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A B S T R A C T

The Power Take-Off (PTO) rating of Wave Energy Converters (WECs) is generally much higher than the
average extracted power. Scientific literature has indicated that downsizing the PTO capacity to a suitable
level is beneficial for improving the techno-economic competitiveness. In this paper, a novel design, namely
the adjustable draft system, is proposed for point absorbers to implement PTO downsizing. A frequency domain
model is established to calculate the performance of the proposed device. From frequency domain analysis,
two potential advantages are identified by installing the adjustable draft system. Firstly, the excitation force
can be controlled by adjusting the buoy draft, which could be utilized to reduce the required PTO force. This
is helpful for downsizing the PTO capacity. Secondly, the relevant natural frequency of the point absorber can
be adapted to the operating wave states by varying the buoy draft, which improves the power absorption. A
nonlinear approach is adopted specifically for the spherical buoy to include the nonlinear Froude–Krylov force
and viscous drag force. The results show that the nonlinear forces have a significant influence on the power
absorption when operating close to resonance regions. However, the advantages resulting from the proposed
system still can be observed while considering the nonlinear forces. The power absorption can be improved
by 27% and 12% in particular cases of regular and irregular wave states respectively.
1. Introduction

Ocean waves carry large amounts of clean energy, which can make
a significant contribution to global energy demand. A number of tech-
nologies has been proposed to convert wave energy to usable electric-
ity, but wave energy has not yet been widely utilized (Aderinto and
Li, 2018; Lehmann et al., 2017). As one of the important barriers, the
high Levelized Cost Of Energy (LCOE) makes WECs not as competitive
as other renewable energy technologies (De Andres et al., 2017).

An important reason why the economic performance of WECs is
not competitive is that the PTO capacity is generally oversized with
regard to the average extracted power (Tai et al., 2012). In fact, the
cost of PTO systems normally accounts for over 20% of the total Capital
Expenditures (CAPEX), and oversized PTO systems are not econom-
ically favorable (Tan et al., 2022). The difficulty in downsizing the
PTO capacity lies mainly on the characteristics of the wave resource.
Typically, the input wave power in real sea conditions is highly fluctu-
ating and the peak wave power is nearly ten times the average power
during a given sea state (Prado and Polinder, 2013b). To capture more
wave power, the rating of PTO systems is designed to be much higher
than the average absorbed power (Prado and Polinder, 2013a). Besides,
larger PTO capacities are beneficial for WECs sustaining the highly
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fluctuating wave power without damaging the device. For instance,
enlarging the stroke and the size of the PTO system can be used to
reduce the occurrence of the violation of the displacement and PTO
force constraints (Backer, 2009; Sergiienko et al., 2018).

The impact of PTO sizing on the power performance of WECs
has been investigated in scientific literature. The PTO size is com-
monly indicated by its force limit, rated power or peak power. The
downsized PTO capacities are thus associated with tighter force or
power constraints. One approach to comply with the downsized PTO
systems is to take the corresponding constraints into account when
tuning the PTO control parameters. For instance, a PTO sizing method
was presented in Tan et al. (2021a), in which the parameters could
be optimized to maximize the extracted power with the given force
constraint. In Backer (2009), the hydrodynamic optimization of a point
absorber was conducted, and the PTO parameters were tuned with
the given force and displacement constraints. The results showed that
the PTO force limit can not only affect the geometry optimization but
also dramatically penalize the power absorption, especially at powerful
wave states. Alternatively, PTO downsizing can be realized by changing
the control strategy. In Tai et al. (2012), Shek et al. (2008), Tedeschi
and Molinas (2010b, 2012), Tedeschi et al. (2011) and Wang et al.
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(2022, 2020), a series of studies focusing on the influence of the
control strategy on PTO rating and power performance was conducted
through numerical simulation and experiments. It was concluded that
reactive control strategies could improve the average extracted power
remarkably but result in a higher peak to average power ratio. Compar-
atively passive control strategies require a lower PTO force and peak
power rating but correspond to a lower PTO average power absorption.
The research reviewed indicates a conflicting requirement between
maximizing the PTO power absorption and downsizing its capacity,
where a compromise between these two aspects is required. Hence this
paper proposes an alternative approach to downsize the PTO rating
while retaining the power performance at an adequate level.

The adjustable draft system is investigated in this paper to imple-
ment the PTO downsizing of a heaving point absorber, in which the
buoy draft can be ideally adjusted to vary the hydrodynamic properties
of the WEC. The effect of the buoy draft on the performance of WECs
has been investigated in literature (Wen et al., 2018; Shadman et al.,
2018; Al Shami et al., 2019; Wang and Ringwood, 2021; Kurniawan and
Moan, 2013; Stallard et al., 2009). Generally, the effect was discussed in
studies focusing on geometry optimization of the WEC’s floating buoy.
In most cases, the buoy draft has been proven to be related to the
energy absorption efficiency and the absorption bandwidth of WECs, al-
though the specific effect differs with the buoy geometry and size (Wen
et al., 2018; Shadman et al., 2018; Al Shami et al., 2019; Kurniawan
and Moan, 2013; Wang and Ringwood, 2021). Besides, the influence
of the buoy draft adjustment on the hydrodynamic performance of
WECs was investigated in Stallard et al. (2009), which was intended
to explore the possibility for limiting the heaving motion of WECs
in extreme waves by the buoy draft adjustment with upper surface
immersion. Their results showed that the increase of the buoy draft
causes the increase of both the natural period and the hydrodynamic
damping, and the buoy motion can be reduced efficiently by increasing
the floater’s mass. In Stallard et al. (2009), a valuable insight about
the possibilities of making the hydrodynamic performance of WECs
variable by the buoy draft adjustment was provided, which also in-
spired the work in this paper. However, the utilization of the buoy draft
adjustment for downsizing the PTO capacity and improving the power
performance has not been widely discussed. In previous work (Tan
et al., 2020), the adjustable draft system for the use of PTO downsizing
was introduced for the first time, but the focus was mainly on the
preliminary conceptual design.

This paper aims at investigating the power performance of a point
absorber integrated with an adjustable draft system by means of nu-
merical simulation. For this purpose, this paper first provides an insight
into the influence of the buoy draft adjustment on the hydrodynamic
performance of a spherical heaving point absorber. Then, it reveals
the contribution of the adjustable draft system to the adjustment of
the required PTO force. Finally, this paper looks at the improvement
resulting from integrating the adjustable draft system with a point
absorber on the power performance.

An adjustable draft system is proposed for downsizing the PTO
capacity. First, the point absorber concept and the adjustable draft
system are described. Next, a frequency domain model is established
to study the performance of the adjustable draft WEC. Based on the
frequency domain analysis, the effects of the draft adjustment on PTO
performance and natural frequencies of the buoy are discussed. The
variation of the required PTO force and absorbed power with the
buoy draft is presented. In addition, a comparison between power
performance of the adjustable draft WEC and fixed draft WEC is made.
Furthermore, to improve the accuracy, a time domain model is used
to take into account the nonlinear forces. The impact of the nonlinear
forces on the absorbed power of the adjustable draft WEC is shown. The
improvement on the power performance resulting from the adjustable
draft system is evaluated based on the nonlinear time domain model,
2

and both regular and irregular wave states are considered.
2. Concept description

This section describes the concept of the adjustable draft WEC. A
generic heaving point absorber is used as the WEC reference in this
study. The geometry of the floating buoy is a sphere with a diameter
of 5.0 m. The schematic of the adjustable draft WEC concept is shown
in Fig. 1. In this concept, a ballast pump is installed inside the buoy for
implementing the buoy draft adjustment. The minimal and the maximal
adjusted buoy draft are defined as 0.50 and 0.75 times the buoy di-
ameter respectively. In principle, it is possible to extend the adjustable
draft to a wider range by this adjustable draft system. However, further
increasing the buoy draft could result in the occurrence probability
of the floating buoy’s being fully submerged and breaching the water
surface during the operation, which could bring in excessive losses
due to surface tension. On the contrary, by means of the adjustable
draft system, it is possible to decrease the draft to less than 0.5 times
the diameter. But the lower buoy drafts improve the chances of the
buoy leaving and then impacting on the water, causing slamming loads
harmful to the structure (Backer, 2009). As a consequence, both these
two phenomena should be avoided as much as possible in designing
WECs. In addition, both the effects are coupled with highly nonlinear
behaviors (Sergiienko et al., 2017), which are outside the scope of this
study. Thus, the adjustable range of the buoy draft is defined between
2.50 m and 3.75 m in the present study and the adjustable range of the
draft ℎ𝑎 is 1.25 m. This designed range could be varied according to
the buoy geometry and size.

