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A B S T R A C T

Wave-to-Wire models play an important role in the development of wave energy converters. They could provide
insight into the complete operating process of wave energy converters, from the power absorption stage to
the power conversion stage. In order to cover a set of relevant nonlinear effects, wave-to-wire models are
predominately established in the time domain. However, the low computational efficiency of time-domain
modeling is hindering the extensive application of wave-to-wire models, especially in early-stage design and
optimization where a large number of iterations are required. To address this issue, a spectral-domain wave-
to-wire model is proposed, and the nonlinear effects are incorporated by stochastic linearization. This model
can significantly reduce the computational load and maintain good accuracy. The reference concept studied
in this paper is defined as a heaving point absorber coupled with a linear permanent-magnet generator. Four
representative nonlinear effects involved in both the hydrodynamic stage and the electrical stage of the concept
are considered. The proposed model is verified against a corresponding nonlinear time-domain wave-to-wire
model, and a good agreement is observed. The relative error of the proposed spectral-domain wave-to-wire
model is around 2 % in typical operational regions and is still within 7 % for wave states with large significant
wave heights, regarding the estimate of the power conversion efficiency. Meanwhile, the computational load
of the spectral-domain wave-to-wire model is reduced by 2 to 3 orders of magnitudes compared with the
conventional time-domain approach. Finally, a case study of tuning the PTO damping to maximize power
production is conducted to demonstrate the performance of the proposed spectral-domain wave-to-wire model.
1. Introduction

Towards the energy transition, ocean wave energy is expected to
play a significant role because of its unique advantages. First, ocean
waves carry a considerable amount of clean energy, and the global
wave energy resource is estimated to be around 2.11 TW (Gunn and
Stock-Williams, 2012). Secondly, ocean wave energy is a kind of con-
tinuous energy resource no matter in daytime or nighttime. Thirdly,
it is globally distributed, and most counties or regions have access to
ocean wave energy. However, compared with wind or solar energy,
wave energy is still recognized as a form of untapped renewable energy
resource (Gonzalez et al., 2021; Tan et al., 2021a). Numerical modeling
plays an important role in the design and optimization of wave energy
converters (WECs). This is because it could effectively provide insight
into the behavior and performance of WECs at a remarkably lower
cost than the experiment. Thus, to accelerate the exploitation and
commercialization of wave energy, it is of great importance to further
develop numerical modeling.

∗ Corresponding author at: School of Mathematics and Computer Science, Wuhan Polytechnic University, China.
E-mail address: taowei@whpu.edu.cn (W. Tao).

The most commonly used numerical models in the field of WECs
can be classified as frequency-domain (FD) models, time-domain (TD)
models and Computational Fluid Dynamics (CFD) models. Their com-
putational efficiency decreases in the sequence, while the fidelity in-
creases. CFD models are a kind of fully nonlinear numerical models, in
which Navier–Stokes equations are solved numerically. Navier–Stokes
equations are derived from the conservation of mass and momentum
and are generally considered to be the most fundamental fluid flow
equations. Thus, viscous effects and turbulence are taken into ac-
count in CFD models. On the other hand, CFD models are significantly
more time-consuming compared to nonlinear TD models, which is the
main limitation of the extensive application of CFD models. Therefore,
CFD models are mostly used in the assessment of the survivability of
WECs in severe wave conditions, but they are hardly used to estimate
power production. Instead, the power performance of WECs is usually
estimated by FD or TD models.
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In the context of WECs, FD models and TD models are commonly es-
tablished based on linear potential theory (Penalba Retes et al., 2015).
The linear potential flow theory has been used to solve wave-structure
interaction problems in offshore engineering over the decades. In the
theory, fluid is assumed to be inviscid, irrotational and incompressible,
and thus vortexes and viscosity are neglected. In addition, in order
to simplify the problem, the boundary conditions of the free surface
and body are linearized as the mean free surface and the mean wetted
surface. Linear potential flow theory is computationally efficient to
derive hydrodynamic coefficients. Given the explicit coefficients, FD
models can be formulated according to physical principles to estimate
the dynamics of WECs. External forces can be taken into account,
but all the components in the conventional FD models are required
to be linear. The most important advantage of FD models is their
simplicity and thus high efficiency. Further, based on the Cummins
equation (Cummins et al., 1962) describing the memory effects of
radiation forces, TD models can be established and the time-dependent
responses of WECs can be solved. In TD models, nonlinear force compo-
nents can be incorporated, such as the nonlinear mooring force, power
take-off (PTO) machinery force and viscous drag force (Giorgi and
Ringwood, 2018; Folley, 2016b). The consideration of nonlinear forces
could increase the accuracy of TD modeling, particularly in regions
with relatively large displacement and velocity of the captor. Even
though TD models are associated with higher fidelity than FD models,
the computational demand of TD models is typically several orders of
magnitude higher than that of FD model (Tan et al., 2022a). The reason
is that TD modeling requires numerical integration schemes to solve
partial differential equations in each time step (Ricci et al., 2008).

Wave-to-Wire modeling is a kind of numerical approach to assessing
the performance of WECs (Penalba and Ringwood, 2016). It can be used
to characterize the complete operation process, covering the wave-buoy
hydrodynamics, energy transmission and electricity generation (Folley,
2016b). Thus, the performance of WECs can be systematically analyzed
by means of wave-to-wire models. In the last years, various wave-
to-wire models have been proposed and validated for different types
of WECs. In Ciappi et al. (2022) and Henriques et al. (2019), non-
linear TD wave-to-wire models were established for oscillating water
column (OWC) devices, and the applications of different air turbines
were considered. The models showed a strong ability to analyze the
performance of each system component. As presented in Balitsky et al.
(2019), a wave-to-wire model for an oscillating surge wave energy
converter (OSWEC) was developed, in which a hydraulic PTO system
was employed. In addition, wave-to-wire approaches have also been
applied for overtopping WECs (Igic et al., 2011) and attenuator-type
WECs (Liu et al., 2021). For point absorbers, a set of recent studies have
been dedicated to the development of wave-to-wire models (Penalba
and Ringwood, 2019; Penalba et al., 2017c,a; Tan et al., 2023). These
models offered a more comprehensive figure of the devices than pure
hydrodynamic models. For instance, the PTO parameters of WECs
are normally tuned, based on hydrodynamic models, to maximize the
absorbed mechanical power by achieving the desired velocity or phase
of the floater (Hals et al., 2010; Tan et al., 2020). But it has been
indicated in Son and Yeung (2017) and Coe and Bacelli (2023) that
the conversion efficiency of electrical generators also has a strong
dependence on the PTO parameters. The PTO parameters optimal for
the absorption of mechanical power are not necessarily optimal for the
production of electrical power. This apparently cannot be revealed with
only hydrodynamic models. In addition, the conversion efficiency of
the electrical generator in PTO systems is strongly associated with the
operating conditions of WECs. It has been shown in Tan et al. (2022b)
and Tan et al. (2021b) that the efficiency could differ from around 70%
in high-frequency waves to 20% in low-frequency waves for the linear
generator applied in a point absorber. Thus, the lack of modeling of
the electrical generators might lead to a poor estimate of the actual
power performance or the annual energy production (AEP) of WECs.
2

Therefore, it is not sufficient to rely on hydrodynamic models in the
design and optimization of WECs. This clearly implies the necessity
of developing wave-to-wire models for the relevant analysis. Existing
wave-to-wire models are predominately established based on the TD
approach with an intention to cover a variety of nonlinear effects in
the power absorption, transmission and conversion stages. However,
as the technology of WECs still stays in a pre-mature phase, the design
and optimization are thus inherently associated with a large number of
iterations. Then, using the TD wave-to-wire models would inevitably
make the process remarkably time-consuming. Thus, developing more
computationally-efficient wave-to-wire models is expected to make a
significant contribution to the advance of WECs towards large-scale
commercialization.

