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Abstract

The parametric study and optimization of a two-body wave energy converter (WEC) for
the wave and current conditions in the region of Zhaitang Island (China) is presented. Nine
parameters are considered, and their influence on the power captured by the two-body
WEC is investigated following both single-parameter and multi-parameter approaches. A
backpropagation neural network model is developed and applied to predict the captured
power for any given values of the nine parameters and the wave frequency. Then the robust
design method, also known as the Taguchi method, is implemented to study the compre-
hensive effects of the parameters on the power output of the device. Moreover, scale model
experiments are conducted to verify and confirm the influence of the principal parameters
on the power output. Combining numerical simulations, a neural network model and exper-
imental work, this study provides an optimization programme for the main parameters of
the device in the target sea region and, at a more general level, references for two-body
WEC designs based on specific sea states.

1 INTRODUCTION

The international community has paid more and more attention
to issues such as ensuring energy security, protecting the eco-
logical environment, and responding to climate change. China
just announced its intention to strive to reach the peak of car-
bon dioxide emissions before 2030, and strive to achieve carbon
neutrality before 2060 [1]. Accelerating the development and
utilization of ocean energy, especially wave and tidal energy, has
become a universal consensus and concerted action of coastal
countries and regions around the world [2]. Wave energy has the
largest potential in Europe and worldwide, and in-depth study
of the characteristics of the wave energy converter (WEC) will
make a significant contribution to improving the efficiency of
resource collection and conversion [3].
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Wave energy can be captured in a number of ways through
the use of different converters, such as point absorbers, attenu-
ators, overtopping, oscillating wave surge convertors, and oscil-
lating water columns [2, 3]. Many different types of WECs
have been designed, but only a small proportion of these have
reached the full-scale prototype stage so far [2]. Among the
various forms of WECs, point absorber WECs have attracted
extensive attention because of their simple structure and high
conversion efficiency [4], which consist of single-body and two-
body point absorber types.

Intensive research has been devoted to improving the wave
energy conversion efficiency of the single-body point absorber
WECs. The hydrodynamic characteristics of the float with dif-
ferent shapes such as square, cylindrical and rectangular float
have been studied widely [5, 6], including the wave radiation
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[7–9], the wave diffraction [9, 10] and the viscous and friction
effects [11, 12]. In addition to the geometry of the float [13],
optimization analyses for single-body point absorber WECs
have been carried out on the layout of the mooring lines [14,
15], the mass distribution of the float [16], the draft and diame-
ter [17] and the PTO damping [17, 18], etc.

The single-body point absorber WECs usually require a larger
mass and scale to reduce their natural frequency so as to match
the wave frequency as far as possible and thus maximize the
absorption power, but this increased mass has a negative impact
on the cost of energy. To solve this problem, some control
methods [19, 20] were also developed to maximize harvested
power for point absorber WECs.

Another way to develop a resonant WEC is to add a sub-
merged body under the floating buoy to create a two-body point
absorber WEC, where the energy is extracted through the rel-
ative motion of the two bodies [21–23]. Some research has
been carried out regarding the optimization of the two-body
point absorber WECs. Candido and Justino [24] analysed the
operating characteristics of a coaxial two-body WEC that only
performs heave motion under linear damping load conditions.
The numerical results showed that the wave frequency and the
restraining measures on the motion amplitude are the main fac-
tors affecting its conversion efficiency. Shami et al. [25] used the
Taguchi method to analyse the influence of seven parameters on
the captured power of a two-body WEC only considering heave
motion. Liang and Zuo [21] studied the linear viscous damping
and hydrodynamic simplification of the two-body WEC in the
frequency domain and proposed an optimized design to obtain
the maximum output power. Muliawan et al. [26] investigated a
two-body WEC with relaxed mooring in the regular and ran-
dom wave conditions and found that the mooring force has
little effect on the wave energy absorbed by the buoy, as long
as the length of the mooring lines can accommodate the heave
motions of the device. Martin et al. [27] presented numerical
and experimental analysis on the optimum design of a two-body
WEC. The results showed the two-body WEC could produce
twice as much energy as the single-body WEC with the same
float.

The relevant parameters of a WEC are, generally speaking,
not independent of one another. For instance, the size and
geometry of the buoys can influence the hydrodynamic perfor-
mance of the WEC, which in turn can affect the optimization
of PTO coefficients. Hence, optimizing a WEC requires a com-
prehensive analysis of a wide range of parameters related to the
design of the device and the environmental conditions of the
sea area where the WEC will be deployed.