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 2.50 m in still water.
To reach each desired buoy draft, the ballast water inside the buoy
is regulated by the pump to make the buoy float in equilibrium. It is
realized that the ballast water inside the buoy could cause sloshing
during the movement of the buoy. Sloshing affects the dynamics of
the buoy, which might reduce the stability and controllability of the
system. To avoid this issue, one possible solution is to install multiple
ballast segments inside the buoy. To implement the buoy adjustment,
each segment can only be fully loaded or drained out. In this way,
sloshing inside the buoy can be expected to be mitigated.

The floating buoy is connected to the moving part of the PTO by
a rod, and the moving part could be a piston or generator translator
depending on the PTO type. However, as the PTO position is fixed, the
variation of the buoy draft has an influence on the allowable stroke
of the PTO. To avoid this issue, a hydraulic clamp is used. When the
buoy draft varies, the clamp adjusts the rod length correspondingly and
stores the additional part of the rod inside the buoy. In this way, the
allowable PTO stroke remains identical when the buoy draft changes. It
is realized that the control strategy and efficiency of the ballast pump
and hydraulic clamp have in practice an influence on performance
of the whole system, but it is assumed that the draft could always
be adjusted to the expected value in each wave state. In addition,
the displacement of the buoy is limited to protect the structure, and
it is limited to 0.4 times the diameter of the buoy in this paper.
Furthermore, a passive control strategy is implemented for the studied
point absorber, which implies that only a force proportional to buoy
velocity is applied by the PTO system.

3. Numerical modeling

This section is composed of two parts. Firstly, the equations of
motion and frequency domain modeling of WECs are presented. Sec-
ondly, an algebraic nonlinear time domain model for considering the

nonlinear Froude–Krylov force and the viscous drag force is introduced.
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Fig. 1. Schematic of the spherical point absorber with the adjustable draft system. 𝑅, ℎ𝑎 and ℎ0 represent the buoy radius, the adjustable draft range and the buoy draft.
A
d

𝐹

𝑢

b

.1. Frequency domain model

In this subsection, the frequency domain model of the studied WEC
s presented based on linear wave theory. As the device in this paper is
ssumed to oscillate only in heave motion, the frequency domain model
s only discussed for this degree of freedom. According to Newton’s
econd law, the motion of the WEC as a rigid body can be described
s
d𝒖(𝑡)
d𝑡

= 𝑭 𝒉𝒔(𝑡) + 𝑭 𝒆(𝑡) + 𝑭 𝒑𝒕𝒐(𝑡) + 𝑭 𝒓(𝑡) (1)

where m is the mass of the oscillating body, 𝑭 𝒉𝒔 is the hydrostatic force,
𝑭 𝒆 is the wave excitation force, 𝑭 𝒓 is the wave radiation force, 𝑭 𝒑𝒕𝒐
is the PTO force and 𝒖 is the velocity of the rigid body. If the body is
assumed to undergo harmonic motion under regular waves and a linear
PTO model is used to simulate the behavior of the PTO system, (1)
could be rewritten in the form of complex amplitudes (Falnes, 2003),
as

𝐹𝑒(𝜔) = [𝑅𝑖(𝜔) + 𝑅𝑝𝑡𝑜]�̂� + i𝜔�̂�[𝑚 +𝑀𝑟(𝜔)] + i�̂�[−
𝐾𝑝𝑡𝑜

𝜔
−

𝑆𝑤𝑙
𝜔

] (2)

here 𝑅𝑖(𝜔) is the hydrodynamic damping coefficient, 𝑅𝑝𝑡𝑜 is the PTO
amping coefficient, 𝜔 is the wave frequency, 𝑀𝑟(𝜔) is the added mass
f the buoy, �̂� is complex amplitude of the vertical velocity, 𝐾𝑝𝑡𝑜 is
he PTO stiffness coefficient and 𝑆𝑤𝑙 is the hydrostatic stiffness. The
ntrinsic impedance of the heaving buoy and PTO impedance can be
ntroduced as

𝑖(𝜔) = 𝑅𝑖(𝜔) + i𝑋𝑖(𝜔) (3)

(𝜔) = 𝜔[𝑚 +𝑀 (𝜔)] −
𝑆𝑤𝑙 (4)
3

𝑖 𝑟 𝜔
where 𝑍𝑖(𝜔) is the intrinsic impedance of the heaving buoy and 𝑋𝑖(𝜔)
is the intrinsic reactance. Similarly, the impedance of the PTO system
is given as

𝑍𝑝𝑡𝑜(𝜔) = 𝑅𝑝𝑡𝑜(𝜔) + i𝑋𝑝𝑡𝑜(𝜔) (5)

𝑋𝑝𝑡𝑜(𝜔) = −
𝐾𝑝𝑡𝑜

𝜔
(6)

where 𝑍𝑝𝑡𝑜(𝜔) is the PTO impendence and 𝑋𝑝𝑡𝑜(𝜔) is the PTO reactance.
s a passive control strategy is considered for the PTO system, only PTO
amping force is applied on the WEC, and (2) is rewritten as

̂𝑒(𝜔) = [𝑍𝑖(𝜔) + 𝑅𝑝𝑡𝑜(𝜔)]�̂� (7)

The hydrodynamic characteristics of floating bodies, including 𝑀𝑟
(𝜔), 𝑅𝑖(𝜔) and 𝐹𝑒(𝜔), are calculated numerically using the Boundary
Element Method through the open source software Nemoh (Babarit
and Delhommeau, 2015). The accuracy of Nemoh has been validated
for WEC applications in Penalba et al. (2017), Guo et al. (2017) with
experimental results and by comparison with other numerical packages.
Then, by solving (7), the complex amplitude of velocity �̂� could be
obtained as

̂ =
𝐹𝑒

𝑍𝑖 + 𝑅𝑝𝑡𝑜
(8)

In regular wave conditions, the time averaged absorbed power can
e obtained and expressed as

𝑃 = 1
2
𝑅𝑝𝑡𝑜 |�̂�|

2 (9)

The complex amplitude of PTO force could be expressed as:

𝐹 = 𝑅 �̂� (10)
𝑝𝑡𝑜 𝑝𝑡𝑜
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Substituting (8) to (10) gives the amplitude of PTO force:

|

|

|

𝐹𝑝𝑡𝑜(𝜔)
|

|

|

=
|

|

|

|

|

𝑅𝑝𝑡𝑜
𝐹𝑒(𝜔)

𝑍𝑖 + 𝑅𝑝𝑡𝑜

|

|

|

|

|

=
|

|

|

𝑅𝑝𝑡𝑜
|

|

|

|

|

|

𝑍𝑖 + 𝑅𝑝𝑡𝑜
|

|

|

|

|

|

𝐹𝑒(𝜔)
|

|

|

(11)

The determination of the PTO damping coefficients 𝑅𝑝𝑡𝑜 is influen-
tial to the dynamic response and power absorption of WECs. In Tan
et al. (2021a), a theoretical method was derived based on the frequency
domain model to calculate the optimal PTO damping coefficients for
maximizing the power absorption in regular wave conditions. The
physical constraints can be considered in the tuning of PTO parameters,
by which the harmonic amplitudes of the PTO force and buoy displace-
ment are limited within the given range. Specifically, with the passive
control strategy, the displacement limit is associated with the minimal
allowed PTO damping while the PTO force limit implies the maximum
allowed PTO damping (Tan et al., 2021a). Here, the theoretical method
is adopted to optimize the PTO damping coefficient for each wave state.

