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Abstract

A flume experimental study of a two-body wave energy converter (WEC) with a hydraulic
power take-off (PTO) was conducted under the conditions of both regular and irregular
waves. The experimental results were analysed using the control variable method, and the
effects of the wave elements and external load on the relative heave motion response and
capture width ratio of the device are discussed. For the regular waves, three modes were
found when analysing the variation of the relative heave motion response with the incident
wave height, and the initial moving line of the WEC model was obtained. For the irregular
waves, the experiment displayed two motion states. One was a following motion with a
similar value to the incident wave period, and the other was a delayed motion with a larger
value than the wave period. Based on the calculation of the capture width ratio of the
system both under the regular and irregular wave conditions, the maximum value occurred
at a frequency ratio of 𝜔∕𝜔n = 0.59 and a hydraulic load of p = 0.20. The capture width
ratio in the irregular waves was approximately 10%-40% higher than that of the regular
waves for the same wave parameters.

1 INTRODUCTION

The huge energy potential carried by ocean waves has deeply
attracted the attention of researchers [1–3]. The utilization of
wave energy can be traced back to more than 200 years ago,
and after the rapid development in recent decades, hundreds
of wave energy converters (WECs) have been developed so far
[4]. There are three main types according to the capture mode:
oscillating types, oscillating water column, and the overtop-
ping device. Many literatures have introduced in detail [5–11].
Among them, the oscillating types of WECs, which account for
the largest proportion, are characterized by the relative move-
ment between a single floating body and the seabed or between
two or more floating bodies. Compared with the single-body
devices, the two-body WEC is easier to moor in deep water,
allowing the device to go to the deep sea and be installed in a
position with better wave conditions. Moreover, the synergis-
tic effect between the two-body device is considered to have
better energy capture characteristics than a single-body device
[12]. There are also many types of PTO systems for WECs,
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such as air turbines, water turbines, hydraulic systems, and linear
motors. The hydraulic type PTO is the most commonly used,
as they are well adapted to waves with large forces and slow
speeds [13–15].

The theoretical study of the two-body WEC is typically sim-
plified to two cylindrical floats, both of which experience heave
motions under the excitation of regular waves. Based on the lin-
ear potential flow theory, the Eigen function expansion method
and the separate variable method have been used to study the
diffraction and radiation effects, without the consideration of
the external load [16–18]. The dynamic response and capture
width ratio were analysed using the frequency domain and time
domain equations, and the external load was considered. Wein-
stein et al. analysed the operation characteristics of two floats
with the same diameter under linear load damping, and the
results showed that wave frequency was the primary factor that
affected the capture width ratio of such a type of converter
[19–21]. Candido (2011b) also based his study on a similar
model to investigate the optimal values of linear external loads
at different wave frequencies and the influence on the capture
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width ratio [22]. Wu Bijun et al. [23] and Lin Liqun et al. [24]
established the heave motion equation of a double cylindrical
model with different diameters, analysed its capture width ratio
characteristics under the action of linear loads, and studied the
influence of vertical spacing between two bodies. Wacher et al.
[25] and Ruehl [26] established the time-domain equation of
heave motion of two floats with the same diameter, and they
analysed the influence of nonlinear external load damping force
and energy storage regulator on the operation characteristics of
the WEC model. Chau, F. P. solved the radiation problem of
a WEC with two concentric vertical cylinders using analytical
solutions with the PTO system simplified as an equivalent lin-
ear damping proportional to the relative heave velocities [27].
I.H. Cho extends it to include diffraction problems [28]. Zheng
et al. evaluated the maximum power absorption of two inter-
connected floaters using a mathematical model based on the
3D wave radiation-diffraction theory [29]. More recently, Zheng
et al. presented a WEC consisting of a floating hollow cylinder
capped by a roof with a variable aperture and a linear generator
power take-off. They investigated the hydrodynamic character-
istics of this WEC using an analytical model based on the poten-
tial flow theory [30]. Liang and Zuo [12] studied the dynamics
of a two-body system and considered both the linear viscous
damping and the hydrodynamic damping adopting a linearized
model in the frequency domain. They found closed-form solu-
tions for both an optimal and suboptimal PTO. On the basis,
Peng Jin et al. [31] further considered the coupling effect of
the hydrodynamic coefficients. The above theoretical research
results are helpful to better understand the performance of a
two-body WEC. However, further by experimental studies are
still required.

