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Abstract

The concentric dual-buoy Wave Energy Converter (WEC), which consists of external buoy (hallow-cylinder) with toroidal appendage and
cylindrical internal buoy within the moon-pool is suggested in this research and its performance in various wave conditions is studied. The
Linear Electric Generator (LEG), consisting of a permanent magnet and coils, is used as a direct Power Take-Oft (PTO) system. To maximize the
electrical energy extracted from the PTO system, the relative heave motions between the dual buoys must be highly amplified by the multiple
resonance phenomena of dual-buoy and internal-fluid motions. The high-performance range can be widened by distributing those natural
frequencies with respect to the peak frequency of the wave spectrum. The performance of the newly developed dual-buoy WEC was measured
throughout the systematic 1:5.95-model test in regular and irregular waves conducted in a wave tank at Seoul National University. The model-
test results are also validated by an independently developed numerical method.
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1. Introduction

The global fossil fuel consumption increases each year so it
causes serious environmental problems. To solve the problem,
many countries have recently adopted policies to reduce the
carbon dioxide and enacted renewable energy support. Wave
energy, one of the renewable energy resources, is gaining more
attention as a sustainable and clean energy and many re-
searches about the appropriate devices for converting wave
energy into electrical energy have been carried out (e.g.
McCormick, 2007). Wave energy conversion consists of two
steps. It first converts wave energy into mechanical energy and
then mechanical energy into electrical energy through
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generators. Many researchers have proposed numerous devices
and evaluated their feasibility by theoretical analysis, scaled
model test in laboratory, and prototype test in real sea envi-
ronment (Drew et al., 2009).

In the real sea environment, the peak frequency of the
incident wave spectrum is continuously varying, thus it is very
important to design a WEC so that it is efficient for a wide
range of incident wave frequencies. Among various types of
WEC, point absorber type is designed to induce resonant
motion at the peak wave frequency to increase its efficiency
(Budal and Falnes, 1975). Bae and Cho (2013) investigated the
diffraction and radiation problems of hollow circular cylinders
and addressed the characteristics of heaving motion using
eigenfunction expansion method. Cho and Kweon (2011)
derived the coupled equation of motions with circular buoy
and linear electric generator and calculated the generated
power which is proportional to the square of heave velocity.
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Cho and Kim (2013) and Kim et al. (2014) investigated the
characteristics of cylindrical buoy in irregular wave environ-
ment and found that the efficiency can be improved if the
heave natural frequency of buoy is higher than the peak wave
frequency by 15%. Cho and Choi (2014) obtained the heave
motion of circular cylinder with linear generator in time
domain and investigated the characteristics of power outputs
and efficiency. For a power conversion, the linear electric
generator consisting of double-sided Halbach array mover and
cored slotless stator was used.

There have been other studies dealing with dual buoys with
linear generator (e.g. Beatty et al., 2008; Cochet and Yeung,
2012). The Wavebob (Weber et al., 2009), one of point
absorber type WECs with dual-buoy system, generated the
energy by relative heave motions from the external buoy that
moves with waves and resonated internal buoy. The Power
buoy (OPT Inc.) is the WEC consisting of the internal buoy
with minimal heave motion and the external buoy moving with
waves.

If WEC is tuned to resonate, the wave energy can be
extracted efficiently due to the amplified motions. However,
most existing WECs use the resonance only at single resonant
frequency, so it is hard to extract energy outside the narrow
resonant frequency region. To overcome this drawback, a
newly developed dual-buoy type WEC with three natural
frequencies is proposed in this study. This type of WEC can
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Fig. 1. Definition sketch of a dual-buoy WEC.

