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A B S T R A C T

An adjustable draft point absorber was recently proposed as a novel approach to improve power absorption
with constrained power take-off (PTO) capacities. The key feature of the novel wave energy converter (WEC)
concept is to adjust the buoy draft by regulating the ballast water inside the buoy, which aims to enable
variation of the natural frequency of the WEC. Although previous research has shown benefits for the
energy absorption stage, the impact of the draft adjustment on the power conversion efficiency and overall
performance has not been examined yet. Therefore, a wave-to-wire model is established to provide an in-
depth insight into the systematic performance of the adjustable draft point absorber integrated with a linear
permanent magnet generator. Both a nonlinear hydrodynamic model and an analytical generator model are
derived, thus the complete process from the wave power input through the whole WEC system to the usable
electricity is covered. Based on the established model, wave-to-wire responses of the novel concept are obtained
and analyzed. The negative effects of the draft adjustment on the stroke and overlap between the stator and
translator are demonstrated. Moreover, a comparison is made between this novel WEC and conventional fixed
draft WEC, and both regular and irregular wave states are considered. The results show that the adjustable draft
system could increase not only the absorbed power but also the generator conversion efficiency. In specific
conditions, the delivered electrical power of the adjustable draft WEC was over 20 % and 10 % higher than
a traditional fixed draft system for regular and irregular waves respectively.
1. Introduction

Ocean waves carry a considerable amount of clean energy, which
can be expected to play a role in the worldwide energy transition.
The exploitation of wave energy has been receiving significant re-
search interest over the last decades (Falcão, 2010). A number of
concepts of wave energy converters (WECs) have been proposed and
even tested (Aderinto and Li, 2018; Lehmann et al., 2017). However,
as indicated in De Andres et al. (2017), the economic performance
of WECs is far from being satisfying. The levelized cost of energy
(LCOE) of WECs is estimated to be clearly higher than other competitive
technologies of renewable energy. This is regarded as a big hurdle on
the path toward the large-scale utilization of WECs (Clemente et al.,
2021; Roberts et al., 2016).

The sizing of power take-off (PTO) systems has been proven to
be of importance to the economic performance of WECs (Tan et al.,
2021a, 2022b; Tokat, 2018). As a core component, PTO systems are in
charge of converting the absorbed power to usable electricity. During
operation, the PTO capacity is associated with physical constraints,
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such as the peak power and force limit. From this perspective, increas-
ing the PTO capacity could contribute to the improvement of total
power production. However, the PTO system applied in wave energy
conversion is an expensive component, and its cost normally accounts
for more than 20% of the total capital expenditures (CAPEX) (Tokat,
2018). Enlarging the PTO capacity would lead to an obvious increase in
the CAPEX. Therefore, it is essential to make a compromise between the
power production and the cost during the sizing of the PTO capacity.
The influence of the PTO sizing on the LCOE was studied in Tan
et al. (2021a), and three realistic wave sites were considered. The
results showed that the PTO sizing is influential to the techno-economic
performance, and suitably downsizing the PTO capacity would penalize
the annual energy production (AEP) but reduce the LCOE.

The downsized PTO capacity inevitably leads to stricter force and
power limitations. These limitations are more relevant in powerful
wave states, and therefore it is to the disadvantage of the power
absorption. Solutions to improving the power performance of WECs
subjected to constraints of PTO capacities have been explored, which
are discussed below.
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• The first type of method concentrates on the aspect of PTO
control strategies. Elisabetta Tedeschi and Marta Molinas (Tai
et al., 2012; Tedeschi and Molinas, 2010, 2012; Tedeschi et al.,
2011) investigated the impacts of control strategies on the PTO
rating of WECs. A generic point absorber was used as the research
object. It was found that the reactive control strategy clearly
improves power absorption but requires higher PTO capacities.
In contrast, the passive control strategy could reduce the required
PTO capacities while it corresponds to low power absorption. In
order to reach a suitable PTO rating and retain an adequate level
of power production at the same time, they came up with a trade-
off tactic by adapting the PTO control strategy to different wave
states.

• The second type of method is to increase the speed of the buoy by
means of adding an intermediate transmission mechanism, such
as a gearbox. For instance, a linear generator coupled with a
speed amplifying gearbox was designed for a WEC concept in Liu
et al. (2021), in which the relative speed between the stator and
translator was therefore increased. In this sense, a smaller PTO
force is sufficient to supply a similar output power level with low-
speed PTO systems. However, the addition of transmission stages
in the PTO system could decrease the reliability and conversion
efficiency.

• Alternatively, an adjustable draft system has been recently pro-
posed to improve the power performance of point absorbers
operating in conditions with constrained PTO forces (Tan et al.,
2020). The system was designed to implement the buoy draft
adjustment by changing the ballast water inside the buoy. In this
way, both the hydrostatic stiffness and mass of the buoy can
be regulated, which enables the variation of the buoy’s natural
frequency. Subsequently, increased displacement and speed can
be achieved over a range of wave periods for the buoy. As a
consequence, the power absorption of WECs coupled with the
adjustable draft system tends to be less affected by the downsized
PTO capacity with regard to the conventional fixed-draft point
absorbers.

The draft adjustment in the proposed adjustable draft system is
ealized by changing the ballast water inside the buoy. In recent
ears, the influence of the ballast and draft design on the performance
f WECs has been analyzed in a few of the literature, in which its
mportance was emphasized. In Flocard and Finnigan (2012) and Qiu
t al. (2013) the effect of ballast configuration on the power absorption
fficiency was analyzed by experimental studies. According to their
esults, the power capture factor can be increased by 15% to 40% in
rregular wave states. In Colby et al. (2011), an optimization of the
allast geometry of a floating wave energy converter was carried out
sing an evolutionary algorithm. The optimized ballast design leads to
n 84% improvement in power production compared to the ballast-
ree device. In Wang and Ringwood (2021), the ballast design of a
hree-body hinge-barge type wave energy converter was analyzed, in
hich the influence of control strategy and geometrical size were

aken into consideration. It showed that the center of gravity of the
evice is strongly related to the ballast configuration, which has a
ignificant influence on the power performance of that type of WEC.
n a particular irregular sea state, the maximum improvement in the
ower output resulting from the optimized ballast design reaches 70.8%
ver the original configuration. In Temiz et al. (2021), the influence of
allast distribution on the initial rest angle, the moment of inertia, RAO
response amplitude operator) and power production of a pitching WEC
as studied. To save the computational load, an analytical model was

ormulated to accelerate the ballast optimization. The results indicated
hat increasing the ballast inertial moment leads to lower resonance
requencies and higher peak responses. Besides, it suggested that the
allast design could make a remarkable impact on the power absorption
n sea states with a peak period below the range of attainable resonance
2

periods of the pitching absorber. The impact of the draft design on the
hydrodynamic performance of a floating WEC was studied in Stallard
et al. (2009) by means of experimental tests. The results showed that
the heaving responses in heavy waves can be effectively limited by
varying the draft to cause upper surface immersion of the floater.
In Wang et al. (2022a) and Wang et al. (2022e), a control-strategy-
informed optimization routine was established and applied to search
for the optimal geometry for WECs, in which the buoy draft or water
ballast positioning was considered as one of the optimization variables.
The results showed that the buoy draft or the water ballast could make
a clear difference in energy harvesting. It is noted that the literature
mentioned above mainly focused on the relevance of the ballast or
draft on the hydrodynamic performance and power absorption stage of
WECs, while the adjustable draft system was designed with an emphasis
on mitigating the negative effects of downsizing PTO capacities.

