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Summary

Ocean waves are a renewable energy source with abundant reserves in Indonesia. With
the vast waters of Indonesia, the development of a sea wave power plant needs to be developed.
This research focuses on the development of easy-operated and maintained ocean wave
converter—pendulum system (OWC — PS). The numerical simulation and experimental analysis
were conducted to obtain the relation between the motion response of the pontoon array and its
pendulum. The pontoon used is the trimaran type, which consists of a cylindrical pontoon as
the main hull and two outriggers on its side. This study analyses the most stable array
arrangement that produces maximum pitching motion and pendulum deviation. The simulation
results show that the largest pitching value is in array 1, i.e., 27.91° for pontoon 1 and 38.92°
for pontoon 2, which results in a maximum pendulum deviation of 100 ° for pendulums 1 and
56.2 ° for pendulum 2 over a wave period of 9 seconds. The backward motion of the pendulum
in both array configurations tends to have a greater deviation than that of the forward motion.
The pendulums of array 1 have different motion characteristics, represented by different
deviation values in both pendulums. This phenomenon does not occur in array 2, since both
pendulums in array 2 have the same deviation (with only a small discrepancy).
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1. Introduction

A study conducted by the Indonesian Energy Association (ASELI) in 2012 indicates that
Indonesia has 1.2 GW ocean wave potential [1], which makes it attractive to be developed as
alternative energy. Implementing ocean wave energy converter (WEC) technology seems to be
the solution for the rural island [2]. For rural applications, WEC should be easily operated and
maintained [3]. Besides the power generation, the WEC can be considered a wave breaker [4].

Wave energy has a high availability factor compared with other resources, resource
predictability, high power density, and low environmental and visual impact [5]. Hence the
development of wave energy is still massive [6]. Commonly, wave energy technology is divided
into three types, namely: oscillating water columns, oscillating bodies, and overtopping
systems, which can be fixed, floating, or submerged structures [7]. Several system models have
been proposed, including oscillating water column (OWC) [8], single-body heaving buoys [9]-
[11], two-body heaving buoys [12], [13], full submerge heaving system, pitching device,
bottom-hinged system and many-body system [7]. Several WEC technologies have been
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developed, i.e. Wave Dragon, Pelamis, Aqua Buoy, Archimedes Wave Swing, Langlee,
Oceantec, OE Buoy, Pontoon, Seabased AB, Wavebob and SSG [14].

One of the most applicable wave energy converters is based on pendulum technology
combining with pontoon system, considered a simple concept [15], [16]. The pendulum system
is coupled to the mechanical transmission and generator to produce electricity. The power
generated is highly influenced by the pitching angle and period of the pendulum and the
pontoon system used as a pendulum support structure. Arief et al. [17] state that the pontoon
with a 2/3 cylinder diameter gives the best performance while installed for the WEC system.
The rolling stability of the pontoon can be analyse using two approaches, i.e., deterministic
methods and stochastic methods. The current study uses deterministic methods, which employs
regular wave with constant system coefficient [18].

The power gained by the WEC-pendulum system (WRC-PS) can be enhanced by several
methods, including choosing the suitable site, using the multi-pendulum system, or using an
array system. WEC-PS will produce high power when installed in the deep-water [19], [20].
However, the O&M will be an important issue as it requires complex procedures and high
operation and maintenance costs. The multi-pendulum pontoon is the other alternative to
increase the power extraction of WEC-PS, but the pendulums move at a smaller deviation angle
[21]. Hence it needs a more complex mechanical system to meet the generator requirement.
Installing WEC-PS in array configuration seems to be a promising technology to improve
performance. The wave energy extracted by WEC-PS in an array advances its performance
compared to the single system [22], [23]. Using an array system, each WEC-PS is fabricated in
a small capacity and installed in several pieces (modules) according to the designed generating
capacity.

pendulum

Pontoon system
Fb

Fig. 1 Schematic of WEC-PS

This study conducted an experiment and simulation to analyse the WEC-system pontoon
array, aiming to get the high deviation pendulum and pontoon installed in the array system. The
novelty of this work is the relation between the motion response of the cylindrical trimaran
pontoon array and its pendulum. This work contributes to the consideration of pontoon array
design, especially in applying WEC-PS.

