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a b s t r a c t

Interest in renewable energy has been increasing in recent years for many reasons, and there have been
many studies on new types of wave energy converters and mechanisms for them. However, in this paper,
motion characteristics of a wave energy converter with a wave activating body type is studied with an
experiment. In order to conduct the experiment, a simple wave activating body type's wave energy
converter is proposed. Experimental variations consist of connection type and location. The connection
type controls the rotation motions of structures, and the connection location controls the distance be-
tween structures. The movement of floating structures, such as rotation, velocity, and acceleration, is
measured with a potentiometer and a motion capture camera. Using the recorded data, the motion
characteristics derived from the experimental variations are investigated.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As the world's industries have grown over the centuries, lots of
environmental problems have also happened. Among them, there
is global warming and climate change, which have been receiving
increasing attention in recent decades. Although many factors
trigger these climate problems, it is presumed that greenhouse
gases are the main source of the problems. Greenhouse gases are
produced by many kinds of human activities. Among them, the use
of energy accounts for about 70% of greenhouse gases emissions,
and the consumption of energy is usually driven by burning fossil
fuels that cause carbon dioxide. As the carbon dioxide caused by
fossil fuel dominates about 90% of total greenhouse gas emissions
(International energy agency, 2016), the development of renewable
sources is a key point to relieve the threat of greenhouse effects.
Renewable sources consist of wind, solar, wave, current, tidal, and
so on. Although all renewable sources have both strong and weak
points, wave energy is the best when it comes to energy density.
Therefore, many researchers have been interested in the potential
of wave energy for a long time (Salter, 1974; Pelc and Fujita, 2002),
and the potential of wave power worldwide is estimated to be

around 2 TW (Thorpe, 1999). In order to harness this promising
wave energy, many conversion technologies are being considered
and investigated (Previsic, 2004; Drew et al., 2009). Some tech-
nologies or devices are being operated commercially, and some
others require more time to develop and evaluate their perfor-
mance. Different devices are considered depending on the char-
acteristics of the installation places such as shoreline, near-shore,
and offshore (Cl�e ment et al., 2002). The major mechanisms of wave
energy converters can be divided into three types: Oscillating
Water Column (OWC), Overtopping Device (OTD), and Wave Acti-
vating Body (WAB) (Czech and Bauer, 2012). The OWC types are
usually placed on the shoreline or near-shore. Oscillating waves
repeatedly enter and exit a chamber, thereby shifting the water
level inside the chamber up and down. The changes of water level
result in an air flow, and then this movement is transformed into
electric power. The OTD types use falling water for the production
of electric power. Incident waves are stored in a reservoir of the
overtopping devices above sea level, and then the water is released
through a turbine. The WAB types have activating structures that
are likely to move by incident waves. When the activating struc-
tures meet incident waves, they have translation and rotation
motions, and then these motions are transformed into electric
power. Among these types, WAB types have the highest transfer
efficiency because they directly exploit wave energy to generate
power without any other steps, such as to make an air flow or to
capture sea water, so the loss of wave energy is the least.

Although lots of research on wave energy converters has been
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conducted in recent decades, most of it seems to be focused on
developing new wave energy converters with new mechanisms
(Hadano et al., 2017; Kim et al., 2017) or combining themwith other
resources (Ling et al., 2017). As a result, they are not enough in-
vestigations into the fundamental motion characteristics of WAB
type converters. Therefore, the objective of this paper is to find the
motion characteristics of WAB type wave energy converters. It is
quite evident that there are various WAB type converters, and that
they have different ways of harnessing wave energy individually.
Although all the WAB converters have their own translation
method, these methods are based on the translation or rotation
motion of activating structures, which is caused by incident waves.
Hence, connection methods are necessary to exploit the motion of
activating structures, and the connection methods required are
usually hinge type connections or connection bridges. As a result,
this research strives to determine the motion characteristics of
activating structures by comparing various connection methods.