As a relatively new numerical technique in the field of WECs,
spectral-domain (SD) modeling has received research interest in recent
years because of its high efficiency. As investigated in Folley and
Whittaker (2010) and Tan et al. (2022a), SD modeling is typically
thousands of times computationally faster than TD modeling while the
relative error is no more than 5% in operational regions. In principle,
SD modeling is formulated based on the framework of FD modeling.
Comparatively, different from conventional FD modeling, SD modeling
allows for the inclusion of nonlinear effects by means of stochastic lin-
earization. The linearization is implemented based on the assumption
of Gaussian distribution being valid for WECs as a system. In Folley
and Whittaker (2010), SD modeling was applied in the context of WECs
for the first time. In the study, the quadratic damping representing the
viscous drag force and wave force decoupling due to large amplitudes
of the motion were incorporated in the SD modeling of a flap-type
WEC. The loads and motion estimated by the SD modeling presented
a good agreement with the TD model. In the past years, SD modeling
has been further developed to cover the end-stop force, mooring force,
viscous drag force, Coulomb damping, nonlinear hydrostatic force and
PTO force constraint (Silva, 2019; da Silva et al., 2020; Silva et al.,
2020; Spanos et al., 2018; Gunawardane et al., 2017; Tan et al., 2022a).
Given its merits, extending SD modeling to cover the whole wave-to-
wire process could significantly improve the computational efficiency
when analyzing the comprehensive performance of WECs is in demand.
An important function of the wave-to-wire models is to reflect the
behavior of electrical components whose characteristics are different
from hydrodynamic responses. Although the SD modeling has been well
verified for predicting the hydrodynamic responses, its applicability
still remains unclear with regard to integrating the electrical modeling.

The objective of this paper is to develop a wave-to-wire model
purely represented in the spectral domain. A heaving spherical point
absorber integrated with a linear permanent magnet (PM) generator
and a power converter is considered as the research reference in this
work. The established model is able to predict the relevant statistical
responses involved not only in the power absorption stage but also in
the power conversion stage of WECs. In the power absorption stage, the
nonlinear effects of the PTO force saturation, and viscous drag force are
taken into account. In the power conversion stage, the first addressed
nonlinear effect is the partial overlap between the translator and stator
of the linear generator, and the second is the stator current limit.
Compared with TD wave-to-wire modeling, the proposed SD wave-to-
wire model significantly accelerates the numerical computation. For
verification, the results obtained by the proposed SD wave-to-wire
model are compared with those from a nonlinear TD wave-to-wire
model. Finally, a case study of tuning the PTO damping of WECs
is implemented to demonstrate the performance of the proposed SD
wave-to-wire model.

2. Concept description

Although it is possible to formulate SD wave-to-wire models for
various combinations of captors and PTO systems, this work focuses on
a heaving point absorber concept coupled with a linear PM generator.

This is because this concept has received a lot of attention in recent



Applied Ocean Research 138 (2023) 103650J. Tan et al.
Fig. 1. Schematic of the spherical heaving point absorber with a bottom-founded linear PM generator (Tan et al., 2022b).
years, and both its hydrodynamic and electrical characteristics have
been well demonstrated (Giorgi et al., 2016; Polinder et al., 2004;
Tokat, 2018). Thus, it can be expected to be a representative reference
to verify the proposed model.

Fig. 1 depicts the schematic of the studied WEC concept, in which
a floating buoy is connected to a bottom-founded PTO system. The
floating buoy is defined as the spherical geometry and the diameter is
set as 5 m. Besides, the floater is semi-submerged in still water, which
implies that the density of the buoy is equal to half of the water. Excited
by incoming ocean waves, the floater moves up and down, thus wave
power is absorbed as mechanical power.

To convert the absorbed mechanical power to usable electrical
power, a linear PM generator is applied as the PTO system in the WEC
concept. The translator of the generator is directly linked to the buoy
through a rigid connection. In the generator, two identical machines are
placed symmetrically to balance the force of attraction. The electronic
inverter connected to the output side of the machine is considered as a
three-phase back-to-back converter (Polinder et al., 2004). The design
of this generator refers to the electrical machine in the AWS wave en-
ergy converter (Prado and Polinder, 2013). However, it is scaled down
from the original reference machine to fit the size of the floater used in
the present paper. The scaling is implemented based on the principle
that the force density per area of the active surface of the electrical
machines remains identical. More details about the scaling of electrical
machines can be found in Tan et al. (2021b). As the translator length,
the force limit and the stator current limit of the generator could affect
the nonlinearities concerned in this work, their parameters are adjusted
in a few simulation cases for identifying the relevance to the accuracy
of the proposed model. Hereafter, unless additionally specified, the
machine parameters are considered as depicted in Table 1.

3. Methodology

In this section, the conventional TD approach for constructing the
wave-to-wire model is first presented. Next, the derivation of existing
SD modeling is extended to cover the wave-to-wire responses. Finally,
the set-up of the numerical simulation implemented in this work is
detailed.
3

Table 1
Specification of the sized generator.

Parameters Symbol Quantities

Maximum average power 𝑃𝑟𝑎𝑡𝑒𝑑 220 kW
Maximum force 𝐹𝑚 100 kN
Maximum velocity 𝑢𝑚𝑎𝑥 2.2 m/s
Stroke S 5.0 m
Translator length 𝐿𝑡𝑟𝑎 3.0 m
Stator length 𝐿𝑠𝑡𝑎 2.3 m
Stack length 𝑙𝑠 0.46 m
Air gap length g 5 mm
Slot width 𝑏𝑠 15 m
Magnet pole width 𝑏𝑝 79 mm
Tooth width 𝑏𝑡 18.3 mm
Pole pitch 𝜏𝑝 100 mm
Slot pitch 𝜏𝑠 33.3 mm
Stator yoke height ℎ𝑠𝑦 50 mm
Slot height ℎ𝑠 85 mm
Magnet thickness 𝑙𝑚 15 mm
Recoil permeability of the magnets 𝜇𝑟𝑚 1.1
Remanent flux density of the magnets 𝐵𝑟𝑚 1.1 T at 85 ◦C
Iron loss per unit mass 𝑃Fe0 4.9 W/kg at 50 Hz and 1.5 T
Copper resistivity 𝜌Cu 0.0252 μΩ m at 120 ◦C
Copper fill factor 𝑘𝑠𝑓𝑖𝑙 0.6
Number of conductors per slot 𝑁𝑠 6
Number of slots per pole per phase 𝑁𝑝 1

3.1. Time-domain approach

3.1.1. Representation of incoming waves
The incoming waves are represented based on linear wave the-

ory (Falnes, 2003), and unidirectional waves are considered in this
work. The regular wave input is defined as

𝜂𝑟𝑒(𝑡) = 𝜁𝑎 cos(𝑘𝑥 − 𝜔𝑡) (1)

where 𝑡 is the time, 𝑘 is the wave number, 𝜔 is the angular frequency
of the incoming wave, and 𝜁𝑎 is the wave amplitude. Based on the
superposition, irregular waves are expressed as

𝜂𝑖𝑟𝑟(𝑡) =
𝑁
∑

𝜁𝑎(𝜔𝑗 ) cos
(

𝑘(𝜔𝑗 )𝑥 − 𝜔𝑗 𝑡 + 𝜑(𝜔𝑗 )
)

(2)

𝑗=1
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where 𝑘(𝜔𝑗 ), 𝜁𝑎(𝜔𝑗 ) and 𝜑(𝜔𝑗 ) are the wave number, wave amplitude and
phase of the regular wave component corresponding to 𝜔𝑗 . Although
the Jonswap spectrum is applied in this work, the expression (2) is
applicable for various types of wave spectrum (Journée et al., 2015).

3.1.2. Hydrodynamic modeling
The interaction between the buoy and incoming waves is described

by hydrodynamic modeling. The buoy is constrained to move in a heav-
ing direction, and only this degree of freedom is discussed. Assuming
small WEC motion and limited wave steepness, the linear potential
flow theory can be used to solve wave-structure interaction problems
in offshore engineering (Folley et al., 2019). In the theory, fluid is as-
sumed to be inviscid, irrotational and incompressible, and thus vortexes
and viscosity are neglected. Based on the linear potential flow theory,
Cummins equation has been derived and widely applied to describe
the motion of a floating buoy subject to ocean waves (Cummins et al.,
1962). By adding correction terms, it is possible to extend Cummins
equation to allow for the approximation of some transient nonlinear
forces, such as drag force and external machinery forces (Folley et al.,
2019; Folley, 2016b). In the context of WECs, Cummins equation is
commonly represented as
[

𝑀+𝑀𝑟(∞)
]

𝑎(𝑡) = 𝐹𝑒(𝑡)+𝐹𝑝𝑡𝑜(𝑡)+𝐹ℎ𝑠(𝑡)+𝐹𝑣𝑖𝑠(𝑡)+∫

𝑡

−∞
𝐾𝑟𝑎𝑑 (𝑡−𝜏)𝑢(𝜏)𝑑𝜏 (3)

in whichM is the mass of the oscillating body, 𝐹𝑒 is the excitation force,
𝐹ℎ𝑠 is the hydrostatic force, 𝐾𝑟𝑎𝑑 is the radiation impulse function, 𝐹𝑝𝑡𝑜
is the PTO force (or generator force); 𝑢 and 𝑎 are the velocity and
acceleration of the buoy, and 𝐹𝑣𝑖𝑠 is the viscous drag force. 𝑀𝑟(∞)
and 𝐾𝑟𝑎𝑑 represent the added mass evaluated at the infinite frequency
and the radiation impulse function. They are calculated based on the
results of hydrodynamic damping 𝑅𝑟(𝜔) and added mass 𝑀𝑟(𝜔). To
improve the computational efficiency, the convolution integral of the
radiation force is approximated by a state-space representation (Pérez
and Fossen, 2008).