It must be acknowledged that the frequency domain modeling
has limited applicability as it is restricted to linear assumptions. The
accuracy of the frequency domain modeling around the resonance of
WECs is limited where the displacement is too high and the linear as-
sumptions are violated (Penalba et al., 2017a). However, the amplitude
of the harmonic displacement of the buoy does not exceed 0.4 times
the diameter in this concept, which eases the violation (Sergiienko
et al., 2017). In addition, the computational efficiency of frequency
domain modeling is much higher than other approaches, which makes
it suitable for identifying the power performance of WECs in early
design stages.

3.2. Nonlinear time domain model

Scientific literature (Giorgi and Ringwood, 2017b,c) has indicated
that the non-uniform buoy cross-sectional area could make the effect of
the nonlinear Froude–Krylov force pronounced. In addition, the draft
adjustment of the buoy is expected to affect the significance of the
nonlinear Froude–Krylov force. Therefore, it is necessary to investigate
the influence of the nonlinear Froude–Krylov forces on the performance
of the studied WEC. In Giorgi and Ringwood (2017b) and Giorgi
et al. (2021), a computationally efficient nonlinear model was proposed
for axisymmetric and prismatic geometries, and the model uses an
algebraic solution to the Froude–Krylov force integral. The proposed
nonlinear Froude–Krylov model is adopted in the present paper for the
adjustable draft WEC. Regarding more complex geometries, numerical
approaches can be applied to compute the nonlinear Froude–Krylov
force (Penalba Retes et al., 2015). For example, in the open-source
software WEC-Sim, the nonlinear Froude–Krylov force is calculated by
integrating the pressure over each pre-meshed panel of the instanta-
neous wetted surface (Lawson et al., 2014a). However, compared with
the analytical model, the numerical routines are inevitably associated
with higher computational times. The formulation of the analytical
nonlinear Froude–Krylov model is briefly presented in the following
text, and more details can be found in Giorgi and Ringwood (2017b).

In the model, the incoming waves are represented based on the
linear wave theory, and all the considered waves are assumed to be
unidirectional. The responses of the WEC in both regular and irregular
wave conditions are investigated. The regular wave input is described
as harmonic waves which can be expressed as

𝜂(𝑡) = 𝜁𝑎 cos(𝜆𝑥 − 𝜔𝑡) (12)

where 𝑡 is time, 𝜆 is the wave number, 𝜔 is the angular frequency of
the incoming wave and 𝜁𝑎 is the wave amplitude. Given the linear wave
theory, irregular waves can be represented by the superposition of a set
of regular wave components, as

𝜂(𝑡) =
𝑁
∑

𝜁𝑎(𝜔𝑗 ) cos(𝜆(𝜔𝑗 )𝑥 − 𝜔𝑗 𝑡 + 𝜑(𝜔𝑗 )) (13)
4

𝑗=1
where 𝜆(𝜔𝑗 ), 𝜁𝑎(𝜔𝑗 ) and 𝜑(𝜔𝑗 ) are the wave number, wave amplitude and
phase of the regular wave component corresponding to the frequency
component 𝜔𝑗 . Regarding irregular wave conditions, the JONSWAP
spectrum together with peakedness factor of 3.3 is applied (Cahill and
Lewis, 2014). For each wave state, 500 individual harmonic wave com-
ponents with a random set of phases between frequency components
are considered. The angular frequencies of the wave components are
uniformly spaced from 0.1 to 4.0 rad/s.

The Froude–Krylov force can be divided into static and dynamic
terms. The static Froude–Krylov force is equivalent to the hydrostatic
force in (1), and calculated by the balance between the gravity force
and the buoyancy force:

𝑭 𝑭𝑲𝒔𝒕
= 𝑚𝒈 −∬𝑆(𝑡)

𝑃𝑠𝑡𝐧 d𝑆 (14)

where 𝑭 𝑭𝑲𝒔𝒕
, 𝒈, 𝑆(𝑡), 𝑃𝑠𝑡 and 𝒏 represent the static Froude–Krylov

force, gravity acceleration, submerged surface, hydrostatic pressure and
normal vector to the geometry surface. The dynamic Froude–Krylov
force is expressed as:

𝑭 𝑭𝑲𝒅𝒚
= −∬𝑆(𝑡)

𝑃𝑑𝑦𝐧 d𝑆 (15)

where here 𝑭 𝑭𝑲𝒅𝒚
and 𝑃𝑑𝑦 represent the dynamic Froude–Krylov force

and the dynamic pressure. The excitation force in (1) is calculated by
the sum of the dynamic Froude–Krylov force and the diffraction force.
Besides, the viscous drag force is also considered in the nonlinear time
domain model. Therefore, (1) can also be expressed as

𝑚
d𝒖(𝑡)
d𝑡

= 𝑭 𝑭𝑲𝒔𝒕
+ 𝑭 𝑭𝑲𝒅𝒚

+ 𝑭𝑫 + 𝑭 𝒓 + 𝑭 𝒑𝒕𝒐 + 𝑭 𝒗𝒊𝒔 (16)

here 𝑭𝑫 is the diffraction force.
According to Falnes (2003), in deep water condition, the pressure

esulting from the regular wave can be obtained based on Airy wave
heory as

(𝑥, 𝑧, 𝑡) = 𝜌𝑔𝜁𝑎𝑒
𝜆𝑧cos(𝜔𝑡 − 𝜆𝑥) − 𝜌𝑔𝑧 (17)

here 𝑥 is the direction of wave propagation. For axisymmetric geome-
ries, parametric cylindrical coordinates can be used to describe the
eometry surface:

⎧

⎪

⎨

⎪

⎩

𝑥(𝜎, 𝜃) = 𝑓 (𝜎)cos(𝜃)
𝑦(𝜎, 𝜃) = 𝑓 (𝜎)sin(𝜃), 𝜃 ∈ [0, 2𝜋) ∧ 𝜎 ∈ [𝜎1, 𝜎2]
𝑧(𝜎, 𝜃) = 𝜎

(18)

here 𝑓 (𝜎) is the function describing the geometry profile. For the
eaving point absorber, only the force in the vertical direction is
onsidered. In regular waves, the magnitude of the total Froude–Krylov
orce in vertical direction can be expressed as

𝑭𝑲𝒛
= ∫

2𝜋

0 ∫

𝜎2

𝜎1
𝑃 (𝑥(𝜎, 𝜃), 𝑧(𝜎, 𝜃), 𝑡)𝑓 ′(𝜎)𝑓 (𝜎)d𝜎d𝜃

= ∫

2𝜋

0 ∫

𝜎2

𝜎1
(𝜌𝑔𝜁𝑎𝑒𝜆𝜎 cos(𝜔𝑡 − 𝜆𝑓 (𝜎) cos(𝜃)) − 𝜌𝑔𝜎) ⋅ 𝑓 ′(𝜎)𝑓 (𝜎)d𝜎d𝜃

(19)