Although some work that has been conducted on the opti-
mization of two-body point absorber WECs based on a certain
parameter or a few parameters, a comprehensive optimization
including several parameters that affect the output power over
a large enough wave frequency bandwidth has not been carried
out so far. This is the motivation for the parametric study and
optimization presented in this work, with a focus on the effects
of nine parameters on the captured power of a two-body point
absorber WEC, including: the buoy’s size, the distance between
two floats, the PTO damping, the PTO stiffness, the current

velocity, the wave height, the angle between the anchor chain
and the plumb line, the angle between the incident wave direc-
tion and the projection of the anchor chain on the horizontal
plane, and the angle between the incident wave direction and
the current.

The target sea conditions off Zhaitang Island, China, the
basic two-body WEC model and the parametric study meth-
ods, including the backpropagation (BP) neural network, and
the robust design method are briefly introduced in Section 2.
The parametric studies considering the influences of individual
parameters and groups of parameters on the captured power
of the device are presented in Section 3. Section 4 illustrates
the scale model experimental results in a wave-current tank.
Based on the numerical and experimental parametric studies of
the two-body point absorber WEC, the optimal combination of
parameters for deployment off Zhaitang Island (China) is deter-
mined in Section 5. Finally, conclusions are drawn in Section 6.

2 MODEL AND METHOD

2.1 Target sea region and basic WEC model

The target sea region of our study is located off Zhaitang Island,
Qingdao, Shandong province, China, which is in the north of
the Yellow Sea, facing the open sea in the east and south. This
ocean energy test base, the largest in northern China since
2012, focuses on the development of multi-energy complemen-
tary and intelligent independent energy systems, including wave
energy, tidal energy and current energy devices, low-cost ocean
energy transmission and transformation equipment, and other
marine renewable energy technology. The water depth suitable
for wave energy generation off Zhaitang Island is about 30 m.
The mean significant wave height is 0.6 m, mean wave period is
3.3 s, and mean current velocity is 0.9 m/s.

The basic two-body WEC model presented in this paper is
illustrated in Figure 1, consisting of a cylindrical floater and a
spherical submerged body with the same radius. The PTO sys-
tem is placed between the two buoys and makes use of the rela-
tive movement of the two buoys to generate electricity. The con-
verter is fixed onto the seafloor by four tensioned anchor chains.
This study focuses on investigating the influence of nine param-
eters on the captured power by the WEC, such as the buoy’s
radius R, the distance between two buoys D, the PTO damp-
ing C , the PTO stiffness K , the current velocity V , the wave
height H , the angle between the anchor chain and the plumb
line 𝛼, the angle between the incident wave direction and the
projection of the anchor chain on the horizontal plane 𝛽, the
angle between incident wave direction and the current 𝛾.

2.2 Dynamics analysis

Since the software Ansys Aqwa [28] is used to conduct the
numerical simulation in this study, the equations of motion for
the two-body WEC and the computation methods applied in
Ansys Aqwa are briefly introduced here. Newton’s second law
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FIGURE 1 Sketch of the two-body WEC. (a) Front view, (b) top view

is used in the two-body WEC system considering solely two
degrees of freedom (Figure 1), whereXj , X ′

j and X ′′
j denote

the displacement, velocity and acceleration, respectively, j = 1
denotes the floater, and j = 2 denotes the submerged buoy.

For the floater:

m1X ′′
1 (t ) = Fr1 (t )+Fpto (t ) + Fs (t )+Fi (t ) + Fe1 (t ) + Fc1 (t )

(1)
For the submerged body:

m2X ′′
2 (t ) = Fr2 (t )−Fpto (t )−Fi (t ) + Fe2 (t ) + Fc2 (t ) + Fm (t )

(2)
where m j represents the physical dry mass; Fr j represents the
radiation force, according to Cummins’ equation [29, 30], the
radiation force is a differential equation of order two with a con-
volution integral, Fr j (t ) = −ma j X

′′
j (t ) − ∫ t

0
Kj (t − 𝜏)X ′

j (𝜏)d𝜏,

where ma j represents the added mass, ∫ t

0
Kj (t − 𝜏)X ′

j (𝜏)d𝜏
is the convolution integral, and Kj is the retardation func-
tion. Based on the radiation damping coefficients r j (𝜔)for
every possible frequency, Kj can be expressed asKj (t ) =
2