According to Silva et al. (2020), the viscous drag force can be
estimated by a quadratic damping force, expressed as

𝐹𝑣𝑖𝑠 = −1
2
𝜌𝐶𝐷𝐴𝐷|𝑢(𝑡)|𝑢(𝑡) (4)

where 𝜌 is the water density, 𝐶𝐷 is the drag coefficient and 𝐴𝐷 is the
characteristic area of the buoy perpendicular to the moving direction.
The drag coefficient is defined as 0.6 based on the study presented
in Giorgi and Ringwood (2017a), in which the research geometry was
the same as that in the present work. It has to be noted that the
quadratic damping term is only an approximation, which is used as
a correction term to represent the viscous effects unaddressed in the
linear potential flow theory. Morison’s equation exemplifies that the
physical meaning of the quadratic term can be related to the loss
of kinetic energy resulting from factors such as a turbulent bound-
ary layer or larger structures such as vortices (Folley and Whittaker,
2010). As a commonly used approach in the hydrodynamic modeling
of WECs, the quadratic damping term with the properly identified
drag coefficients has been proven to be an effective and reasonable
approximation (Giorgi and Ringwood, 2017b).

In reality, the maximum force that the electrical generator could
sustain is limited by its designed capacity. Thus the generator force
would be saturated once it is about to violate the limit. In the present
study, a passive damping control strategy is implemented in the PTO
system (Wilson et al., 2016). This implies that the generator force
is proportional to the buoy velocity. Taking the force saturation into
account, the generator force can be further expressed as

𝐹𝑝𝑡𝑜(𝑡) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

−𝑅𝑝𝑡𝑜𝑢(𝑡), for |𝑅𝑝𝑡𝑜𝑢(𝑡)| ≤ 𝐹𝑚

sign[−𝑅𝑝𝑡𝑜𝑢(𝑡)]𝐹𝑚, for |𝑅𝑝𝑡𝑜𝑢(𝑡)| > 𝐹𝑚

(5)

where 𝐹 embodies the PTO force limit.
4

𝑚

Fig. 2. The schematic of the partial overlap between the translator and stator in a
linear generator.

3.1.3. Generator modeling
In this work, an analytical electrical model is applied to calcu-

late the performance of the linear generator. The linear generator
converts the absorbed mechanical energy to usable electricity. The
design parameters of the generator are shown in Table 1. According
to Polinder et al. (2004), generator responses to the buoy movement
can be described by an analytical model. As the buoy motion results
in the relative movement between the translator and stator of the
machine, the no-load voltage is induced and can be calculated as

𝐸𝑝(𝑡) =
√

2𝑁𝑚𝑢(𝑡)𝑝𝑙𝑠𝑁𝑠𝑘𝑤|�̂�𝑔𝑚|𝐾𝑝𝑎𝑟(𝑡) (6)

where 𝐵𝑔𝑚 is the fundamental space harmonic of the magnetic flux
density in the air gap resulting from the magnets (Polinder et al., 2004),
𝑝 is the number of pole pairs, 𝑙𝑠 is the stack length, 𝑁𝑠 is the number
of conductors per slot, and 𝑘𝑤 is the winding factor. 𝑁𝑚 is the machine
number, which is set as 2 since the considered linear generator is
double-sided. 𝐾𝑝𝑎𝑟 is defined as the partial overlap factor, expressed
as

𝐾𝑝𝑎𝑟 =
𝑙𝑎𝑐𝑡
𝐿𝑠𝑡𝑎

(7)

where 𝑙𝑎𝑐𝑡 is the actual length of the overlap between the stator and
translator, 𝐿𝑠𝑡𝑎 is the stator length. 𝑙𝑎𝑐𝑡 is related to translator displace-
ment, and it can be calculated as

𝑙𝑎𝑐𝑡(𝑧) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐿𝑠𝑡𝑎, for |𝑧| < 0.5(𝐿𝑡𝑟𝑎 − 𝐿𝑠𝑡𝑎)

0, for |𝑧| > 0.5(𝐿𝑡𝑟𝑎 + 𝐿𝑠𝑡𝑎)

0.5(𝐿𝑡𝑟𝑎 + 𝐿𝑠𝑡𝑎) − |𝑧|, else

(8)

where 𝑧 denotes the displacement of the buoy.
The partial overlap is a particular nonlinear effect occurring in

linear generators. It mainly results from the fact the translator length
is normally designed to be slightly longer than the stator length for
a compromise between the cost and the machine’s performance. Fig. 2
presents a schematic of the partial overlap effect when the displacement
of the translator is relatively large. The partial overlap has a negative
influence on the generator efficiency because a part of the material of
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Fig. 3. An illustration of the partial overlap effect on the performance of a linear generator, in which ‘‘𝑇 ’’ indicates the period of a harmonic oscillation.
the stator is not induced by the magnets mounted on the translator.
It leads to the decrease of the total induced no-load voltage, and
correspondingly the stator current has to be improved for supplying
the required generator force. Fig. 3 shows a good example of the partial
overlap effect on the profile of the no-load voltage and stator current
when the WEC is excited by a harmonic wave.

The iron losses are dependent on the generator frequency, which
can be calculated as

𝑃𝐹𝑒𝑠 = 𝑃𝐹𝑒0
[

𝑀𝐹𝑒𝑠𝑡
( �̂�𝑠𝑡
𝐵0

)2 +𝑀𝐹𝑒𝑠𝑦
(
�̂�𝑠𝑦

𝐵0

)2] 𝑓𝑒
𝑓0

𝐾𝑝𝑎𝑟 (9)

where 𝑃𝐹𝑒0 is the iron loss per unit mass at the frequency 𝑓0 and
flux density 𝐵0; 𝑀𝐹𝑒𝑠𝑡 and 𝑀𝐹𝑒𝑠𝑦 are the mass of the stator teeth and
the stator yoke respectively; 𝑓𝑒 is the electrical generator frequency
which is dependent on the buoy velocity, and �̂�𝑠𝑡 and �̂�𝑠𝑦 embody the
fundamental space harmonic of magnetic flux density in the stator teeth
5

and yoke. �̂�𝑠𝑡 and �̂�𝑠𝑦 can be calculated as

�̂�𝑠𝑡 = �̂�𝑔𝑚
𝜏𝑠
𝑏𝑡

(10)

�̂�𝑠𝑦 = �̂�𝑔𝑚
𝜏𝑝

𝜋ℎ𝑠𝑦
(11)

where 𝜏𝑠 and 𝜏𝑝 are the slot pitch and pole pitch; 𝑏𝑡 and ℎ𝑠𝑦 are the tooth
width and stator yoke height. The generator frequency is calculated
as

𝑓𝑒(𝑡) =
2𝜋|𝑢(𝑡)|
2𝜏𝑝

(12)

The power taken by the generator winding is expressed as the
balance of absorbed mechanical power from iron losses, and it is
expressed as

𝑃 = 𝐹 (𝑡)𝑢(𝑡) − 𝑃 (13)
𝑤𝑑 𝑝𝑡𝑜 𝐹𝑒𝑠
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Fig. 4. The profile of the time-dependent stator current of the generator with a current
limit, with 𝐻𝑠 = 2.5 m, 𝑇𝑝 = 7.5 s and 𝐵𝑝𝑡𝑜 = 60 kN s∕m.