The integral limits of the wetted surface is defined as
{

𝜎1 = 𝑍𝑑 (𝑡) − ℎ0
𝜎2 = 𝜂(𝑡)

(20)

here 𝜂 is the elevation of the free surface at 𝑥 = 0, 𝑍𝑑 is the
ertical displacement of the buoy and ℎ0 is the draft of the buoy.
he dependence of the pressure on 𝑥 in (17) can be neglected in the

ong wave approximation which assumes that the wave length is much
onger than the characteristic dimension of the buoy. Then the term
os 𝜃 in (19) can be neglected correspondingly. The integral calculation
f (19) for the heaving point absorber with centroid at the still water
evel has been explicitly derived in Giorgi and Ringwood (2017b). In
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regular waves, the static and dynamic Froude–Krylov force for the
spherical geometry with a given draft can be calculated as

𝑭 𝑭𝑲𝒔𝒕
= ∫

2𝜋

0 ∫

𝜎2

𝜎1
𝑃𝑠𝑡𝑧d𝜎d𝜃 = −2𝜋𝜌𝑔

[

𝜎3

3
+ (𝑍𝑑 (𝑡) − ℎ0 + 𝑅)𝜎

2

2

]𝜎2

𝜎1
(21)

𝑭 𝑭𝑲𝒅𝒚(𝒓𝒆)
= ∫

2𝜋

0 ∫

𝜎2

𝜎1
𝑃𝑑𝑦𝑧d𝜎d𝜃

= −2𝜋
𝜆
𝜌𝑔𝜁𝑎(cos𝜔𝑡)

[

((𝑍𝑑 (𝑡) − ℎ0 + 𝑅) + 1
𝜆
− 𝜎)𝑒𝜆𝜎

]𝜎2

𝜎1

(22)

where 𝑅 is the radius of the buoy. The superposition theory can
be applied to calculate the dynamic Froude–Krylov force in irregular
waves, while it is noted that (21) is also applicable for the calcula-
tion of the static Froude–Krylov force in irregular waves. In addition,
the formulation for computing other forces remain same in irregular
waves. According to (13) and (22), the dynamic Froude–Krylov force
in irregular waves can be expressed as

𝑭 𝑭𝑲𝒅𝒚(𝒊𝒓𝒓)
=

𝑁
∑

𝑗=1
− 2𝜋
𝜆(𝜔𝑗 )

𝜌𝒈𝜁𝑎(𝜔𝑗 )(cos(−𝜔𝑗 𝑡 + 𝜑(𝜔𝑗 )))

[

((𝑍𝑑 (𝑡) − ℎ0 + 𝑅) + 1
𝜆(𝜔𝑗 )

− 𝜎)𝑒𝜆(𝜔𝑗 )𝜎
]𝜎2

𝜎1

(23)

According to Cummins equation (Cummins et al., 1962), the radia-
tion force is calculated as

𝑭 𝒓(𝑡) = −∫

𝑡

−∞
𝐾𝑟𝑎𝑑 (𝑡 − 𝜏)𝑢(𝜏)d𝜏 −𝑀𝑟(∞)𝑎(𝑡)d𝑡 (24)

where 𝑀𝑟(∞) is the added mass evaluated at the infinite frequency,
𝐾𝑟𝑎𝑑 is the radiation impulse function, and they can be calculated based
on the results 𝑅𝑖(𝜔) and 𝑀𝑟(𝜔) obtained from Nemoh. To compute
the convolution integral efficiently, the state-space approximation is
used (Pérez and Fossen, 2008). According to Giorgi and Ringwood
(2017b), the diffraction force is calculated as

𝑭𝑫 (𝑡) = −∫

∞

−∞
𝐾𝑑𝑖𝑓𝑓 (𝑡 − 𝜏)𝜂(𝜏)d𝜏 (25)

where 𝐾𝑑𝑖𝑓𝑓 is the diffraction impulse function.
In the nonlinear time domain simulation, an end-stop mechanism

is applied to limit the excessive displacement. The end stop force is
expressed as

𝑭 𝒆𝒔(𝑡) =

{

0, |𝑍𝑑 (𝑡)| ≤ 𝑆𝑚
−𝐾𝑒𝑠

𝑍𝑑 (𝑡)−𝑆𝑚
|𝑍𝑑 (𝑡)−𝑆𝑚|

|𝑍𝑑 (𝑡) − 𝑆𝑚|, |𝑍𝑑 (𝑡)| > 𝑆𝑚
(26)

where 𝐾𝑒𝑠 is the stiffness coefficient of the end stop spring, and it is set
as 500 kN∕m in this work.

The viscous drag force is represented by a quadratic damping term
which is similar to the drag component in Morison’s equation (Babarit
et al., 2012), as

𝑭 𝒗𝒊𝒔 = −1
2
𝜌𝐶𝐷𝐴𝐷|𝒖 − 𝒖𝟎|(𝒖 − 𝒖𝟎) (27)

where 𝜌 is the water density, 𝐶𝐷 is the drag coefficient, 𝐴𝐷 is the char-
acteristic area of the buoy, and 𝒖𝟎 is the undisturbed flow velocity at the
centroid of the buoy. The drag coefficient is selected as 0.6 to minimize
the error of the power estimate based on the investigation reported
in Giorgi and Ringwood (2017a), in which the research reference is
also a sphere.

During the calculation of the nonlinear Froude–Krylov force, the
static and dynamic pressures are integrated over the wetted surface of
the buoy. The pressure is obtained based on linear wave theory, and
the pressure field is described by (17). It is clear that the values of
the pressure would be overestimated when the surface area of interest
moving above the mean free surface, since 𝑧 is in the exponential term
in (17). To enhance the accuracy of the model, Wheeler stretching
theory is used to correct the pressure expression. In this sense, the flow
5

t

velocity and pressure at the initial vertical position 𝑧 is replaced by
those in a corrected vertical position 𝑧′, and it can be expressed as

𝑧′ =
𝐷(𝐷 + 𝑧)
𝐷 + 𝜂

−𝐷 (28)

where 𝐷 is the water depth. 𝐷 is set as a sufficiently large value of
1000 in the numerical set-up, considering the deep water assumption
in this work.

As nonlinear forces are taken into account, the optimal PTO damp-
ing coefficients could not be obtained theoretically. Thus, in the non-
linear time domain analysis, the PTO damping coefficients are selected
through an exhaustively search approach. Specifically, the PTO damp-
ing is searched over the range [0.01|𝑍𝑖(𝜔)|, 2|𝑍𝑖(𝜔)|] for regular waves
r [0.01|𝑍𝑖(𝜔𝑝)|, 2|𝑍𝑖(𝜔𝑝)|] for irregular waves, in which 𝜔𝑝 stands
or the peak period of the irregular waves. The range was defined on
he basis of linear hydrodynamics, |𝑍𝑖(𝜔)| has been proven to be the
ptimal damping for an unconstrained heaving point absorber with
he passive control strategy in regular waves (Hals et al., 2002). In
his paper, 200 evenly spaced values are considered in the range, and
he PTO damping is selected to maximize the power absorption while
omplying with the PTO force limits.

The time domain simulation is performed based on the numerical
ntegration scheme. The initial displacement and velocity of the buoy is
et to zero. The simulation time duration and time step is set to 125 and
.01 times the considered wave period (or peak period) respectively.
ramp function is used to avoid strong transient flow at earlier time

teps, and the ramp time is chosen as 25 times the wave period (Lawson
t al., 2014b). The duration of the ramp time is not included in the
alculation of average power absorption. To mitigate random errors in
he simulation with irregular waves, the time domain model is re-run
en times to calculate the mean value in each case.