2. Experiment set-up

2.1. Model design

A WAB type wave energy converter, which consists of a main
body, an activating body, connection bridges, a recording module,
and mooring lines, was used for the experiment with a scale of
1:50. In order to focus on the effects of connection methods and
locations, other design factors were simplified. Specifically, the
main body looks like the letter H and has two hexahedrons con-
nected by a thin plate. Thus, incident waves could pass between the
two hexahedrons without any obstruction, and the main body
could have outstanding stability. In other words, this main body
shape prevents reflected waves from occurring. On the other hand,
the activating body was designed in the shape of a single hexahe-
dron. Although there are many shapes that could improve the
motion ability of the activating body, the simple hexahedron shape
was chosen because the main objective of this research was to find
out the effects of connection methods. The connection bridges
linked the main body to the activating body and transferred the
movement of the activating body to the main body. The recording
module consisted of a potentiometer and amain shaft andwas used
to measure the movement of the floating structures. As the
connection bridges were connected to the potentiometer through
the main shaft, the movement of the activating body and the main
body was measured by the potentiometer. Fig. 1 shows the wave
energy converter. Table 1 shows the principal dimensions of the
main body and activating body. Fig. 2 explains the physics model of
the activating body and the potentiometer. The figure shows the
potentiometer, the connection bridges, the activating body, the
joints, the center of gravity of the activating body, and angular
speeds. Six degrees of freedom motion of both the main body and
activating body causes complex relative motion at the joints and
the potentiometer, and the relative motion can be expressed by a
mathematical model as follows.

VP1;rel ¼ _q1 k
!� r!J1=P1 þ _q2 k

!� r!J2=J1 þ _q3 k
!� r!GA=J2 (1)

where VP1;rel is the relative angular velocity of the potentiometer, _qn
are angular speeds, and r!b=a is the relative position from b to a. k

!
is a unit vector. As one of the two joints is suppressed, the equation
can be simplified, thereby ignoring _q2 or _q3, but the equation is still
complicated. Therefore, it is expected that the experiment will help
us to achieve more precise results. Moreover, the experiment re-
sults will contribute to future work that is a simulation work using
commercial software for optimization. In this case, the experiment

results will able to be used as comparative data.
In real scale wave energy converters, Power Takeoff (PTO) sys-

tems should be considered to generate electricity. Although some
unique PTO systems are used for specific wave energy converters,
PTO systems can usually be divided into three types: air turbines,
linear generators, and hydraulic systems (Czech and Bauer, 2012).
Actually, it is also appropriate to use PTO systems in model tests to
validate the performance of a wave energy converter by comparing

Fig. 1. WAB type wave energy converter.

Table 1
Principal dimensions of the model.

Main body Activating Body

Length (cm) 60.7 20.0
Breadth (cm) 15.0 45.0
Depth (cm) 17.0 16.0
Draft (cm) 12.0 10.0
Mass (kg) 14.0 9.0
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the amount of electricity generated. However, in this experiment,
common PTO systems were not used because this paper's objective
was to investigate themotion characteristics affected by connection
methods, and we thought that it was enough to use estimated
power, which was not exactly measured by a PTO system but was
calculated with mathematical functions, as a comparison factor.
Fig. 3 shows the potentiometer used. It is installed on the recording
module. When the shaft of the potentiometer rotated, the poten-
tiometer produced electric signals as an output. Basically, the
electric signals represented degrees of the shaft, and then angular
speeds and angular acceleration were calculated by using a differ-
ential. The translation motion of the activating body, such as surge
and heave, was transferred to the shaft of the potentiometer
through the connection bridges as rotation motion, and the
movement was recorded as electric data. As the proposed wave
energy converter floated on the water without any fixed bridges,
mooring lines were needed to constrain the movement of the main
body. By restraining the main body's movement, the signal data of
the potentiometer was likely to show merely the activating body's
motion, because the rotation of the shaft of the potentiometer was
determined by the relativemotion between the activating body and
main body. The mooring system imitated a tension leg platform,
TLP. As the tension leg system has pretension of about 20%e30%
(Choi et al., 2001), it has a considerable effect on restraining heave
motion and pitchmotion, which aremajor factors that contribute to
the shaft rotation of the potentiometer. Furthermore, the set down
effect resulting from surge and sway motion should be considered
in the TLP to determine the tether angle, which is the tolerance of
angular deviation of tethers, maximum and minimum tether ten-
sions, and air gap (Demirbilek, 1990). However, as the surge and
sway motions of the main body were quite small in this test, it was

assumed that the set down effect was negligible. Fig. 4 explains the
moored wave energy converter. The converter had a total of eight
mooring lines, and springs were considered as model tendons of
the TLP to simulate the elasticity of real tendons. A natural period
was calculated based on real scale, and 2 s was usually considered a
natural period of heave motion for the TLP (Choi et al., 2001).