During operation, the iron losses are negligible compared with the
absorbed power (Tan et al., 2022b). Besides, in order to achieve higher
system efficiency, the stator current 𝐼𝑠 is regulated to be in phase with
the no-load voltage 𝐸𝑝 (Polinder et al., 2004). Therefore, (13) can be
updated as

𝑃𝑤𝑑 ≈ 𝐹𝑝𝑡𝑜(𝑡)𝑢(𝑡) = 𝑚𝐸𝑝(𝑡)𝐼𝑠(𝑡) (14)

where 𝑚 represents the phase number of the electrical machine, and it
is 3 in this case. It can be deduced from (14) that the linkage between
the generator modeling and hydrodynamic modeling is built based on
the balance between the power taken by the winding and the absorbed
mechanical power. Substituting (6) to (14) gives the expression of the
stator current:

𝐼𝑠(𝑡) =
𝐹𝑝𝑡𝑜(𝑡)

𝑚
√

2𝑁𝑚𝑝𝑙𝑠𝑁𝑠𝑘𝑤|�̂�𝑔𝑚|𝐾𝑝𝑎𝑟(𝑡)
(15)

In electrical machines, another typical nonlinear effect results from
he electronic components, namely the stator current limit 𝐼𝑙𝑖𝑚𝑖𝑡. When
he stator current is about to violate the current limit, the stator current
ould be saturated. The constraint of the stator current is normally
pplied to prevent the generator from being overheated. Fig. 4 depicts
he time-dependent profiles of the stator current of the considered WEC
nder a current limit of 150 A, subjected to irregular waves as the input.
t is visible that the current limit clearly results in the occurrence of the
aturation of the stator current. It is expected to make a difference to
he delivered grid power and the overall performance of the system.
herefore, it is of significance to take into account this effect.

It can be noted from (15) that the stator current is directly related to
he PTO force. As a consequence, the PTO force saturation is inherently
aused by the current limit, and the effect of the current limit is
quivalent to that of the PTO force limit in hydrodynamic modeling.
hus, it is not necessary to implement the constraint of the stator
urrent in generator modeling again. For a certain electrical machine,
he force limit 𝐹𝑚 is correlated with the stator current limit 𝐼𝑙𝑖𝑚𝑖𝑡 as

𝑚 = 𝑚
√

2𝑁𝑚𝑝𝑙𝑠𝑁𝑠𝑘𝑤|�̂�𝑔𝑚|𝐼𝑙𝑖𝑚𝑖𝑡 (16)

After the current 𝐼𝑠 is derived, the copper losses can be calculated
s

𝑐𝑜𝑝𝑝𝑒𝑟(𝑡) = 𝑚𝐼2𝑠 (𝑡)𝑅𝑡 (17)

here 𝑅𝑡 is the stator phase resistance. For simplification, the converter
osses 𝑃𝑐𝑜𝑛𝑣 are assumed to be only related to the generator side in this
odel, which can be expressed as

𝑐𝑜𝑛𝑣 =
𝑃𝑐𝑜𝑛𝑣𝑚
31

[

1 + 20
|𝐼𝑠(𝑡)|
𝐼𝑠𝑚

+ 10
( 𝐼𝑠(𝑡)
𝐼𝑠𝑚

)2] (18)

where 𝑃𝑐𝑜𝑛𝑣𝑚 is the power dissipation in the converter at the rated
operating point, and it is assumed to be 3% of the converter’s rated
6

power (Polinder et al., 2006); 𝐼𝑠𝑚 is rated current of the converter.
In (18), the first term is a small constant part standing for the power
dissipated in power supplies, gate drivers, control, and cooling system;
the second term accounts for the major part that is proportional to
the current, and this part is mainly related to the switching losses and
conduction losses; the third term is proportional to the current squared,
which corresponds to the conduction losses (Polinder et al., 2006).

As the electrical losses have been derived, the electrical power
delivered to the grid can be expressed as

𝑃𝑔𝑟𝑖𝑑 (𝑡) = 𝑃𝑤𝑑 (𝑡) − 𝑃𝑐𝑜𝑝𝑝𝑒𝑟(𝑡) − 𝑃𝐹𝑒𝑠(𝑡) − 𝑃𝑐𝑜𝑛𝑣(𝑡) (19)

3.2. Spectral-domain approach

SD models are established based on the framework of FD modeling.
In SD modeling, nonlinear effects are represented by equivalent linear
coefficients in the equations of motion. The equivalent linear coeffi-
cients are derived based on stochastic linearization. The existing SD
models in literature were only established to predict the hydrodynamic
responses of WECs (Silva et al., 2020; Silva, 2019; Folley and Whittaker,
2010, 2013). Thus, in this subsection, SD modeling is first extended
to cover the responses of electrical machines. Next, the common non-
linear effects resulting from the electrical generator are linearized and
included in the SD model. The derived model enables the calculation
of the whole wave-to-wire responses in a pure SD approach. A diagram
is shown in Fig. 5 to visualize the structure and solving process of the
proposed SD wave-to-wire model.

A key assumption in this SD model is that ocean waves follow
the Gaussian distribution. In the context of linear wave theory, the
wave elevation is widely thought to be Gaussian distributed, like a
wide number of other processes in nature. The reasonableness of the
applicability of this distribution can be theoretically supported by the
Central Limit Theorem (Bárány and Vu, 2007). The Gaussian process
is the most fundamental representation used to describe the stochastic
behavior of ocean waves (Journée et al., 2015). The application of the
Gaussian process considers that the ocean wave elevation is a sum of a
large number of harmonic components which are uncorrelated.

Another assumption is that the WEC system also follows the Gaus-
sian distribution. As demonstrated in Folley (2016b), if a linear system
is excited by random Gaussian inputs, the system responses also appear
to be Gaussian distributed. It is realized that the incorporation of
nonlinear effects into the SD model would challenge the validity of
the WEC being a linear system. However, as the SD model is mainly
used to estimate the WEC performance in operation wave states instead
of extreme conditions, the contributions of nonlinear effects are not
expected to be significant. Considering this, it is fair to assume that
the WEC system is rather linear and follows the Gaussian process in a
good manner.

3.2.1. Hydrodynamic modeling
According to Newton’s second law, the motion of the WEC as a rigid

body in FD can be described as

𝐹𝑒(𝜔) = [𝑅𝑟(𝜔) +𝑅𝑝𝑡𝑜,𝑒𝑞 +𝑅𝑣𝑖𝑠,𝑒𝑞]�̂�(𝜔) + i𝜔�̂�(𝜔)[𝑀 +𝑀𝑟(𝜔)] + i�̂�(𝜔)(−
𝐾ℎ𝑠
𝜔

)

(20)

where 𝑅𝑟(𝜔) is the hydrodynamic damping coefficient, 𝑅𝑝𝑡𝑜 is the PTO
damping coefficient, 𝜔 is the angular wave frequency, 𝑀𝑟(𝜔) is the
dded mass of the buoy, �̂� is complex amplitude of the vertical velocity,
ℎ𝑠 is the hydrostatic stiffness, and 𝑅𝑝𝑡𝑜,𝑒𝑞 and 𝑅𝑣𝑖𝑠,𝑒𝑞 represent the

equivalent linear coefficients for the PTO force saturation and viscous
force. Then, by solving (20), the complex amplitude of velocity �̂� could
be obtained as

̂(𝜔) =
𝐹𝑒(𝜔)

𝐾ℎ𝑠
(21)
𝑅𝑟(𝜔) + +𝑅𝑝𝑡𝑜,𝑒𝑞 + 𝑅𝑣𝑖𝑠,𝑒𝑞 + i𝜔[𝑀 +𝑀𝑟(𝜔)] − i 𝜔



Applied Ocean Research 138 (2023) 103650J. Tan et al.

n

𝜁

T

𝜎

w
t
c
t
c

t

3

t
c
d
t
p

f

𝐸

w
p
f

Fig. 5. Diagram of the proposed SD wave-to-wire modeling.
f

𝑃

a

|

c
a
l
e
c

In a predefined wave spectrum, the amplitude of the wave compo-
ent is related to the wave energy spectrum 𝑆𝜁𝑎 , as

𝑎(𝜔𝑗 ) =
√

2𝑆𝜁𝑎 (𝜔𝑗 )𝛥𝜔 (22)

he variance of the wave elevation 𝜎2𝜁𝑎 is calculated as

2
𝜁𝑎 =

𝑁
∑

𝑗=1
𝑆𝜁𝑎 (𝜔𝑗 )𝛥𝜔 (23)

here 𝜎𝜁𝑎 is the standard deviation of the wave elevation. Similarly, as
he velocity amplitude of WEC corresponding to each wave component
an be obtained by (21), the standard deviation and spectral density of
he WEC response can be calculated. Then, the mean absorbed power
an be derived as

𝑃 𝑎𝑏 =
𝑁
∑

𝑗=1

1
2
𝑅𝑝𝑡𝑜,𝑒𝑞

|

|

|

�̂�(𝜔𝑗 )
|

|

|

2
=

𝑁
∑

𝑗=1
𝑅𝑝𝑡𝑜,𝑒𝑞𝑆𝑢(𝜔𝑗 )𝛥𝜔 = 𝑅𝑝𝑡𝑜,𝑒𝑞𝜎

2
𝑢 (24)

where 𝑆𝑢 and 𝜎𝑢 denote the spectral density and standard deviation of
he velocity of the WEC.