𝜋
∫ ∞

0
r j (𝜔) cos(𝜔t )d𝜔. r j (𝜔) can be provided through fre-

quency analysis in Ansys Aqwa for a set of predefined
frequencies{𝜔n}; Fpto represents the PTO force; Fs represents
the static restoring forceFs (t ) = −𝜌gAwX1(t ), where 𝜌is the
water density, g is the gravity acceleration, and Aw represents
the waterline surface area. For the submerged body, Fs is 0,
given the balance between gravity and buoyancy; Fi represents
the force caused by the hydrodynamic interactions between the
two buoys, which can be neglected when the submerged body
is deployed far enough from the floater;Fe j represents the wave
load on the two buoys; Fc j represents the current load, which

can be obtained as the drag forceFc j=
1

2
CD𝜌Av j

2, whereCDis
the drag coefficient, Ais the cross-sectional area of the buoy
perpendicular to the direction of current motion andv j is the rel-
ative velocity between the current and the buoys; and Fm repre-
sents the mooring forces exerted on the submerged body, which
can be calculated in Ansys Aqwa by setting the cable mooring
type and its properties, including the section properties and the

section hydrodynamic properties. The PTO force Fpto can be
expressed as

Fpto = −Fd − Fk (3)

and Fd Fk are linear forces:

Fd = cp

(
X ′

1 − X ′
2
)

(4)

Fk = kp (X1 − X2) (5)

where kp and cp represent the PTO’s stiffness and damping
coefficients, respectively.

Equations (1) and (2) can be rewritten, respectively, as

(m1 + ma1) X ′′
1 (t ) + ∫

t

0
K1 (t − 𝜏)X ′

1 (𝜏) d𝜏

+ cp

(
X ′

1 (t ) − X ′
2 (t )

)
+
(
𝜌gAw + kp

)
X1 (t ) − kpX2 (t )

−Fi (t ) = Fe1 (t ) + Fc1 (t ) (6)

and

(m2 + ma2) X ′′
2 (t ) + ∫

t

0
K2 (t − 𝜏)X ′

2 (𝜏) d𝜏

+ cp

(
X ′

2 (t ) − X ′
1 (t )

)
+ kp (X2 (t ) − X1 (t ))

+ Fi (t ) = Fe2 (t ) + Fc2 (t ) + Fm (t ) (7)

Kj ,X1(t ) and X2(t ) in Equations (6) and (7) can be solved
based on the hydrodynamic analysis in the frequency and time
domains using Ansys Aqwa for the basic WEC model. The
average captured power over a period of time T can then be
obtained as

Paverage =
1
T ∫

T

0
Fc

(
X ′

1 (t ) − X ′
2 (t )

)
dt

=
1
T ∫

T

0
cp

(
X ′

1 (t ) − X ′
2 (t )

)2
dt (8)
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FIGURE 2 The general structure of BP neural network

2.3 Brief introduction of BP neural network

The motion response of the two-body WEC with a combination
of several parameters can be analysed by the numerical simula-
tion software, and then the captured energy can be obtained
based on Equation (8). However, in order to study the effect of
each parameter of the WEC on the captured power, the com-
putational cost would be prohibitive. In order to keep the com-
putation time within manageable limits, the artificial neural net-
work is trained to predict the captured power with the variation
of parameters based on the simulation cases.

For the relatively small amount of data, the traditional BP
neural network has strong non-linear mapping ability and
enough prediction accuracy, which is applied for training and
prediction in this study. The general structure of the BP neural
network is described in Figure 2, which mainly consists of input
layer, hidden layer and output layer, as well as signal forward
propagation and error back propagation. In forward propaga-
tion, the input signal acts on the output node through the hid-
den layer, and the output signal is generated through non-linear
transformation [31]. For example, it can be represented by the
input-output relationship of the j neuron in the k layer,

yk
j = f k

f

{
nk−1∑
i=1

W
(k−1)

i j y
(k−1)
i − 𝜃k

j

}
,

j = 1, 2, … , nk; k = 2, 3, … ,M (9)

where W
(k−1)

i j represents the connection weight factor from the

i neuron of the k − 1 layer to the j neuron of the k layer, 𝜃k
j rep-

resents the threshold of the neuron, f k
f

represents the function
of BP network node, nk represents the number of neurons in
the k layer, and M represents the total number of layers of the
neural network model, M ≥ 2.

If the actual output does not agree with the expected out-
put, the process of back-propagation of errors will be initiated.
The process of error back-propagation from output to input
modifies the corresponding network parameters by means of
the gradient descent method. The ultimate goal is to determine
the suitable W and 𝜃 for the minimum total error of the network

through iterations,

⎧⎪⎨⎪⎩
W (k + 1) = W (k) − 𝜂

𝜕E

𝜕W (k)

𝜃(k + 1) = 𝜃(k) − 𝜂
𝜕E

𝜕𝜃(k)

(10)

where 𝜂 refers to the network learning factor, and E is the error
function in the process of neural network training.