Initially experimental studies of oscillating types WEC have
predominantly focus on single-body structures, and few stud-
ies involving two-body WECs have been performed [32–36]. In
most cases, large-amplitude relative motions will result in signif-
icant nonlinearity, which enhances the difficulty of understand-
ing and analysing a system. The primary limitation is the inabil-
ity to consider water loss due to real (viscous) fluid effects (large
eddy turbulence), and the inability to accurately simulate large
amplitude water oscillations (non-linear waves) [37]. Therefore,
it is necessary to conduct some small-scale tests under labo-
ratory conditions by isolating some dynamic effects. Yang [38]
conducted a flume experiment study on the motion of two cylin-
drical buoys connected by a piston cylinder, and they preliminar-
ily discussed and analysed the influence of the wave elements,
the external load, the buoy arrangement, and the anchorage

mode on the operational characteristics. The test was conducted
under a regular wave condition only. Beatty et al. [39, 40] con-
ducted experiments using two variations of a two-body WEC

with a feedback controlled linear actuator under the conditions
of both regular and irregular waves, and they explored the influ-
ence of the different types of floating bodies on the power and
capture width characteristics of the system. Sung-Jae Kim et al.
[41] measured various viscous damping and energy losses from
a WEC system and the hydraulic cylinder pressure of a PTO
system. The experimental model was a buoy WEC system that
was connected directly to a fixed platform. Son et al. [42] and
Jin et al. [43] both experimental studied a dual coaxial-cylinder
WEC with a direct-drive linear generator under various wave
conditions, and the optimum parameters of the generator were
determined using this systematic experimental research.

The published experimental studies have primarily focused
on a WEC model with a direct-drive generator load, and test
studies of a two-body WEC with hydraulic loads are rare. How-
ever, there are few studies that have investigated the effect of
hydraulic PTO damping on the behaviour and power perfor-
mance of a two-body WEC. In some experiments, servo valves
were typically used to control the reciprocating movement of
the hydraulic cylinder to simulate the wave input, which cannot
truly reflect the operating state of a WEC in the wave [44]. Fur-
thermore, there have been a few efforts to investigate two-body
WEC tests in irregular waves (closer to a real marine environ-
ment), and the quantitative analysis of irregular waves by com-
paring with the results of regular waves is also worth studying.

In this study, a series of flume experiments are conducted on a
typical two-body WEC. The WEC geometry used was inspired
by the Ocean Power Technologies PowerBuoy [45] (Figure 1).
The two bodies were connected by a hydraulic cylinder to real-
ize the conversion of kinetic energy to hydraulic energy, and
the hydraulic load was variable. A data acquisition system was
designed to record the key parameters, such as displacement,
pressure, and flow rate, during the operation of the test model,
so as to explore and compare the dynamic characteristics of the
device under regular and irregular waves.

2 EXPERIMENTAL METHODOLOGY

2.1 Basic model and parameter calculation

As the absorption of wave energy primarily depends on the rel-
ative heave motion between the buoy and float, only the heave
motion is considered in this study. Using the linear potential the-
ory and Newton’s second law, the motion functions of the two
are as follows [46]:

⎧⎪⎨⎪⎩
(M1 + M11) z̈1 +C11ż1 + K1z1 + M12z̈2 +C12ż2 +C ||ż1 − ż2

|| + Fa

2

(
1 +

ż1−ż2|ż1−ż2|
)
= F1

(M2 + M22) z̈2 +C22ż2 + K2z2 + M21z̈1 +C21ż1 +C ||ż1 − ż2
|| + Fa

2

(
1 +

ż1−ż2|ż1−ż2|
)
+ Fm = F2

(1)

where M1, M11, C11 and K1 are the mass, added mass, added
damping coefficient, and hydrostatic restoring stiffness caused
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WU ET AL. 3167

