)
© 0F,,,(x)
= ——p(x)dx,
—eo  Ox

where F,,, denotes the nonlinear force under consideration and p(x) is
the probability density function (PDF) of the response variable x. As-

suming x follows a Gaussian process, the PDF takes the form

1 exp ( _x >
2r 202

As discussed earlier, a key nonlinear characteristic of linear genera-
tors arises from the varying overlap between the stator and translator.

p(x) = (48)

Ox
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estimated by the SD model and the TD model. (H, = 4 m and B,,, = 100 kNs/m).

The instantaneous power dissipated by the load in the corresponding
electrical circuit can be expressed as

Lo 1?
Kpar(t) "

Py () = [ (49)

Under stochastic excitation, its expected value becomes

(Pdisi> = (Ii> (K_z R, (50)

par;

Since K par, is always non-negative, (50) can be rearranged as

(Pyis,)) = 0] 75— (51)
is, 5 (K‘%a,)

Because K,

the equivalent linear coefficient

is an even function with respect to the displacement z,
K par; eq is determined as

K

pari.eq =

(K2, )

:\/2/ K2 (z;)p(z;)dz;,
o P

where p(z;) is the PDF of the floater displacement for the ith WEC, ex-
pressed as in (48) under the Gaussian assumption. No iterative computa-
tion is required to evaluate K, .,, as it depends solely on the standard
deviation of the buoy displacement z;, obtained from the hydrodynamic
analysis and subsequently applied in the generator model.

(52)
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Fig. 14. The relative errors of the proposed SD model to the TD model for the array layout 2 across various peak periods. (H,; = 4 m and B,,, = 100 kNs/m).

3. Verification of the SD W2W model of WEC array

The developed SD W2W model is verified in this section by be-
ing compared against the nonlinear TD W2W model. The comparison
includes various performance indicators, spanning from the hydrody-
namic responses to electrical responses of individual WEC units in the
array: covering the floater velocity, the absorbed power, the stator cur-
rent, the electric losses and the electric power. To thoroughly assess the
modeling accuracy the proposed W2W SD model, a variety of operation
conditions and parameters are taken into account in the simulations,
covering the peak period, significant wave height, the PTO damping,
and the array configurations. Additionally, due to the symmetrical con-
figuration of the WEC array, simulation results are presented only for
three representative units: WEC 1, WEC 2, and WEC 4.

3.1. To the peak period

Fig. 6 presents the simulation results for varying peak wave peri-
ods, comparing the SD model predictions with those of the TD model.
The outputs from the SD W2W model show strong agreement with the
TD W2W model across all evaluated performance metrics. As the peak
period increases, a decreasing trend is observed in the standard devi-
ation of floater velocity and stator current, as well as in the absorbed
and grid power. This trend is consistently captured by both modeling
approaches. Moreover, simulation results of both modeling approaches
indicate that WEC 1 achieves the highest absorbed and grid power, fol-
lowed by WEC 2, with WEC 4 being the least productive in the given
array configuration.

The relative error of the proposed SD W2W model compared to the
nonlinear TD W2W model in predicting various performance indicators

is presented in Fig. 7. The results show that the identified relative error
varies with the location of the WEC within the array. For instance, as
illustrated in Fig. 7(c), at a peak period of T, = 6 s, the relative error for
WEC 1 is approximately 6 %, while it increases to around 9 % for WEC
4. This variation can be primarily attributed to two factors. First, the
state-space approximation used in the TD model to represent the con-
volution term in (5) introduces inherent modeling uncertainties in the
hydrodynamic response. These discrepancies stem from structural dif-
ferences between the TD and SD formulations and can vary depending
on both the specific WEC and the wave period. Such uncertainties are
intrinsic to the modeling approach, regardless of whether statistical lin-
earization is applied. Secondly, the hydrodynamic interactions among
WECs in the array lead to distinct dynamic behaviors for each device,
resulting in different levels of nonlinearity. Consequently, the SD ap-
proach’s simulation accuracy varies across the WECs. Nevertheless, the
SD W2W model maintains strong overall performance. Specifically, the
relative error in estimating the standard deviation of velocity and stator
current remains within 5%, and the error for absorbed and grid power
stays below 10 % across all considered peak periods.

