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Abstract: To increase the utilization of wave and other renewable energy resources, an integrated
system consisting of an offshore wind turbine and a wave energy converter (WEC) could be used to
harvest the potential energy. In this study, a dimensionless optimization method is developed for
shape optimization of a hollow cylindrical WEC, and an optimal shape is obtained using a differential
evolution (DE) algorithm. The frequency domain response characteristics of the WEC with different
geometric shapes and viscous damping loads are studied. The numerical model of the wind-wave
integrated system, which consists of a semisubmersible platform and the WEC, is developed and
used. The dynamic responses of the integrated system with and without using the WEC optimum
section are compared. The results show that the dimensionless optimization method utilized in this
paper is very applicable for hollow cylindrical WECs. A smaller inner radius and larger draft increase
the heave RAO amplitude of the WEC significantly. In addition, optimization of the WEC shape
and power take-off (PTO) damping coefficient can significantly improve the energy capture of the
integrated system, which increases by 32.03%. The research results of this paper provide guidance for
achieving the optimum design of offshore wind-wave energy integrated systems and quantify the
benefits of using optimum designs in the produced wave energy power. In addition, the proposed
dimensionless optimization method is generic and can be widely applied to different types of WECs.

Keywords: wave energy converters; integrated wind–wave energy system; optimization; differential
evolution methods; hydrodynamic response; viscous damping loads

1. Introduction

In recent years, carbon and emission neutrality have been proposed. Offshore wind
turbine technologies have developed rapidly, and floating offshore wind turbines (FOWTs)
have been gradually scaled up and developed for the far sea [1–3]. Wave energy is an
essential part of renewable energy with the advantages of wide distribution and high
energy density [4,5]. Therefore, joint development of offshore wind and wave energy
has broad market prospects. Hybrid systems of offshore floating wind and wave energy
converters (WECs) have many advantages. For example, sharing the components of a wind
farm can reduce the cost per unit of electricity generation and increase the energy output
per square meter. In addition, wave energy can make up for the intermittency of offshore
wind, and the energy output is more continuous and stable [6].

Due to wind and wave energy integrated systems’ advantages, many scholars have
conducted relevant research [7]. As the FOWTs move to the far sea with different water
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depths, a new concept of a floating offshore wind-wave energy hybrid system has been put
forward. Peiffer et al. [8] and Aubault et al. [9] proposed for the first time a conceptual model
of a combined wind-wave energy hybrid system and carried out numerical simulation
and experimental analysis. Muliawan et al. [10] proposed a concept combining a spar-
type floating wind turbine with a torus-shaped WEC (named STC) and investigated the
hydrodynamic performance of the integrated system. The total power production of the
combined concept is 10–15% higher than that produced by the Spar-type FOWT alone.
Chen et al. [11] proposed a wind-wave combined platform and simulated its hydrodynamic
performance and power generation efficiency. Wan et al. [12,13] proposed a concept
combining a floating semisubmersible wind turbine with a flap-shaped WEC (named
SFC) and investigated the hydrodynamic response and power generation efficiency of
the integrated system using numerical and experimental methods, and there is a good
agreement between the two methods. Michailides et al. [14] studied the dynamic loading
and motion performance of SFCs based on numerical and experimental studies. The results
show the combined operation of WECs does not affect the tension of mooring lines, the
acceleration of the nacelle, or the bending moment in the tower’s base. Wang et al. [15,16]
investigated the hydrodynamic response and motion performance of a combined system
consisting of a semisubmersible platform heaving-type WEC under typical wind and
wave joint conditions. Li et al. [17] investigated the dynamic response characteristics of
a coupled semisubmersible platform with a heave float under the combined wind and
wave conditions, and the weakening effect of aerodynamic damping on surge and pitch
is also explained. Hu et al. [18] optimized the WEC size and layout, then supplemented
and corrected the viscous damping of the WEC. The results show that the increase in
WECs can reduce the maximum horizontal force and pitching moment of the platform,
while the maximum vertical force increases with the increase in the power take-off force.
Sun et al. [19] used the CFD method to simulate the free decay, estimate the WEC viscous
force, and supplement and correct the WEC viscous damping. Zou et al. [20] established
the multi-floating body based on the constant coefficient time-domain model of the state
space model, which can also be widely applied to the multi-body system of the wind-wave
combined platform. These studies show that considering additional WEC can increase total
power generation compared to the standalone FOWT.