.2.2. Generator modeling
The hydrodynamic model presented above can be used to predict

he mechanical power absorbed by the buoy, but the electrical power
ould not be reflected. The conversion from the absorbed power to the
elivered electrical power is associated with electrical responses. Given
he random phase assumption of wave input to the WEC system, it is
ossible to describe the generator responses in SD.

Based on (6), the complex amplitude of the no-load voltage in each
requency component is expressed as

̂𝑝(𝜔) =
√

2𝑁𝑚�̂�(𝜔)𝑝𝑙𝑠𝑁𝑠𝑘𝑤|�̂�𝑔𝑚|𝐿𝑠𝑡𝑎𝐾𝑝𝑎𝑟,𝑒𝑞 (25)

here 𝐾𝑝𝑎𝑟,𝑒𝑞 is the equivalent linear coefficient of the time-dependent
artial overlap coefficient 𝐾𝑝𝑎𝑟. The linearization will be detailed in the
ollowing text.
7

The power taken by the generator winding, namely 𝑃𝑤𝑑 , at each
requency component is calculated as

𝑤𝑑 (𝜔) =
1
2
Re{𝐹𝑝𝑡𝑜(𝜔)�̂�∗(𝜔)} = 1

2
|𝐹𝑝𝑡𝑜(𝜔)||�̂�(𝜔)| = 1

2
𝑅𝑝𝑡𝑜,𝑒𝑞|�̂�(𝜔)|

2 (26)

Thus, the magnitude of the complex amplitude of the stator current
t each frequency component can be calculated as

𝐼𝑠(𝜔)| =
𝑅𝑝𝑡𝑜,𝑒𝑞|�̂�(𝜔)|

2

𝑚|�̂�𝑝(𝜔)|
(27)

As the effect of the PTO force limit has been incorporated by the equiv-
alent linear coefficient 𝑅𝑝𝑡𝑜,𝑒𝑞 , the current limit is therefore taking effect
correspondingly. Then, the standard deviation of the stator current is
derived as

𝜎𝐼𝑠 =

√

√

√

√

√

1
2

𝑁
∑

𝑗=1
|𝐼𝑠(𝜔𝑗 )|

2 (28)

At this point, the relevant hydrodynamic and electrical responses
an be estimated in statistical form based on the SD modeling presented
bove. To further reveal the generator performance, the electrical
osses have to be derived in the statistical form corresponding to the
xpressions in the TD approach. The copper losses of the generator are
alculated as

𝑃 𝑐𝑜𝑝𝑝𝑒𝑟 = ⟨𝑚𝐼2𝑠𝑅𝑡⟩

= 𝑚𝑅𝑡𝜎
2
𝐼𝑠

(29)

Assuming that the variable 𝐼𝑠 follows the Gaussian distribution, it gives

⟨|𝐼 |⟩ =
√

2 𝜎 (30)
𝑠 𝜋 𝐼𝑠
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This enables the prediction of the converter losses, expressed as

𝑃 𝑐𝑜𝑛𝑣 = 1
31

𝑃𝑐𝑜𝑛𝑣𝑚 + 20
31𝐼𝑠𝑚

𝑃𝑐𝑜𝑛𝑣𝑚⟨|𝐼𝑠|⟩ +
10

31𝐼2𝑠𝑚
𝑃𝑐𝑜𝑛𝑣𝑚⟨𝐼

2
𝑠 ⟩

= 1
31

𝑃𝑐𝑜𝑛𝑣𝑚 + 20
31𝐼𝑠𝑚

𝑃𝑐𝑜𝑛𝑣𝑚

√

2
𝜋
𝜎𝐼𝑠 +

10
31𝐼2𝑠𝑚

𝑃𝑐𝑜𝑛𝑣𝑚𝜎
2
𝐼𝑠

(31)

The iron losses are calculated as

𝑃 𝐹𝑒𝑠 = 𝑃𝐹𝑒0
[

𝑚𝐹𝑒𝑠𝑡
( �̂�𝑠𝑡
𝐵0

)2 + 𝑚𝐹𝑒𝑠𝑦
(
�̂�𝑠𝑦

𝐵0

)2] ⟨𝑓𝑒⟩
𝑓0

𝐾𝑝𝑎𝑟,𝑒𝑞 (32)

here ⟨𝑓𝑒⟩ can be related to the standard deviation of the absolute
alue of the buoy velocity, and assuming the Gaussian assumption of
he response gives

𝑓𝑒⟩ =
2𝜋
2𝜏𝑝

⟨|𝑢|⟩

= 𝜋
𝜏𝑝

√

2
𝜋
𝜎𝑢

(33)

herefore, the mean grid power can be derived as

𝑃 𝑔𝑟𝑖𝑑 = 𝑃𝑤𝑑 − 𝑃 𝑐𝑜𝑝𝑝𝑒𝑟 − 𝑃 𝐹𝑒𝑠 − 𝑃 𝑐𝑜𝑛𝑣 (34)

.2.3. Stochastic linearization
The method to implement stochastic linearization of the relevant

onlinear effects in the hydrodynamic stage has been demonstrated in
revious Refs. Silva et al. (2020), Tan et al. (2022a) and Folley and
hittaker (2010). Thus, the derivation of equivalent linear coefficients

s only briefly discussed here for nonlinearities related to the hydro-
ynamic responses. The equivalent linear coefficients 𝑅𝑝𝑡𝑜,𝑒𝑞 and 𝑅𝑣𝑖𝑠,𝑒𝑞
epresenting the effect of the PTO force saturation and viscous force are
onsidered in the hydrodynamic stage. The principle of linearization
s to balance the expected value of the dissipated power and the
ower dissipated by an equivalent linear term. According to Folley
nd Whittaker (2010), the equivalent coefficient of a generic nonlinear
orce 𝐹𝑛𝑜𝑛 in the hydrodynamic modeling can be calculated as

𝑒𝑞 = ⟨

𝜕𝐹𝑛𝑜𝑛(𝑢)
𝜕𝑢

⟩

= ∫

∞

−∞

𝜕𝐹𝑛𝑜𝑛(𝑢)
𝜕𝑢

𝑝(𝑢)d𝑢

(35)

where 𝐹𝑛𝑜𝑛 embodies the concerned nonlinear force, and 𝑝(𝑢) is the
probability density function of the response 𝑢. Assuming the Gaussian
process of the response, the probability density function is expressed as

𝑝(𝑢) = 1

𝜎𝑢
√

2𝜋
exp(− 𝑢2

2𝜎2𝑢
) (36)

As demonstrated above, a particular nonlinear effect in linear gener-
ators results from the partial overlap between the stator and translator
of the machine. The generic expression of the power dissipated by a
load in an electrical circuit can be expressed as

𝑃𝑑𝑖𝑠(𝑡) =
[ 𝐼𝑠(𝑡)
𝐾𝑝𝑎𝑟(𝑡)

]2𝑅𝑡 (37)

Given random inputs, its expected value can be calculated as

⟨𝑃𝑑𝑖𝑠⟩ = ⟨𝐼2𝑠 ⟩⟨
1

𝐾2
𝑝𝑎𝑟

⟩𝑅𝑡 (38)

It can be deduced that 𝐾𝑝𝑎𝑟 is non-negative, thus (38) can be rewritten
as

⟨𝑃𝑑𝑖𝑠⟩ = 𝜎2𝐼𝑠
1
2

𝑅𝑡 (39)
8

⟨𝐾𝑝𝑎𝑟⟩
As 𝐾𝑝𝑎𝑟 is an even function with regard to the variable 𝑧, the
equivalent linear coefficient 𝐾𝑒𝑞,𝑝𝑎𝑟 can be derived as

𝐾𝑝𝑎𝑟,𝑒𝑞 =
√

⟨𝐾2
𝑝𝑎𝑟⟩

=

√

2∫

∞

0
𝐾2

𝑝𝑎𝑟(𝑧)𝑝(𝑧)d𝑧

(40)

here 𝑝(𝑧) is the probability density function of the displacement of
he buoy, and it is expressed as (36) with the Gaussian assumption. It
an be noticed that the iteration process is not needed for obtaining
𝑝𝑎𝑟,𝑒𝑞 . This is because it is dependent on the standard deviation of

he buoy displacement 𝑧 which could be explicitly derived from the
ydrodynamic modeling and takes effect as the input to generator
odeling.

The stochastic linearization in the SD model is carried out based
n the assumption that the WEC system follows the Gaussian process.
t has to be acknowledged that the addition of nonlinear effects con-
radicts this assumption. As the nonlinear effects become stronger, the
aussian assumption becomes less valid. Therefore, it can be expected

hat the linearized representations would be less effective when the in-
ensity of the considered nonlinear effects increases. As a consequence,
he SD model tends to be less accurate in the circumstances.