The conceptual design of the adjustable draft WEC has been proven
to be of much potential in Tan et al. (2020) and Tan et al. (2022a),
but the effects of the draft adjustment on the systematic performance
of the WEC still remain unclear. Specifically, applying the adjustable
draft system is able to increase the absorbed power for point absorbers
with downsized PTO systems. However, as a whole system, the draft
variation would inevitably make a difference to the PTO performance.
On the one hand, the adjustable draft system contributes to a higher
buoy velocity. In electrical generators, the higher translator velocity
is normally associated with fewer copper losses and then higher con-
version efficiency. On the other hand, as the buoy of point absorbers is
commonly coupled with the PTO system, the draft variation could affect
the symmetry of the effective stroke. Particularly, if the linear generator
is used as the PTO system, the draft variation could also have an
influence on the duration of the partial overlap between the translator
and stator. As presented in Tan et al. (2022b), during the partial overlap
only a portion of the stator is used and the stator current has to be
driven higher for supplying the required PTO force, which thus implies
the reduction of the efficiency of the generator. Nevertheless, these
effects on the PTO system and the overall performance of the WEC were
not discussed in Tan et al. (2022a). Instead, it was only investigated in
such a way assuming a simplified damper-like PTO model. To provide
a solid performance evaluation of the WEC applying the adjustable
draft system, it is of significance to carry out a wave-to-wire analysis
on all the relevant energy conversion stages of the WEC, including
the wave-buoy hydrodynamics, energy transmission, and electricity
generation.

A variety of wave-to-wire models have been developed in the re-
cent years. Regarding the power absorption stage, the wave-buoy hy-
drodynamics can be calculated by linear modeling, weakly nonlinear
modeling or fully nonlinear modeling. From the perspective of en-
ergy transmission, wave-to-wire models differ by using pneumatic,
hydraulic or mechanical PTO modeling. For the electricity generation
stage, wave-to-wire models could be mainly divided by applying the
rotary or linear electric generator model. For instance, a high-fidelity
wave-to-wire model was proposed and validated for point absorbers
in Penalba and Ringwood (2019), Penalba et al. (2017d) and Penalba
et al. (2017a). The nonlinear Froude–Krylov force and viscous force
were incorporated into the hydrodynamic model, and a hydraulic PTO
model coupled with a rotary electric generator model was used to
mimic the power transmission and generation stages. By means of the
proposed model, the influence of the configuration of the hydraulic
PTO system on systematic performance was investigated. In Forehand
et al. (2015), a wave-to-wire model was presented for studying an
array of point absorbers. It was established by integrating a hydrody-
namic model including the nonlinear hydrostatic force, a hydraulic PTO
model, an induction rotary generator model and an electric network
model. The interaction between the electric network and the dynamic
responses of the array was studied, and the importance of the wave-to-
wire model in the whole system design was identified. A fully-coupled

model was applied in Saenz-Aguirre et al. (2021) to demonstrate the
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power improvement of the point absorbers with a linear generator by
using a field weakening control strategy in the PTO system. A linear
hydrodynamic model and an electric model of linear generators are
included in the wave-to-wire model, and the power production of the
WECs at various wave states was revealed. In recent years, authors
in Wang et al. (2020), Wang (2017) and Wang et al. (2022c) have
carried out a series of wave-to-wire studies for point absorbers with
linear PM generators. It has been indicated in Wang et al. (2020) and
Wang et al. (2022c) that, for an isolated WEC connected to a DC circuit,
the tuning of electric loads could play a significant role in electrical
power generation. An optimization routine was proposed in their stud-
ies to obtain the optimal resistor value for improving the electrical
power. In Josset et al. (2007), the wave-to-wire model was derived
for a pendulum-type WEC with a PTO system comprising hydraulic
rams, an accumulator and a hydraulic generator. The model results
showed that electricity production can be discontinuous in irregular
wave states. This is because the converted power by the considered
electrical generator was at a higher rate than the power transmitted
from the hydraulic rams to the accumulator. The wave-to-wire process
of oscillating water column (OWC) devices has also been studied in a set
of recent literature (Ciappi et al., 2020, 2022a,b; Suchithra et al., 2019;
Gurnari et al., 2020; Benreguig et al., 2019; Kelly et al., 2015; Bailey
et al., 2016; Liu et al., 2022). These studies applied different methods
to model the hydrodynamics, aerodynamics and thermodynamics of
the air chamber and air turbines. The interaction between the air
turbines and the electrical generators was also analyzed. Various air
chamber designs coupled with Wells turbines or impulse turbines were
considered in the studies, and their power performance was identified.

As a follow-up study of Tan et al. (2022a), the objective of the
present paper is to establish a wave-to-wire model for the adjustable
draft WEC and thoroughly reveal the impacts of the adjustable draft
system on power performance. The paper starts with a brief description
of the adjustable draft WEC. Next, the formulation of the wave-to-
wire model is presented. An algebraic nonlinear time domain model
is applied to simulate the dynamic behavior of the WEC, in which two
nonlinear force components, namely the nonlinear Froude–Krylov force
and viscous force, are included. The responses of the linear generator
are calculated by an analytical model, in which the no-load voltage,
current, losses and resulting generator force can be obtained. The
negative effects resulting from the draft adjustment on the power per-
formance are studied, including the non-symmetry of the stroke and the
partial overlap between the stator and translator. The delivered electri-
cal power and PTO conversion efficiency of the WEC are identified in
both regular and irregular wave conditions. A performance comparison
between the adjustable draft absorber and the semi-submerged fixed
draft point absorber is made. Finally, a conclusion is drawn.

2. Concept description

This section describes the conceptual design of the adjustable draft
WEC. A generic heaving point absorber is used as the WEC reference
in this study. During the operation, the floating buoy of the point
absorber is excited by incoming waves to move up and down, in which
wave power is captured by the buoy as mechanical energy. Then, the
mechanical energy stored in the motion of the buoy is taken by the PTO
system and converted to usable electricity. The geometry of the floating
buoy is a sphere with a radius of 3.5 m. The schematic of the adjustable
draft WEC concept is shown in Fig. 1(a). In the adjustable draft WEC
concept, a ballast pump is installed for implementing the adjustment of
the buoy draft. The adjustable range of the buoy draft, indicated by ℎ𝑎
in Fig. 1(a), is defined as from 3.5 m to 5.0 m in the present study,
although the desired range could differ with the variation of buoy
geometry, size and wave resource. The total mass of the buoy can be
changed by varying the ballast water inside the buoy. It is assumed that
the buoy without ballast water naturally floats at the minimum draft
of 3.5 m in still water. The ballast water inside the buoy is regulated
3

by the pump to reach a certain buoy draft. It is assumed that the draft
could be efficiently adjusted to the expected value in each wave state. A
linear generator is bottom-founded serving as the PTO system, and the
translator is directly connected to the buoy. A back-to-back electronic
converter is equipped after the generator to connect the WEC to the
electrical grid (Polinder et al., 2004) (see Fig. 1).

As the allowable stroke is unchangeable for a certain linear genera-
tor, increasing the buoy draft reduces the lower half of the stroke. For
a compromise, the translator is therefore placed at the position where
the horizontal center lines of the translator and stator are aligned when
the buoy draft is 4.25 m. The effects of the draft adjustment on the
motion of the buoy and the overlap between the stator and translator
are demonstrated in detail in Section 4.3. In addition, the displacement
of the buoy is limited to protect the structure, and the limit is set to 0.8
times the radius of the spherical buoy in this work.

3. Wave-to-wire modeling

The wave-to-wire model established in this paper comprises three
main components: representation of wave input, nonlinear hydrody-
namic modeling and analytical generator modeling. The diagram of
the model is shown in Fig. 2. The incoming waves are considered
unidirectional Airy waves. Nonlinear time-domain hydrodynamic mod-
eling is adopted to describe the wave-buoy interaction. An analytical
generator model is used to mimic the responses of the linear generator
and converter. The hydrodynamic and electrical models are linked in
such a way that the position and velocity of the buoy are taken as inputs
to the generator and the generator makes the corresponding PTO force
interact with the dynamics of the buoy. The simulation is performed
based on the numerical integration scheme ODE solver in MATLAB
environment. The main formulations of each stage in the wave-to-wire
model are presented in the following text.