Table 1
Specification of a dual-buoy WEC.

extract wave energy in much broader frequency range when
properly designed. Fig. 1 shows the schematic sketch of the
dual-buoy WEC. The dual-buoy WEC consists of internal and
external buoys centered at the same location. The space be-
tween internal and external buoys is filled with fluid. There
exist two individual heave natural frequencies from each buoy
and one additional natural frequency from the internal fluid
pumping motion. The internal fluid presented by the hatched
area in Fig. 1 has a number of eigenmodes and the first natural
mode is called Piston-mode (or Helmholz mode). If the draft
of the internal buoy is relatively smaller than that of the
external buoy and its weight is small, then the internal buoy
tends to move along with the internal fluid motion. Therefore,
the heave resonance characteristics of the internal buoy were
not observed in the experiment. So, for the present dual-buoy
system, it is important to properly locate the natural fre-
quencies of the external-buoy motion and internal-fluid motion
to enhance the overall performance. Moreover, the torus-
shaped appendage at the external buoy is intentionally
employed to separate the natural frequencies of the internal
fluid and external buoy.

The model test in this study utilized the linear electric
generator (LEG) consisting of the permanent magnet at the
external buoy and coils fixed at the internal buoy as can be
seen in Fig. 1. Since the LEG does not require any other extra
devices, it is a kind of direct electrical energy generator (e.g.
Elwood et al., 2007). It generates electrical energy by relative
motions between permanent magnets and coils. Higher relative
velocity is very important in designing dual-buoy WEC in that
it can generate more energy. The PTO damping, however, may
reduce the relative heave motion because it works against it.

In this research, the performance of the dual-buoy system
with a wide range of energy extracting frequencies is validated
by experiment. Scaled model test (A = 1/5.95) was conducted
in both regular and irregular wave conditions at Seoul National
University. To see the differences in the relative heave motions
with and without LEG, the heave displacements were
measured with or without 200 Q resistor which is connected to
the coils.

2. Model test
2.1. Experimental model
The proposed dual-buoy system consists of internal and

external buoys with same center locations as can be seen in
Fig. 1. The air gap between coils and permanent magnet is

Item Radius [mm] Draft [mm] Height [mm] CoG. (From SW.) [mm] Mass [kg] Natural frequency [rad/s]
Heave Pitch
Internal buoy 60 (a;) 835 (dy) 1090 —465 9.40 3.24 1.44
External buoy 95 (ay) 1000 (d,) 1500 —-500 32.6 3.69 (Internal fluid: 3.09) 1.44
135 (a3) 168 (d3)
160 (ay)
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very small, so many possibilities of collisions are expected
even with the small relative rotational motion. To avoid the
collisions, two vertical shafts are attached at the inner side of
the external buoy and two linear bushes are installed at the
middle and upper sides of the internal buoy to reduce the
friction. Thus, internal buoy moves only through the guide
shafts that allows pure heave motion. Due to the friction from
the shaft and linear bush, dual-buoy motions are not inde-
pendent but coupled each other. The buoy system has its own
heave natural frequency as well as the natural frequency of the
internal fluid. The specifications of a dual-buoy WEC are
tabulated in Table 1. The drafts of the internal and external
buoys are d; = 835 mm, d, = 1000 mm and the masses are
my; = 9.4 kg, my, = 32.6 kg respectively. The heave natural
frequencies of the internal and external buoys can be obtained
from Eq. (1) and the piston-mode natural frequency of internal
fluid can be calculated by Eq. (2) which is proposed by Fukuda
1977).

pgSi . ()

N 2)
dy +0.41,/S;

where p is water density, g is gravity acceleration, S;,(i = 1,2)
are the water plane areas of the internal and external buoys,
u;,(i = 1,2) are the added mass of internal and external buoys.
S; represents the water plane area of the internal fluid. By
substituting the values in Table 1 to Egs. (1) and (2), the
natural frequencies of internal buoy (wy; = 3.24 rad/s),
external buoy (wy» = 3.69 rad/s), and internal fluid
(wnr = 3.09 rad/s) can be calculated. In addition, the pitch
natural frequencies of the buoys are 1.44 rad/s. The pitch
natural frequency is designed to have lower natural frequency
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Fig. 3. 3D-drawing (left) and experimental model (right) of the dual-buoy
WEC.

than heave natural frequency, so that pitch motion is mini-
mized at the operational frequency range.