.3. Simulation implementation

The simulation set-up is presented in this subsection. In this work,
rregular waves are represented based on the superposition of 500
ndividual harmonic wave components. The angular frequencies of the
ave components are uniformly spaced from 0.05𝜋 to 4𝜋 rad/s. The

andom phase assumption is applied to the wave components, and the
ONSWAP spectrum with a peakedness factor of 3.3 is considered for
he irregular wave states.

The hydrodynamic coefficients of the floater, namely 𝑀𝑟(𝜔), 𝑅𝑖(𝜔)
nd 𝑓𝑒(𝜔), are numerically derived based on the Boundary Element
ethod using the open source software Nemoh (Penalba et al., 2017b).
ith respect to TD modeling, direct calculation of the convolution

ntegral of the radiation force in (21) requires huge computational
fforts. In this work, it is replaced by a state-space approximation
or saving simulation time. The state-space parameters are derived by
he frequency-domain identification method as proposed in Pérez and
ossen (2008). The partial differential equations in TD modeling are
olved by a numerical integration scheme based on the ODE 45 solver
n the commercial MATLAB environment. The initial displacement and
elocity of the floater are set to zero. The simulation time duration
nd time step are set to 200 times and 0.01 times the considered
eak period 𝑇𝑝 respectively. A ramp function is used to avoid strong
ransient flow at first time steps, and the ramp time is chosen as 25
𝑝 (Lawson et al., 2014). The duration of the ramp time is not included
n the analysis of the power performance of WECs. As the random phase
ssumption is associated with random errors in the results, each case
n TD simulation is re-run 10 times for deriving the mean values. In the
D simulation, as the iterative process is required to solve the standard
eviation of the buoy velocity, a convergence tolerance of 0.1% is
efined in the iterative process of solving the standard deviation of the
esponses (Silva et al., 2020; Folley and Whittaker, 2013).

. Results and discussion

The simulation results obtained by the established SD wave-to-
ire model are presented in this section, and they are verified against

hose generated by the conventional TD wave-to-wire model. To better
emonstrate the relevance of different sources of nonlinearities to the
odeling accuracy, the influence of the partial overlap and the stator

urrent constraints is discussed respectively. Finally, The variation of
he computational efficiency of the SD model with the tolerance of
terations is identified and compared with TD modeling.
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Fig. 6. The standard deviation of the responses of the WEC in different wave states and the relative errors of the SD model to the TD model. (𝐵𝑝𝑡𝑜 = 60 kN s∕m).
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4.1. Model verification

A variety of wave states are considered in the simulation cases of
verification. The concerned peak periods 𝑇𝑝 range from 5 s to 13 s, and
he considered significant wave heights 𝐻𝑠 are between 1 m to 4 m.
n Fig. 6, the standard deviation of the responses, including the buoy
elocity, stator current and induced no-load voltage, obtained by the
D model and the TD model are compared. The relative errors of the
D model to the TD model are also identified. It can be seen that the
roposed SD model has an adequate agreement with the conventional
D model. The maximum relative errors for the stator current, no-load
oltage and floater velocity are 9%, 4% and 1%.

As illustrated in Fig. 6, With the increase of the significant wave
eight, the accuracy of the proposed SD model tends to decrease. This
an be explained by the fact that the increased significant wave height
esults in a larger buoy motion. The buoy motion is a strong factor
n the nonlinearity of the system. For instance, as the buoy motion
s larger, the buoy velocity would be higher. It can be inferred from
9) that the increased velocity contributes to the increase of the PTO
orce. Then, the PTO force constraint could take effect and make a
onlinear contribution to the system. As the nonlinear effects become
ore dominating, a physical implication to the SD modeling is that the
aussian assumption would be weakened. Consequently, the equivalent

inear terms derived based on the Gaussian assumption would be less
ffective and take larger errors into the estimation.

Another noteworthy point is that the estimation of generator re-
ponses is associated with higher relative errors than those of the
ydrodynamic response. As shown in Fig. 6(d), the relative error of
he stator current and no-load voltage is clearly larger than that of
he buoy velocity in the identical simulation conditions. The reason is
hat the generator modeling in the proposed SD model relies on the
alculated hydrodynamic responses, including the buoy velocity and
isplacement, as the inputs. Specifically, as explained in the text below
9

t

40), the partial overlap factor 𝐾𝑝𝑎𝑟 in the generator modeling is lin-
arized based on the explicitly derived standard deviation of the buoy
isplacement. Hence, this part of sources of error inherently remains
n the generator modeling of the SD approach. Furthermore, it can be
educed from the mathematic derivation of the generator responses
hat the error from the hydrodynamic modeling is even amplified. For
nstance, as given in (25), the complex amplitude of the no-load voltage
s proportional to the product of the complex amplitude of the velocity
nd the linearized partial overlap factor. Both these two variables are
ssociated with the source of the error from the hydrodynamic part
f the SD modeling. This explanation also applies to the derivation of
he stator current of the SD modeling, given in (27). In this sense, the
elative error of the estimation of the generator responses presents to
e relatively more obvious than those of the hydrodynamic responses.

As an extension of the FD approach, it is of importance to verify
he accuracy of the SD model in estimating the responses in different
requency components. Thus, the power spectral density of the stator
urrent, the no-load voltage and the buoy displacement are calculated
sing the TD and SD models respectively, which are depicted in Fig. 7.
he SD model presents a reasonable prediction of the responses in
range of frequencies. In addition, it can be observed in Fig. 7(c)

hat the peak frequency of the buoy displacement is highly aligned
ith that of the incident wave. Comparing it with Fig. 7(a) and (b),

t can be found that the no-load voltage and the stator current also
orrespond to an identical peak frequency, which is around 0.14 Hz.
esides, in Fig. 7, there does not appear any visible additional harmonic
eak in the power spectral density of the WEC responses even though
onlinear effects are taken into account. This is because the SD model
s supposed to be applied mainly for operation regions with moderate
onlinear effects. Thus, the considered condition in the figure is defined
way from extreme cases. Given this, the point absorber behaves as an
nertial-dominating system, where the nonlinear components are not
ufficiently intensive to result in a visible second peak in the profile of

he power spectral density of the responses (Folley, 2016a).



Applied Ocean Research 138 (2023) 103650J. Tan et al.
Fig. 7. The power spectral density of the relevant WEC responses and of the incident wave elevation. (𝐵𝑝𝑡𝑜 = 60 kN s∕m, 𝐻𝑠 = 2.5 m and 𝑇𝑝 = 7.5 s) The shaded area represents
the standard deviation of the results of the TD model.
An upside of wave-to-wire modeling is to holistically reveal the
power conversion efficiency throughout the complete operation process
of the system. To further verify the accuracy of the established SD
wave-to-wire model, the absorbed power, grid power, copper losses,
converter losses and power conversion efficiencies are calculated and
compared with the results from the TD wave-to-wire model. The power
conversion efficiency herein is defined as the delivered electrical power
to the grid divided by the absorbed mechanical power by the floater.
As shown in Fig. 8, the proposed SD model could accurately predict
the power and losses in different power conversion stages. The relative
error of the SD to the TD model is less than 7% with regard to the
estimate of the power conversion efficiency even when the significant
wave height is as large as 4 m. For typical operational significant wave
heights (below 2.5 m), the relative error is no more than 2%.

4.2. Relevance of the partial overlap effect

The nonlinearities in the hydrodynamic stage, such as viscous drag
force, have been thoroughly studied in previous research in terms of SD
modeling (Silva et al., 2020; Tan et al., 2022a). Thus, given the purpose
of this work, more attention is paid to the effects in the electrical
generator. A particular effect addressed in this subsection is the partial
overlap between the stator and the translator. To reveal the relevance of
the translator length on the intensity of the partial overlap effect and
the model accuracy, the translator length is varied in the simulation
implementation. The corresponding results are shown in Figs. 9 and 10.
Shortening the translator decreases the value of the equivalent linear
coefficient representing the partial overlap effect, namely 𝐾𝑝𝑎𝑟,𝑒𝑞 . For
instance, at the peak period of 13 s, it is approximately 0.95 for the
ratio between the translator length and stator length is 1.6 while it is
reduced to 0.8 for the ratio of 1.1. This is expected since the reduction
of the translator length is correlated with the increase in the intensity
of the partial overlap effect. Affected by the partial overlap, the values
10
of the no-load voltage decrease, thus the equivalent linear coefficient
𝐾𝑝𝑎𝑟,𝑒𝑞 becomes smaller as can be deduced from (25).