3.1. Stage 1: Representation of incoming waves

The incoming waves are represented based on linear wave theory,
and unidirectional waves are considered in this work (Falnes, 2003).
The regular wave input is defined as

𝜂𝑟𝑒(𝑡) = 𝜁𝑎 cos(𝑘𝑥 − 𝜔𝑡) (1)

where 𝑡 is 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 theory, irregular waves are expressed as

𝜂𝑖𝑟𝑟(𝑡) =
𝑁
∑

𝑗=1
𝜁𝑎(𝜔𝑗 ) cos(𝑘(𝜔𝑗 )𝑥 − 𝜔𝑗 𝑡 + 𝜑(𝜔𝑗 )) (2)

where 𝜂𝑖𝑟𝑟 is the wave elevation in irregular wave states, 𝑗 corresponds
to the 𝑗𝑡ℎ frequency component, and 𝑁 is the total number of the
considered frequency components; 𝑘(𝜔𝑗 ), 𝜁𝑎(𝜔𝑗 ) and 𝜑(𝜔𝑗 ) are the wave
number, wave amplitude and phase of the regular wave component
corresponding to wave frequency 𝜔𝑗 . The Jonswap spectrum with a
peakedness factor of 3.3 is applied in this work, but the expression (2)
is also flexible to other wave spectra (Journée et al., 2015).

3.2. Stage 2: Nonlinear hydrodynamic modeling

The interaction between the buoy and incoming waves is described
by hydrodynamic modeling. The buoy is constrained to move in a
heaving direction, and only this degree of freedom is discussed. The
motion of a floating buoy can be described based on Cummins equa-
tion (Cummins et al., 1962) as
(𝑚 +𝑀𝑟(∞))�̈�(𝑡) = 𝑭 𝑭𝑲𝒔𝒕

− 𝑚𝑔 + 𝑭 𝑭𝑲𝒅𝒚
+ 𝑭 𝒈𝒆 + 𝑭𝑫 + 𝑭 𝒗𝒊𝒔

+∫

𝑡

−∞
𝐾𝑟𝑎𝑑 (𝑡 − 𝜏)�̇�(𝜏)𝑑𝜏

(3)
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Fig. 1. Illustration of the concept of the adjustable draft WEC studied in this work.
in which m is the mass of the oscillating body, 𝑭 𝑭𝑲𝒔𝒕
is the static

Froude–Krylov force, 𝑭 𝑭𝑲𝒅𝒚
is the dynamic Froude–Krylov force, 𝑭𝑫

is the diffraction force, 𝐾𝑟𝑎𝑑 radiation impulse function, 𝑭 𝒈𝒆 is the PTO
force or generator force, 𝒛 is the displacement of the buoy, �̇� is the
velocity of the buoy, 𝑭 𝒗𝒊𝒔 is the viscous force, and 𝑭 𝒆𝒔 is the end stop
force for preventing the excessive displacement of the buoy. 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 𝑅𝑖(𝜔) and added mass 𝑀𝑟(𝜔).

The Froude–Krylov force components, including 𝑭 𝑭𝑲𝒔𝒕
and 𝑭 𝑭𝑲𝒅𝒚

,
are defined as the integration of incoming wave pressure over the
wetted surface of the body. The nonlinear Froude–Krylov forces are
calculated by an algebraic method (Giorgi and Ringwood, 2017a,d). In
the method, the pressure is derived based on linear wave theory, but the
instantaneous wetted surface and free surface are considered. As stated
in Tan et al. (2022a), for spherical buoys with arbitrary drafts, the
algebraic solutions to nonlinear Froude–Krylov forces can be obtained
4

as

𝑭 𝑭𝑲𝒔𝒕
= −2𝜋𝜌𝑔

[

𝜎3

3
+ (𝑧(𝑡) − ℎ0 + 𝑅)𝜎

2

2

]𝜎2

𝜎1
(4)

𝑭 𝑭𝑲𝒅𝒚(𝒓𝒆)
= −2𝜋

𝑘
𝜌𝑔𝑎 cos(−𝜔𝑡)

[

((𝑧(𝑡) − ℎ0 + 𝑅) + 1
𝑘
− 𝜎)𝑒𝑘𝜎

]𝜎2

𝜎1
(5)

in which 𝑭 𝑭𝑲𝒔𝒕
represents the static Froude–Krylov force, 𝑭 𝑭𝑲𝒅𝒚(𝒓𝒆)

rep-
resents the dynamic Froude–Krylov force in regular wave conditions, 𝑘
is the wave number, 𝜌 stands for the water density, 𝜎 is the vertical
coordinate in the parametric cylindrical coordinate system, 𝑧 is the
vertical displacement of the buoy, ℎ0 is the draft of the buoy in still
water, and 𝑅 is the radius of the spherical buoy. The integral limits,
namely 𝜎1 and 𝜎2, are defined as
{

𝜎1 = 𝑧(𝑡) − ℎ0 (6)

𝜎2 = 𝜂(𝑡)
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here 𝜂 represents instantaneous wave elevation. In irregular waves,
he solution to the dynamic Froude–Krylov force is adapted to be
7) based on the superposition theory (Tan et al., 2022a), while other
ormulations remain identical.

𝑭𝑲𝒅𝒚(𝒊𝒓𝒓)
=

𝑁
∑

𝑗=1
− 2𝜋
𝑘(𝜔𝑗 )

𝜌𝑔𝜁𝑎(𝜔𝑗 )(cos(−𝜔𝑗 𝑡 + 𝜑(𝜔𝑗 )))

[

((𝑧(𝑡) − ℎ0 + 𝑅) + 1
𝑘(𝜔𝑗 )

− 𝜎)𝑒𝑘(𝜔𝑗 )𝜎
]𝜎2

𝜎1

(7)

where 𝑭 𝑭𝑲𝒅𝒚(𝒊𝒓𝒓)
embodies the dynamic Froude–Krylov force in irreg-

ular wave conditions. During the calculation of the nonlinear Froude–
Krylov force, Wheeler stretching theory is used to modify the pressure
profile in order for a better modeling accuracy (Giorgi and Ringwood,
2017c).

As the passive control strategy is used for the WEC in this paper,
the PTO force can be expressed as

𝑭 𝒈𝒆(𝑡) = −𝐵𝑝𝑡𝑜�̇�(𝑡) (8)

where 𝑭 𝒈𝒆 represents the generator force, and 𝐵𝑝𝑡𝑜 represents the PTO
damping coefficient. The variation of PTO damping implies the control
of the PTO force acting on the WEC. This is realized by the back-to-
back voltage source electronic inverter to regulate the stator current
and terminal voltage (Polinder et al., 2004). The operation of the
inverter will be detailed in the next subsection. According to Giorgi
and Ringwood (2017a), the diffraction force is calculated as

𝑭𝑫 (𝑡) = −∫

∞

−∞
𝐾𝑑𝑖𝑓𝑓 (𝑡 − 𝜏)𝜂(𝜏)d𝜏 (9)

where 𝐾𝑑𝑖𝑓𝑓 is the diffraction impulse function, 𝜏 is an intermediate
variable.

An end-stop force is applied to prevent the buoy from exceeding the
predefined displacement limit, and it can be expressed as

𝑭 𝒆𝒔(𝑡) =

{

0, |𝑧(𝑡)| ≤ 𝑆𝑚
−𝐾𝑒𝑠

𝑧(𝑡)−𝑆𝑚
|𝑧(𝑡)−𝑆𝑚|

|𝑧(𝑡) − 𝑆𝑚|, |𝑧(𝑡)| > 𝑆𝑚
(10)

where 𝑭 𝒆𝒔 represents the end-stop force, 𝐾𝑒𝑠 is the stiffness coefficient
of the end-stop spring, and it is set as 500 kN∕m in this work; 𝑧 is
5

the magnitude of the vertical displacement and 𝑆𝑚 is the displacement
limit.