3.2. To the significant wave height

Fig. 8 presents a comparison between the SD and TD model results
under varying significant wave heights. As illustrated, increasing the
wave height leads to higher values in all examined performance indica-
tors. The proposed SD W2W model is aligned well with the nonlinear
TD W2W model across the full range of wave heights, accurately cap-
turing both hydrodynamic responses, such as the standard deviation of
floater velocity, and electrical outputs, including the standard deviation
of stator current and the mean grid power. Fig. 9 further shows the
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Fig. 15. Simulation results of WECs in the array layout 3 over different peak periods estimated by the SD model and the TD model. (H, = 4 m and B,,, = 100 kNs/m).

relative error between the two modeling approaches for individual
WECs in the array. It is visible that individual WECs in the array are
associated with different levels of the relative error between the SD ap-
proach and the TD approach. For instance, the relative error in estimat-
ing the standard deviation of the current at the significant wave height
of 3 m is approximately 4.5% for WEC 2 and about 2% for WEC 4.
Overall, the SD model maintains a relative error within 5 % for the stan-
dard deviations of the velocity and current, and within 11 % for mean
absorbed and grid power across all evaluated significant wave heights.
Given that the maximum significant wave height reaches 5 m in these
simulations, the results confirm the SD W2W model’s reliability in accu-
rately predicting both hydrodynamic and electrical responses of WECs
within an array configuration.

3.3. To the PTO damping

The PTO damping could impact the dynamics of the WEC and vary
the intensity of nonlinear elements involved in the system. It is therefore
necessary to verify the proposed SD W2W model against the nonlinear
TD model with considering the variation of the PTO damping, as pre-
sented in Fig. 10. It should be noted that all the WECs are assigned with
the identical PTO damping in this verification. Although it is known that
the optimal PTO damping might differ with the location of the individ-
ual WECs, the optimization of the PTO damping of WECs in the array
scale is beyond the primary objective of this work.

14

It is visible in Fig. 10 that the performance of WECs is highly depen-
dent on the PTO damping. Specifically, the standard deviation of the
velocity is reduced by the increased values of the PTO damping, while
other performance indicators, including the standard deviation of the
current, mean absorbed power, mean grid power, suggests a tendency
of increasing with the PTO damping. The simulation results of the pro-
posed SD W2W model appear close to that of the TD W2W model with
varied levels of the PTO damping. Fig. 11 shows the deviation of the
SD approach from the TD approach across the varied values of the PTO
damping. For the estimation of the standard deviation of the velocity
and the current, the relative error is strictly less than 4 %, while it is
no more than 7 % when estimating the mean absorbed power and mean
grid power.

3.4. To the array configuration

The impact of array configuration on the modeling accuracy is also
investigated. Two additional WEC array layouts are modeled using the
proposed SD W2W approach and verified against simulation results ob-
tained by the nonlinear TD W2W model. These two WEC array configu-
rations are depicted in Fig. 12, with the corresponding WEC coordinates
listed in Table 4. To fairly assess the accuracy of the SD model, simu-
lations are conducted for both configurations using a high significant
wave height of 4 m and a range of peak wave periods. This analysis
aims to evaluate the robustness of the SD W2W model when applied to
varied array geometries and challenging sea states.
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Fig. 16. The relative errors of the proposed SD model to the TD model for the array layout 3 across various peak periods. (H,; = 4 m and B,,, = 100 kNs/m).

Table 4
Horizontal coordinates of the center of gravity of the WECs in the con-
sidered array configuration.