2. Methods

2.1 System design and configuration

The schematic of the WEC-PS system is depicted in Figure 1. It generally embodies 2
main parts called the WEC-PS module, consisting of the pendulum and trimaran pontoon
systems. The former is responsible for generating torque to the shaft. Meanwhile, the latter is
the pendulum’s support, which takes an important role in converting energy from the wave to
the pendulum system. Two modules are arranged in the array configuration to analyse the effect
of this arrangement on the pitching of the pontoon and pendulum. Two array configurations
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were designed and analysed, including front-rear (array 1) and side-by-side configuration (array
2), as shown in Figure 2 and Figure 3. The Computational Fluid Dynamics (CFD) simulation
and experimental study on towing tank are conducted to examine both configurations.

2.2 Simulation Setup

The simulation is conducted in two steps, namely: pontoon simulation, which provides
pontoon motion, and pendulum simulation. The pontoon response data from the first step is
used in the pendulum simulation to secure the pendulum response. The model simulated is the
same size as the prototype design, which has 3.2 m of pontoon length, 0.4 m of pontoon
diameter, and 410 kg of pendulum system.

1

<

= b & U
Wave {il Wave
Direction Direction

Fig. 1 Front-rear (array 1) Fig. 2 Side-by-side (array 2)

At the first simulation step, pontoon simulation, the model is meshed with a total element
number of 34,198. The model is assumed to be connected by a liner cable with the stiffness of
1 N/m. The “regular wave response” analysis type is employed, and the wave direction is from
the front. This condition produces greater pendulum deviation since the incoming wave is in
the direction of pendulum deviation. The wave period is varied to be 7, 8, and 9 seconds. The
pontoon response is obtained from the pendulum simulation, which is used in the next step of
the simulation.

The pendulum simulation is started using rigid dynamic simulation. It will show the
phenomenon of pendulum motions as the effect of pontoon motions. The grid generation was
carried out using Quad/Tri (Multizone) method. The joint between the pendulum and pontoon
is assumed to be a cylindrical joint.

Fig. 4 Experiment WEC-PS

2.3 Experimental Setup

The prototype with a scale of 1:1 in the simulation is modelled with a dynamic similarity
approach for the parameters of gravity and inertia forces, following the Froude Number (Fr)
equality of the magnitude ratio of gravity to inertia force at the corresponding points in the
system. The model has Froude Number of 0.17. Hence the model will have 0.6 m in length and
the wave period is 0.2 s.

Experiments were carried out at a towing tank facility in the ITS hydrodynamics
laboratory rather than an offshore basin. This is because the towing tank provides smooth flow
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inlet conditions and avoids the uncertain impact of inlet current turbulence. The dimension of
the towing tank is 50 m in length, 3 m in width, and 2 m in depth. The experimental setup is
given in Figure 4; meanwhile, the deviation is measured using arc, as shown in Figure 5. The
pithing angle of pontoon and pendulum is measured using an arc embodied in the WEC-PS
model. The wave generated by the wave generator in the towing tank needs several seconds to
get into its set point. Hence the data had been collected when the array system reached its steady
condition. The array models were subjected to three wave periods with the same amplitude of
0.1m,i.e.,0.2s,0.23s,and 0.26 s.

Fig. 5 Deviation measurement

The experimental results are employed for checking the data validity in the simulation
process. Validation was carried out by comparing the deviation obtained from the simulation
with the experimental data for each array. The difference between experimental and simulation
results for Array 1 is approximately 16%, while only 5% for Array 2.

3. Results and Discussion

3.1 CFD Simulation Result

The pitching motion is an up and down movement of the pontoon due to the force of the
regular incoming waves. The analysis concentrates on the pitching motion of pontoon and
pendulum. Figure 4 shows the pitching motion of array 1. The pitching motion (RX) of both
pontoon 1 and pontoon 2 has the largest deviation for wave with a period of 9s, followed by
the second largest at 8s and finally at 7s. As the wave is generated in zero amplitude until it
reaches the set point at several seconds, Figures 6 and Figure 7 depict that the simulation
needs approximately 12 seconds to reach its steady condition.

7s

8s

9s

Degree
= <

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (s) Time (s)

Fig. 6 Pitching motion of array 1 for pontoon 1 Fig. 7 Pitching motion of array 1 for pontoon 2
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The oscillatory movement on pontoon 1 starts with an ascending (constructive) graph
while pontoon 2 starts with a descending (destructive) movement first. This is due to the
incoming waves from the front which act the body and lift the pontoon 1 and give weight to
the pontoon 2 to sink slightly due to the cable connection. The pitching motion on pontoon 1
has a relatively greater average value than pitching on pontoon 2, in all wave period
variations. The 9s period has the largest pitching deviation due to pontoon 1 and pontoon 2
will receive a wave every 9 seconds so that the 1% and 2" pontoon bodies have longer time
to oscillate maximally, compared to the 8s and 7s periods which have less potential for the
pontoon to find the maximum oscillation as the first wave arrives, causing the reversing force
of the pitching motion, which suppresses motion rotation.