. Results and discussion

.1. Frequency domain analysis

.1.1. The influence of the buoy draft on the hydrodynamic performance
Based on frequency domain modeling, the effect of the draft adjust-

ent on the hydrodynamic performance of the floating spherical buoy
s investigated. First, the hydrodynamic coefficients of the spherical
loating buoy in heave motion are calculated for different buoy drafts.
he corresponding excitation force coefficients, added mass and radia-
ion damping are depicted in Appendix B. Then, in the case without the
TO force applied on the buoy, the heave response amplitude operators
RAO) of the spherical floating buoy in different drafts are shown in
ig. 2. It can be noted that the heave RAO is highly dependent on the
uoy draft. An increase of the buoy draft leads to a larger peak value
f the heave RAO.

Fig. 3 presents the relative power absorption of the WEC with
ifferent buoy drafts, in which the PTO damping is tuned to maximize
he absorbed power at the wave period of 5.0 s. The power absorption
andwidth is defined as a frequency range within which the WEC
ould absorb power higher than 50% of the maximum absorbed power.
his measure effectively indicates the ability of the WEC responding to
he incoming waves of frequencies rather than its natural frequency.
ig. 3 suggests that increasing the buoy draft reduces the power ab-
orption bandwidth and a buoy with very large drafts could result in a
arrow-banded device. However, the real sea conditions are normally
haracterized by irregular waves, in which a range of wave frequencies
s included. As a result, a compromise is needed between pursuing a
igher RAO in the peak period and a wider bandwidth when adjusting
he buoy draft in irregular waves.

The total mass, water plane area, natural frequency and natural pe-
iod of the WEC with different buoy drafts are shown in Figs. 4 and 5. It
an be seen that the buoy draft adjustment makes a difference to these
roperties. The water-plane area and the natural frequency decrease
ith the increase of the buoy draft, but the total mass increases with

he buoy draft.
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Fig. 2. Heave RAO of the floating spherical buoy of 5.0 m diameter in different drafts
without PTO force.

Fig. 3. The relative power absorption of the WEC with different buoy drafts. The
results are calculated in regular wave states with a wave height of 1.0 m. 𝑃𝑎 and 𝑃𝑚
epresent the absorbed power and the maximum absorbed power along various wave
requencies. 𝜔0 represents the wave frequency corresponding to the maximum power
bsorption.

Fig. 4. The water plane area and total mass of the buoy as a function of the draft.

4.1.2. The influence of the buoy draft on the PTO performance
In this part, the effect of the buoy draft on the PTO performance is

discussed. The PTO force amplitude and average absorbed power are
calculated. It can be seen from Fig. 6 that the buoy draft significantly
6

Fig. 5. The natural frequency and corresponding period of the heaving buoy as a
function of the draft.

Fig. 6. PTO performance as a function of the buoy draft without force constraints, and
the considered wave height is 1.0 m.

affects the PTO performance. Fig. 6(a) shows that the required PTO
force amplitude can be reduced by increasing the buoy draft. As shown
in Fig. 6(b), the impact of the draft adjustment on the average power
is dependent on the wave period. The buoy drafts of 3.0 m and 3.5 m
and 3.75 m correspond to natural periods of 3.5 s, 4.1 s and 4.5 s
respectively. Thus, their average power are higher than that of the buoy
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Fig. 7. The PTO force amplitude, average power and displacement as a function of PTO damping for two different buoy drafts. The considered wave height is 2.5 m and the
wave period is 5.0 s.
draft of 2.5 m around the range of their natural wave periods. When the
wave period is higher than 5.0 s, the buoy draft of 2.5 m is associated
with a higher average power than that of other larger buoy drafts. It can
be deduced that the buoy draft adjustment can be used to regulate the
required PTO force. Therefore, adjusting the buoy draft is expected to
enable downsizing of the PTO capacity. In addition, adapting the buoy
draft to wave periods is able to improve the average power, because
the natural frequency of the WEC can be controlled to match the wave
period. For instance, the average power of the WEC with a buoy draft
of 2.5 m is higher than that of other buoy drafts over a wide range of
wave periods. However, it becomes lower than the average power of
the WEC with larger buoy drafts along the wave period from 3.5 s to
4.8 s which matches the natural periods of larger buoy drafts as seen
in Fig. 5.

4.1.3. Power performance with PTO force limits
As is shown before, the required PTO force of the WEC is related to

the buoy draft. Thus, the effect of the PTO force constraints on power
performance differs with the buoy draft. A good example is shown
in Fig. 7, which presents the relationship between the PTO force, the
average power and the PTO damping coefficient. The calculation is
performed based on a regular wave state, in which the wave height
and wave period are 2.5 m and 5.0 s respectively. It can be noted
that a buoy draft of 2.5 m corresponds to a higher average extracted
power than a buoy draft of 3.75 m without PTO force constraints.
However, the implementation of the PTO force constraint would limit
the available range of PTO damping coefficients, and the solid curves
in the middle plot of Fig. 7 correspond to the available range of PTO
damping coefficients. In this way, the absorbed power of the buoy draft
of 3.75 m overtakes that with the buoy draft of 2.50 m, and they are
38 kW and 28 kW respectively with the PTO force limit of 40 kN.
Therefore, it can be deduced that reasonably adjusting the buoy draft
could mitigate the negative effect of PTO force limits on the power
absorption.
7

To identify the influence of PTO force limits on the power per-
formance of the WEC with different buoy drafts, various PTO force
limits are implemented. The root mean square (RMS) value is com-
monly used in PTO rating, since it allows the PTO system, such as
an electrical machine, to work in a sustainable condition on a longer
time scale (Tedeschi and Molinas, 2010a). Thus, the PTO force limit
is considered in the form of RMS value. Taking the wave state with
a wave height of 1.0 m and wave period of 5.0 s as an example, the
percentage of the absorbed power with force constrains to that without
force constraints and the absorbed power per RMS of the required PTO
force are presented in Fig. 8. It can be seen from Fig. 8(a) that PTO
force limits have a notable negative influence on the power absorption.
The percentage value increases with the PTO force limit. Besides, it can
be seen that the percentage values of the WEC with the larger buoy
drafts are generally higher than those with lower buoy drafts. This is
expected since the WEC with the larger buoy drafts correspond to the
lower required PTO forces at the unconstrained force condition, which
has been shown in Fig. 6. In Fig. 8(b), it is seen that the absorbed power
per RMS of the required PTO force tends to decrease with the force
limit until the force limit is sufficiently high for the power absorption.
It can also be noticed that the absorbed power per RMS of the PTO
force differs with the buoy draft, and the buoy drafts of 3.75 m and
3.5 m are associated with higher values than that of the buoy draft of
2.5 m.

The power performance with force constraints is calculated for
different wave periods, which is shown in Fig. 9. It can be noted that
the increasing the buoy draft contributes to higher power absorption at
low wave periods. With the increase of the wave period, the difference
between the power performance of different buoy drafts tends to van-
ish. It should be realized that the power performance discussed in this
paper is the absorbed power by the WEC instead of the grid power.
This implies that the PTO efficiency is not taken into consideration.
However, the force limit in reality represents the PTO size which
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Fig. 8. The influence of PTO force limits on the power performance. The results are
calculated in a regular wave state with the wave height of 1.0 m and the wave period
of 5.0 s.

could make a difference with respect to the PTO efficiency (Tokat
and Thiringer, 2018). For instance, the relation of the PTO conversion
efficiency to the size of linear generators in wave energy conversion
has been investigated in Tan et al. (2021b). This study indicated that
the overall power conversion efficiency generally increases with the
dimension of linear generators, which mainly results from the reduction
of copper losses in power conversion.