The viscous drag force can be calculated as such a term similar to
the drag component in Morison’s equation (Babarit et al., 2012), as

𝑭 𝒗𝒊𝒔 = −1
2
𝜌𝐶𝐷𝐴𝐷|�̇� − 𝒖𝟎|(�̇� − 𝒖𝟎) (11)

here 𝑭 𝒗𝒊𝒔 is the viscous force, 𝜌 is water density, 𝐶𝐷 is the drag
oefficient, 𝐴𝐷 is the characteristic area of the buoy, and 𝒖𝟎 embodies
he undisturbed flow velocity at the centroid of the buoy. Given the
uoy geometry, a value of 0.6 is selected as the drag coefficient 𝐴𝐷,
eferring to Giorgi and Ringwood (2017b).

.3. Stage 3: Analytical electrical modeling

The linear generator and the electronic converter are in charge of
onverting mechanical energy to usable electricity, and this process
s described by analytical electrical modeling. During operation, the
ncoming waves excite the motion of the buoy which is connected to
he translator of the generator, and thus the no-load voltage is induced.
orrespondingly, the generator produces the resulting PTO force to

nteract with the dynamics of the buoy. The main formulations of the
pplied electrical modeling are presented as follows.

According to Polinder et al. (2004), the fundamental space har-
onic of the magnetic flux density in the air gap resulting from the
agnets can be calculated as

̂𝑔𝑚 =
𝑙𝑚

𝜇𝑟𝑚𝑔𝑒𝑓𝑓
𝐵𝑟𝑚

4
𝜋
sin (

𝜋𝑏𝑝
2𝜏𝑝

) (12)

here �̂�𝑔𝑚 is the fundamental space harmonic of the magnetic flux
ensity in the air gap, 𝑙𝑚 is the magnet length in the magnetization
irection, 𝑔𝑒𝑓𝑓 is the effective air gap, 𝜇𝑟𝑚 is the recoil permeability of
he magnets, 𝐵𝑟𝑚 is the remanent flux density of the magnets, 𝑏𝑝 is the
agnet pole width, and 𝜏𝑝 is the pole pitch. Then, the root mean square

RMS) of the no-load phase voltage induced by this flux density in the
tator winding is

𝑝 =
√

2|�̇�|𝑝𝑙𝑠𝑁𝑠𝑘𝑤�̂�𝑔𝑚
𝑙𝑎𝑐𝑡 (13)

𝐿𝑠𝑡𝑎
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Fig. 3. Equivalent circuit of the linear PM generator and the phasor diagram with the converter. 𝑅𝑡 and 𝑋𝑡 embody the stator phase resistance and stator phase reactance.
where 𝐸𝑝 is the no-load voltage, 𝑝 is the number of pole pairs, 𝑙𝑠 is the
stack length, 𝑁𝑠 is the number of conductors per slot, 𝑙𝑎𝑐𝑡 is the actual
length of the overlap between the stator and translator, 𝐿𝑠𝑡𝑎 is the stator
length, and 𝑘𝑤 is the winding factor.

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

𝑙𝑎𝑐𝑡
𝐿𝑠𝑡𝑎

(14)

where 𝑃𝐹𝑒 is the total iron losses of the generator, 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 and yoke. �̂�𝑠𝑡 and �̂�𝑠𝑦 can be
calculated as

�̂�𝑠𝑡 = �̂�𝑔𝑚
𝜏𝑠
𝑏𝑡

(15)

�̂�𝑠𝑦 = �̂�𝑔𝑚
𝜏𝑝

𝜋ℎ𝑠𝑦
(16)

where 𝜏𝑠 is the slot pitch; 𝑏𝑡 and ℎ𝑠𝑦 are the tooth width and stator yoke
height. The power into the generator winding results from the balance
between the absorbed power and iron losses, and it is expressed as

𝑃𝑤𝑑 = 𝑭 𝒈𝒆�̇� − 𝑃𝐹𝑒𝑠 (17)

where 𝑃𝑤𝑑 embodies the power taken by the winding of the electrical
machine.

In order to achieve higher system efficiency, a back-to-back voltage
source inverter is applied for connecting the WEC to the grid (Polinder
et al., 2004; Wang et al., 2022d,b). In this inverter, the current 𝐼𝑠 is
initially regulated to be in phase with the no-load voltage 𝐸𝑝. Thus,
the current 𝐼𝑠 is calculated as

𝐼𝑠 =
𝑃𝑤𝑑
3𝐸𝑝

(18)

The current 𝐼𝑠 is constrained to the maximum current limit of the
converter 𝐼𝑐𝑜𝑛𝑚, once it is about to exceed the limit. In these conditions,
the terminal voltage 𝑈𝑠 can be obtained based on the left phasor
diagram shown in Fig. 3.

If the resulting terminal voltage 𝑈𝑠 is about to violate the maximum
voltage limit 𝑈𝑐𝑜𝑛𝑚, the current 𝐼𝑠 is divided into a quadrature (or force-
making) component 𝐼𝑠𝑞 and a direct (or flux making) component 𝐼𝑠𝑑 .
The direct current component 𝐼𝑠𝑑 could reduce the absolute value of
the terminal voltage 𝑈𝑠 to comply with the voltage limit. This can be
calculated based on the second phasor diagram in Fig. 3. If the resulting
current under this condition is larger than the maximum converter
current, the operating point is defined by the maximum converter
current and voltage. As a consequence, the actual generator force would
be less than the required generator force.

After the current 𝐼𝑠 is determined the copper losses 𝑃𝑐𝑜𝑝𝑝𝑒𝑟 can be
calculated as

𝑃 = 3𝐼2𝑅 (19)
6

𝑐𝑜𝑝𝑝𝑒𝑟 𝑠 𝑡
where 𝑅𝑡 is the stator phase resistance. For simplification, the converter
losses are assumed to be only related to the generator side in this model,
which can be expressed as

𝑃𝑐𝑜𝑛𝑣 =
𝑃𝑐𝑜𝑛𝑣𝑚
31

[

1 + 20
𝐼𝑠
𝐼𝑠𝑚

+ 10
( 𝐼𝑠
𝐼𝑠𝑚

)2] (20)

where 𝑃𝑐𝑜𝑛𝑣 is the total converter losses, 𝑃𝑐𝑜𝑛𝑣𝑚 is the dissipation in
the converter at the rated power, and it is assumed to be 3% of the
converter’s rated power (Polinder et al., 2006); 𝐼𝑠𝑚 is the magnitude
of the maximum generator side current of the converter. In (20), 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 switching losses and conduction losses; the
third term is proportional to the current squared, which corresponds to
the conduction losses (Polinder et al., 2006). This analytical electrical
model has been demonstrated and validated, and more details are
provided in Polinder et al. (2004).

It should be acknowledged that, for a stand-alone WEC connected
to the DC circuit, the electric load could also make a difference to the
power performance of the WEC (Wang et al., 2020). However, in the
present work, the linear PM generator is designed to be connected to
the electrical grid, as shown in Prado and Polinder (2013). Then it
is fair to assume that the electrical grid side is capable of consuming
all the power produced by the WEC. Thus, the load variation on the
electrical grid is thought to make a negligible difference to the WEC
performance.

3.4. Specification of the electric generator

In the present paper, the generator is rated to supply a sufficient
force for maximizing power absorption in the most frequent sea state of
the sea site Yeu island. The sea state is with the crossing-zero period 𝑇𝑧
of 5.5 s and significant wave height 𝐻𝑠 of 1 m, as shown in Babarit et al.
(2012). The buoy is considered to be semi-submerged during this gen-
erator rating process. Fig. 4 shows the relationship between absorbed
power, RMS value of the PTO force and PTO damping coefficient at that
sea state. It can be observed that a RMS PTO force of 40 kN is required
to achieve the maximum absorbed power.