For a single WEC, Zhang et al. [21] studied the shape of the WEC and found that
parabolic and conical absorbers were more stable and efficient at capturing energy.
Chen et al. [22,23] proposed a motion constraint strategy for the end-stop system for
the heave motion of WEC and studied the influence of the nonlinear characteristics of
the end stop system on the platform motion and power generation. Pastor et al. [24] and
Blanco et al. [25] demonstrated that the design size (radius, draft, and shape) of the WEC is
the key factor in affecting the energy absorption, and that the energy capture efficiency of
the WEC is improved by optimizing the draft and outer radius of the WEC. Wang et al. [26]
indicated that power take-off systems can improve the power and efficiency captured by
wave energy under appropriate constraints.

At present, some population-based optimization algorithms (differential evolution
algorithm (DE) and genetic algorithm (GA)) are used to optimize the structures in ocean
engineering. A genetic algorithm randomly transforms one or a specific gene of an in-
dividual to obtain a new set of solutions. The DE algorithm [27] obtains mutant indi-
viduals by combining weighted individual algorithms, which achieves obtaining a new
population by one-to-one replacement only when the offspring is better than the parent.
Lyu et al. [28] used a genetic algorithm to find a cylinder’s optimal combination of radius
and stretch. Vesterstrom et al. [29] compared DE and GA and found that the DE method is
easier to operate, faster to converge, and has a stronger adaptability to various problems.
Fang et al. [30] used the DE algorithm to optimize the layout of multiple WEC arrays and
obtained a reasonable layout with excellent energy capture efficiency. Blanco et al. [25]
carried out the geometric design of a WEC and obtained the WEC geometry with higher
energy capture efficiency by using the DE algorithm.
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Most of the studies are limited to single platforms and single wave energy converters;
there is little work focused on the optimization of integrated platforms and floating systems.
Therefore, the main purpose of this paper is to unify the shape variables (inner radius,
outer radius, and draft) of the hollow cylindrical WEC based on a dimensionless method
and to estimate the energy production of the integrated system using the optimal values in
a fully coupled model. The size of the hollow cylindrical WEC is optimized using a DE
algorithm, and the optimized WEC model is obtained. The dynamic characteristics of the
WEC with different geometric shapes are studied in the frequency domain. In addition, the
shear viscous damping of the WEC is supplemented and corrected. The numerical model
of an integrated system consisting of a semisubmersible platform (a braceless one) and
the WEC was established. Then, the dynamic responses of the integrated system between
the conditions of the pre-optimization and post-optimization of the WEC are compared.
The proposed dimensionless optimization method is generic and can be widely applied to
different types of WECs. The rest of the paper is structured as follows: The basic theory
of the hydrodynamic model, the linear motion equation of the WEC, and the principle of
wave energy power capture are briefly introduced in Section 2. The numerical model is
introduced in Section 3. The findings and discussion are summarized in Section 4. The
conclusions of this paper are summarized in the final section.

2. Mathematical Method
2.1. Hydrodynamic Model

The potential flow theory used to calculate the hydrodynamic loads of the WEC
models in this work. The fluid is assumed as nonrotating, nonviscous, incompressible, and
behaving as an ideal fluid. The Laplace equation is expressed as follows [31]:

∇2φ= 0 (1)

where φ is the three-dimensional velocity potential and φ = φ(x, y, z, t). The velocity
potential is separated by time and space, and Equation (2) is obtained. The space velocity
potential is decomposed into Equation (3):

φ = Re
[

ϕe−iωt
]

(2)

ϕ = ϕi + ϕd + ϕr (3)

where ω is the circular frequency of the incident wave, t is time, and Re represents the real
part. ϕi is the velocity potential of the incident wave, ϕd is the diffraction potential, and ϕr

is the radiation potential.
The incident wave velocity potential is expressed as follows:

ϕi(x, z)= − igA
ω
· ch(z + h)

chkh
eikx (4)

where A, g, h, and k represent the incident wave amplitude, gravitational acceleration,
water depth, and wave number, respectively.

The diffraction and radiation potentials need to satisfy the following boundary condi-
tions: the seabed boundary condition Sd, the free water surface S f , the body surface Sb, and
the infinite Sommerfeld boundary conditions S∞, respectively, according to Equation (5).