4.1.4. Performance comparison between the adjustable draft WEC and the
fixed draft WEC

To present the benefits of the adjustable draft system, a comparison
is made between the power absorption of the adjustable draft WEC
and the fixed draft WEC. In this paper, fourteen buoy drafts evenly
spaced along the adjustable range are considered when identifying
the performance of the adjustable draft WEC. However, it should be
realized that a continuous adjustment can be achieved in practice by
the adjustable draft system. Regarding the fixed draft WEC, the buoy
draft is fixed at 2.5 m. The ratios of power absorbed by the adjustable
draft WEC to that by the fixed draft WEC are calculated, and the results
are shown in Fig. 10. In the calculation, three different PTO force
limits are implemented, and regular wave states with a wave height
of 1.0 m are considered. It can be observed from Fig. 10 that the
adjustable draft WEC is clearly associated with an improvement of the
8

Fig. 9. The influence of PTO force limits on the power performance, with a wave
height of 1.0 m and the RMS of the PTO force limit of 10 kN.

Fig. 10. Ratio of the power absorbed by the adjustable draft WEC to that by the fixed
draft WEC in different RMS of the PTO force limit. The results are calculated in regular
waves with a wave height of 1.0 m. 𝑃𝑎𝑑𝑗𝑢𝑠𝑡𝑎𝑏𝑙𝑒 and 𝑃𝑓𝑖𝑥𝑒𝑑 embody the power absorbed
y the adjustable draft WEC and the power absorbed by the WEC with a fixed draft
f 2.5 m.

ower absorption, compared with the fixed draft WEC. For instance,
t the RMS of the PTO force limit being 10 kN, the absorbed power
f the adjustable draft WEC is 3.5 times that of the fixed draft WEC.
he improvement occurs over a wider range of wave periods with the
tricter PTO force constraints. With the RMS of the PTO force limit of
0 kN, the improvement can be noticed from the wave period of 3.5
until 6.5 s. However, it is observed only until around 4.8 s when

he RMS of the PTO force limit increases to 20 kN. Therefore, it is
oncluded that the adjustable draft system is beneficial for the power
bsorption, especially with the downsized PTO capacity. It has to be
cknowledged that the improvement of power absorption concentrates
n the low wave periods (from 3.0 to 6.5 s). Thus, given the considered
uoy size and geometry, its contribution for realistic wave sites where
ong wave periods are significantly dominating is relatively limited.

.1.5. The influence of buoy size on the performance of the adjustable draft
ystem

The effect of the draft adjustment on the hydrodynamics and PTO
erformance of the system depends on the buoy geometry and size.
ere, the influence of the buoy size on the performance of the ad-

ustable draft WEC is demonstrated. Froude scaling law is used to
cale the buoy geometry (Payne, 2008), in which the hydrodynamic
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Table 1
Froude scaling law for various
quantities.
𝑘 = 𝐿𝑠

𝐿𝑜
= 𝐻𝑠

𝐻𝑜

𝜔𝑠 = 𝜔𝑜𝑘−0.5

𝑇𝑠 = 𝑇𝑜𝑘0.5

𝐹𝑠 = 𝐹𝑜𝑘3

𝐵𝑟 _𝑠 = 𝐵𝑟 _𝑜𝑘2.5

𝑀𝑟 _𝑠 = 𝑀𝑟 _𝑜𝑘3

ℎ𝑎 _𝑠 = ℎ𝑎 _𝑜𝑘

Fig. 11. Ratio of the power absorbed by the adjustable draft WEC to that by the fixed
draft WEC for different buoy sizes, the wave heights and the RMS of the PTO force
limit are 1.0 ⋅ 𝑘 m and 10 ⋅ 𝑘3 kN. 𝑃𝑎𝑑𝑗𝑢𝑠𝑡𝑎𝑏𝑙𝑒 and 𝑃𝑓𝑖𝑥𝑒𝑑 embody the power absorbed by
the adjustable draft WEC and the power absorbed by the WEC with a fixed draft of
2.5 ⋅ 𝑘 m.

coefficients, geometrical and wave parameters are obtained following
Table 1. In the Table, 𝑘 is the scale factor of the buoy; 𝐿 is the
geometrical length of the buoy; 𝜔, 𝑇 and 𝐻 are the wave frequency,

ave period and the wave height; 𝐹 , 𝐵𝑟 and 𝑀𝑟 embody the force,
he radiation damping and the added mass coefficients respectively;
he subscript 𝑠 and 𝑜 represent the ‘‘scaled device’’ and the ‘‘original
evice’’ respectively.

Fig. 11 depicts how the buoy scaling affects the ratio between
he power absorption of the adjustable draft WEC and the fixed draft

EC. It can be seen that the profile of the ratio does not change with
he scaling factor, but the wave period changes accordingly. With the
ncrease of the buoy size, the improvement of the power absorption
oves to larger wave periods. Therefore, buoy scaling can be used to

dapt the adjustable draft WEC to different wave climates.

.2. Nonlinear time domain analysis

.2.1. The effect of nonlinear forces on power performance
For simplification, only the buoy with a diameter of 5.0 m is

iscussed in the nonlinear time domain analysis, although the buoy size
as been proven influential in Section 4.1.5. To verify the reproduced
onlinear time domain model, a comparison is made between the
esults of RAOs from the reproduced model and the results from Giorgi
nd Ringwood (2017b), which can be found in Appendix C. To identify
he influence of the nonlinear forces on power performance of WECs,
he results of the power absorption estimated by the nonlinear time
omain model and linear model are compared, as shown in Fig. 12. The
onsidered wave height is 1.0 m, and the RMS of the PTO force limit is
0 kN. The selection of the PTO damping is different for each model,
hus the influence of the numerical model response on the optimization
f the PTO damping is also reflected in the figure. It can be seen
9

Fig. 12. Average power calculated by the nonlinear time domain model and frequency
domain model for different buoy drafts. The results are calculated in regular wave states
with a wave height of 1.0 m and the RMS of the PTO force limit is 10 kN. In the legend,
‘‘fre’’ and ‘‘time’’ represent the frequency domain model and nonlinear time domain
model respectively.

from Fig. 12 that the power estimated by the nonlinear time domain
model is much lower than that by the frequency domain model around
the resonance regions, but the difference is negligible at other wave
periods. For instance, the buoy draft of 3.75 m is associated with 17 kW
at the wave period of 4.5 s in the frequency domain analysis, while it
decreases to around 4 kW in the nonlinear time domain analysis. There-
fore, the linear model overestimates the power performance around
the resonance. The variation of the instantaneous wetted surface is
expected to be the main contributor to the difference between the linear
and nonlinear models. To reflect the variation, the standard deviations
of the instantaneous displacement of the buoy relative to the wave
elevation and the standard deviation of the instantaneous variation of
the water-plane area are calculated for different buoy drafts, shown in
Figs. 13 and 14. It is visible that the standard deviation of the relative
displacement is clearly higher in the wave periods of resonance for each
buoy draft. In addition, it is observed from Fig. 12 that the difference
of power estimation between these models turns out to be larger for
larger buoy drafts. This is expected since larger buoy drafts essentially
correspond to larger variations of the water-plane area, as shown in
Fig. 14. The variation of the water-plane area effectively implies the
nonlinearity of the Froude–Krylov force.

Furthermore, as a consequence of the addition of nonlinear force
components, the natural frequency is shifted to be lower. As can be seen
in Fig. 12, the wave periods when maximum power is obtained deviate
from those presented by the frequency domain analysis. Taking the
buoy draft of 3.75 m as an example, the maximum power is obtained
at 4.5 s in the frequency domain modeling, while it is at around 5.0 s
in the nonlinear time domain analysis.