In irregular wave states, the dynamic response of the system is
stochastic, and therefore the probability of exceeding the force limit
should be maintained within a certain level. For example, PTO force
saturation is associated with large currents, and highly frequent PTO
force saturation might lead to overheating conditions. Thus, it is essen-
tial to define a tolerance on the exceedance during the generator design
phase. In this paper, the tolerance on the exceedance of the designed
generator force is considered as 10%. If the dynamic process of the
WEC is assumed to be Gaussian with zero mean, the amplitude of the
variables can be characterized by the Rayleigh distribution (Journée
et al., 2015). Hence, the probability of exceeding the PTO force limit
can be calculated by

𝑃 (𝑠) = exp (
−𝐹 2

𝑚
2
) (21)
2𝜎𝐹
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Fig. 4. Absorbed power and RMS PTO force as a function of PTO damping coefficient, with 𝐻𝑠 = 1 m and 𝑇𝑧 = 5.5 s.
where 𝜎𝐹 represents the standard deviation of PTO force equaling its
RMS value in this case, and 𝐹𝑚 is the designed maximum generator
force. Given the 𝜎𝐹 of 40 kN, the designed maximum generator force
is calculated by (21) as 85 kN.

The size of the linear generator is determined based on the force
density of the machine (Tan et al., 2021b, 2022b). The designed
maximum generator force is calculated as

𝐹𝑚 = 2𝜌𝑓𝑜𝑟𝑐𝑒𝐿𝑠𝑡𝑎𝑙𝑠𝑡𝑎 (22)

where 𝜌𝑓𝑜𝑟𝑐𝑒 is the force density of the generator, 𝐿𝑠𝑡𝑎 and 𝑙𝑠𝑡𝑎 are the
stator length and stack length, and a factor of 2 is included since the
machine is double-sided. The generator adopted in this paper is scaled
based on the design of the linear generator of the AWS (Prado and
Polinder, 2013). The scale factor of the generator is introduced as

𝜆 =
𝑆𝑠
𝑆𝑜

(23)

where 𝑆𝑠 and 𝑆𝑜 represent the stator length, the translator length
and the stack length of the scaled generator and original generator
respectively; subscript ‘s’ and ‘o’ represent the scaled and original
machines. For simplification, the stator, translator and stack length are
scaled together in this work while they are in practice independent
sizing parameters. As stated in Polinder (2013), the force density is
rather constant for differently-sized generators. Therefore, the designed
maximum generator force is thought proportional to the active surface
area of the machine, and the maximum force of the scaled machine is
related to the reference machine by

𝐹𝑚𝑠
= 𝜆2𝐹𝑚𝑜

(24)

As in Polinder et al. (2004), the maximum force of the reference
generator is 933 kN for two installed machines, and the translator,
stator and stack length are reported as 8 m, 5 m and 1 m respectively.
As the WEC in this paper only adopts a single machine, then the
scale factor 𝜆 is calculated as around 0.43. Therefore, the values of
the translator, stator and stack length of the scaled machine can be
obtained by (23). In addition, the rating of the converter of the scaled
generator follows

𝐼𝑐𝑜𝑛𝑣𝑠 = 𝐼𝑐𝑜𝑛𝑣𝑜 (25)

𝑈𝑐𝑜𝑛𝑣𝑠 = 𝜆2𝑈𝑐𝑜𝑛𝑣𝑜 (26)

where 𝐼𝑐𝑜𝑛𝑣 and 𝑈𝑐𝑜𝑛𝑣 are the rated phase current and voltage of the
converter. For the original reference generator, the rated phase current
𝐼𝑐𝑜𝑛𝑣𝑜 and voltage are 𝑈𝑐𝑜𝑛𝑣𝑜 are 400 A and 1500 V (Polinder et al.,
2004). Other parameters of the scaled generator remain unchanged
with respect to the reference machine, and the specification of the
generator used in this paper is shown in Table 1.
7

Table 1
Specification of the sized generator.

Parameters Symbol Quantities

Maximum average power 𝑃𝑟𝑎𝑟𝑒𝑑 187 kW
Maximum force 𝐹𝑚𝑎𝑥 85 kN
Maximum velocity 𝑢𝑚𝑎𝑥 2.2 m/s
Displacement limit 𝑆𝑚 2.8 m
Translator length 𝐿𝑡𝑟𝑎 3.5 m
Stator length 𝐿𝑠𝑡𝑎 2.2 m
Stack length 𝑙𝑠 0.45 m
Air gap length 𝑙𝑔 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 μΩm at 120 ◦C
Copper fill factor 𝑘𝑠𝑓𝑖𝑙 0.6
Number of conductors per slot 𝑁𝑠 6

3.5. Model verification and limitations

The established wave-to-wire model is composed of two main parts,
namely the hydrodynamic modeling and the analytical generator mod-
eling. These two main components have been verified or validated
respectively in previous work. The hydrodynamic stage of the WEC
is modeled by an algebraic nonlinear Froude–Krylov model which
has been verified in Giorgi and Ringwood (2017d) and Giorgi and
Ringwood (2017a). The analytical electrical generator model used in
the current paper is adapted from the model developed for the linear
generator of AWS WEC. The original model has been validated by the
full-scale test as shown in Polinder et al. (2004).

It has to be noted that the established wave-to-wire model has
limited applicability. First, although the algebraic nonlinear Froude–
Krylov model is computationally-efficient, it can only be extended to
axisymmetric and prismatic geometries of floaters (Giorgi and Ring-
wood, 2017d). For more complex geometries, the nonlinear Froude–
Krylov force has to be calculated by numerical approaches (Penalba
et al., 2017b), such as re-meshing panels of instantaneous wetted
surface (Lawson et al., 2014). Secondly, as the magnetic saturation was
not considered in the analytical electrical modeling, the model is only
applicable to operational regions where the stator current is moderate
and the magnetic saturation is negligible (Polinder et al., 2004).
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3.6. Implementation of numerical modeling

In this work, the wave-to-wire model is implemented in Matlab
environment (Matlab 2020) and solved by a numerical integration
scheme, that is ODE 45 solver. The fixed time step is used, and it
is selected as 0.01 times the considered wave period or peak period
in each case. The total simulation length is chosen as 125 times the
considered wave period or peak period, and the length of the ramp
time is chosen as 25 times the considered wave period or peak period.
The calculated responses of the WEC during the period of the ramp
time are not taken into account in the analysis. The initial displacement
and velocity of the buoy of the WEC are defined as zero. In addition,
to efficiently compute the convolution integral of the radiation force,
the state-space representation is applied to approximate the term. The
state-space parameters and the added mass at the infinite frequency are
obtained based on the frequency domain identification method (Pérez
and Fossen, 2008). The hydrodynamic coefficients used in this work are
calculated by Nemoh which is an open-source numerical tool based on
Boundary Element Method (Penalba et al., 2017c).

For the simulation cases applying irregular waves, the JONSWAP
spectrum together with a peakedness factor of 3.3 is implemented. Each
set of irregular waves is summed up by 500 individual harmonic waves
with random phases based on superposition theory (Anon., 2016). The
angular frequencies of the harmonic components range from 0.05 𝜋 to
𝜋 and are uniformly spaced. To mitigate the random errors resulting
rom the random phases, each simulation of irregular waves is re-run
0 times and the mean value is subsequently calculated.

. Results and discussion

This section starts with studying the effect of the draft adjustment
n the hydrodynamic feature of the buoy. Then, the wave-to-wire
esponses of the WEC are presented. Next, the negative effects of the
raft adjustment on the buoy motion and partial overlap between the
tator and translator of the linear generator are demonstrated. Finally,
he performance of the adjustable draft WEC in both regular and
rregular waves is identified and compared with the conventional fixed
raft WEC. The delivered electrical power, PTO conversion efficiency
nd the optimal buoy draft in relation to the wave state are covered in
he comparison.