Fig. 2 shows the schematic sketch of the linear electric
generator, permanent magnet and coil. The permanent magnet
consists of four metallic cores inside the five Neodymium
magnet. The radius of permanent magnet and core is 22.5 mm
and the heights are 30 mm and 20 mm, respectively. The gap
between permanent magnet and coil is 7.5 mm and the
diameter of coil is 0.65 mm, the number of turns is 1000. The
permanent magnet is installed at the guide frame from the
external buoy and coil is attached inside the top of the internal
buoy (Fig. 1). Fig. 3 shows the 3D-drawing and experimental
model of a dual-buoy WECsS respectively.

(b) (©)

Fig. 2. Modeling of linear electric generator (LEG) (a): Schematic sketch, (b): Permanent magnet, (c): Coil.
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2.2. Experimental set-up

The model test was conducted in the towing tank at Seoul
National University. The length of the tank is 110 m, width is
8 m, and the water depth is 3.5 m. At the one end of the tank,
eight sets of plunger type wave makers which can generate
either regular or irregular waves are installed. Wave absorber
is installed at the other end to reduce the reflected wave effect.
The target model was installed through the hatch of the car-
riage and placed 30 m away from the wave maker. The ca-
pacity type wave gauge was installed at the same distance
from the wave maker to measure the incident waves. Since the
model size is quite small compared to the tank width, the wall
effect is expected to be minimal. Fig. 4 shows the configura-
tion of wave gauge and experimental set up. To measure the
heave and pitch motions of dual buoys, three accelerometers
(AS-1GB) are attached. In the case of external buoy, two ac-
celerometers are installed at two locations of Fig. 5 and the
other one is attached at the top of the internal buoy. As a PTO
system, a linear generator was used, as shown in Fig. 2. The
voltage and current generated by the linear generator was
measured by CompactoRIO NI cRIO-9024 controller and NI-
9225, NI-9227 modules. To keep the position of the model
against the mean drift force, four lines with soft springs
(stiffness = 1.03 N/m) are attached between the vertical rods
and the anchor points at the outside wall of the external buoy.
Fig. 5 shows the configuration of the mooring and the mea-
surement system. Fig. 6 represents the data acquisition (DAQ)
systems, voltmeter and ammeter modules used in this
experiment.

During the normal operation of the dual-buoy WEC, the
PTO damping (Fpro = B-1-L) arises from the linear gener-
ator, where B is the strength of a magnetic field, I(=V/R) is
current, and L is coil turns. The PTO induced damping further
decreases the relative heave motions. The strength of the
magnetic field and coil turns are fixed variables determined by
the device configuration. In order to generate the current by
the linear generator, a resistance (R) should be connected to
the coil. Then the measured voltage (V) comes from the
relative motions of the two buoys. In the experiment, the

generated power was measured by voltage and current using
200 Q resistor. To investigate the effect of a PTO damping on
the buoy dynamics, model test has been conducted with and
without PTO system.

In regular wave test, the frequency range was selected as
2.5rad/s < w < 4.2rad/s which includes the natural fre-
quencies of the interior and external buoys and the internal
fluid, and total 16 wave frequencies are selected for the regular
wave test. Wave steepness was fixed to 0.01. Total 9 cases of
irregular wave test were conducted based on the JONSWAP
spectrum with various significant wave heights and peak pe-
riods combinations. Regular and irregular wave conditions and
test cases are summarized in Table 2.