Coordinates (m) WEC 1 WEC 2 WEC 3 WEC 4 WEC 5
Layout 2 (0,0) (20,20) (20,-20) (40,40) (40,-40)
Layout 3 (20,0) (0,20) (0,-20) (40,20) (40,-20)

Figs. 13 and 14 present the comparison between the SD and TD ap-
proaches for WEC array layout 2, along with the corresponding relative
errors. Similarly, the simulation results and relative errors for layout 3
are shown in Figs. 15 and 16. A comparison between Figs. 13 and 15
suggests that the array configuration influences WEC performance. For
example, as shown in Fig. 13(b), WEC 1 exhibits the highest standard
deviation of stator current, approximately 150 A, at a peak period of
8 s. In contrast, in layout 3, WEC 1 displays the lowest standard devia-
tion of the current among the WEC units in the array, around 143 A, as
illustrated in Fig. 15(b). Across the full range of peak periods, the simu-
lation results of the SD W2W model appear to be highly consistent with
those of the TD W2W model, capturing both hydrodynamic and electri-
cal responses. In most simulation cases for both the WEC array layouts,
the maximum relative error of the SD approach remains below 10 %.
The only exceptions occur in the predictions of mean absorbed and grid
power for layout 2, where errors slightly exceed 10 % but remain below
11 %. Considering the challenging sea condition with a significant wave
height of 4 m, these results confirm that the proposed SD W2W model
maintains reliable modeling accuracy across different array configura-
tions.
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4. Comparison of computational efficiency

The primary advantage of the SD approach lies in its high compu-
tational efficiency while capturing nonlinear effects. The computational
time required for a single simulation using the two modeling approaches
is presented in Table 5. All simulations are conducted on the same ma-
chine, equipped with an Intel i7 / 2.80 GHz processor, under identical
conditions specified in the table. Notably, the total computational time
reported for the TD model includes 30 simulation runs, necessary to
average the results and reduce random errors (Numerical Modelling of
Wave Energy Converters, 2016). Two different sea states are considered
in this comparison. Sea state 1 is associated with significant wave height
of 2m and peak period of 9 s, while Sea State 2 has a significant wave
height of 4m and a peak period of 9 s. Sea state 1 and Sea State 2 are
used to represent a mild condition and a rather energetic condition, re-
spectively.

As shown in Table 5, the SD approach in all considered cases re-
quires approximately 2000 times less computational effort than the TD
approach. In addition, it can be noted that the computational time of
the TD approach is comparable between Sea State 1 and Sea State
2. In contrast, the SD model requires noticeably less computational
time in Sea State 1 than in Sea State 2. This difference arises be-
cause more iterations are needed under energetic sea conditions, where
nonlinear effects become more pronounced. Overall, this comparison
demonstrates strong potential of the proposed SD W2W modeling ap-
proach for applications involving a large number of simulations, such
as WEC array optimization.Furthermore, the SD W2W method can sig-
nificantly accelerate control design and parameter optimization for WEC
arrays.
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Table 5

Comparison of computational time of W2W modeling approaches.
Simulation conditions: Sea state 1 (T,=9s and H; =2 m) ; Sea state 2
(T,=9s and H, = 4 m). The computational time for the TD modeling
approach is reported as the sum of 30 individual simulation runs.

Array configurations ~ Numerical models ~ Computational time (s)

Sea State 1 Sea State 2
Layout 1 SD 5.1x107! 6.2x 107!
D 1228.5 1321.7
Layout 2 SD 3.9% 107! 5.5%x 107!
D 1173.8 1252.4
Layout 3 SD 49x% 107! 5.7% 107!
TD 1204.6 1198.2