∂
∂z

[
ϕd, ϕr

]
= 0(on Sd)(

∂
∂z −

ω2

g

)[
ϕd, ϕr

]
= 0

(
on S f

)
∂ϕr

∂z = n(on Sb)
∂ϕd

∂z = − ∂ϕi

∂z (on Sb)

lim
r→∞

√
r
(

∂
∂r − ik

)[
ϕd, ϕr

]
= 0(on S∞)

(5)



J. Mar. Sci. Eng. 2022, 10, 1985 4 of 20

To obtain the solution of the Laplace equation satisfying the above boundary condi-
tions, the green function method is used to transform the solving problem into an integral
equation. The integral equation of the green function is further solved using a relevant
method. The object surface is divided into small enough cells, and the velocity potential
inside the cell is expressed as the velocity potential of the node; thus, the linear equations
of the node’s velocity potential are established, and each velocity potential is solved [32].

The excitation force Fex is obtained by integrating the dynamic pressure of the incident
wave and the diffracted wave on the average wet surface (Equation (6)).

Fex = iωρ
x

Sb

(
ϕi + ϕd

)
·nzdS (6)

where nz is the unit normal vector on the surface of the floating body. ρ is the seawa-
ter density.

2.2. Linear Equation of WEC Motion

The heave motion equation of the WEC is shown below [33,34]:

(m + am)
..
x + (rd + CPTO)

.
x + (K + KPTO)x = Fex (7)

where m and am are the mass and the added mass of the WEC, respectively; rd and CPTO
are the heave radiation damping of the WEC and PTO damping, respectively; K is the
restoring force coefficient, KPTO is PTO stiffness coefficient, and Fex is the excitation force
of the incident wave in the heave direction when the oscillating float is fixed. When the
incident wave amplitude is the unit wave amplitude, the heave velocity Vb of the WEC is
obtained by solving the following equation:(

−iω(m + am) + (CPTO + rd)− K + KPTO
iω

)
·Vb = Fex (8)

Finally, the velocity of the heave motion of the WEC is obtained and then the average
captured wind energy power is calculated, with the information of the mass m, added mass
am, and radiation damping rd of the WEC and the damping CPTO of the PTO system.

2.3. Wave Energy Capture

The heave natural frequency of the WEC is calculated according to Equation (9). In
this paper, WEC is restrained to have the heave motion only. For a single body with one
motion mode, the optimum damping coefficient at the wave frequency ω can be obtained
from Equation (10) [18].

ω =

√
KPTO + K
m + am

(9)

bopt =

√√√√(
(m + am)ω2 − (KPTO + K)2

)
ω2 + (rd + rdvis)

2 (10)

where rdvis is the supplementary viscous damping.
The captured wave energy power of WEC is then obtained by the following equation:

Pex =
1
2

CPTOV2
b (11)

The incident wave power per unit width under deep water conditions is shown in the
following equation:

Pin =
ρg2H2T

32π
(12)
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The energy capture width ratio of WEC is the ratio of the capture power to the incident
wave power, as shown in Equation (13). It is a measure of the WEC conversion wave energy.
A higher value of the ratio implies a higher wave energy conversion efficiency of WEC.

CWR =
Pex

2(r2 − r1)·Pin
(13)

where r1 is the inner radius of the WEC and r2 is the outer radius of the WEC. The process
of calculating the average produced power of the WEC can be summarized below:

1. Calculate the mass of WEC and the heave restoring force coefficient.
2. Calculate the heave added mass am, heave radiation damping rd, and wave excita-

tion force Pex of the WEC.
3. Select the optimal PTO damping CPTO.
4. Calculate the heave motion velocity Vb.
5. Calculate the average produced power of the WEC according to the heave motion

velocity and PTO damping.

3. Numerical Model

The integrated system consists of three parts: the 5-MW NREL wind turbine [35], a
braceless semisubmersible platform [36,37], and a torus-shaped wave energy converter
(WEC). The main parameters of the combined structure are shown in Table 1. In the
following chapters, the WEC shape is optimized to obtain the final WEC model (Figure 1b),
and Table 1 shows the parameters of the optimized WEC. The WEC is located in the middle
column of the platform and is connected to the floating platform through a PTO system to
capture wave energy. A guide pulley device is arranged between the platform and the WEC
to ensure the WEC’s heave motion and reduce friction (Figure 2). A conceptual diagram of
the combined system is shown in Figure 1a.

Table 1. The main parameters of the combined system.