Fig. 5 shows connection options. The connection options con-
sisted of connection types divided into fixed type and free type and
locations divided into four cases. The fixed type prevented the
rotation motion of joint 1 or joint 2, but the free type did not in-
fluence the rotation motion. Picture (a) in Fig. 5 shows that joint 1
was free, and joint 2 was fixed. In this case, since joint 2 was con-
strained, the pitch motion of the activating body could be trans-
ferred to both joint 1 and the main body. On the other hand, picture
(b) of Fig. 5 shows that joint 1 was fixed, and joint 2 was free. In this
case, since joint 2 was free, the pitch motion of the activating body
only appeared at joint 2. This meant the momentum of the pitch
motion could not be transferred to themain body. Picture (c) shows
joint 1, joint 2, and the connection location, A. Location case 1 had
the smallest space of A, and when the number of location cases
changed from 1 to 4, the space of A also got larger. Since the main
body and the activating body moved repeatedly closer to and away
from each other, there was a risk of collision between the center
frame of the main body and the activating body. However, there
were no crashes under the experimental conditions. Nevertheless,
the fact is that a collision may occur under other conditions such as
much higher wave amplitudes than the ones considered or much
longer lengths of A than the lengths considered. All experimental
cases are explained in Table 2. In order to add variety to the heave
and pitch motion of the activating body, the connection locations

Fig. 2. The physics model of the wave energy converter.

Fig. 3. Recording module. Fig. 4. Mooring lines.
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and the connection types were changed.

2.2. Wave conditions

Wave conditions were determined based on the heave RAO of
the real scale activating body. Similitude laws were needed to
conduct amodel test, and then froude number andwave slopewere
considered as similitude factors. As a result, the wave options used
are as follows in Table 3.

2.3. Damping coefficient

In this paper, themotion of the activating bodywasmeasured by
the potentiometer as an electronic signal. As the signal was deter-
mined by the rotation movement of shaft of the potentiometer, the

damping force and damping coefficient of the potentiometer were
calculated to improve the accuracy of the recorded data. Three
cases were conducted, and each case was repeated five times. Fig. 6
shows a schematic of a damping test. The recording module shown
in Fig. 3 was used for the damping test. Fig. 6 shows an initial po-
sition of the damping test where the angle of the connection bridge
(q) is about 60�. The connection bridge was dropped with a weight
and when q was zero, torque was calculated by the angular accel-
eration of the potentiometer shaft and the moment of inertia of the
weight, and the torque was an output momentum. On the other
hand, input momentum was calculated by the acceleration of
gravity, mass of the weight, and length of the connection bridge at

Fig. 5. Connection types and locations.

Table 2
Variation of connection bridge option.

A (cm) Joint 1 Joint 2

Case 1 2 Fixed Free
Case 2 6 Fixed Free
Case 3 10 Fixed Free
Case 4 14 Fixed Free
Case 5 2 Free Fixed
Case 6 6 Free Fixed
Case 7 10 Free Fixed
Case 8 14 Free Fixed

Table 3
Wave condition.

Frequency (rad/s) Period(s) Amplitude (cm)

Wave 1e1 5.55 1.13 1.5
Wave 1e2 5.55 1.13 3.0
Wave 1e3 5.55 1.13 4.5
Wave 2e1 6.41 0.98 1.5
Wave 2e2 6.41 0.98 3.0
Wave 2e3 6.41 0.98 4.5
Wave 3e1 7.31 0.86 1.5
Wave 3e2 7.31 0.86 3.0
Wave 3e3 7.31 0.86 4.5
Wave 4e1 8.17 0.77 1.5
Wave 4e2 8.17 0.77 3.0
Wave 4e3 8.17 0.77 4.5
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the same time. As a result, the damping force was estimated by
investigating the difference between the input momentum and the
output momentum. The damping coefficient was calculated by the
damping force and angular speed. Fig. 7 shows the results of the
damping test. The horizontal axis represents the angular speed of
the shaft of the potentiometer, and the vertical axis represents the
damping force. The circles are repeated data, and the solid line is a
second-order curve fitting.

2.4. Power prediction

Power out was estimated with mathematical methods to
compare the results of experimental cases. However, as a real
generator was not used during the test, the predicted power was
not very precise. Nevertheless, the assumed power out was
appropriate to consider as a comparison factor, given that the
objective of this research was to find out the relationship between
the connection methods and response motion. The generator of
wave energy converters is usually likely to respond like a brake. In
this model experiment, although a PTO was not installed, the
potentiometer could be presumed to be the generator. Therefore,
the torque that occurred on the shaft of the potentiometer was

calculated as follows (Agamloh, 2005).