3. Experimental results
3.1. Regular wave test

The experimental results of regular wave tests are
expressed as RAOs (z,;/{,, (i = 1,2); Response Amplitude
Operators) which can be defined by the ratio between incident
wave amplitude ({,) and buoy-heave amplitude (z,;). The
subscripts i = 1,2 represent the internal and external buoys
respectively. The effective experimental data was obtained by
excluding the reflected wave effect from the wave absorber,
and the sampling frequency was 100 Hz. Fig. 7a shows the
heave RAOs of the internal and external buoys and the rela-
tive heave RAO between them when the resistor was not
connected to the linear generator. It is seen that the heave
motion of the external buoy is significantly amplified at its
resonance frequency (wy, = 3.69 rad/s) and the heave RAO
increases up to 3.3. However, the internal buoy was not
amplified near its heave natural frequency (wy; = 3.24 rad/s),
but amplified at the natural frequency of the internal fluid
(wny = 3.09 rad/s). This typically happens when the draft of
the internal buoy is smaller than that of external buoy. Since
the wave exciting forces on the internal buoy are limited due
to the surrounded external buoy, the internal buoy motion is
mostly dependent on the resonated internal fluid motion. In
addition, the friction forces from the guide-shaft at the
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Fig. 4. Schematic sketch of the experimental set-up.
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Fig. 5. Configuration of mooring and measurement system and photograph of a dual-buoy WEC in wave tank.

(a) DAQ Systems (b) Voltmeter and ammeter modules

Fig. 6. Measurement system for the dual-buoy motion and electric power.

external buoy and the linear bush at the internal buoy induce  buoy also has a small peak near the resonance frequency of
the coupling effect between dual buoys. So, the internal buoy the internal fluid. As a result, in the relative heave motion
has a secondary peak at w = 3.5 rad/s which is close to the RAO, two peaks can be observed. Those peaks correspond
resonance frequency of the external buoy, and the external with two resonance frequencies, i.e. the heave natural

Table 2
Regular and irregular wave conditions.
Regular wave Irregular wave(JONSWAP spectrum)
A Peak Significant
Frequency  Amplitude Wave wave
Case Case frequency . Gamma
[rad/s] [m] steepness height
[rad/s]
[m]
1 25 0.049 0.01 101 2.9 0.074 33
2 2.8 0.039 0.01 102 3.0 0.068 33
3 29 0.037 0.01 103 3.1 0.064 33
4 3.0 0.034 0.01 104 3.2 0.060 33
5 3.1 0.032 0.01 105 33 0.056 33
6 32 0.030 0.01 106 34 0.054 33
7 33 0.028 0.01 107 3.5 0.050 33
8 3.4 0.027 0.01 108 3.6 0.048 33
9 35 0.025 0.01 109 3.7 0.046 33
10 3.6 0.024 0.01
11 3.7 0.023 0.01
12 3.8 0.021 0.01
13 39 0.020 0.01
14 4.0 0.019 0.01
15 4.1 0.018 0.01
16 42 0.017 0.01

Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.07.002
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Fig. 7. a) Experimental results b—c) Comparison of heave RAO of external buoy (b), internal buoy (c), and relative heave RAO (d) between analytic solutions and

experimental results in case of disconnecting with LEG.

frequency of the external buoy, and the natural frequency of
the internal fluid. This means that the proposed dual-buoy
WEC can extract more wave energy from a wide range of
incident-wave frequencies compared to a single-resonance
system. Fig. 7b—d shows comparisons between experi-
mental and analytical results. The analytical solutions were
obtained by using matched eigenfunction expansion method
(MEEM). It is based on linear potential theory of the two
axisymmetric bodies including diffraction and radiation ef-
fects. The potential theory is further improved by adding
viscous damping effects which were best estimated from a
free-decay test. The comparisons show that the general trend
of the experimental and numerical results is very similar and
their correlations are very reasonable. Their differences may
be attributed to more complex viscous, coupling, and
nonlinear effects acting on both internal fluid and buoys.
Fig. 8 shows the heave responses when the 200 Q resistor of
LEG is connected. Compared to Fig. 7a, the resonant heave
responses are significantly reduced because of the PTO
damping acting in the opposite direction of buoy motion.
Particularly, the reduction of the internal buoy motion is greater
than that of the external buoy near the resonance frequency.