Wind Turbine (NREL 5MW)
Rotor-Nacelle-Assembly (t) 350

Tower mass (t) 347.46
Center of Gravity (CoG) (m) (−0.2, 0.0, 70)

Semisubmersible platform

Semisubmersible mass (t) 9738
Diameter of the central/side column (m) 6.5

Water displacement (m3) 10,298
Water depth (m) 200

Operating draft (m) 30
Centre of semisubmersible (m) (0,0, 24.36)

Optimized WEC

Outer/Inner diameter (m) 19.2/8
Height/Draft (m) 8/4.6

Mass (t) 1128
Water displacement (m3) 1100.4

Center of mass (m) (0, 0, −2)

In this study, the hydrodynamic model of the semisubmersible platform and WEC was
established based on ANSYS/AQWA [38] (Figure 3). The time-domain dynamic simulation
of the integrated system (5 MW wind turbine, semisubmersible platform, WEC) was based
on F2A [39] (an open-source, fully coupled analysis code). The PTO system (Figure 2) is
implemented by establishing a Fender model in ANSYS/AQWA, which is a simplified
linear spring and a linear damper. Wave energy is captured by the relative heaving motion
of the semisubmersible platform and the WEC.

In the following section, Section 4.1 is the dimensionless calculation of WEC, Section 4.2
is the frequency domain response study of different WEC, Section 4.3 is the geometric
optimization of WEC, Section 4.4 is the viscous damping correction of WEC, and Section 4.5
is the time domain and statistical response study of the integrated system.
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4. Results and Discussion
4.1. Dimensionless Calculation

In this paper, the draft d of WEC is taken as a dimensionless parameter, and the
related geometric parameters and hydrodynamic coefficients of WEC are dimensionlessly
processed. The dimensionless size ds, dimensionless mass m and dimensionless hydrostatic
stiffness K are expressed as:

ds =
2
√

r2
2 − r2

1

d
m =

m
ρπ
(
r2

2 − r2
1
)
d
= 1 K =

K
ρgπ

(
r2

2 − r2
1
) = 1 (14)

The dimensionless natural frequency ω is expressed as:

ω =
ω√
g/d

(15)

The dimensionless added mass am, radiation damping rd, and wave excitation force
Fex are expressed as:

am =
am

ρπ
(
r2

2 − r2
1
)
d

rd =
rd

ρπ
(
r2

2 − r2
1
)√

gd
Fex =

Fex
ρgπ

(
r2

2 − r2
1
)
d

(16)

where g = 9.81 m/s2 is the acceleration of gravity.
If the inner and outer radius and the draught of the WEC are given, the dimensionless

size ds can be calculated. For a given ds, the dimensionless natural frequency and the
dimensionless added mass have the following relationship:

ω

(
2
√

r2
2 − r2

1/d
)
=

√√√√ 1

1 + am
(

ω
(

2
√

r2
2 − r2

1/d
)) (17)

In the WEC design principle, when the WEC heave’s natural frequency is equal to
the wave frequency, then resonance might occur, which leads to a larger heave amplitude
to achieve the purpose of capturing more wave energy. Therefore, the WEC draft d is
estimated by Equation (18) for a given dimensionless size ds that is determined according
to the given typical average wave frequency ωt

d = g

ω
(

2
√

r2
2 − r2

1/d
)

ωt


2

(18)
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Figure 4 shows the variation of the WEC dimensionless parameters of natural fre-
quency, added mass, radiation damping, and wave excitation force along with ds for the
condition of r1 = 4 m. It can be seen that the dimensionless added mass (Figure 4a) and
radiation damping (Figure 4b) curves basically show a linear increase as the dimensionless
size increases, while the dimensionless wave excitation force does not change significantly.
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To verify this relationship, five groups of different inner radii were taken at the same
time to study the relationship between ds, dimensionless natural frequency, and added
mass under different inner radii. As shown in Figure 5, the dimensionless natural frequency
and added mass under different inner radii, show good consistency, which verifies this
dimensionless process.
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4.2. Frequency Domain Response of WEC

In the present paper, the response characteristics of WEC in the frequency domain
with different geometric shapes are studied. The WEC geometric properties involve three
variables: the inner radius r1, the outer radius r2, and the draft d, as illustrated in Figure 1b.