FIGURE 1 Schematic diagram of the two-body
WEC

by the buoy’s heave motion, respectively. The same meaning
applies to the float. M12 and C12 are the heave added mass and
radiation damping of the floating body acting on the buoy by
relative motion, respectively; M21 and C21 are the heave added
mass and radiation damping of the buoy acting on the float by
relative motion, respectively; C is the damping coefficient of the
inner wall of the piston cylinder; zi , żi and z̈i (i = 1, 2) are the
displacement, velocity, and acceleration of the heave motion of
the buoy and float, respectively; F1 and F2 are the wave excita-
tion force acting on the buoy and the float body respectively;
Fais the load exerted on the WEC by the hydraulic energy sys-
tem, Falcao [47] simplified the force like the coulomb damping
force. The mathematical expression is: Fa = −sign(ż1 − ż2)Psc ,
Where sc is the sectional area of a hydraulic cylinder, P is load
pressure. Fa is in the opposite direction of the relative velocity.
In this flume test, P can be loaded by the designed hydraulic
circuit, and the variable range of P value is 0–10 MPa. The
WEC test model outputs hydraulic energy only when the inter-
action between the two bodies can overcome the applied load
within the unit wave period. Fmrepresents the vertical motion
constraint on the float.

The wave energy absorption rate is typically quantified in
terms of the capture width ratio. It can be calculated using the
following equation:

𝜂 = Eh∕E0 × 100% (2)

where E0 is the energy provided by the incident wave in a unit
wave period and can be obtained using the equation found in
Falnes [48]; and Eh is the hydraulic energy converted by the
wave energy converter during a unit wave period.

E0 =
1
8
𝜌gH 2𝜆D ⋅

1
2

(
1 +

2kHw

sinh (2kHw )

)
(3)

Eh = PQT (4)

where k and Hw represent the wave number and water depth,
respectively; and T is the incident wave period and pressure P.
The flowmeter, Q, can be obtained directly by the experimental
observations.

The relative motion displacement, Z, of the floating body and
the capture width ratio of the system are the primary parameters
used to describe the dynamic performance of the two-body sys-
tem, which are affected by several factors. It mainly includes the
incident wave height, H, the incident wave period, T, the model
diameter, D, the system damping, c, and the external load, P. In
order to characterize the universality of the experimental results,
based on the theory of dimensional homogeneity, the following
dimensionless parameters were used to describe the experimen-
tal results:

Z∕H = f1
′ (H∕B, 𝜔∕𝜔n, p…

)
(5)

𝛼∕2𝜋 = f2
′ (H∕B, 𝜔∕𝜔n, p…

)
(6)

𝜂 = f3
′ (H∕B, 𝜔∕𝜔n, p…

)
(7)

where 𝛼 is the phase difference between the relative displace-
ment and the wave elevation. The p = P∕Pmax and Pmax is the
maximum external load that can be applied by the experimen-
tal system. In this study, it is 10 MPa; B is the draft depth of
the buoy; 𝜔 is the wave frequency which can be calculated from
wave period 𝜔=2𝜋∕T ; 𝜔n is the natural frequency of the model,
which can be obtained from the hydrostatic decay test. In the
flume experiments, the water depth was maintained at a con-
stant, and the effects of H/B, 𝜔∕𝜔n, and p on Z/H and 𝜂 are
quantitatively analysed.

2.2 Experimental setup and conditions

The experimental study was conducted in the underwater equip-
ment laboratory of the Qingdao Haijian Group. Details of the
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3168 WU ET AL.

FIGURE 2 Sketch of the experimental setup in the wave flume

TABLE 1 Tank specifications

Parameter Value Units

Length 30.00 m

Width 4.00 M

Height 3.50 m

Maximum water depth 2.00 m

Wave height range 0.02–1.00 m

Wave period range 1.00–3.00 s

flume are listed in Table 1. The tank operated a piston-type wave
maker composed of ten independent panels, and it is able gen-
erate incident waves up to 1.0 m in wave height with a range
of wave periods from 1.0–3.0 s. The wave absorber was a slope
built by the wave suppression network that was used to prevent
reflected waves. When the maximum diameter of the model was
no greater than 1/5 of the tank width, the hydrodynamic influ-
ence of the tank wall could be ignored [49, 50]. The model was
installed in the centre of the pool, and the experimental water
depth h was 2 m and remained constant. The buoy was a con-
ical table with an outer diameter of D = 0.8 m, a total height
of 0.25 m, and a draft depth of B = 0.12 m in still water. The
float body had a diameter of 0.17 m, a height of 1.3 m and was
connected to a damping disc with a diameter of 0.8 m and a
thickness of 0.1 m. The mass of the buoy and float was 28.57
and 51.79 kg, respectively. The device was connected with a
guide bracket fixed at the bottom of the flume that restricted
the model moving during heaves only.