5
A External buoy
— -7 — Internal buoy
4 1| —e— Relative
3
)
>
3
T 2]
1_
0 T T T T T T T T T
24 26 28 30 32 34 36 38 40 42 44
o [rad/sec]

Fig. 8. Heave RAO in case of connecting with LEG.

This is due to the lighter weight of the internal buoy than the
external buoy, which is more affected by PTO damping.

One of the most important factors of this dual-buoy WEC
system is the relative heave motion which is directly related to
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Fig. 9. a) Comparison of relative heave RAO between connecting and dis-
connecting with LEG. b) Comparison of pitch RAO of a dual-buoy WEC
between connecting and disconnecting with LEG.

the electric power generation. Fig. 9a shows the direct com-
parison of relative heave RAOs with LEG connected and
disconnected. Except for the low and high frequency range,
the overall relative heave motions are reduced significantly
when connected. Fig. 9b shows the pitch motion RAO (=60,/
kC,), where 6, represents the pitch displacement (radian), and
k is wave number. As already pointed out, the pitch natural
frequency of the WEC is designed to be located at the low
frequency range, far away from the incident wave frequencies
with prominent energy. So, the pitch motions were not severe
during the model test. The PTO damping of LEG affects
mostly the heave motion of the buoy, thus the pitch motion
responses are little affected by the connection of LEG.

3.2. Irregular wave test

For irregular wave test, JONSWAP wave spectrum with the
peakedness factor v = 3.3 was used. First, for the verification
of the irregular wave test, one set of time series for wave and
heave motions is selected and their respective spectra are

calculated. Subsequently, the heave response spectrum is
divided by the incident wave spectrum and the square root of
the ratio is plotted in Fig. 10a—c and they are compared
against the regular-wave-test results. Prior to that, the gener-
ated incident wave spectrum was checked against the theo-
retical input spectrum. Fig. 10a—c shows that there are good
correlations between the regular and irregular wave tests,
which proves that both experiments were done correctly.

To further analyze the irregular wave test results, the inci-
dent wave elevation ({(¢)), heave motions of the internal and
external buoys (z;(f), zo(¢)), and their relative displacements
(z2(f)—z,(¢)) are taken and the significant wave amplitude
(€a)1/3» significant heave amplitudes of the internal (z14); /3
and external buoys (z2,), /3» and the significant relative motion
amplitude (224 — Z1a); ;3 Wwere calculated by zero-crossing
method. Figs. 11—13 show the non-dimensionalized signifi-
cant heave amplitudes of the external and internal buoys and
their relative motions. The x-axis shows the peak frequency of
the incident wave spectrum. Similar to the regular wave test,
the buoy motion is amplified if the peak frequency of the
spectrum coincides with the natural frequency, and PTO
damping reduces the heave motion amplitude after connection
of LEG. From the result of the significant heave amplitude of
the external buoy in Fig. 11, the amplitude, near the natural
frequency of the external buoy (wy, = 3.69rad/s), is slightly
reduced after connection of LEG, while the reduction in the
other frequency range is negligible. On the other hand, the
significant heave amplitude of the internal buoy is significantly
reduced after connection especially at the natural frequency of
the internal fluid wy, = 3.09rad/s as can be seen in Fig. 12, but
the reduction near the resonant frequency of the external buoy
is relatively small. This result again shows that the motion of
the external buoy is less affected by the PTO damping than
that of the internal buoy.

Fig. 13 shows the significant amplitude of the relative heave
motion. The amplification factor remains over 2.5 across the
wide range of peak frequency including two resonance fre-
quencies from the internal fluid and the external buoy. This
result clearly shows the effectiveness of the energy capture by
the present dual-buoy WEC by splitting the resonances from
the internal fluid and the external buoy. If buoy is connected to
PTO system, the amplified ratio is slightly reduced to 1.91.
Since the PTO damping is a function of current, strength of a
permanent magnet, and the number of coil turns, it will be a
function of resistance after fabrication of a linear generator.
For this reason, finding the optimal value of PTO damping and
associated resistance value is important to obtain maximum
energy. In this experiment, the fixed value of 200 Q resistor is
used. The finding of optimal resistance will be a subject of
future study.