First, the RAOs in heave with different inner radius (r1) are studied for a constant
outer radius (r2 = 12) and a given dimensionless size (ds = 4). The results are shown in
Figure 7a. Two peaks at approximately 0.8 rad/s and 1.2 rad/s are observed, where the
first peak is the natural frequency of WEC and corresponds to a different inner radius
(r1). The peak amplitude of the heave RAO at the natural frequency gradually decreases
as the r1 increases, while the natural frequency value shifts to the right and increases
slowly. The second peak is the resonance of the water caused by the entry and exit of the
hollow cylinder, resulting in the moonpool effect [40]. The moonpool effect is eliminated
by adding the lid treatment in the numerical analysis; WEC is a hollow structure, and
the hydrodynamic calculation unit is defined at the waterplane of the hollow structure to
achieve the effect of inhibiting water resonance, as shown in Figure 7b.

In addition, the heave RAO response under different dimensionless size ds is studied
under the unchanged inner radius r1 and outer radius r2, which is illustrated in Figure 8. It
is seen that the amplitude response of heave RAO increases significantly as the ds decreases.
A smaller ds equals to the effect of a larger draft, which has a positive effect on the heave
RAO of WEC. However, the WEC will be combined with a semi-submersible platform in
practical application, where a large draft will restrain the relative motion of multiple bodies.



J. Mar. Sci. Eng. 2022, 10, 1985 11 of 20

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 11 of 21 
 

 

 
(c) 

Figure 6. The mathematical expression of dimensionless relation. (a) Added mass. (b) Radiation 
damping. (c) Wave excitation force. 

4.2. Frequency Domain Response of WEC 
In the present paper, the response characteristics of WEC in the frequency domain 

with different geometric shapes are studied. The WEC geometric properties involve three 
variables: the inner radius r1, the outer radius r2, and the draft d, as illustrated in Figure 
1b. 

First, the RAOs in heave with different inner radius (r1) are studied for a constant 
outer radius (r2 = 12) and a given dimensionless size (ds = 4). The results are shown in 
Figure 7a. Two peaks at approximately 0.8 rad/s and 1.2 rad/s are observed, where the 
first peak is the natural frequency of WEC and corresponds to a different inner radius (r1). 
The peak amplitude of the heave RAO at the natural frequency gradually decreases as the 
r1 increases, while the natural frequency value shifts to the right and increases slowly. The 
second peak is the resonance of the water caused by the entry and exit of the hollow cyl-
inder, resulting in the moonpool effect [40]. The moonpool effect is eliminated by adding 
the lid treatment in the numerical analysis; WEC is a hollow structure, and the hydrody-
namic calculation unit is defined at the waterplane of the hollow structure to achieve the 
effect of inhibiting water resonance, as shown in Figure 7b. 

  
(a) (b) 

Figure 7. Heave RAO with different inner radius WEC. (a) Heave RAO. (b) Heave RAO after adding
a lid.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 12 of 21 
 

 

Figure 7. Heave RAO with different inner radius WEC. (a) Heave RAO. (b) Heave RAO after add-
ing a lid. 

In addition, the heave RAO response under different dimensionless size ds is studied 
under the unchanged inner radius r1 and outer radius r2, which is illustrated in Figure 8. 
It is seen that the amplitude response of heave RAO increases significantly as the ds de-
creases. A smaller ds equals to the effect of a larger draft, which has a positive effect on 
the heave RAO of WEC. However, the WEC will be combined with a semi-submersible 
platform in practical application, where a large draft will restrain the relative motion of 
multiple bodies. 

 
Figure 8. Heave RAOs under different ds cases. 

4.3. WEC Geometry Optimization 
Differential evolution (DE) is commonly used to solve real optimization problems. 

This algorithm is a kind of adaptive global optimization algorithm based on population 
and belongs to the evolutionary algorithm. It is widely used because of its simple struc-
ture, easy implementation, fast convergence, and strong robustness. 

In this paper, the geometric shape of WEC is optimized by using the DE algorithm. 
The specific process is shown in Figure 9. 

Figure 8. Heave RAOs under different ds cases.

4.3. WEC Geometry Optimization

Differential evolution (DE) is commonly used to solve real optimization problems.
This algorithm is a kind of adaptive global optimization algorithm based on population
and belongs to the evolutionary algorithm. It is widely used because of its simple structure,
easy implementation, fast convergence, and strong robustness.