To measure the incident wave height, three wave gauges
were installed seven meters in front of the model, seven meters
behind the model, and parallel to the model to record the wave
parameters in real time during the experiment. Displacement
sensors were installed between the two bodies and above the
centre of the buoy to record the relative motion displacement
and the buoy motion displacement.

The double-acting hydraulic cylinder as the PTO compo-
nent was installed inside the float, and its piston rod was con-
nected to the portal frame of the buoy so as to realize the
transfer of the relative motion energy. The inner diameter of
the hydraulic cylinder was 0.02 m, the diameter of the piston
rod was 0.01 m, and the effective stroke was 0.8 m. A total
of four hydraulic oil channels are connected with the hydraulic
cylinder. The oil supply circuit provides the hydraulic load and
the energy storage circuit output hydraulic energy. The pressure
acquisition system and the flow meter measured the pressure
and flow in the PTO system. The developed test system syn-
chronously recorded the acquisition parameters, and the sam-
pling frequency was 30 Hz. The extracted wave energy was cal-
culated from the hydraulic pressure and flow rate of the cylinder
during the relative motions. Figures 2 and 3 show the overall
schematic diagram and a test site picture of this experiment,
respectively. A hydrostatic decay test was first performed in
order to obtain the natural frequency of the model system. To
perform the decay test, the two-body model was lifted with
an initial displacement of Hin = 0.2 m in still water without a
hydraulic load, by recording the displacement, Hdecay, for sev-
eral oscillation periods (Figure 4), and the natural decay period
was found to be around 1.3 s (frequency = 4.833 rad/s).

3 TEST RESULTS AND DISCUSSIONS

3.1 Regular waves

3.1.1 The relative heave motion response

Figure 5(a–e) shows the time histories of the wave elevation,
a(t), the relative heave motion, z(t), and the instantaneous rel-
ative velocity, u(t), during regular waves under different exter-
nal hydraulic loads. The wave conditions were H/B = 1.67
and 𝜔∕𝜔n = 0.72. The instantaneous velocity curve, u(t), was
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WU ET AL. 3169

FIGURE 3 Device in the flume

FIGURE 4 Heave decay from the experimental measurement

calculated from the derivative of the relative displacement with
respect to time t. It can be seen from the curves that the
period of the relative motion was basically the same as the inci-
dent wave period, and the maximum amplitude of the relative
motion displacement and instantaneous velocity decreased with
an increase in the hydraulic load. For the load pressure p = 0,
0.06, 0.12 (see Figure 5(a–c)), the relative motion amplitude was
larger than the incident wave amplitude. This was because the
buoy and float bodies could move in the opposite direction at
the same frequency. The phase difference between the instan-
taneous velocity and the elevation of the incident wave was
also affected by the value of the load. For the load p = 0 (see
Figure 5(a)), the phase difference was approximately equal to
π/2.With an increase in the load, the phase difference was grad-
ually reduced, that is, to the direction of resonance.

The maximum heave displacement of the relative motion is
an important parameter to characterize the motion response of
a two-body WEC. In most of the published papers, the PTO
model has typically been simplified. Figure 6(a) compares the

FIGURE 5 Time histories of the wave elevation a(t), relative heave
motion z(t) and relative velocity u(t) in regular waves, H/B = 1.67,
𝜔∕𝜔n = 0.72, hydraulic load: (a) p = 0, (b) p = 0.06, (c) p = 0.12, (d) p = 0.30,
(e) p = 0.60

maximum relative heave displacement varying with the inci-
dent wave frequency under three hydraulic PTO load values
(p = 0,0.12, and 0.30) obtained from experimental tests. The
wave heights are H/B = 1.67, 2.08 and 2.50. The test results
show that, within the range of the parameters selected in the
figure, the wave height had no significant effect on the maxi-
mum relative heave displacement. It can be seen that with an
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3170 WU ET AL.