4.2.2. The influence of PTO force limits on power performance
The power performance of the WEC with different buoy drafts is

calculated by the nonlinear time domain model, and various PTO force
limits are implemented. The results are shown in Fig. 15, and the
considered wave height and period are 1.0 m and 5.0 s respectively. It
can be noted from Fig. 15(a) that the PTO force limit reduces the power
absorption, but the effect differs with the buoy draft. For example, at
the RMS of the PTO force limit of 10 kN, the percentage of the buoy
draft of 3.75 m reaches nearly 100% while it is only around 55% for
the buoy draft of 2.50 m. This observation generally agrees with the
results obtained by the frequency domain analysis. Besides, comparing
Fig. 15(b) and Fig. 8(b), it is seen that both their profiles suggest the
similar trend, in which the power per RMS of the PTO force generally
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Fig. 13. The standard deviation of the displacement of the buoy relative to the wave
levation. The results are calculated in regular wave states with a wave height of 1.0 m,
nd the RMS of the PTO force limit is 10 kN.

Fig. 14. The standard deviation of the variation of the water-plane area. The results
are calculated in regular wave states with a wave height of 1.0 m, and the RMS of the
PTO force limit is 10 kN.

decreases with the PTO force limit. However, an obvious difference can
be observed with regard to the buoy draft of 3.75 m. In the nonlinear
time domain analysis, its absorbed power per RMS of the PTO force
is higher than that in the frequency domain analysis. Specifically, the
ultimate value stays at approximately 0.58 W/N in the nonlinear time
domain analysis, but it is nearly 0.5 W/N in the frequency domain
analysis. This can be supported by the fact explained in Section 4.2.1
that the nonlinear components shifted its natural frequency to around
5.0 s. As a consequence, the power estimated by nonlinear time domain
modeling is higher than the one obtained by the frequency domain
analysis at this concerned wave period.

4.2.3. Performance comparison between the adjustable draft WEC and the
fixed draft WEC

• 𝐼𝑛 𝑟𝑒𝑔𝑢𝑙𝑎𝑟 𝑤𝑎𝑣𝑒𝑠
The absorbed power of the adjustable draft WEC is calculated by
the nonlinear time domain model for regular wave conditions, as
shown in Fig. 16. For comparison, the power performance of the
semi-submerged fixed draft WEC is also presented in the figure.
The calculation is performed based on the regular wave state with
a wave height of 1.0 m, and the RMS of the PTO force limit is set
as 10 kN. It can be seen from Fig. 16 that the adjustable draft WEC
could absorb higher power over a range of wave periods. The gain
of the power resulting from the adjustable draft system is mainly
10
Fig. 15. The influence of PTO force limits on the power performance. The results are
calculated in a regular wave state with the wave height of 1.0 m and the wave period
of 5.0 s.

observed from the wave period of 3.5 s to 6.5 s. For instance, the
highest power for the adjustable draft WEC is around 7 kW at the
period of 4.0 s while it is only around 5.5 kW for the fixed draft
WEC. The improvement is as high as 27%. When the wave period
is below 4.0 s or above 6.5 s, the adjustable draft WEC and the
fixed draft WEC tend to absorb the similar amount of power.
Fig. 17 shows the adjusted drafts for the maximum delivered
power in different wave periods. It is clear that the draft selection
is strongly dependent on the wave period. The trend of the opti-
mal draft is generally to first increase with the wave period and
then to be relatively constant. This is because the natural period
of the buoy increase with the buoy draft, which has been depicted
in Fig. 2. At their natural periods, the larger drafts are associated
with higher values of the RAO as well as higher buoy velocities.
When the PTO force constraint starts to be a limiting factor of
the power absorption, the higher velocity could contribute to the
increase of the power absorption.
Fig. 18 shows the ratios of the power absorbed by the adjustable
draft WEC to that by the fixed draft WEC. The calculation is
performed based on regular wave states with a wave height of
1.0 m. The corresponding ratios of power absorption in Fig. 18
is generally lower than those predicted by the frequency domain
modeling, shown in Fig. 18. For instance, when the RMS of
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Fig. 16. Comparison between the power absorbed by the adjustable draft WEC and
that by the WEC with a fixed draft of 2.5 m, and the considered wave height is 1.0 m
and the RMS of the PTO force limit is 10 kN.

Fig. 17. The adjusted buoy drafts corresponding to the highest power for different
wave periods, and the wave height is 1.0 m and RMS of the PTO force limit is 10 kN.

the PTO force limit is 10 kN, the highest ratio reaches 3.5 in
Fig. 10 while it declines to around 1.45 in Fig. 18. However, even
with considering nonlinear forces including the drag force, the
adjustable draft WEC still suggests an obvious improvement of
the power absorption, and the improvement is more significant
when the PTO force limit becomes stricter. For example, when
the RMS of the PTO force limit is 10 kN, the absorbed power of
the adjustable draft WEC is 1.45 times that of the fixed draft WEC
at the wave periods around 5.0 s. But it is only around 1.15 and
1.1 times as the RMS of the PTO force limit increases to 15 kN and
20 kN respectively. Therefore, it suggests that the adjustable draft
system could improve the power performance of the spherical
heaving point absorber in regular wave states, especially with the
downsized PTO capacities.

• 𝐼𝑛 𝑖𝑟𝑟𝑒𝑔𝑢𝑙𝑎𝑟 𝑤𝑎𝑣𝑒𝑠
The power performance of the adjustable draft WEC and the
fixed draft WEC in irregular wave states is calculated, shown in
Fig. 19. As the simulation with irregular waves is run ten times
for each case using different seeds, the mean values and error
bar of the estimated power are presented. It can be seen that the
power improvement resulting from the adjustable draft system in
11
Fig. 18. Ratio of the power absorbed by the adjustable draft WEC to that by the fixed
draft WEC in different RMS of the PTO force limit. The results are calculated in regular
waves with a wave height of 1.0 m. 𝑃𝑎𝑑𝑗𝑢𝑠𝑡𝑎𝑏𝑙𝑒 and 𝑃𝑓𝑖𝑥𝑒𝑑 embody the power absorbed
y the adjustable draft WEC and the power absorbed by the WEC with a fixed draft
f 2.5 m.

Fig. 19. Comparison between the power absorbed by the adjustable draft WEC and
that by the WEC with a fixed draft of 2.5 m, and the considered significant wave height
is 1.5 m and the RMS of the PTO force limit is 10 kN.

Fig. 20. The adjusted buoy drafts corresponding to the highest power for different
wave periods, and the considered significant wave height is 1.5 m and the RMS of the
PTO force limit is 10 kN.

irregular waves is less noticeable than the results from regular
waves. The reason is that increasing the buoy draft reduces the
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Fig. 21. The time domain responses of the buoy with the draft of 2.5 m and 2.8 m, corresponding to the wave elevation as input. The simulation is performed based on an
rregular wave state with a significant wave height of 1.5 m and peak period of 4.0 s. The PTO damping is optimized subjected to the force constraints of RMS of 10 kN, with
he values of 17600 kg/s and 16200 kg/s for the buoy draft of 2.5 m and 2.8 m. 𝜎�̇� and 𝜎𝐹 embody the standard deviation of the velocity and PTO force.
Fig. 22. The relative displacement of the buoy to the wave elevation, and the buoy
draft is adjusted to 3.2 m. The results are calculated in an irregular wave state with
a significant wave height of 1.5 m and peak period of 5.0 s, and the RMS of the PTO
force limit is 10 kN.
12
absorption bandwidth of the buoy, and the narrower bandwidth
reflects the incapability to respond to broad wave frequencies
other than the natural frequency. Although the power absorption
of the buoy with larger drafts in irregular waves is relatively
weakened with regard to that in regular wave states, there is
still power improvement resulting from the application of the
adjustable draft system. For instance, the highest mean values of
the absorbed power for the fixed draft WEC and adjustable draft
WEC are approximately 5.7 and 6.4 kW, and the improvement is
around 12%. In addition, it is observed that the gain of power
absorption is mainly located between the peak periods of 4.5
and 6.0 s. When the peak period is above 7.0 s, the difference
between the power absorption of the adjustable draft WEC and
the fixed draft WEC is negligible. One possible approach to im-
prove the power performance of this concept in irregular waves
is to optimize the buoy geometry, by which the issue of narrow
absorption bandwidth is expected to be mitigated. As indicated
by Anon (2016), the absorption bandwidth increases with the
resistive term, and thus the buoy geometries with the radiation
damping increasing with the draft might be desirable.
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Fig. A.23. Mesh convergence analysis of Nemoh with regard to the added mass
coefficients of the considered heaving spherical buoy with a buoy draft of 3.0 m.