5. Discussion

It should be noted that applying identical PTO damping coefficients
to all WECs in the array represents a suboptimal condition for power
absorption. Under more advanced control strategies, the oscillations of
the WECs are likely to be amplified. Consequently, the discrepancies be-
tween the nonlinear TD W2W model and the proposed SD W2W model
may differ from those identified in the present study. Nevertheless, this
assumption is considered reasonable given the focus of this work. As
discussed in the Introduction, the SD modeling approach is primarily
intended as an alternative simulation tool for the early design stages
of WECs, where relatively simplified PTO control strategies are com-
monly adopted to accelerate the overall design process. Furthermore, a
range of operating conditions, including variations in significant wave
height, peak period, and PTO damping coefficients, has been consid-
ered in the verification of the proposed SD W2W model. These vary-
ing conditions directly influence the dynamics of the WECs and, conse-
quently, the intensity of the nonlinearities involved. Since the intensity
of nonlinearity is a key factor affecting the modeling accuracy of statis-
tical linearization, and thus the SD modeling approach, the verification
performed here effectively demonstrates the robustness of the method
across a broad spectrum of influencing factors. Nonetheless, to further
enhance the generalizability of the proposed SD modeling approach, it
would be valuable to explicitly assess its performance in modeling WEC
arrays under advanced control strategies, such as global centralized con-
trol algorithms (Lin and Ringwood, 2025).

Another limitation of this study is that the displacement constraint is
not incorporated into the proposed SD W2W model. The absence of this
constraint may lead to unrealistic situations where the floater oscillates
beyond the water surface or becomes fully submerged. Such conditions
would severely violate the assumptions of the linear potential flow the-
ory, upon which the hydrodynamic coefficients of the WECs are derived.
This issue becomes particularly relevant when advanced control strate-
gies are applied to WEC arrays, as these strategies typically amplify
device motion. In the present study, however, only passive damping
coefficients are considered, which helps reduce the likelihood of these
unrealistic motion responses. In addition, the floater draft is relatively
large in this study, measuring 5m, whereas the maximum significant
wave height is also around 5m. Moreover, the inclusion of viscous drag
effects in the SD modeling approach provides an additional constraint,
effectively limiting excessive motion. Considering these factors, the ver-
ification of the SD modeling approach is regarded as valid within the
scope of this study. Nevertheless, it is highly recommended to extend
the SD W2W modeling approach to incorporate an end-stop mechanism
or control strategies that explicitly enforce displacement constraints.

6. Conclusion

This work presents a SD modeling approach for simulating the full
W2W process of WEC arrays. The studied WEC array consists of five
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heaving point absorber WECs, each equipped with a linear PM gener-
ator as the PTO mechanism. The proposed SD W2W model efficiently
incorporates key nonlinearities in both hydrodynamic and electrical sub-
systems via statistical linearization. The nonlinear effects considered in-
clude quadratic viscous damping, PTO force saturation, electric current
limits, and partial stator-translator overlap within the generator. Model-
ing accuracy is verified against a higher-fidelity TD W2W model imple-
mented using the open-source tool WEC-Sim. Several key performance
indicators, including floater velocity, generator current, mean absorbed
power, and mean grid power, are evaluated under varying operational
conditions to ensure comprehensive validation. Additionally, computa-
tional efficiency is assessed and compared between the SD and TD mod-
eling approaches. The main conclusions are summarized as follows.

First, the proposed SD W2W model produces results that closely align
with the nonlinear TD W2W model in both hydrodynamic and electri-
cal responses. Across all simulations, the relative error in estimating
the standard deviation of velocity and generator current remains be-
low 10 %, while the error in mean absorbed and grid power stays un-
der 11 %. This suggests an adequate modeling accuracy given the broad
range of considered operation conditions in the simulations, particularly
large significant wave heights.

Secondly, the proposed SD W2W model effectively captures the in-
fluence of peak wave period, significant wave height, PTO damping,
and array configuration on the hydrodynamic and electrical responses
of individual WECs within the array. This highlights the potential of
the SD approach for large-scale array design, layout optimization, and
performance assessment.

Thirdly, the SD W2W model offers substantial gains in computational
efficiency compared to the TD reference. In a particular case, the SD ap-
proach was approximately 2000 times faster, highlighting its potential
for large-scale design and optimization of WEC arrays.
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