FIGURE 6 Variations of (a) maximum relative heave displacement Z/H
and (b) phase difference 𝛼∕2𝜋, with 𝜔∕𝜔n in regular waves. The dashed lines
are fitted curves of the measured data points

increase in the H/B, the value of Z/H increased slightly under
the same wave frequency. However, the effect of the wave fre-
quency was more considerable. Under all of the load conditions,
Z/H increased first and then decreased with frequency during a
single peak curve. For 𝜔∕𝜔n = 0.59, the Z/H reached the max-
imum. When the load p = 0, the motion amplitude reached the
maximum, and with an increase in the load, the maximum heave
displacement amplitude decreased. Figure 6(b) shows the varia-
tion of 𝛼∕2𝜋 with 𝜔∕𝜔n for three values of p and incident wave
heights. 𝛼∕2𝜋 has the opposite trend with the increase of 𝜔∕𝜔n
as Z/H shown in Figure 6(a). In the range of test parameters,
the phase difference between the relative displacement and the
wave elevation is the smallest when the amplitude of the rela-
tive displacement reaches the maximum. The minimum value is
close to zero. Under the same wave conditions, the higher the
hydraulic load value, the smaller the phase difference.

Based on Figure 6, Figure 7 further expands the parame-
ter range of the wave height, the variation in relative motion

FIGURE 7 Variations of (a) maximum relative heave displacement Z/H
and (b) phase difference 𝛼∕2𝜋, with H/B in regular waves at 𝜔∕𝜔n = 0.59

response with the wave height under different PTO loads was
analysed. The frequency of the incident wave was maintained
at 𝜔∕𝜔n = 0.59. Two guides, A1 and A2, were added to divide
the graph into three regions, as shown in Figure 7(a). First, in
the region to the left of the line A1, the relative motion did not
occur, that is, Z/H = 0. Therefore, it can be concluded that
the auxiliary line, A1, was the initial moving line of the two-
body WEC, and the starting wave height value increased with an
increase in the external load. In the region between the two aux-
iliary lines, A1 and A2, the value of Z/H changed non-linearly
with H/B. To be precise, within this range, the wave height had
a significant effect on the relative motion displacement, which
further supplemented the results in Figure 6. In the third region,
to the right of line A2, the Z/H line tended to be horizontal.
That is to say, there is a critical value of H/B as shown by the
auxiliary line A2, over which Z/H remains approximately con-
stant, meaning that a linear relationship was established between
the relative motion and the height of the incident wave. With an
increase in the hydraulic load value, the linear motion appeared
when the H/B value was larger. For example, for p= 0, the Z/H
remained constant when the H/B is larger than 1.26; while for
p = 0.60, the Z/H remained constant when the H/B is larger
than 1.58. Figure 7(b) shows the corresponding values of 𝛼∕2𝜋
varing with H/B for different damping ratios. For a given load
value, there is no motion of the buoy at small values of H/B.
With increasing H/B, the phase difference shows non-linearity

 17521424, 2021, 14, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.12218 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



WU ET AL. 3171

FIGURE 8 Variation of capture width ratio with 𝜔∕𝜔nin regular waves

and linearity sequentially. The critical values of H/B for differ-
ent modes are dependent on the hydraulic load value, similar
to that for Z/H in Figure 7(a). Within the range of experimen-
tal test parameters, the larger the p value, the smaller the phase
difference.