Fig. 10 shows the estimated standard deviation of the stator current
with different translator lengths of the linear generator. The shorter the
translator’s length, the more nonlinear the system could be. Therefore,
the relative error of the SD model to the TD model becomes larger
with the increase of the translator length. However, Fig. 10 also implies
that the proposed SD model has a satisfying accuracy for the translator
lengths ranging from 1.1 to 1.6 times the stator length. For instance,
the relative error is still within 7% when the ratio is reduced to 1.1.
However, this is an extreme case since the translator length would
hardly be designed to be so close to the length of the stator.

4.3. Relevance of the stator current limit

In this subsection, attention is drawn to the influence of the stator
current limit on the accuracy of the established SD model. To mitigate
the disturbance of the effect of the partial overlap, the translator length
is adjusted to be sufficiently high, namely 4.5 m, in the discussed cases
as follows. This is almost twice the length of the stator length, thus the
partial overlap effect can be thought minor. In the simulation, various
current limits are implemented, and the corresponding results of the
TD and SD models are presented and compared.

Fig. 11 depicts the standard deviation of the stator current, in
which different significant wave heights are taken into account. It
is reasonable to be noted that the standard deviation of the stator
current tends to increase with the imposed current limit, which also
implies that the defined range of the current limits is representative
of studying the relevance of the current limit. In Fig. 12, the power
conversion efficiency of the WEC obtained by the SD and TD models
is compared. The efficiency generally presents a descending trend with
the current limit. This mainly results from the fact that the magnitude
of the stator current increases with the current and the higher stator



Applied Ocean Research 138 (2023) 103650J. Tan et al.
Fig. 8. Grid power, copper losses and power conversion efficiency of the WEC in different wave states and the relative errors of the SD model to the TD model. (𝐵𝑝𝑡𝑜 = 60 kN s∕m).
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Fig. 9. The derived linear equivalent coefficient for the partial overlap effect 𝐾𝑝𝑎𝑟,𝑒𝑞
with different translator lengths. The simulation is implemented in the case with 𝐻𝑠
of 3.0 m and 𝐵𝑝𝑡𝑜 of 60 kN s∕m. The ‘‘ratio’’ in the legend indicates the ratio between
the translator length and stator length, and the stator length is considered constant as
2.3 m.

current is associated with higher electrical losses. In addition, it is
seen in both Figs. 11 and 12 that the discrepancy between the results
of the SD and TD models is more noticeable in lower current limits
or larger significant wave heights. This is because the stator current
is more likely to violate the current limit in these two circumstances
and the occurrence of the current being saturated would be more
frequent. Then, the Gaussian assumption is more challenged by the
11

e

Fig. 10. The standard deviation of the stator current calculated by the SD and TD
models with different translator lengths and the relative error of the SD model to the
TD model. (𝐻𝑠 = 3.0 m, 𝑇𝑃 = 7.5 s and 𝐵𝑝𝑡𝑜 = 60 kN s∕m).

ncreased intensity of the nonlinearities, which leads to the reduction
f the modeling accuracy. But even in extreme cases, the established
D model still has a good consensus with those of the TD model. For
nstance, when the current limit is 130 A and the significant wave
eight is 3 m, the calculated standard deviation of the stator current
nd the power conversion efficiency is 98.3 A and 0.818 for the SD
odel, while they are 103.3 A and 0.792 for the TD model. Accord-

ngly, the relative errors are quantified as 4.8% and 3.2% with regard
o the standard deviation of the stator current and power conversion
fficiency respectively. Furthermore, the power spectral density of the
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Fig. 11. The standard deviation of the stator current of the generator with different
current limits, and with 𝑇𝑝 = 7.5 s and 𝐵𝑝𝑡𝑜 = 80 kN s∕m.

Fig. 12. The power conversion efficiency of the WEC with different current limits, and
with 𝑇𝑝 = 7.5 s and 𝐵𝑝𝑡𝑜 = 80 kN s∕m.

Fig. 13. The power spectral density of the stator current with a current limit of 150 A.
(𝐵𝑝𝑡𝑜 = 80 kN s∕m, 𝐻𝑠 = 2.5 m and 𝑇𝑝 = 7.5 s) The shaded area represents the standard
deviation of the results of the TD model.

stator current calculated by the SD and TD model is compared in
Fig. 13, which shows a good agreement between them in different
frequency components.
12
Fig. 14. The power and electric losses of the WEC with different current limits, and
with 𝑇𝑝 = 7.5 s and 𝐵𝑝𝑡𝑜 = 80 kN s∕m. The results are generated by TD model.

Fig. 15. The normalized computational time of the TD model to the SD model with
different tolerances of the iterations in SD modeling.

To demonstrate the relation of the power conversion efficiency
to the current limit, the electric losses and power of the WEC cor-
responding to various current limits are presented in Fig. 14. It is
visible that the main sources of electric losses, in this case, can be
regarded as the copper losses and converter losses, while the iron losses
are negligible. These two main losses increase with the current limit.
This can be explained by (17) and (18) as they both present a clear
positive correlation with the current squared. Besides, the increase of
the current limit leads to the improvement of the absorbed power since
the resulted larger PTO force limits inherently imply a higher power
capacity of the WEC. However, the increase of the copper losses with
the current limit is stronger than that of absorbed power. For instance,
at the current limit of 130 A, the value of the copper losses is 1.5 kW
and it is around 16 kW for the absorbed power. In this sense, the
proportion of the copper losses to the absorbed power is 9.3%. When
the current limit is raised to 280 A, the copper losses and the absorbed
power are 3.5 kW and 25 kW respectively. The copper losses then
account for approximately 14% of the absorbed power. Therefore, it
is understood that the power conversion efficiency decreases with the
increase of the current limit, as depicted in Fig. 12.

4.4. Computational efficiency

The main motivation for applying SD rather than TD wave-to-wire
modeling is to save computational load. Fig. 15 depicts the relation of
the normalized computational time to the tolerance of the iterations.
All the simulations in this work are performed in an identical machine
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which is equipped with an Intel i7/2.80 GHz processor. For the TD
modeling, the computational time is counted by a single-run simula-
tion, and the computational time was counted as 7.1 s. However, it
is known that multiple simulations are required to mitigate the error
resulting from the set of random phases of incoming waves. However, it
is seen that the established SD model is still faster than the conventional
TD modeling by around five hundred times when the tolerance of
iterations in SD modeling is as strict as 1e−5.

4.5. Discussion

The proposed SD wave-to-wire model demonstrates satisfactory ac-
curacy compared to the conventional TD modeling approach. However,
it is essential to acknowledge that the achievements presented in this
study are specifically focused on a specific case involving a point
absorber with a linear PM generator. One of the major challenges in
the field of WECs is the significant divergence among various tech-
nologies (Tiron et al., 2015). Different WEC concepts vary considerably
in terms of their power capture principles, PTO systems, operational
regions, and other aspects. For example, another promising type of WEC
is the OWC device (Delmonte et al., 2016). In this case, power capture
is based on pressure variations in an air chamber, which then drives
a turbine connected to a generator through the airflow (Heath, 2012).
The nonlinear characteristics involved in this process are significantly
different from those observed in point absorbers. Consequently, the
proposed SD model is expected to have limited applicability to OWC
devices. To make a more substantial contribution to the advancement
of WECs, it is crucial to extend the current SD model to encompass
different applications of WECs in the future.

This study performs the verification of the SD model by considering
various factors that can influence its accuracy. These factors include
different wave conditions, ratios between the translator and stator
lengths, and current limits of the linear generator. The variations in
these factors can impact the accuracy of the proposed SD model due
to their correlation with the nonlinearity of the entire WEC system.
It is acknowledged that this observation can be extended to include
additional parameters of individual components. For example, the size
or shape of the buoy can significantly affect the responses of the WEC,
leading to varying levels of nonlinear effects and potentially influencing
the accuracy of the SD model. Moreover, the topology and type of
the electrical generator, as well as the specifications of the electronic
converter, can also contribute to the overall behavior of the system (Tan
et al., 2022b; Polinder, 2013; Polinder et al., 2005) and subsequently
affect the accuracy of the SD model. Therefore, it is suggested to
perform verification when applying this SD wave-to-wire approach
to different device parameters or a wider range of wave conditions.
By doing so, a better understanding of the model’s accuracy can be
achieved and potential limitations or areas for improvement can be
identified.