The adjusted buoy drafts corresponding to the maximum power
absorption for different peak periods in irregular wave states are
shown in Fig. 20. The tendency of the adjusted draft with the peak
period is first to increase and then to be stabilized at around 3.2 m
in spite of the small fluctuations. Comparing the results with the
draft adjustment in regular waves from Fig. 17, the values of
the adjusted draft in irregular waves are accordingly lower. For
instance, the adjusted draft in regular waves is higher than 3.6 m
for the wave period between 4.5 and 8.2 s, while the largest
adjusted draft is 3.3 m in irregular waves. This is also because the
larger buoy drafts have a narrower bandwidth, which penalizes its
power absorption in irregular waves.
As suggested in Fig. 20, the adjusted buoy draft is 2.8 m for
the peak period of 4.0 s. Thus, the instantaneous responses of
the WEC with the buoy drafts of 2.5 and 2.8 m are depicted in
Fig. 21 to represent the performance of the adjustable draft WEC
and fixed draft WEC. For a fair comparison, the generated profile
of the wave elevation is maintained identical for these two buoy
drafts in the simulation. It can be seen from Fig. 21(a) and (b) that
the buoy draft of 2.8 m is generally related to higher velocities
than that of 2.5 m at the same PTO force constraint. Therefore, the
power absorbed by the buoy draft of 2.8 m is accordingly higher,
as shown in Fig. 21(c).
As the buoy draft increases, the possibility of the buoy being
fully submerged could be higher. As a consequence, the prediction
accuracy of the power performance would decrease, since the
effect is not considered in the numerical model. To justify the
accuracy of the performance identification, the instantaneous rel-
ative displacement of the buoy to the wave elevation is calculated
for an adjusted buoy draft, shown in Fig. 22. The adjusted buoy
draft of 3.2 m in the peak period of 5.0 s is considered as a
particular case. This case is sufficiently representative since the
relative displacement is rather high at the wave periods between
3.5 and 5.0 s (shown in 13), and the buoy draft of 3.2 m is almost
the largest value used in the irregular wave states (shown in
Fig. 22). It is observed from Fig. 22 that the relative displacement
hardly gets close to the two values indicating the cases of leaving
water or being fully submerged within a simulation time duration
of 1000 s. Thus, the current model is thought to be verified for
the considered simulation cases in the time domain analysis. How-
ever, it should be realized that the possibility of the occurrence
could increase if higher wave heights are considered, and then
the accuracy of the current model would be challenged.
13
Fig. B.24. Hydrodynamic coefficients of the floating buoy in heaving for different buoy
drafts.

5. Summary and conclusion

In this paper, an adjustable draft system is proposed for the heaving
point absorber concept. By means of this system, the buoy draft can be
adapted to the wave state. First, the proposed system and the consid-
ered WEC concept are described. Next, a frequency domain model is
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Fig. C.25. RAO obtained from the reproduced model and the Giorgi and Ringwood
2017b).

stablished to study the effect of the draft adjustment on performance
f the WEC. The power performance of the adjustable draft WEC and
he fixed draft WEC are compared for different PTO force constraints
onsiderations. Furthermore, to take into account the nonlinear forces,
n algebraic nonlinear time domain model is used to re-evaluate the
erformance of the WEC integrated with the adjustable draft system,
n which both regular waves and irregular waves are considered. Based
n the results, the following concluding remarks are drawn.

Firstly, the draft adjustment of the spherical buoy has a signifi-
ant influence on its hydrodynamic coefficients in heave mode. The
xcitation force can be reduced by increasing the buoy draft. The
arger buoy drafts correspond to the higher peak value of the heave
AOs but the narrower bandwidth. However, this conclusion is limited

o the spherical floating buoy geometry, and the dependence of the
ydrodynamic performance on the draft adjustment would differ with
he buoy geometry. It is therefore recommended to conduct further
nvestigation on the relevance of the buoy geometry to the performance
f the adjustable draft system.

Secondly, the PTO force amplitude and average power of WECs
re highly related to the buoy draft. Adapting the buoy draft to wave
tates makes it possible to control the required PTO force. The required
TO force can be reduced by increasing the buoy draft. Therefore the
djustable draft system can be used to implement the downsizing of
TO capacity.

Thirdly, the buoy draft adjustment varies the natural frequency
f the WEC, and thus adapting the buoy draft to wave states could
mprove the power absorption. Reasonably adjusting the buoy draft
s able to mitigate the negative effect of PTO force constraints on
ower performance. In addition, the performance of the adjustable
raft system is related to the buoy size, and the wave periods when the
ower absorption can be clearly gained is increased by scaling the buoy
p. Furthermore, nonlinear forces could make a difference to power
bsorption of the WEC, and the power absorption from the nonlinear
odel is remarkably lower than that estimated in the frequency domain

nalysis at the resonance regions. With regard to the fixed draft WEC,
he application of the adjustable draft system is able to improve the
ower performance of a spherical point absorber, especially in the
ases with the downsized PTO capacities. In the considered regular
ave states, the power absorption could be improved around 27%

n particular cases. In irregular wave states, less power improvement
s observed since the absorption bandwidth is relatively narrowed
y the increase of the buoy draft. Nevertheless, in the considered
rregular wave conditions, the power absorption can be improved by
14

pproximately 12% in particular wave state.
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Appendix A. Convergence verification of hydrodynamic calcula-
tion

A mesh convergence study is performed to verify the hydrodynamic
results calculated by Nemoh. As an example, Fig. A.23 depicts the
influence of the number of panels in the mesh on the prediction of the
added mass coefficients of the heaving buoy with a buoy draft of 3.0 m.
It is observed that the difference among mesh solutions with more than
646 panels is negligible. However, it is known that the computational
time increases with the number of panels. To achieve a compromise
between the accuracy and computational loads, the number of panels is
maintained between 700 and 900 when calculating the hydrodynamic
coefficients of the buoy with different buoy drafts.

Appendix B. The hydrodynamic coefficients for different buoy
drafts

See Fig. B.24.
Appendix C. The verification of the reproduced nonlinear time
domain model

To verify the reproduced nonlinear Froude–Krylov time domain
model, a comparison is made between RAOs estimated by the repro-
duced model and referred to Giorgi and Ringwood (2017b). As in Giorgi
and Ringwood (2017b), the calculation is performed for the buoy with
a draft of 2.50 m, and the wave steepness is 0.018. As is shown in
Fig. C.25, a good agreement between the reproduced model and the
reference is observed. In this RAO comparison, the viscous force and
Wheeler stretching correction are not considered in the reproduced
model, which is intended to maintain consistency with the model re-
ported in the Giorgi and Ringwood (2017b). Thus, it can be concluded
that this nonlinear time domain model is reformulated correctly in the

present paper.
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