2.4 The robust design method

The robust design method is a three-stage design method cre-
ated by Genichi Taguchi in 1950′s, also called Taguchi method.
This method is an effective multi-parameter analysis method
and has been widely used for process optimization in the indus-
try [25, 32]. The robust design method can assess the perfor-
mance of a system with different parameters, as well as the
influence level of each parameter. The robust design method
is applied in this work to study the comprehensive influence of
nine parameters on the power captured by the two-body WEC.

3 PARAMETRIC STUDY

3.1 The influence of individual parameter
on captured power

In this section, the independent influence of the nine parame-
ters such as R, D, C , K , V , H , 𝛼, 𝛽 and 𝛾 on the power captured
by the two-body WEC will be investigated. Table 1 presents the
nine systems, each with one variable and eight invariable param-
eters, simulated using Ansys Aqwa software. For example, in the
first system, the effect of parameterRon captured power is stud-
ied. Hence, R is variable, and the other parameters are fixed
as follows: D is 3 m, C is 3000 N⋅s/m, K is 300 N/m, V is
0.9 m/s, H is 0.6 m, 𝛼 is 40◦, 𝛽 is 0◦, 𝛾 is 0◦. In each system,
the variable parameter used in this simulation study is listed in
Table 2. In this study the ratio of the draft to the radius of the
floater in each system is constant, 0.65. In addition, the wave
frequency in the range of [0.1, 0.5] Hz is also considered for
the simulation of each system, but the intervals of the wave fre-
quency are not same for all the systems.

Because the distance between the submerged body and the
floater is small (no more than 5 m), the hydrodynamic inter-
actions between the two buoys are considered with the Ansys
Aqwa software by analysing the influence of one buoy’s flow
field on the other’s [28]. First, the hydrodynamic coefficients,
such as added mass and radiation damping, are obtained in the
frequency domain analysis by taking into account the unit wave
amplitude. Then, the equations of motion in the time domain,
Equations (6) and (7), are solved considering the total force on
the buoys, including the wave, current and mooring force.

In all, 450 simulation cases related to 9 systems were con-
ducted. As an example, Figure 3 shows the relative displace-
ment time history of two floats corresponding to the system 6
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TABLE 1 Parameter values corresponding to the nine systems

System R (m) D (m) C (N⋅s/m) K (N/m) V (m/s) H (m) 𝜶 (◦) 𝜷 (◦) 𝜸 (◦)

1 Variable 3 15,000 3600 0.9 0.6 50 0 0

2 2 Variable 15,000 3600 0.9 0.6 50 0 0

3 2 3 Variable 3600 0.9 0.6 50 0 0

4 2 3 15,000 Variable 0.9 0.6 50 0 0

5 2 3 15,000 3600 Variable 0.6 50 0 0

6 2 3 15,000 3600 0.9 Variable 50 0 0

7 2 3 15,000 3600 0.9 0.6 Variable 0 0

8 2 3 15,000 3600 0.9 0.6 50 Variable 0

9 2 3 15,000 3600 0.9 0.6 50 0 Variable

TABLE 2 Variable parameter values corresponding to the nine systems

Variable 1 2 3 4 5 6 7 8 9 10

R(m) 1 1.5 2 2.5 3

D(m) 1 2 3 4 5

C (N⋅s/m) 1000 3000 6000 9000 12,000 15,000 18,000 21,000 24,000 27,000

K (N/m) 300 1200 2400 3600 4800

V (m/s) 0.1 0.5 0.9 1.3 1.7 2.1

H (m) 0.2 0.4 0.6 0.8 1 1.2

𝛼(◦) 10 20 30 40 50 60 70

𝛽(◦) 0 10 20 30 40

𝛾(◦) 0 30 60 90 120 150 180

with variable parameter wave height 1.0 m and wave frequency
0.1 Hz. The relative velocity of two floats can be obtained by
derivation of the relative displacement and finally the captured
power corresponding to system 6 with the specific parameters
can be calculated using Equation (8).

In order to predict the captured power more accurately with
the variation of nine parameters as well as wave frequencies, the
BP neural network is constructed based on the 450 simulation
cases. The number of input layer, hidden layer and output layer
units is set to 10, 8 and 1, respectively. The 450 cases are divided

into a training dataset (70% of the cases) and a test or validation
dataset (30% of the cases). After about 300 iterations, the BP
neural network has converged.