TðtÞ ¼ KuðtÞ (2)

where K is the damping coefficient of the potentiometer (Nm/rad/
s), and u(rad/s) is angular speed. The angular speed could be
expressed by Eq. (1). Moreover, generated power is calculated as
follows.

PðtÞ ¼ TðtÞuðtÞ (3)

Additionally, we considered capture width. The capture width
has been used to check and compare the efficiency among wave
energy converters (Garnaud and Mei, 2009). In this paper, the ef-
ficiency of each case was compared by using the capturewidth, and
the capture width was calculated by Eq. (4).

CW ¼ PG
PW

(4)

where Cw is the capture width, PG is the power generated by the
wave energy converter, and PW is the wave energy transport, and is
calculated by Eq. (5).

PW ¼ 1
2
rg22aCg (5)

where r is the density of seawater, g is the acceleration of gravity, 2a
is the wave amplitude, and Cg is the wave group velocity. As the
dimension of the capture width is length, wave number (k) was
used to make it a non-dimensional number (Choi, 2011).

3. Results and discussion

The experiments were repeated three times and each experi-
ment was recorded for about 40 s, because a recording time longer
than 40 s was liable to be affected by reflected waves, which
returned after hitting the end of the basin. Fig. 8 shows the raw data
of degree of the potentiometer in the case 2 and wave 1e3 options.
The horizontal axis is time from 0 to 40 and the vertical axis is
degree. Among the 40 s, a specific period of about 5 s was exploited
to investigate. The specific period was considered where oscillation
motions were fully developed. In the specific period, three times

Fig. 6. Damping test.

Fig. 7. Damping coefficient test. Fig. 8. Degree of potentiometer (case 2 and wave 1e3).
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reciprocation was used to analyze power because of a precise
comparison between other cases.

First of all, the experiment results and a simulation result were
compared using the heave motion response of the activating body
to verify the experimental results. Fig. 9 shows the heave RAO of the
activating body that was obtained with commercial software and
the heave motion of the activating body measured by motion
capture camera during the experiment. The horizontal axis is the
wave frequency, and the vertical axis is the heave response. The
solid lines show joint 1 fixed and joint 2 free cases (method 1), and
the dotted lines show joint 1 free and joint 2 fixed cases (method 2).
As the heave RAO was calculated with the activating body inde-
pendently without any connection options and viscous effects,
there was a difference between the calculated heave response and
the measured heave response, but the trends of heave motionwere
similar depending on the frequency. Furthermore, the connection
method and locations seemed to have effects on the heave motion.
In order to scrutinize the effects of connection methods and loca-
tions, graphs of the amount of power generated were needed.
Fig. 10 shows the power generated for fixed joint 1 and free joint 2
cases. The power was calculated by Eq. (3). The horizontal axis

represents the location of the connection bridge and the vertical
axis represents the amount of power generated. The symbols are an
average of the results of three repetitions, and all symbols have a
solid line to show the variations among the three repetitions. The
top line of the solid lines is the maximum data and the bottom line
is the minimum data. Given that the intervals between the top lines
and bottom lines are usually small, the results of the three repeti-
tions are very similar. Moreover, the circle, cross, square and dia-
mond symbols represent wave conditions, 5.55, 6.41, 7.31, and
8.17 rad/s, respectively.

Fig. 10 describes the tendency that the amount of power
generated decreased as the location of the connection bridge
ascended. However, the trend was weakened by increasing wave
amplitude. When the wave amplitude was 1.5 cm, the growing
location usually had a negative effect on power generation. Varia-
tion percentages for the first wave amplitude case, 1.5 cm, were
from - 77.1% toþ20.2% and the average variation was - 41.1%, but in
the second case, with a wave amplitude of 3.0 cm, it ranged from -
64.5% to - 22.2% and the average variation was - 47.7%. The minus
percentage indicates the decline of amounts of power, and the plus
represents the increase of amounts of power. As a result, the ten-
dency in Fig.10was that when joint 1was fixed and joint 2was free,
the increase of the location of the connection bridge triggered a
decrease in the amount of power generated. This trend is also
shown in Fig. 11, which is an efficiency comparison through kCw.
The horizontal axis is the location of the connection bridge and the
vertical axis is dimensionless capture width kCw. In this figure, the
increase of the location still has a negative effect on the efficiency of
generation.