3.1.2 Capture width ratio

Figure 8 shows the change curve of the captured width ratio,
𝜂Re, with 𝜔∕𝜔n. The subscript “Re” represents regular waves.
Two wave heights (H/B = 1.67 and 2.50) were plotted and
corresponded to the two hydraulic load values (p = 0.12 and
0.30). It can be seen from the test results that the 𝜂Re value
was related to both the frequency and load. For all of the work-
ing conditions shown in the figure, the variation trend of 𝜂Re
with the frequency rapidly increased to the maximum at first
and then slowly decreased, and the optimal wave frequency was
basically the same. The value of 𝜂Re at p = 0.3 was larger than
that at p = 0.12 on the whole, but whether there was a linear
relationship still required further verification. Figure 9 further
shows the variation of 𝜂Re with p at three incident wave frequen-
cies (𝜔∕𝜔n = 0.50, 0.59, 0.81). The wave height was constant at
H/B = 1.67. The curve began from zero, that is, when p = 0,
and the PTO did not capture the wave energy, even though the
relative motion displacement is at its maximum (as shown in
Figure 6). With an increase in the p value, 𝜂Re increased first and
then decreased. Under different wave frequencies, the optimal
value of p at the corresponding 𝜂Re was different. Based on the
above results, the maximum value of 𝜂Remeasured in the exper-
iment was 0.46 at 𝜔∕𝜔n = 0.59 and p = 0.20.

3.2 Irregular waves

The aforementioned parameter study under regular wave con-
ditions was helpful to understand the motion and energy laws

FIGURE 9 Variation of capture width ratio with p in regular waves at
H/B = 1.67

of the device. However, under real sea conditions, waves are
always in a random state. Therefore, in this section, the motion
response and energy characteristics of the device under irregular
incident waves were experimentally studied and compared with
the test results of regular waves.

3.2.1 The relative heave motion response

The spectrum, S (𝜔), is an empirical equation to quantitatively
describe the energy distribution of random waves. In this exper-
imental study, irregular waves in the flume were generated using
the JONSWAP spectrum, which can be expressed using the fol-
lowing formula [51]:

S (𝜔) =
𝛽J H 2

S 𝜔
4
p

𝜔5
exp

[
−

5
4

(
𝜔p

𝜔

)4]
⋅ 𝛾

× exp
[
−
(
𝜔∕𝜔p − 1

)2
∕2𝜎2

]
(8)

where HS is the significant wave height, and the correspond-
ing characteristic wave period is denoted as TS . They are the
most important parameters used to characterize irregular waves.
𝛾 was a constant of 3.3 in this study, and the peak spectral fre-
quency, 𝜔p, non-dimensional peak shape parameter 𝜎, and the
coefficient 𝛽J had the following expressions:

𝜔p =
2𝜋

[
1 − 0.132(𝛾 + 0.2)−0.559

]
TS

(9)

𝜎 =

{
𝜎1 = 0.07 𝜔 ≤ 𝜔0
𝜎2 = 0.09 𝜔 > 𝜔0

(10)

𝛽J =
0.006238

0.230 + 0.0336𝛾 − 0.185(1.9 + 𝛾)−1

⋅ (1.094 − 0.019151 ⋅ ln 𝛾) (11)
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FIGURE 10 Time histories of wave elevation and relative motion in irregular waves, (a) Hs = 0.3 m, Ts = 1.8s and p = 0.12; (b) Hs = 0.3 m, Ts = 3.0 s and
p = 0.12; (c) Hs = 0.3 m, Ts = 3.0s and p = 0.20

In the tests, a time series of 9000 records (300 s) was used in
the Fourier analysis for each case. Figure 10 represents the time
histories of the wave elevation and relative motion in the irreg-
ular waves under different wave conditions and external loads.
The significant wave heights in the figure are Hs = 0.3 m, the
wave energy periods are Ts = 1.8 s and Ts = 3.0 s, and the exter-
nal loads are p = 0.12 and p = 0.20. It can be seen from the
figure that, unlike the regular wave result, the relative motion
no longer followed the wave elevation with a fixed period. In
general, for the high wave heights, the relative motion period
was close to the incident wave period, as shown in Figure 10(a)
where t = 55–67 s and t = 97–110 s. For the other wave heights,
relative motions had larger periods from the incident waves.
Under the same wave parameters, the larger the load was, the
worse the following performance of the relative motion with
wave height was.