Excellent agreement may be observed between the predicted
and simulated data of the training dataset, test dataset and total
dataset in Figure 4(a–c), respectively. The correlation coefficient
(R) is, in the three cases, close to unity. Figure 5 illustrates the
prediction errors of all the 450 cases. In 93.3% of the cases,
the error is below 10%. In only 1.3% of the cases is the error
greater than 20%, and these are cases with relatively small cap-
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FIGURE 3 Relative displacement of two floats over time
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FIGURE 5 Prediction errors of 450 cases

tured power. In fact, the cases of interest for real-life applica-
tions are those with relatively high captured power, and the pre-
diction errors for these cases are very small.

Furthermore, in order to study the influence of individual
parameters on the power captured by the WEC more accurately,
the trained BP neural network is applied to predict the captured
power with 100 different values of the variables, between the
maximum and minimum values in Table 2, as well as 10 wave
frequencies in the range of (0, 0.5] Hz for each of the 9 systems,
i.e. about 9000 cases are considered in the prediction. Figure 6
shows the variation in predicted output power with respect to
the nine individual parameters and the wave frequency.

From Figure 6(a) it can be seen that, in the range of [1, 3] m,
the larger the radius of the buoy, the more wave energy it cap-
tures, which agrees with the conclusion in Ref. [4] for the con-
stant draft to radius ratio. In addition, it is found that the range

of wave frequencies considered is 0.2–0.3 Hz. Since the simu-
lated height of the cylinder increases with the radius to main-
tain the water plane in the middle of the cylinder, and to ensure
the draft to radius ratio is kept at 0.65 in this study, the natu-
ral frequency of the WEC will decrease as the radius increases,
and therefore the wave frequency at which maximum output
power is obtained will also decrease. The mean wave frequency
in Zhaitang Island is 0.3 Hz, and therefore the radius of the buoy
should not exceed 3 m.

Figure 6(b) shows the output power related to the distance D

between two buoys. It can be found that with the increase of the
distanceD, the wave frequency corresponding to the maximum
output power does not change significantly but remains around
0.275 Hz, while the maximum captured power will first increase
and then remain stable. When the distance is about 3 m, the
output power begins to reach the maximum value 5400 W.
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BAO ET AL. 3325

FIGURE 6 Output power related to 9 individual parameters and wave frequencies

It is known that the increase of the device’s PTO damping
will hinder the relative movement of the two buoys and reduce
their relative velocity. On the other hand, according to Equa-
tion (8), the PTO damping is positively related to the captured
power of the device. This means that there will be an opti-
mum range of PTO damping that will maximize power out-
put. As shown in Figure 6(c), the output power of the device
increases rapidly as the PTO damping increases around the wave
frequency 0.275 Hz, and then reaches the maximum value of
5400 W and remains stable in the PTO damping range of 9000–
15,000 N⋅s/m. When the PTO damping continues to increase,
the maximum output power begins to decrease.

Figure 6(d) shows the output power related to the PTO
stiffnessK . When the PTO stiffness is 300–1200 N/m, the max-

imum captured power of the device is relatively low, about 4700
W. When the PTO stiffness is between 1200 and 4800 N/m,
the maximum captured power remains stable at 5400 W. This is
because, although the change of PTO stiffness will affect the rel-
ative movement speed of the two buoys, when the PTO stiffness
is much less than the static restoring stiffness𝜌gAw (see Equa-
tion (6)), the relative movement speed of the two floats will not
be greatly affected. In other words, the change of PTO stiffness
within that range has no significant effect on the captured power
of the device.

The influence of the current velocity V on the output power
is illustrated in Figure 6(e). Besides the waves, the current is also
a main factor that causes the float to oscillate. Assuming that
the direction of the incident waves and current is the same in
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3326 BAO ET AL.

FIGURE 7 Predicted influence of each parameter on the captured power using BP neural network

this system, it can be seen that the wave frequency related to
the maximum captured power changes with the current veloc-
ity. The greater the current velocity, the smaller the wave fre-
quency corresponding to the maximum captured power of the
device. In addition, when the current velocity is small, with the
increase of current velocity, the captured power of the device
increases rapidly. But once the current velocity has reached a
certain level (≈1.7 m/s), the captured power reaches the max-
imum value of 6600 W, and then remains stable as the current
velocity increases.

As shown in Figure 6(f), the captured power of the device
increases greatly as the wave height increases. When the wave
height is 0.2 m, the captured power of this system is only 500
W, and when the wave height reaches 1.2 m, the captured power
increases to 23,000 W, which fully highlights the influence of the
wave height on the captured power of the device.