Moreover, investigation into heave and surge data was needed
to explain the trend of Fig.10. Fig.12 shows time domain heave data
for the main body and activating body with a wave frequency of
5.55 rad/s, wave amplitude of 3.0 cm, fixed joint 1, and free joint 2.
The horizontal axis represents time and the vertical axis represents
heave. The graph lines consist of four location options. Locations 1,
2, 3, and 4 are 2.0 cm, 6.0 cm, 10.0 cm, and 14.0 cm, respectively. In
the case of the main body, the max and min heave movements are
very small, about 0.1 cm and - 0.1 cm. The variations of heave
among the four location cases were very small as well, because the
heave of the main body was restricted by mooring lines. By
contrast, the variations of the activating body's heave motion
among location cases were a little different from the main body's
results. When the location of the connection bridge was increased,

Fig. 9. Heave of activating body [ wave amplitude 1.5 cm ].

Fig. 10. Power [ fixed joint 1 and free joint 2 ].

S.-s. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 244e255 249



the activating body's heave also increased. Given the fact that the
wave energy converter power generated by exploiting the acti-
vating body's heave motion as a main factor, it was profitable to get
a larger heave motion. In spite of the increase of the heave motion,
according to Fig. 10, power decreased. Therefore, it was thought
that other factors such as the activating body's heave and surge and
themain body's heave and surge influenced the decreasing amount
of power. Fig. 13 describes time domain surge data for the main
body and activating body with awave frequency of 5.55 rad/s, wave
amplitude of 3.0 cm, fixed joint 1, and free joint 2. The horizontal
axis represents time and the vertical axis represents surge. The
graph lines are equal to those in Fig. 12. According to the main
body's surge graph in Fig. 13, although the location was extended
from location 1 to location 4, the range between maximum and
minimum was similar. This showed that the amounts of power
produced by the main body's surge were equivalent. On the other
hand, the activating body's surge showed an apparent trend that
when the location got larger from location 1 to location 4, the surge
movement significantly declined. Therefore, location 1 was ex-
pected to be the most profitable option among locations 1 to 4.
However, this prediction was completely opposite to the previous
expectation that location 4was themost profitable based on Fig. 12,

the heave graph.
As a result, from investigating Figs. 12 and 13, it was found out

that when joint 1 was fixed and joint 2 was free, the increase in the
location of the connection bridge led to both the increase of heave
and the decrease of surge. Therefore, an investigation of relative
motions between the main body and the activating body was
needed to understand the tendency in Fig.10, the power graph. This
was because when the activating body rose, if the main body
moved down, relative heave was larger than when the main body
also moved up. A bigger relative motion meant that the rotation of
the potentiometer increased and then generated more power.
Naturally, this was completely applied to surge. Therefore, although
heave and surge are bigger than the other location cases, if the
relative motion was much less than the other location cases, the
amount of power produced power was small. However, since the
main body's heave was considerably small, the relative motion of
heavewasmeaningless. By contrast, as themain body's surges were
quite large, the relative motion of surge was significant.

Fig. 14 shows the relative motion of surge with 5.55 rad/s, wave
amplitude 3.0 cm, fixed joint 1, and free joint 2. Horizontal axis
represents time and vertical axis represents surge. There are four
lines, and they represent location 1 to location 4. According to

Fig. 11. Efficiency comparison [ fixed joint 1 and free joint 2 ].

Fig. 12. Heave of activating body and main body [ 5.55 rad/s, 3.0 cm, fixed joint 1, free joint 2 ].
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Fig. 14, the differences among the locations were substantial
because although the surge of the main body was consistent from
location 1 to location 4, the surge of the activating body got smaller
as the location increased. Thus, location 1 case was expected to
produce the largest amount of power with surge. Additionally,
when the location case was changed from 1 to 4, it was also
anticipated that the amounts of power generated were appreciably
decreased.

Consequently, the declining trend in Fig. 10 was explained.
When the location of the connection bridge rose from location 1 to
location 4, the relative heave between the main body and the
activating body slightly ascended as well, but the relative surge
decreased considerably. Therefore, although the amounts of power
caused by the heave increased slightly, as the amounts of power
caused by the surge decreased significantly, the total amount of
power declined.