.1. The hydrodynamic features of the adjustable draft WEC

The hydrodynamic analysis of the adjustable draft WEC has been in-
estigated in detail in Tan et al. (2022a). Thus, only two representative
roprieties, including the response amplitude operators (RAOs) and ab-
orption bandwidth, are discussed here to highlight the hydrodynamic
eatures of the adjustable draft WEC.

The RAOs of the WEC modeled in the nonlinear model are presented
n Fig. 5(a), and the relative error of the linear model to the nonlinear
odel is shown in Fig. 5(b). As the viscous force and nonlinear Froude–
rylov force are not considered in the linear model, it would result in
n overestimation of the motion responses. It is seen that the results
f the linear model are clearly deviating from those of the nonlinear
odel at the wave periods around resonance, and the deviation tends

o be more visible with the increase of the buoy draft. It shows the
mportance of including nonlinear effects, especially when various buoy
rafts are involved. Thus, all results presented hereafter are calculated
y the nonlinear hydrodynamic model. In addition, it can be observed
rom Fig. 5 that the natural period of the WEC is highly dependent on
he buoy draft, and increasing the buoy draft leads to larger natural
eriods.

The power absorption bandwidth is a measure reflecting the fre-
uency range within which the WEC could absorb more than half of
he maximum power. The relative power absorption of the WEC is
8

alculated for different buoy drafts, as shown in Fig. 6. It can be seen
from Fig. 6 that a disadvantage resulting from increasing the buoy
draft is associated with narrower absorption bandwidth. This is mainly
because the buoy mass is increased by enlarging the buoy draft (Tan
et al., 2022a).

4.2. Wave-to-wire responses of the WEC

The systematic responses of the WEC calculated by the established
wave-to-wire model are presented in Figs. 7 and 8, in which the buoy
draft is selected to be 4.0 m as an example. A mild wave state and
a powerful wave state are considered respectively. The profiles of the
RMS no-load voltage in Figs. 7(b) and 8(b) are not sinusoidal because of
the partial overlap between the stator and translator of the generator.
As a consequence, the resulting phase current and terminal voltage in
Figs. 7(c) and 8(c) are not varying sinusoidally either. The effect is
more obvious in the powerful wave state, where the amplitude of the
displacement is larger. In addition, in Fig. 8(c), it is seen the profiles of
the voltage and current are not symmetrical with respect to the dashed
center line of a half oscillation period. Because the geometry center of
the translator in still water is not located parallel to the vertical center
line of the stator. This results in the difference in the duration of the
partial overlap between the buoy’s moving upwards and downwards.
This effect will be demonstrated in detail in Section 4.3. Furthermore,
it can be found from Figs. 7(d) and 8(d) that copper losses account for
a major proportion of electrical losses during energy conversion in this
case.

4.3. Negative effects of the draft adjustment

In the current concept, the buoy and translator are connected in a
rigid way. Then, two effects need to be considered after the adjustable
draft system is adopted. Firstly, the draft adjustment makes the stroke
of the buoy non-symmetrical, and thus the end-stop force takes effect on
one side earlier than on the other side. Secondly, the draft adjustment
makes the duration of the partial overlap between the stator and
translator non-symmetrical, which affects the profile of the induced
voltage and current. Fig. 9 illustrates how the relative position of the
buoy and translator to the stator changes with the buoy draft. It can be
seen that the displacement limits of the adjustable draft WEC, except
for the buoy draft of 4.25 m, are not symmetrical with respect to
the horizontal center line of the stroke. Thus, when the buoy draft
is adjusted to be smaller than 4.25 m, the distance between the top
of the moving parts and the upper end of the stroke is less than that
between the bottom of the moving parts to the lower end of the stroke.
The effect is vice-verse for cases with buoy drafts larger than 4.25 m.
In addition to stroke, it is seen that if the buoy draft is smaller than
4.25 m, the overlap between the translator and stator is reduced when
the buoy moves in an upwards direction. The following two subsections
are intended to demonstrate these two effects on the responses as well
as the power performance of the WEC.

4.3.1. The effect on the stroke
Fig. 10 shows the ratio of the maximum displacement of the semi-

submerged fixed draft WEC to that of the adjustable draft WEC with
the buoy draft adjusted to 3.5 m. Fig. 11 shows the ratio between the
absorbed power of these two WECs. In the calculation, different motion
limits are considered, ranging from 0.6𝑅 to 1.0𝑅. The fixed draft WEC
is a good reference for comparison, since it is not subjected to the effect
of non-symmetrical stroke. It can be seen that, for mild wave states
or large motion limits, the influence is highly limited. However, it is
noticeable for cases with short motion limits and large wave heights.
The displacement ratio (in Fig. 10) and power ratio (in Fig. 11) even
reach 1.14 and 1.07 respectively when the motion limit is 0.6𝑅 and
wave height is 4 m. The longer strokes could mitigate this effect, but the
cost is also correspondingly higher. Thus, the motion limit is selected as
0.8𝑅 in the current design of the adjustable draft WEC as a compromise.
However, it is acknowledged that the non-symmetry stroke effect on
the response of the WEC could be more remarkable if the motion is
amplified by real-time control strategies.
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Fig. 5. The RAOs prediction of the established nonlinear model and the relative error of the linear model to the nonlinear model.
Fig. 6. The relative power absorption of the WEC with different buoy drafts calculated by the nonlinear model, and 𝐻 = 1 m. The PTO damping is tuned to maximize the absorbed
power at the wave period of 𝑇 = 5.5 s.
4.3.2. The effect on the partial overlap
The buoy draft adjustment makes a difference to the duration of

the overlap between the stator and translator, as depicted in Fig. 9. In
Fig. 12, the RMS no-load voltage and phase current profiles of the semi-
submerged fixed draft WEC and adjustable draft WEC are compared, in
which the buoy draft of the adjustable draft WEC is adjusted to 3.5 m
in this case. It is visible in Fig. 12(a) that the adjustable draft WEC
has a lower RMS no-load voltage profile than the fixed draft WEC over
9

a proportion of each oscillation. This is because the upper part of the
translator 𝑇𝑢 is larger than 𝑇𝑙 in the case with the draft of 3.5 m as
shown in Fig. 9. The complete overlap of the adjustable draft WEC is,
therefore, shorter when the buoy is moving in an upwards direction,
and then the resulting no-load voltage is lower than the fixed draft
WEC. As a consequence, the phase current needs to be correspondingly
increased for supplying the required generator force, as is shown in
Fig. 12(b).
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Fig. 7. Wave-to-wire response of the WEC in a mild wave state (𝐻 = 1.5 m, 𝑇 = 5.5 s), and 𝐵𝑝𝑡𝑜 = 50 kNs∕m.
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The effect of the non-symmetrical partial overlap on the power
eneration in different wave periods and heights is depicted in Fig. 13.
he electrical power of the fixed draft WEC is normalized to that of the
djustable draft WEC. It can be seen that the effect generally tends to be
tronger with the increase of the wave height. In addition, the normal-
zed power ratio slightly decreases from the wave height of 3.5 m to 4 m
or the wave period of 5 s. It can be explained by the fact that the partial
verlap comes to play in both upwards and downwards buoy motion in
arge wave heights, and the adjustable draft WEC has a longer duration
f the complete overlap in the downwards motion. Fig. 14 depicts that
nlarging the translator length could effectively mitigate the effect of
he non-symmetrical overlap. For instance, increasing the translator
ength from 3.2 m to 4 m could reduce the normalized power ratio from
.05 to 1.01 at the wave height of 1.5 m. However, longer translators
mply more materials and thus a higher cost on the generator, and a
ompromise needs to be made for this issue. In the current design of
he adjustable draft WEC, the translator length is determined as 3.5 m.