Figure 6(g) presents the effect of the angle between the
anchor chain and the plumb line 𝛼 on the output power. Con-
sidering the actual conditions, this angle will not be too large,
so the maximum angle is set to 70◦ in the numerical simulation
and neural network prediction. It is found that when the angle
between the anchor chain and the plumb line is in the range of
10–65◦, the maximum captured power remains stable at about
5400 W. Given that the main function of the anchor chain con-
nected with the submerged body is to limit the movement of
the buoy to a certain area, and the fact that the anchor chain is
relatively long and has a certain tensile capacity, the angle 𝛼will
not have a great impact on the relative motion of the two buoys,
and therefore will not affect the captured power significantly, in
agreement with the findings of Muliawan et al. [26]. As long as
the length of the mooring lines can accommodate the motions
of the device due to first-order wave forces, especially in heave
for the Wavebob-type WEC, the effect of the mooring would be
insignificant [26].

The influence of the angle between the projection of the
anchor chain on the horizontal plane and the incident wave
direction 𝛽 on the output power is shown in Figure 6(h).
Because four anchor chains are used in this study, the angle 𝛽
varies from 0◦ to 45◦. It can be seen that with the change of
the angle, the captured power is stable at 5400 W, similar to Fig-
ure 6(g). This indicates that the layout of the anchor chains has
little impact on the captured power of the WEC.

Figure 6(i) shows the relations of the output power and the
angle between the incident wave direction and the current 𝛾.
It can be found that when the angle 𝛾 is between 0◦ and 50◦,
the captured power is relatively large, and the maximum value is
about 5400 W. However, the captured power decreases rapidly
when 𝛾 is 80–180◦. On the whole, a small angle between the
wave and current or, even better, coincident wave and current
directions, is beneficial to the output power.

Considering that the mean wave frequency of the target sea
region is 0.3 Hz, the BP neural network is also applied to pre-
dict the influence of each parameter on the captured power
based on the wave frequency 0.3 Hz. Note that each parame-
ter and the captured power are all normalized to [0, 1]. Figure 7
shows the comparison of the influence level of each param-
eter on the captured power. It is found that the wave height
H has the largest impact followed by the buoy’s radiusR, cur-
rent velocityV , the angle between the direction of wave and
current𝛾, and the PTO dampingC . The other four parameters,
such as the distance between two floatsD, the PTO stiffnessK ,
the angle between the anchor chain and the plumb line𝛼, and
the angle between the projection including the anchor chain in
the horizontal plane and the direction of the wave 𝛽 have lit-
tle effect on the captured power. Additionally, it is seen that the
wave height is positively correlated to the captured power, while
the captured power increases first and then reduces with the
increase in the buoy’s radius.
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TABLE 3 Robust design method using the L32 matrix

System R D C K H V 𝜶 𝜷 𝜸

1 1 1 1 1 1 1 1 1 1

2 1 2 2 2 2 2 2 2 2

3 1 3 3 3 3 3 3 3 3

4 1 4 4 4 4 4 4 4 4

5 2 1 1 2 4 4 2 3 3

6 2 2 2 1 3 3 1 4 4

7 2 3 3 4 2 2 4 1 1

8 2 4 4 3 1 1 3 2 2

9 3 1 2 3 3 4 4 2 1

10 3 2 1 4 4 3 3 1 2

11 3 3 4 1 1 2 2 4 3

12 3 4 3 2 2 1 1 3 4

13 4 1 2 4 2 1 3 4 3

14 4 2 1 3 1 2 4 3 4

15 4 3 4 2 4 3 1 2 1

16 4 4 3 1 3 4 2 1 2

17 1 1 4 1 2 3 4 3 2

18 1 2 3 2 1 4 3 4 1

19 1 3 2 3 4 1 2 1 4

20 1 4 1 4 3 2 1 2 3

21 2 1 4 2 3 2 3 1 4

22 2 2 3 1 4 1 4 2 3

23 2 3 2 4 1 4 1 3 2

24 2 4 1 3 2 3 2 4 1

25 3 1 3 3 4 2 1 4 2

26 3 2 4 4 3 1 2 3 1

27 3 3 1 1 2 4 3 2 4

28 3 4 2 2 1 3 4 1 3

29 4 1 3 4 1 3 2 2 4

30 4 2 4 3 2 4 1 1 3

31 4 3 1 2 3 1 4 4 2

32 4 4 2 1 4 2 3 3 1

3.2 The influence of multi-parameter on
captured power

In fact, the influence of these parameters on captured power is
not independent, so it is necessary to analyse the comprehensive
influence of multi-parameter on captured power. In what fol-
lows, the robust design method is applied and four levels of each
parameter is selected to construct a L32 matrix (see Table 3), in
which each system consists of nine parameters with different
levels. Table 4 shows the specific values of each parameter cor-
responding to four levels, respectively.