Fig. 15 shows graphs of power generated for free joint 1 and
fixed joint 2 cases. The horizontal axis represents the location of the
connection bridge and the vertical axis represents amounts of

power generated. The symbols and solid lines are the same as
Fig. 10's symbols and solid lines. Changing the location case from 1
to 4 usually had a positive effect on generating power, and this
increasing trend was completely opposite to Fig. 10. Specifically, the
amount of power generated increased within a wave amplitude of
1.5 cm as the location extended from 1 to 4. Variation percentages
were from þ67.7% to þ5.4% and the average variation percentage
was þ37.8%. Moreover, when the wave amplitude was 3.0 cm, the
amount of power generated changed from - 13.3% to þ32.8% and
the average percentage was þ13.2%. Therefore, the effect of the
increase of location was different from Fig. 10 and it had a positive
effect on power generation, as seen in Fig. 15. This result was also
obtained in Fig. 16, which is an efficiency comparison. As a result,
the effect of changing location was different from Figs. 10 and 11.
Specifically, the changing location had a negative effect on gener-
ating power in Fig. 10, but it had a positive effect on power gen-
eration in Figs. 15 and 16. In order to investigate the increasing
power, heave and surge graphs were also needed. Fig. 17 describes
heave for the activating body and main body within a wave fre-
quency of 6.41 rad/s, wave amplitude of 1.5 cm, joint 1 free, and
fixed joint 2. The horizontal axis is time, the vertical axis is heave
range, and the four lines indicate the location cases from 1 to 4,
respectively. The main body showed a very low heave range, and
there were no differences among the locations because the main
body was moored. Therefore, it was expected that the main body's
heave was likely to affect power generation slightly. On the other
hand, in the case of the activating body, the locationwas longer, the
heave of the activating body was larger, and this trend was similar
to the trend in Fig. 12. Thus, it was found that the extension of the
location of the connection bridge led to the increase of the heave of
the activating body regardless of which joint was fixed or free.

Surge graphs of the activating body andmain body are shown in
a Fig. 18. The horizontal axis is time, the vertical axis is surge, and
the four lines represent the location cases from 1 to 4. According to
Fig. 18, when the location increased, the surge of the main body
maintained a specific range, and then there were small variations,
but the surge of the activating body ascended, and then there were
small variations among the location cases. The relative surge be-
tween the main body and the activating body is represented in
Fig. 19. The horizontal axis is time, and the vertical axis is relative
surge. The trend shown in Fig. 19 was considerably different from
the trend in Fig. 14 where the location of the connection bridge got

Fig. 13. Surge of activating body and main body [ 5.55 rad/s, 3.0 cm, fixed joint 1, Free joint 2 ].

Fig. 14. Relative motion (surge) [ 5.55 rad/s, 3.0 cm, fixed joint 1, free joint 2 ].
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Fig. 15. Power [ free joint 1 and fixed joint 2 ].

Fig. 16. Efficiency comparison [ free joint 1 and fixed joint 2 ].

Fig. 17. Heave of main body and activating body [ 6.41 rad/s, 1.5 cm, free joint 1, fixed joint 2 ].

S.-s. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 244e255252



longer and the surge of the activating body got smaller. This dif-
ference meant that the increasing location of the connection bridge
influenced the surge of the activating body differently according to
the connection types of the joints.

As a result, it was found that when connection methods were
changed from “fixed joint 1 and free joint 2” to “free joint 1 and
fixed joint 2,” the heave motion of the activating body has an
identical response to the variation of location of the connection
bridge, but the surge motion appeared to have a completely
different trend. In order to investigate the reasons for the different
response of the surge of the activating body, Fig. 20 shows two
examples for the activating body's motion within the fixed joint 1
and free joint 2 option. The green square is the activating body and
the red circle is joint 2. The blue arrow indicates the incident wave
direction. The black arrow on the green box represents the forward
area, which describes the area between joint 2 and the front edge of
the green box. The blue line shows the wave shape. The upper
picture (a) shows the case of location 1, and the bottom picture (b)

shows location 4 case. In the case of fixed joint 1 and free joint 2,
the activating body could rotate based on joint 2, as shown Fig. 20,
and then the pitch of the activating body contributed to the in-
crease of the surge of the activating body. This was because when
the activating body pitched based on joint 2, a moment was pro-
duced by the length of the forward area and wave force, and the
direction of the moment was the same as that of the incident wave.
Therefore, the moment produced had positive effects on the surge
of the activating body. Furthermore, when the activating body

Fig. 18. Surge of main body and activating body [ 6.41 rad/s, 1.5 cm, free joint 1, fixed joint 2 ].