.4. Performance identification

The power performance of the adjustable draft WEC is demonstrated
n this part. It is assumed that the buoy draft can always be suitably and
ffectively adjusted to each wave state for maximizing the delivered
ower. The power performance of the WEC with the fixed buoy draft
f 3.5 m, namely the semi-submerged WEC, is also presented for
omparison.

.4.1. PTO damping optimization
The PTO damping is important to power extraction. However, the

ptimal PTO damping for the absorbed mechanical power is not neces-
10

arily associated with the maximum electrical power since the influence t
f the PTO damping on the generator efficiency also plays a role (Coe
t al., 2021). In Fig. 15, the relationship between the PTO damping,
bsorbed power, electrical power and generator efficiency is depicted.
he maximum generator efficiency is 70% and it occurs at the PTO
amping of around 25 kNm∕s. However, the maximum absorbed power
s obtained at the PTO damping of 150 kNm∕s which is associated
ith the generator efficiency of approximately 45%. So, there is an
bvious mismatch, and the maximization of the absorbed power does
ot necessarily result in the maximum delivered electrical power. As a
ollective consequence of the generator efficiency and absorbed power,
he optimal PTO damping corresponding to the maximum electrical
ower is 100 kNm∕s. In this case, the deviation of the PTO damping
ptimal to the absorbed power from that optimal to the electrical power
eaches 50%.

Fig. 16 shows the influence of the PTO damping on the proportion
f losses. It could explain the tendency of the generator efficiency
ith the PTO damping shown in Fig. 15. At very small PTO damping

oefficients, the iron losses make up a major part of the total losses.
his is because the movement speed of the translator is high, which
esults in high generator frequencies. The iron losses are directly related
o the generator frequency. With the increase of the PTO damping
oefficient, the required PTO force increases, but the movement speed
ecreases. Thus, the no-load voltage decreases and the current has to
e improved to a higher level to supply the required generator force.
n this way, copper losses tend to be more relevant. This explains why
he generator efficiency tends to first increase and then decrease with
he PTO damping coefficient.

It can be noticed that the generator efficiency is strongly related
o the PTO parameters. Optimizing the PTO damping for the absorbed
ower is clearly insufficient for the maximization of the final delivered
ower output, namely the delivered electrical power. Hereafter, the
ower performance of the adjustable draft WEC is identified based on
he optimized PTO damping for the delivered electrical power.
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Fig. 8. Wave-to-wire response of the WEC in a powerful wave state (𝐻 = 3.0 m, 𝑇 = 8.5 s), and 𝐵𝑝𝑡𝑜 = 50 kNs∕m.

Fig. 9. The schematic of the relative positions of the buoy, translator and stator in different buoy drafts. 𝑆𝑢 and 𝑆𝑙 represent the upper and lower part of the stroke relative to
the buoy centroid. 𝑇𝑢 and 𝑇𝑙 represent the upper and lower part of the translator relative to the center line of the stator.
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Fig. 10. The maximum displacement of the fixed draft WEC with the draft of 3.5 m normalized to that of the adjustable draft WEC with the draft of 3.5 m at the undamped
condition, and 𝑇 = 5.0 s. The considered motion limits range from 0.6𝑅 to 1.0𝑅.
Fig. 11. The average absorbed power of the fixed draft WEC with the draft of 3.5 m normalized to that of the adjustable draft WEC with the draft of 3.5 m, and 𝐵𝑝𝑡𝑜 = 30 kNs∕m
and 𝑇 = 7.0 s. The considered motion limits range from 0.6𝑅 to 1.0𝑅.
4.4.2. In regular waves
The delivered electrical power of the adjustable draft WEC is calcu-

lated for regular wave conditions, as shown in Fig. 18. For comparison,
the power performance of the semi-submerged fixed draft WEC is also
presented in the figure. It can be seen that the adjustable draft WEC is
associated with a higher power output over a range of wave periods.
This mainly results from the increased buoy velocity, which is depicted
in Fig. 17. The gain of the power resulting from the adjustable draft
system is mainly observed from the wave period of 4 s to 6 s. For
instance, the highest power for the adjustable draft WEC is around
47 kW at the period of 4.5 s while it is only around 38 kW for the
fixed draft WEC. The improvement is as high as 24%. When the wave
period is below 4 s or above 6 s, the adjustable draft WEC and fixed
draft WEC tend to deliver a similar amount of electrical power.

The electrical losses and the overall generator efficiencies are calcu-
lated for the adjustable draft WEC and the fixed draft WEC respectively,
as shown in Fig. 19. It is reflected that the copper losses and converter
losses make up the major losses in the power conversion stage of this
generator. The maximum values of the copper losses, converter losses
and iron losses are approximately 5 kW, 3 kW and 1 kW respectively.
When the wave periods are below 4 s, the adjustable draft WEC presents
larger copper and converter losses and the fixed draft WEC has a
slightly higher generator efficiency than the adjustable draft WEC. This
mainly results from the negative effects of the draft adjustment on the
symmetry of the stroke and the partial overlap between the stator and
translator, which causes a larger current in the generator and further
12
larger copper and converter losses. At the wave periods from 4 s to
6.5 s, the increased generator efficiencies of the adjustable draft WEC
result from the larger buoy velocity. During these wave periods, the
iron losses of the adjustable draft WEC overtake those of the fixed draft
WEC due to the higher buoy velocity, and the adjustable draft WEC is
associated with relatively higher copper and converter losses than the
fixed draft WEC. But, given the significantly larger power absorption,
the adjustable draft WEC shows a higher generator efficiency than the
fixed draft WEC. For instance, at the wave period of 4.5 s, the generator
efficiency of the adjustable draft WEC is 83% while it is 80% for the
fixed draft WEC. When the wave period is beyond 7 s, there is not any
noticeable difference observed between the generator efficiencies of the
adjustable draft WEC and fixed draft WEC.

To comprehensively reveal the potential of the adjustable draft
system, the performance of the adjustable draft WEC is calculated in
different wave states. The electrical power of the adjustable draft WEC
is normalized to that of the fixed draft WEC, as shown in Fig. 20. It
can be seen that the normalized value is obviously higher than one
over various wave heights. This implies that the adjustable draft system
could lead to higher power production in a broad range of operational
regions. Secondly, it is visible that the normalized value first tends to
decrease and then tends to be relatively constant with the increase in
wave height. This can be attributed to two aspects. First, the adjustable
draft WEC is associated with higher velocity, and the viscous drag force
is proportional to the velocity squared. As the increase of the wave
height results in larger velocity as well as the drag force, the power
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Fig. 12. The effect of the non-uniform partial overlap on the profile of generator responses, and 𝐻 = 2 m, 𝑇 = 7 s and 𝐵𝑝𝑡𝑜 = 30 kNs∕m.
Fig. 13. The average electrical power of the fixed draft WEC with the draft of 3.5 m normalized to that of the adjustable draft WEC with the draft of 3.5 m, and 𝐵𝑝𝑡𝑜 = 30 kNs∕m.
absorption of the adjustable draft WEC is relatively more penalized by
the viscous drag force. Secondly, the defined force limit is not taking
effect in low wave heights. Then, the velocity of the adjustable draft
WEC is not constrained, and it can be much higher than that of the
fixed draft WEC. Because the adjustable draft system is able to tune
the natural period to the incoming waves. Thus, the improvement of
the power production resulting from the adjustable draft system is more
13

pronounced in low wave height.
4.4.3. In irregular waves
Fig. 22 shows the standard deviation of the buoy velocity in irreg-

ular wave states, and the adjustable draft WEC contributes to a higher
velocity within the peak periods between 4.5 s and 6.5 s. For instance,
at the peak period of 5 s, the standard deviation of the buoy velocity is
0.69 m∕s and 0.74 m∕s for the fixed draft WEC and the adjustable draft
WEC respectively. The electrical power delivered by the adjustable
draft WEC and the fixed draft WEC in irregular wave states is presented

in Fig. 21. It can be seen that the power improvement resulting from
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𝑇