Based on the 32 numerical simulation cases with the related
parameters in Table 3, the captured power can be obtained
respectively. The average of the maximum captured power cor-

TABLE 4 The specific values of each parameter at 4 levels

Parameter Level 1 Level 2 Level 3 Level 4

R(m) 1.5 2 2.5 3

D(m) 1 2 3 4

C (N⋅s/m) 3000 9000 15,000 21,000

K (N/m) 500 1500 2500 3500

V (m/s) 0.2 0.8 1.4 2

H (m) 0.2 0.6 0.8 1.2

𝛼(◦) 10 30 50 70

𝛽(◦) 0 15 30 45

𝛾(◦) 0 45 90 180

responding to each parameter with each level is listed in Table 5
(columns 2–5) and the range of the which is listed in column
6, then the effect value listed in column 7 is calculated using the
maximum captured power value in the four levels divided by the
range, which represents the influence level of a certain parame-
ter on the captured power.

From Table 5 it can be seen that the four parameters such
as the wave height H , the PTO damping C , the buoy’s radius
R, and the current velocity V , have the significant impacts
on the captured power, with the effect value being 97.4%,
73.3%, 73.2% and 65.6%, respectively. Among the remaining
five parameters, the angle between the projection of the anchor
chain in the horizontal plane and the direction of the wave 𝛽 and
the distance between two floats D also have moderate effects
on the captured power, while the PTO stiffness K , the angle
between the anchor chain and the plumb line 𝛼 and the angle
between the direction of wave propagation and that of the cur-
rent 𝛾 have minor impacts on the captured power.

Comparing with the results of individual parameter influ-
ence on the captured power, the similarity is that the influence
of wave height H is always the largest, and the buoy’s radius
R, the current velocity V , and PTO damping C all have great
impacts on the captured power. However, when considering the
influence of multi-parameter, the effects of the angle between
the direction of wave propagation and that of the current 𝛾 is
minor, and the influence of the angle between the projection of
the anchor chain in the horizontal plane and the direction of
the wave 𝛽are moderate, compared with major influence of 𝛾
and minor influence of 𝛽 on the captured power in individual
parameter impact analysis. These results indicate that the indi-
vidual parameter influence on the captured power cannot only
be considered during the WEC optimization, and the compre-
hensive influence of multi-parameter on the captured power of
the WEC is not negligible.

4 MODEL EXPERIMENT

To prove the effectiveness of the numerical analysis, a 1:20 scale
model experiment was also conducted. As shown in Figure 8,
the physical model consists of a cylindrical floater and a spheri-
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3328 BAO ET AL.

TABLE 5 Effects of the parameter on the maximum captured power

Parameter Level 1 (W) Level 2 (W) Level 3 (W) Level 4 (W) Range (W) Effect (%)

R(m) 3186 3965 2514 1061 2904 73.2%

D(m) 3051 3112 2795 1768 1344 43.2%

C (N⋅s/m) 1067 2489 3990 3180 2923 73.3%

K (N/m) 2520 3027 2878 2301 726 24.0%

V (m/s) 4394 3259 1510 1563 2884 65.6%

H (m) 150 1711 3025 5840 5690 97.4%

𝛼(◦) 2218 3230 2193 3086 1037 32.1%

𝛽(◦) 2131 1917 2984 3695 1778 48.1%

𝛾(◦) 2838 2424 3222 2232 990 30.7%

FIGURE 8 Setup of the model experiment

cal submerged body with the same radius 10 cm, fixed onto the
floor of the wave-current tank by four tensioned anchor chains
in a water depth of 1.5 m. There is a wave generator at one end
of the tank, which can produce regular waves according to the
needs of the test. The other end of the tank is equipped with
porous wave absorption materials, in order to effectively reduce
the reflection of the waves. The current generating system is
also set at one end of the tank, and the adjustment of current
velocity is realized by controlling the motor speed of the water
pump. Because this experiment focused on the main parameters
affecting the captured power, the wave height H and current
velocity V were considered. In addition, the distance between
two buoys D, a parameter of moderate influence, was also
included for comparison. Note that the two buoys were con-
nected by a spring, so the influences of the PTO damping C and
the PTO stiffness K on the captured power were not consid-
ered in this experiment. The detailed parameter settings of H ,
V , D corresponding to the wave frequencies 0.9 and 1.2 Hz,
respectively, are listed in Table 6. According to the Froude
scaling law, the wave frequencies 0.9 and 1.2 Hz correspond to
the wave frequencies 0.2 and 0.275 Hz in the target sea area,
respectively.