In this paper, the geometric shape of WEC is optimized by using the DE algorithm.
The specific process is shown in Figure 9.
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(1) Population initialization: initialize the variables in the population and set boundary
conditions. In the WECs population of Np individuals (Equation (19)), the initial value of
the i-th individual WEC dimensionless size dsi(1) is shown in Equation (20):

ds(G) = {ds1(G), ds2(G), · · · , dsNP(G)} (19)

dsi(1) = dsmin + rand(Np, D)·(dsmax − dsmin) i = 1, 2, · · · , Np (20)

where G is the number of population generations, and the value is 100; the population size
Np is taken as 10 because the value should be greater than or equal to 4 and is usually taken
between 5D and 10D; D is the number of optimization parameters, which is 1 because only
one variable ds needs to be optimized in this paper. rand(Np, D) represents the generated
random values of the initial population in row Np and column D; the boundary range of ds
is between 2 and 10, because the value should not be too large or too small, otherwise the
outer radius and draft of WEC will be too large or too small and that is not advisable.

(2) Population mutation: in this step, the mutant population Vij(G + 1) is obtained,
and the mutant individuals Np are randomly generated based on the individuals in the G
generation population, as shown:

Vij(G + 1) = dsp(G) + Mu
(
dsj(G)− dsk(G)

)
p 6= j 6= k 6= i (21)

where Mu is the variation scaling factor. A better algorithm can be searched locally with a
smaller Mu. Simultaneously, a better algorithm can be jumped out of the local minimum
with a larger Mu, but the convergence speed will be slower. Mu also affects the diversity
of populations, which is generally taken between 0 and 2 and the value of 0.6 is used in
this work.

(3) Crossover operation: crossover individual Uij(G + 1) is obtained by exchanging
mutant individual Vij(G + 1) and target individual Xij(G), as expressed in the
following equation:

Uij(G + 1) =
{

Vij(G + 1), rand ≤ CR ∪ j == rand(1)
Xij(G), otherwise

(22)

where CR is the crossover probability, which reflects the extent of the amount of information
exchanged between the offspring and the parent as well as intermediate variants during the
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crossover process. The extent in relation to the information exchange will be greater with
the larger value of CR. Conversely, the diversity of the population will decrease rapidly
when the value of CR is too small, which is not conducive to global optimization. The
value of CR is generally taken between 0 and 1. The value of 0.5 is used in this work.

(4) Selection operation: whether the output power is the maximum wave energy
capture power is judged by comparing the objective function value Pex of the crossed
individual Uij(G + 1) and the initial target individual Xij(G) one-to-one. Xij(G + 1) is the
individual with the largest wave energy capture power in the current G generation.

Xij(G + 1) =
{

Uij(G + 1), Pex
(
Uij(G + 1)

)
> Pex

(
Xij(G)

)
Xij(G), otherwise

(23)

In this paper, the average wave period Tt = 6 s (ωt = 1.047 rad/s) of a typical WEC
function is selected. The geometry of WEC is optimized. WEC is suitable for working
under high-frequency wave conditions because of its characteristics of small size and large
natural frequency. The resonance of the WEC might occur when its natural frequency
of WEC is close to the incident wave frequency, which will lead to a better wave energy
capture effect. Based on the DE algorithm, the power produced by the globally optimized
WEC in the 100-generation population is calculated (Figure 8). When the dimensionless
size ds = 3.784, the maximum power captured by the global wave energy is realized, which
reaches 93.846 kW. The draft and outer radius of the WEC are 4.6 m and 9.6 m (Figure 10),
respectively, when the ds is optimum.
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Then, the optimized WEC is combined with the semi-submersible wind turbine to form
an integrated system, which is used in the results and discussions in the
following sections.
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4.4. Viscous Damping Correction of WEC

In this paper, a correction and a supplement are considered for the shear viscous
damping of WEC. Sun et al. [19] studied the dynamic behavior of the cylindrical wave
energy floater under various viscous damping correction conditions and obtained the
viscous damping correction coefficient curve. Then, in this work, the viscous damping
correction coefficient curve is realized by a mathematical expression that is obtained by
data fitting, as illustrated in Figure 11a, and the expression is further used to correct and
supplement the WEC viscous damping. In the previous section, the dimensionless size ds
of the optimized WEC was chosen as 3.784, and correspondingly, the calculated viscous
damping correction coefficient was 1.508. There is a good fit between the mathematical
formula and the empirical curve, and the relation between the viscous damping correction
coefficient and the dimensionless size is inversely proportional. With the increase in the
dimensionless size, the viscous damping coefficient decreases slowly and approaches 1.
In other words, the larger the dimensionless size is, the less obvious the viscous damping
effect is.
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The heave RAO responses between three potential calculations—without viscous cor-
rection, with 8% critical damping, and with viscous correction—are compared in Figure 11b.
It is seen that the amplitude of the potential flow result without viscous damping is the
largest among the three responses at the WEC natural frequency. The potential flow result
with an 8% critical damping correction is slightly underestimated compared to those with
the viscous damping coefficient correction; the critical damping correction is used in the
following section to make the results a bit conservative.