Fig. 14. The average electrical power of the fixed draft WEC with the draft of 3.5 m normalized to that of the adjustable draft WEC with the draft of 3.5 m in wave states of
= 7.0 s, and 𝐵𝑝𝑡𝑜 = 30 kNs∕m. Different values of the translator length 𝐿𝑡𝑟𝑎 are considered.
Fig. 15. The absorbed power and generator efficiency of the WEC with the buoy draft of 3.5 m as a function of the PTO damping coefficient, and 𝐻 = 1 m and 𝑇 = 5.5 s.
Fig. 16. The percentage of different types of losses to the total losses of the WEC with the buoy draft of 3.5 m as a function of the PTO damping coefficient, and 𝐻 = 1 m and
𝑇 = 5.5 s.
the adjustable draft system in irregular waves is less noticeable than
that in regular waves. The highest values of the electrical power for the
fixed draft WEC and adjustable draft WEC are approximately 22 kW and
24.5 kW, and the improvement is around 10%. When the peak period
is above 6.0 s, the difference between the electrical power output of
the adjustable draft WEC and the fixed draft WEC is negligible. This
is because increasing the buoy draft reduces the absorption bandwidth
of the buoy, and the narrower bandwidth reflects the incapability in
14

responding to broad wave frequencies other than the natural frequency.
Therefore, the power absorption of the buoy with larger buoy drafts
in irregular waves is weakened with regard to that in regular wave
states.

Fig. 23 shows the generator efficiencies of the adjustable draft WEC
and fixed draft WEC in irregular wave states. the adjustable draft WEC
presents comparable generator efficiencies with the fixed draft WEC
when the peak period is higher than 4.5 s. At the peak period below
4.5 s, the fixed draft WEC is clearly associated with a higher generator

efficiency. For instance, at the peak period of 3.5 s, the generator
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Fig. 17. Standard deviation of the buoy velocity of the adjustable draft WEC and of the fixed draft WEC, with 𝐻 = 2 m and 𝜎𝐹 = 40 kN.
Fig. 18. Comparison between the delivered electrical power of the adjustable draft WEC and of the fixed draft WEC, with 𝐻 = 2 m and 𝜎𝐹 = 40 kN.
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fficiency is 74% for the fixed draft WEC, while it is only 70% for the
djustable draft WEC. This can be attributed to the negative effects of
he draft adjustment on the symmetry of the stroke and the overlap
etween the translator and stator.

.5. Performance of the improved concept of the adjustable draft WEC

The non-symmetry of the stroke and partial overlap between the
ranslator and stator resulting from the draft adjustment has a negative
ffect on the power extraction and generation. To mitigate the effects,
ne possibility is to install a mooring winch inside the buoy to adjust
he available length of the connecting rope, and this is a suitable
lexible connection between the buoy and the translator. The winch
raps or releases the connecting rope to suit the set-up of the buoy
raft, by which the center line of the translator and stator can always
e aligned with each other in the still water level. The schematic of
he improved concept is shown in Fig. 24. Another possibility has
een mentioned in Tan et al. (2022a) for a rigid connection between
he buoy and the translator, in which a hydraulic clamp is installed
nside the buoy to adapt the effective length of the connecting rod
orrespondingly to the draft adjustment. Both of these two types of
esigns could eliminate the non-symmetrical issue resulting from the
raft adjustment.

The generator efficiency of the improved adjustable draft WEC
s shown in Fig. 25. Compared with the original design, the deliv-
red electrical power is increased during the low peak wave periods
rom 3.5 s to 4.5 s. When the peak period is higher than 4.5 s, the
15

enerator efficiencies between the improved designs and the original s
esigns are comparable. Nevertheless, either the mooring winch or
he hydraulic clamp would consume extra energy, which also reduces
he net delivered energy of the WEC. In addition, it is acknowledged
hat the addition of equipment could also increase capital expenditure
nd maintenance demand. As for its economic viability in practice, a
omprehensive techno–economic analysis, as in De Andres et al. (2016),
s demanded as support for making further decisions.

. Summary and conclusion

In this paper, a wave-to-wire model is established to investigate
he system performance of a newly proposed WEC concept, namely
he adjustable draft WEC. The established model integrates a nonlinear
ydrodynamic model with an analytical model for a linear PM genera-
or. The nonlinear Froude–Krylov force and viscous force are covered.
he generator is rated for the most frequent wave state in a sea site of

nterest. The negative effects of the draft adjustment on the stroke and
artial overlap between the stator and translator of the generator are
nalyzed. The performance of the proposed WEC is studied for both
egular and irregular wave conditions. The following conclusions are
rawn.

Firstly, the draft adjustment leads to the non-symmetry of the stroke
nd partial overlap of the generator, which could reduce the power
bsorption and conversion efficiency of the system. Increasing the
troke and translator length could effectively mitigate these effects.
owever, these negative effects could be mitigated by increasing the
troke and translator length, but the cost will also be higher. With
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Fig. 19. Comparison between the generator performance of the adjustable draft WEC and of the fixed draft WEC, with 𝐻 = 2 m and 𝜎𝐹 = 40 kN.

Fig. 20. The electrical power of the adjustable draft WEC normalized to that of the fixed draft WEC in various wave states.
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t

Fig. 21. Comparison between the delivered electrical power of the adjustable draft WEC and of the fixed draft WEC, with 𝐻𝑠 = 2.5 m and 𝜎𝐹 = 40 kN. The shaded area represents
he standard deviation.
Fig. 22. Standard deviation of the buoy velocity of the adjustable draft WEC and of the fixed draft WEC, with 𝐻𝑠 = 2.5 m and 𝜎𝐹 = 40 kN.
Fig. 23. Comparison between the generator efficiency of the adjustable draft WEC and of the fixed draft WEC, with 𝐻𝑠 = 2.5 m and 𝜎𝐹 = 40 kN.
regard to the specified device in this paper, the negative effects on the
power absorption and generator efficiency are not significant.

Secondly, the wave-to-wire model reveals the fact that the max-
imization of the absorbed power and the electrical power results in
significantly different selections of the PTO damping coefficients. In
this particular case, the difference between the resulting PTO damping
coefficients is 50%. The PTO damping coefficient optimal for max-
17

imizing the absorbed power is larger than that for maximizing the
electrical power, due to higher copper losses. It indicates the impor-
tance to incorporate the variation of PTO efficiency during tuning PTO
parameters.

Thirdly, compared with the conventional fixed draft WEC, the ad-
justable draft WEC is beneficial for power production over a range of
wave periods in spite of the negative effects of the draft adjustment.
The maximum improvement of delivered electrical power is around

24% in regular wave states. Besides, the generator efficiency of the
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Fig. 24. Schematic of the improved adjustable draft point absorber.
adjustable draft WEC is higher than the fixed draft WEC for some
particular wave periods since the adjustable draft WEC could contribute
to the increased buoy velocity. At very low wave periods, the generator
efficiency of the adjustable draft WEC is lower because of the negative
effects resulting from the draft adjustment. In irregular wave states, the
18
power improvement by applying the adjustable draft system is reduced
because the semi-submerged fixed draft WEC has wider absorption
bandwidth than the buoy with larger drafts. Nevertheless, a 10% gain
in electrical power can be achieved by using the adjustable draft system
in particular wave states.
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Fig. 25. Comparison between the generator efficiency of the improved adjustable draft WEC and the original adjustable draft WEC, with 𝐻𝑠 = 2.5 m and 𝜎𝐹 = 40 kN.
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