The time series of the case 102 (Table 2) which represents
the experiment with peak frequency close to the natural fre-
quency of the internal fluid (wxy = 3.09 rad/s) is plotted in
Figs.14—16. Fig. 14 shows the time series of incident wave
elevation and the relative heave motion with disconnected
LEG. Fig. 15 shows the same result with connected LEG for
power production. As already confirmed from the previous
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Fig. 10. a—c Comparison of heave RAOs between regular-wave tests and irregular-wave tests in case of disconnecting with LEG.

analysis, relative heave motion in time domain is significantly
amplified compared to the incident wave amplitude. In addi-
tion, it is also confirmed that the PTO damping reduces the
relative heave motion if buoy is connected to the LEG. Finally,
the extracted power with the connection of the LEG in the
experiment case 102, is plotted in Fig. 16. It is seen that the
higher relative heave motion induces more electric power. The
maximum power extracted in this experiment is nearly 0.33 W.

4. Conclusions

The proposed dual-buoy WEC in this study utilized dual
intrinsic resonance frequencies of the system so that it can
extract wave energy from the wide frequency range of incident
wave spectrum. The linear electric generator was used as a
PTO system to extract electric energy from the incident wave.
To examine the performance of the dual-buoy WEC model,

regular and irregular wave tests were conducted in the wave
tank at Seoul National University. The energy capture from the
linear generator was confirmed by engaging 200 Q resistor,
and its current, voltage, and power were measured. The heave
motion responses with LEG connected or disconnected were
also checked and compared.

The experimental results show that the external buoy motion
is resonated at its own heave natural frequency, as expected.
Interestingly, the internal buoy was resonated not at its own
heave natural frequency but at the natural frequency of the
internal fluid-column pumping motion, which is the typical
case when the draft of the internal buoy is relatively smaller
than that of the external buoy. The phenomenon can be double
checked by the independently developed numerical calculation.

From the regular wave test, the amplified relative heave
motion between the internal and external buoys was observed
at the natural frequencies of the external buoy and the internal
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Fig. 11. Comparison of the significant heave motion amplitude of external
buoy between connecting and disconnecting with LEG.
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Fig. 13. Comparison of the significant relative heave motion amplitude of two
buoys between connecting and disconnecting with LEG.
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Fig. 12. Comparison of the significant heave motion amplitude of internal
buoy between connecting and disconnecting with LEG.

fluid. By having dual peaks, the appreciable energy capture
can be done at a wide range of incident wave frequency. After
connecting a 200 Q resistor to LEG, the heave motions were
appreciably reduced especially near the resonance frequencies
due to the PTO damping, and the reduction rate of the internal
buoy was greater than that of the external buoy because of its
light weight.

The irregular wave test actually shows that the energy
capture can be done from a wide range of incident wave fre-
quencies. In the wide range, the significant relative motion
amplification factor compared to significant incident wave
amplitude is about 2 with PTO system acting. This result
confirmed that the dual-buy WEC can be efficiently operated
for a variety of wave conditions. The irregular wave test re-
sults were double checked against the regular wave test results
by using the relevant spectral analysis and their correlations
were very reasonable.

Fig. 14. Time series of incident wave and relative heave motion (case 102) in
case of disconnecting with LEG.
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Fig. 15. Time series of incident wave and relative heave motion (case 102)
when connecting with LEG.
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Fig. 16. Time series of extracted power (case 102) in case of connecting with
LEG.

The time series of the irregular wave test indicated that the
higher power was generated at the time of the higher relative
heave motion. The maximum power extracted from the model
test was about 0.33 W. The extracted power was relatively
weak because the connected resistance capacity was fixed at
200 Q for convenience. If the optimal value of the resistance is
used, much higher power can be produced, which is the sub-
ject of forthcoming study.
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