4.5. Comparison of Time Domain and Statistical Responses of Integrated System

The optimal PTO damping of WEC is calculated by Equation (10). In this paper,
the dynamic characteristics of the WEC-wind turbine integrated system, considering the
optimal WEC PTO damping, are studied. The optimal PTO damping for the WEC is
calculated to be 7.81 × 105 N·s/m. The outer radius, inner radius, and WEC PTO damping
of the WEC are taken as 8 m. 4 m, and 1.5 × 106 N·s/m, respectively, which are determined
based on the previous study [17] that investigated the dynamic characteristics of the
integrated system under different combined wind and wave conditions.

Four WEC-wind turbine designs with different WEC geometries and damping are
used to study the power characteristics of the integrated system. The main characteristics
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of the four examined designs are tabulated in Table 2 and explained as follows: (a) Design
D1 (WEC without shape optimization): the outer radius is 8 m, the inner radius is 4 m, and
the draft is 3.5 m. In addition, a critical damping of 8 % is supplemented to correct the
viscous damping, which leads to the WEC PTO damping of 1.5 × 106 N·s/m. (b) design
D2 (WEC with shape optimization): the outer radius is 9.6 m, the inner radius is 4 m, and
the draft is 4.6 m. Similar to the D1, 8% critical damping is added to correct the viscous
damping, and the WEC PTO damping is 1.5 × 106 N·s/m, (c) design D3 (WEC without
shape optimization; same shape as in D2): a correction coefficient of 1.508 is supplemented
to the viscous damping, and the WEC PTO damping is 1.5 × 106 N·s/m. (d) Design D4
(WEC without shape optimization; same shape as in D2): the optimal WEC PTO damping
is 7.81 × 105 N·s/m.

Table 2. The main characteristics of the four designs.

Four Designs WEC Geometric Parameters Viscous Damping Correction WEC PTO Damping

D1 Outer/Inner radius 8/4 m
draft 3.5 m 8% critical damping 1.5 × 106 N·s/m

D2 Outer/Inner radius 9.6/4 m
draft 4.6 m 8% critical damping 1.5 × 106 N·s/m

D3 Outer/Inner radius 9.6/4 m
draft 4.7 m correction coefficient of 1.508 1.5 × 106 N·s/m

D4 Outer/Inner radius 9.6/4 m
draft 4.8 m correction coefficient of 1.508 7.81 × 105 N·s/m