TABLE 6 Parameter settings of the model experiment

Wave

frequency (Hz) H(cm) V (m/s) D(cm)

0.9, 1.2 0–6 0 15

0.9, 1.2 3 0–0.3 15

0.9, 1.2 3 0 5–20

0.9, 1.2 3 0 15

During the experiment, two high-speed cameras were used to
capture the three-axis displacement of the two floats with sam-
pling frequency 160 Hz, and then the relative velocity of the two
floats was calculated. Since the PTO damping in this experiment
was negligible, according to Equation (8), the captured power
was represented by the square of the relative speed of the two
floats.

Figure 9 shows the effects of three parameters on the square
of the relative speed. For both wave frequencies, 0.9 and 1.2 Hz,
as the wave height and current velocity increase, so does the cap-
tured power. By contrast, as the distance between the two buoys
increases, the captured power first increases and then decreases.
The most relevant parameter is the wave height, followed by the
current velocity and the distance between the two buoys. More-
over, he captured power is greater at a wave frequency of 1.2 Hz
than at 0.9 Hz. The results of the model experiment are consis-
tent with those of the numerical simulation.

5 PARAMETER OPTIMIZATION

According to the single and multi-parameter studies on the cap-
tured power of the WEC, the optimal combination of the princi-
pal parameters for the converter in real sea conditions in Zhai-
tang Island, China can be determined to maximize the output
power. The following parameter design schemes are proposed:

∙ As the wave frequency of the target sea region mostly con-
centrates in 0.25–0.4 Hz, the optimal buoy’s radius is set to
2–3 m to be able to capture the most power.
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FIGURE 9 Parameter effects of the model experiment

∙ In the study of the influence of individual parameter, it is
found that the device has its highest captured power when the
PTO damping is in the range of 9000–15,000 N s/m, while
in the multi-parameter study, the captured power is highest
when the PTO damping is 15,000 N s/m, which is caused
by the mutual influence of several parameters. Therefore, the
PTO damping should be set to 15,000 N s/m.

∙ Although the angle between the projection of the anchor
chain on the horizontal plane and the incident wave direction
has no obvious effect on the captured power of the device
in the study of the influence of individual parameters, in the
comprehensive multi-parameter influence analysis it is found
that this angle has a moderate impact on the captured power.
Hence, this angle is recommended to be set to 45◦.

∙ The wave height and current velocity have greater impacts
on the captured power of the WEC and are positively cor-
related, especially when the directions of wave and current
coincide. Considering the real sea conditions, the directions

of wave and current of the sea area where the WEC is
considered to be deployed may not be the same, so their
angle should be set to be as small as possible. In addition,
the wave height and current velocity should be as large as
possible.

6 CONCLUSIONS

The influences of individual parameters and multi-parameter on
a two-body WEC in the target sea region of Zhaitang Island,
China are presented. Nine parameters are considered: the buoy’s
radius R, the distance between two buoys D, the PTO damping
C , the PTO stiffness K , the current velocity V , the wave height
H , the angle between the anchor chain and the plumb line 𝛼, the
angle between the incident wave direction and the projection of
the anchor chain on the horizontal plane 𝛽, the angle between
the incident wave direction and the current 𝛾.
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3330 BAO ET AL.

In order to predict the captured power more accurately with
the variation of nine parameters as well as wave frequencies, the
BP neural network is applied during the individual parameter
influence analysis. The robust design method is used to analyse
the comprehensive influences of nine parameters on the cap-
tured power. Furthermore, the model experiment in the wave-
current tank is carried out to verify the effect of several main
parameters on the captured power of the device. Numerical
and experimental results indicate that, among the nine param-
eters, theH ,C ,Rand V have the greatest influence on the cap-
tured power of the two-body WEC.

For the target sea region of Zhaitang Island, China, the
schemes of optimal combination of parameters are proposed.
The proposed parametric study approach can also provide ref-
erences for two-body WEC designs in other sea regions. Note
that the optimization analysis in this study is conducted based
on normal sea conditions. The ranges considered for the envi-
ronmental variables (wave height and period, current velocity)
were selected to represent typical conditions in the area of inter-
est. The optimization considering all the sea states over a long
period of time (one year or longer) will be undertaken in future.
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