Different from the results that under regular waves, the rela-
tive heave motion has no fixed phase decay with the wave ele-
vation (as can be seen from Figure 10), and only part of the
incident waves can excite the model to generate heave motion.
An analysis of more test results and the calculation of the ratio
of relative motion generated, Nm, to the number of incident
waves, Nw, during the test period of each group of parameters
was conducted. The calculated results are shown in Figure 11.
For each group of parameters described in the figure, the value
of Nm/Nw increased with Ts, and the growth rate slowed down
with an increase in the period. For Ts = 1.2 s and Hs = 0.2 m,
there is only 57 % of the incident waves under which the model
can move in heave. While for Ts = 3.0 s and Hs = 0.2 m, there

FIGURE 11 The effective fraction number of relative motion Nm/Nw
varying with the characteristic wave period Ts for Hs = 0.2,0.3 in irregular
waves

is almost 77% of the incident waves that can excite the model
motion. The Nm/Nw value at Hs = 0.3 m was larger than at
Hs = 0.2 m, and the difference between the two decreased with
an increase in the wave period. Under the same condition of Hs
and Ts, the value of Nm/Nw at p = 0.12 and p = 0.20 are almost
the same. Based on the above analysis, a high wave height and a
long period are beneficial to the relative motion response of the
model within the range of the test parameters.
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FIGURE 12 Variation of the capture width ratio 𝜂Ir with p in irregular
waves, Hs = 0.2 m, Ts = 2.2 s, regular wave results for comparison

3.2.2 The capture width ratio in the irregular
waves

For a random wave train with a spectrum of S (𝜔), the aver-
age wave energy density was approximated using the linear wave
theory by the equation [52]:

Eh =
1
16
𝜌gH 2

m (12)

where Hm is the characteristic wave height; and Eh denotes the
averaged wave energy density calculated using the characteris-
tic wave height. It has been proven that the linear wave method
can accurately estimate the incident wave energy of a random
sea state with appropriate characteristic wave height values [53].
Figure 12 shows the variation of 𝜂Ir with a load, p, under irreg-
ular wave conditions of Hs = 0.2 m and Ts = 2.2 s. The test
results of the regular waves with the same wave parameters are
also plotted in the figure for comparison. As can be seen from
the figure, the curve variation trend was very similar to that of
the regular waves (Figure 9). However, the captured width ratio
of the irregular waves was greater than that of the regular waves
in the same situation. In Figure 13, the relationship between
𝜂Ir∕𝜂Re and the incident wave height (or significant wave height)
was calculated. It can be seen that all of the results are greater
than one, which indicates that under the same wave parameters,
the capture width ratio of the irregular wave energy was greater
than that of the regular wave energy. This result is significant for
evaluating the error of the wave energy absorption when irreg-
ular wave states are represented by regular wave states.

4 CONCLUSIONS

In this study, the motion response and energy characteristics of
a hydraulic loaded two-body WEC under regular and irregular
waves were studied using a series of flume experiments. By using

FIGURE 13 Comparisons of the capture width ratios of the experimental
model in regular and irregular waves

a quantitative analysis of the influence of the wave height, fre-
quency, and PTO load on the model response, the conclusions
that follow were drawn:

1. Under the excitation of regular waves, the variation in the
relative heave motion response of the hydraulic loaded two-
body WEC with an incident wave height could be sum-
marized into three modes. That is, linear, nonlinear, and
non-moving modes. The initial moving line of the device
was obtained. The critical values between the three motion
modes were affected by the wave height and the PTO load
value.

2. Under the excitation of irregular waves, the relative heave
motion of the two-body WEC with hydraulic load primar-
ily demonstrated two states of motion: a following motion
with a similar value to the incident wave period and a delayed
motion with a larger value than the wave period. This primar-
ily depended on the instantaneous incident wave height and
was affected by the load value.

3. In a regular wave environment, the capture width ratio of
the system under different working conditions was analysed
using the control variable method, and it was found that the
maximum value of 𝜂Re measured in the experiment was 0.46
at 𝜔∕𝜔n = 0.59 and p = 0.20.

4. The captured power characteristics of the experimental
model under irregular waves and regular waves had the same
variation rule. For the same wave environments, the value,
𝜂Ir , was always larger than that of 𝜂Re, and the ratio range
was approximately 110–145%. This result is instructive to
analysing the error of wave energy absorption when irregu-
lar wave states are represented by regular wave states.
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