Figure 12 compares the time domain responses of the four different integrated models
under the regular wave condition with wave period T = 6 s and wave height H = 2 m; The
dynamic responses of the platform motions, mooring line forces, and power generation
between the four designs are compared. Each simulation lasts for 4100 s and the first
500 s has been removed to avoid the start-up effect. The responses in the time series
range of 1800–1900 s are presented to clearly illustrate the comparisons. The comparisons
between the responses of D1 and the other three models indicate that the WEC shape
optimization does not influence the pitch and surge motions, but increases the heave
motions significantly. The dynamic responses of the mooring line tensions between the
four design models are very close, which means that the WEC shape optimization and the
PTO damping do not influence the mooring line load effects. As seen from Figure 12c, the
relative heave velocity amplitude of the D4 of the integrated system increases significantly,
which is due to the change of the WEC PTO damping that reduces the weakening effect
of the heave velocity. The heave damping force amplitudes of the D2 and D3 models
are slightly larger than those of D1 and D4 models, but the responses between these four
design models are generally very close. As the critical response the mean wave energy
capture power of the D2 is approximately 67.08 Kw when the WEC shape is optimized,
which is significantly higher than the 50.81 Kw produced in D1 model without the WEC
shape optimization. The mean captured powers of the D2 and D3 models are 67.08 Kw and
71.03 Kw, respectively, which are very close. This means that the different viscous damping
corrections have negligible influence on the power performance of the WEC-wind turbine
integrated system. The mean captured power is approximately 101.4 Kw of the D4 model
that employs the optimal PTO damping, and the captured power is significantly higher
than the 71.03 Kw of the D3 model in which a different PTO damping is considered.
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Figure 13 compares the statistical responses of the four different models, including
max, min, mean and standard deviation. The statistical values of the mooring line tension
between the four design models are very close. The mean value of the mooring line 2
(ML2) tension of the design model D4 is 0.27% higher than that of the model D1 because
of the optimization of the WEC shape. The maximum value of the relative heave velocity
(WEC and platform heave velocity difference) of the integrated system D2 with the WEC
shape optimization increased by 15.24% compared to that of the D1 without the WEC shape
optimization. The maximum value of the relative heave velocity of the final optimized
integrated system (D4) is increased by 96.73% compared to that of the D1 that does not
consider the optimization. The maximum value of the vertical damping force of the final
optimized integrated system (D4) is increased by 2.34% compared to that of the D1 without
the optimization, while the difference in the statistical responses of the damping forces
between the four models is very small. The average energy capture power of the integrated
system (D2) with the WEC shape optimization is increased by 32.03% compared to that of
the D1 without the WEC shape optimization. In addition, compared to the mean value of
the captured power of the integrated system D2, an increase of approximately 5.89% is ob-
tained in the model D3 where the viscous damping coefficient is employed. The mean value
of the produced power is increased by 42.75% in the integrated system D3 compared to that
in the D2, which is due to the change of the WEC optimal PTO damping in the D3. Con-
sidering the WEC shape optimization and the optimal PTO damping of 7.81 × 105 N·s/m,
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a significant increase in the produced power is realized in D4; specifically, the mean
power production in D4 is almost double of that in D1 without the shape optimization.
This implies that optimizing the WEC shape and PTO damping are effective solutions
to improve the energy capture of the wave energy converter and thus to increase the
power production.
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5. Concluding Remarks

This paper deals with the study of the dynamic power and load effect performance of
an integrated wind–wave energy system using an optimized hollow cylinder wave energy
converter (WEC). A numerical model consisting of a 5-MW semisubmersible wind turbine
with an optimized WEC is established using the open-source code F2A. The hydrodynamic
loads on the integrated platform are calculated based on the potential flow theory by using
the hydrodynamic code AQWA. A dimensionless optimization method is developed and
used for the shape optimization of the WECs, and the differential evolution (DE) algorithm
is employed to obtain the optimal WEC. The frequency-domain response characteristics of
WEC with different geometric shapes and viscous damping corrections are investigated.
The time domain and statistical responses of the integrated system with and without
the WEC optimization are compared. The main findings and research conclusions are
summarized as follows:
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(1) A dimensionless method is established to unify the relationship between the
hydrodynamic coefficient of the hollow cylindrical WEC and the geometric parameters,
and the dimensionless results obtained by the WEC under different inner radius have a
good consistency. The dimensionless method proposed in this paper is feasible and suitable
for hollow cylindrical WEC.

(2) The frequency domain characteristics of WEC with different inner radius r1 and
dimensionless size ds are compared. It is found that the WEC will have a significant
moonpool effect, and a smaller inner radius r1 can reduce the moonpool effect; regardless
of the moonpool effect, an increase in ds will increase the natural frequency and thus reduce
the peak value. A large WEC can significantly increase the heave RAO amplitude. Based
on practical considerations, the draft d of the WEC should not be too large; otherwise, it
will affect the relative heave motion between the wind turbine and WEC.

(3) The main properties and specifications of the shape-optimum WEC are obtained
using the differential evolution algorithm (DE). The capture power is 93.864 kW. The design
characteristics of the optimum WEC can be used as a baseline model for public research.

(4) The dynamic characteristics of the mooring lines and heave damping force of
the final optimized integrated system (D4) are very close to the integrated system before
optimization (D1). The average capture power of the optimum integrated system (D4) is
99.57% higher than that of the previous one without optimization one (D1). Optimization
of the WEC shape and WEC PTO damping can significantly increases the power generation
produced by the wave energy converter.

Turbine performance issues are very important for the design of OWTs; the proposed
generic optimization method will be further expanded in order to include turbine perfor-
mance issues (e.g., excessive tower motions) in future research work.
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