The hydrodynamic modeling utilized in this manuscript is based
on linear potential flow theory and is described by the Cummins
equation (Giorgi, 2017). The Cummins equation and its extension have
been widely used to model the behavior of WECs, while it should be
realized that it is inherently limited to operation conditions where
the nonlinear effects are negligible or moderate (Folley, 2016b). An
extended form of the hydrodynamic model is applied in this study,
which incorporates the nonlinear drag force and the nonlinear PTO
force. This inclusion helps alleviate the restrictions imposed by the
linear hydrodynamic model. Nonetheless, it is crucial to recognize that
the validity of this hydrodynamic model may still face challenges when
dealing with severe wave conditions. In powerful wave states, the
motion of the WEC becomes more pronounced. Consequently, other
nonlinear forces such as the nonlinear Froude–Krylov force and hydro-
static force are also expected to have an impact (Giorgi and Ringwood,
2017b). Moreover, the increased wave steepness in powerful wave
13

states becomes relevant to wave nonlinearity, potentially violating the
assumption of linear potential flow theory. Therefore, it is necessary to
determine the appropriate application range of the SD model, keeping
in mind that its intended purpose is to model WECs under normal
operating conditions.

In this work, the proposed SD model is verified by comparing the re-
sults against those generated by the TD modeling. It can be challenged
that experimental validation provides a more realistic assessment of
the accuracy of the SD model. However, the SD model in principle is
not expected to be more accurate than the TD model in describing the
physical reality. This is because all the nonlinear effects incorporated in
the SD model are linearized based on their expressions in TD modeling.
It is known that linearization could improve computational efficiency,
but it would inevitably result in reduced accuracy. Thus, the TD model
can be thought of as a reference with the desired accuracy with regard
to the SD model. When a newly developed SD model is being verified,
it can be an economical and efficient approach to compare it with
the corresponding TD model, as implemented in other relevant pub-
lications (Folley and Whittaker, 2010; Silva et al., 2020). Given these
considerations, it is reasonable to utilize TD modeling as a reference
for verification purposes.

This study focuses on the concept of a heaving point absorber
coupled with a linear PM generator. Point absorber WECs are com-
monly recognized for their high power absorption efficiency, primarily
attributed to their small horizontal dimensions relative to the wave-
length, which makes them less sensitive to the wave direction (Falnes
and Hals, 2012). The implementation of a direct-drive PTO system
using a linear generator has also been acknowledged as an effec-
tive solution due to the reduction in intermediate power transmission
stages (Polinder, 2013). However, for more realistic applications, the
performance of WECs is influenced by various factors. One such factor
is the hydrodynamic interaction between multiple WECs, which can
impact the power capture efficiency of individual devices. This effect
becomes particularly significant when WECs are arranged in the con-
figuration of a closely-located array or farm (Vervaet et al., 2022). It
is important to note that this study focuses only on one single point
absorber. Thus, extending the current SD model to allow for multiple
WECs is expected to make a larger contribution. Furthermore, the
availability of wave power exhibits seasonal variability, which might
lead to significant fluctuations in the power output of WECs (Car-
ballo and Iglesias, 2012). Consequently, relying solely on mean annual
wave characteristics for energy production estimation may result in
misleading conclusions. In this sense, the applicability of the proposed
SD wave-to-wire model is potentially necessary to be examined for
different wave characteristics. In addition, the efficiency of this type
of WEC is also dependent on its size, adopted control strategy, the
topology of the generator, wave conditions of the site, etc (Tan et al.,
2021a, 2020; Tedeschi and Molinas, 2012; Babarit, 2015; Polinder
et al., 2005). Considering the aforementioned factors, it is crucial to
pay attention to these considerations when employing the SD wave-
to-wire modeling technique for assessing the performance of WECs in
numerical simulations.

5. Case study: tuning PTO damping coefficients

A case study is carried out in this section to demonstrate the
performance of the proposed SD modeling. It is applied to tuning the
PTO damping of WECs while FD modeling and TD modeling are used
at the same time for comparison. As a control parameter, PTO damping
plays an important role in the power performance of WECs. Even
though a number of real-time control algorithms have been proposed
and applied for WECs in recent years (Wang and Isberg, 2015; Garcia-
Rosa et al., 2017; Fusco and Ringwood, 2011; Anderlini et al., 2017).
With regard to the early-stage design of WECs, it is significant to search
for a constant PTO damping for maximizing the power production in
each wave state since it is associated with lower complexity and could

also effectively reflect the potential of the device.
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Fig. 16. The power estimate of WECs predicted by three different models with various
values of the PTO damping. (𝐻𝑠 = 2.0 m and 𝑇𝑝 = 7.5 s).

Table 2
The computational time of different models for the present case study.

Numerical modeling FD SD TD

Computational time (s) 0.09 0.46 10 800+

In this case study, the PTO damping is tuned by an exhaustive search
cheme for a wave state with a significant wave height of 2 m and a
eak period of 7.5 s. The search boundary is defined as 10 kN m∕s to
00 kN s∕m with a step of 5 kN s∕m. Fig. 16 depicts the relation of the

power estimate of the WEC to the PTO damping. It has to be noted that,
in Fig. 16, the SD wave-to-wire and TD wave-to-wire models present
the grid power while the FD model could only estimate the absorbed
power. It is visible that the TD and SD models result in the same optimal
PTO damping, that is 100 kN s∕m. Regarding the computational load, as
depicted in Table 2, the SD model consumes less than 0.5 s to complete
all the calculations. Comparatively, the TD model requires more than
3 h which is over 23 000 times more than that of the proposed SD
model. The FD model is sufficiently fast, taking around 0.09 s. But,
the optimal PTO damping searched by the FD model is 150 kN s∕m,
which suggests a discrepancy of 50% with regard to that obtained by
the SD or TD model. This clearly implies the poor reliability of FD
modeling in tuning PTO parameters to maximize the power production
of WECs. The main reason can be attributed to the lack of consideration
of electrical generators in FD modeling. Then the variation in generator
efficiency with the PTO damping cannot be reflected.

Fig. 17 illustrates how the absorbed power, grid power and gen-
erator efficiency vary with the PTO damping, which is estimated by
the SD wave-to-wire model. It is seen that the generator efficiency
presents a very different trend from the absorbed power. The PTO
damping maximizing the absorbed power is far from that with the
highest generator efficiency. However, the actual delivered grid power
is calculated as the multiplication of the absorbed power with the
generator efficiency. To maximize the grid power, it is necessary to tune
the PTO damping based on wave-to-wire modeling. Considering the
low computational efficiency of TD models, the established SD wave-
to-wire model presents satisfying performance for combining adequate
accuracy and high efficiency.

6. Conclusion

In this paper, the SD modeling approach is further extended to cover
the whole wave-to-wire process of WECs. A heaving point absorber
equipped with a linear PM generator is considered. Multiple nonlin-
14

ear effects are incorporated based on stochastic linearization in the
Fig. 17. The relation of the absorbed power, electrical power and generator efficiency
to the PTO damping. The results are calculated by the SD wave-to-wire model.
(𝐻𝑠 = 2.0 m and 𝑇𝑝 = 7.5 s).

SD model, including PTO force saturation, viscous drag force, partial
overlap effect and stator current limitation. The proposed SD model is
able to predict the standard deviation of the dynamic and electrical
responses, overall power conversion efficiency, electrical losses and
finally delivered electrical power.

The proposed SD model is verified against the results generated by
a conventional TD wave-to-wire model. The achieved accuracy has a
strong dependence on the intensity of the relevant nonlinear effects.
Specifically, the accuracy decreases with the increased significant wave
height, reduced translator length and reduced current limit. With re-
gard to the estimated standard deviation of the stator current, the
maximum relative error of the SD model to the TD model is 9%, 7%
and 4.8% corresponding to a significant wave height of 4 m, a highly
limited translator to stator ratio of 1.1 and a strict current limit of 130 A
respectively. Regarding the power conversion efficiency, the maximum
relative error is 7% and 3.2% for a significant wave height of 4 m
and a current limit of 130 A respectively. Within the considered cases,
the relative errors of all the estimated responses are limited to 4%
where there is a significant wave height below 2.5 m, translator to
stator length higher than 1.4 or the current limit is higher than 200 A.
Overall, the SD model presents adequate accuracy within non-extreme
most non-extreme operation or design conditions of WECs.

However, the proposed SD model is significantly faster than TD
modeling with regard to computational time. With a tolerance of
iterations being 0.1%, the proposed SD model is computationally faster
than TD modeling in two-three orders. This clearly reflects the potential
of applying the proposed SD modeling to the systematic optimization of
WECs. Finally, a case study of tuning the PTO damping is carried out,
in which FD, SD and TD models are used respectively. The SD wave-to-
wire model predicts the same optimal PTO damping as that obtained
by the TD wave-to-wire model while the computational time of the SD
model is negligible compared with that of the TD model.
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