Fig. 19. Relative motion (surge) [ 6.41 rad/s, 1.5 cm, free joint 1, fixed joint 2 ].

Fig. 20. Pitch of activating body within fixed joint 1 and free joint 2.
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moved as in pictures (a) and (b) of Fig. 19, the length of the forward
areas became a moment arm. Therefore, the length of the forward
area got longer, and the amount of moment also got larger. Thus,
the decrease of the activating body's surge shown in Fig. 13 (b)
could be explained.

However, as mentioned above, regardless of the connection
types of joint 2, the heave of the activating body exhibited the same
trend because the heave occurred based on the vertical projected
surface of the activating body. The location of the connection bridge
had a substantial effect on heave variation. This is shown in Fig. 9.
Regardless of connection method, when the location cases were
changed from location 1 to location 4, the vertical force pushing the
activating body upward was likely to strengthen because the ver-
tical dynamic energy of incident waves could easily be preserved.
Specifically, Fig. 21 shows the motion of the activating body within
the location 1 case by using two situations, (a) fixed joint 1 and free
joint 2 and (b) free joint 1 and fixed joint 2. According to (a) in
Fig. 21, when joint 2 was free and the location case was 1, the
vertical force of incident waves caused rotation motion based on
joint 2. This resulted in the reduction of vertical force at joint 2. In a
similar way, when joint 1 was free and the location case was 1, as in
(b) in Fig. 21, the vertical force of incident waves triggered rotation
motion based on joint 1, and then this resulted in the reduction of
vertical force at joint 1. As this rotation motion depended on the
length of the forward area, if the forward area got narrow, the
reduction of vertical force also got smaller. Thus, the location 4 case
was able to make higher vertical force at joint 2.

4. Conclusions

Interest in environmentally friendly and renewable energies has
grown recently, and wave energy is one of the promising energy
sources. Many researchers have developed many kinds of wave
energy converters with various shapes and mechanisms to
generate electric energy. However, there are few studies about the
motion characteristics of wave energy converters, which depend on

connection methods and locations. Therefore, this paper studied
the motion characteristics of a floating wave energy converter with
an activating body type using experimental methods. A scale-down
model was made for the experiment consisting of a main body and
an activating body. The main body resembles the letter H because
this shape does not interfere with the flow of waves, so it was able
to be used to observe the pure movement of the activating body.
Moreover, the main body had a potentiometer to record the swing
of the main shaft connected to the connection bridges. By scruti-
nizing the recorded rotation data of the main shaft, the degree,
angular speed, and angular acceleration were calculated, and then
the torque and power were also acquired. In the case of the acti-
vating body, it was combined with the connection bridges by two
joints, and four location cases were employed. Moreover, there
were four wave frequency options, two wave amplitude options,
and three repetitions. As a result, 192 experiments were conducted,
and the results are as follows.

Both connection types and connection locations influence the
motion characteristics of the activating body. When joint 1 is fixed
and joint 2 is free, the heave of themain body ascends and the surge
of the main body descends as the location of the connection bridge
is extended. By contrast, when joint 1 is free and joint 2 is fixed,
both the heave and surge of the activating body get larger as the
location of the connection bridge gets longer. Thus, it was found
that the increase of the connection bridge location leads the acti-
vating body to heave actively, and the change of connection type
makes the activating body pitch and lets the activating body surge
actively. Most energy converters with wave activating body type
have a joint to connect structures, and use the translational or
rotational motion of activating bodies for generation. Moreover,
some wave energy converters use specific motions. For example, a
wave energy converter exploits surge motion rather than heave
motion, whereas another wave energy converter harvest heave
motion rather than surge motion. Therefore, the conclusions ob-
tained in this paper can contribute to determine connection
methods or locations when it comes to considering the conclusion
of this paper, which is the effects of the connection methods and
locations on the structure's motion.

Future work

First, a computer simulation is planned for various dimensions
and shapes of structures. By using the simulation, it is expected to
find the effect of shapes and dimensions of the structures on mo-
tion characteristics. Second, an experiment focusing on a structural
viewpoint is planned. The experiment deals with the variation of
force or load at the connection points when the connection types
and locations are changed. Third, hydrodynamic interactions be-
tween the structures need to be considered. Although hydrody-
namic interactions were excluded to simplify the experiment, they
are expected to have the potential to improve the efficiency of the
converter.
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