Forward Pendulum Oscilation - Array 1 Backward Pendulum Oscilation - Array 1
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Fig. 8 Maximum forward deviation of pendulum in  Fig. 9 Maximum backward deviation of pendulum
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Figure 8 and Figure 9 exhibit the response of pendulum of array 1. The pendulum
deviation in array 1 has the greatest value during the greatest period (9s) both on pontoon 1
and on pontoon 2. This simulation result shows that both pendulums do not give the same
response. The pendulum in pontoon 1 tends to have almost two times greater deviation than
pendulum in pontoon 2.
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Fig. 10 Pitching motion of array 2 for pontoon 1 Fig. 11 Pitching motion of array 2 for pontoon 2

For Array 2, the pitching motion (up and down) had an almost identical movement
tendency between pontoon 1 and pontoon 2 due to the position when the incoming waves of
the two pontoon bodies were on the same axis or parallel. Thus, the incoming wave radiation
will be the same on pontoon 1 and 2. However, the maximum pitching angle of array 2 is
only 3 degrees. Figure 10 dan Figure 11 also depict that the greater pontoon pitching angle
occurs at a wave period of 7 seconds, slightly different from Array 1. It shows that the wave
interaction affect the pontoon’s oscillating motion. It can be constructive or destructive
depending on the wave period. This phenomenon is in accordance with research conducted
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by [24]. The forward deviation of pendulum is smaller than its backward deviation. The
pontoon is lifted backward and tends to maintain that position so that the large pendulum
moves towards the back.
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Fig. 12 Maximum forward deviation of pendulum Fig. 13 Maximum backward deviation of pendulum
in Array 2 in Array 2

3.2 Experimental Result

In general, each array has different pitching characteristics. The pontoon pitching
response produces a response that forms a sinusoidal pattern. In pontoon 1, the increasing
wave period causes the increase of the pitching angle of the pontoon, as the simulation result.
However, the increase of the wave period results in a low-frequency pitching response. In
contrast to pontoon 1, changing the wave period causes a slight increase in the pitching angle
of pontoon 2, as shown in Figure 14 dan Figure 15.
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Fig. 14 Experimental Pitching motion of array 1 Fig. 15 Experimental Pitching motion of array 1
(Pontoon 1) (Pontoon 2)

The characteristics of the pontoon response affect the pendulum response, as shown in
Figure 16 and Figure 17. In general, the increase in the wave period improves the pendulum
deviation. In the 8s and 9s periods, the pendulum on pontoon 1 tends to have a larger
deviation than the pendulum on pontoon 2. Meanwhile, the maximum deviation occurs when
the pendulum moves backward.

The experimental results state that the responses of pontoon 1 and pontoon 2 in array 2
have the same characteristics, as shown in Figure 18 and Figure 19. As the pontoon is set
side-by-side, both pontoons are subjected to the same undisturbed wave. In other words, the
presence of pontoon 1 does not influence the wave received by pontoon 2, and vice versa.
Thus, the responses for the two pontoons are similar. The wave period does not cause a
significant increase in the pitching angle for both pontoons. Figure 18 and Figure 19 show
that both pontoons have almost the same pitching angle for each variation of the wave period.
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In array 2, due to the identical response of the pontoons, the pendulum response in
pontoon 1 is the same as the pendulum response in pontoon 2, especially for forward motion.
Meanwhile, there is a slight difference in the pendulum deviation for backward motion, as
shown in Figure 20 and Figure 21. Backward motion produces a larger deviation than that of
the forward motion. The variation of the wave period does not result in a significant increase
in pendulum deviation, approximately 25° of deviation, which occurs during backward
motion. Meanwhile, an increase in period causes a decrease in the pendulum deviation during
the forward motion.

3.3 Discussion

The criteria for the best array arrangement are obtained from pitching motion which
produces maximum deviation in the pendulum but still maintains the balance of pontoons.
Based on the experimental and simulation result, the pitching motion of array 1 is large
enough. Whereas in array 2, the pitching motion has a small deviation, which is
approximately 10° on average in all periods, as shown in Figure 20 (based on the experimental
result). This small intersection produces a small pendulum deviation. It is in accordance with
[25], which suggests not to choose the square-based array as a strong masking effect probably
occurs, especially for short separating distances .

Meanwhile, the constructive effect occurs in triangle-based configuration (between the
front and rear configuration), which also arises in array 1 (front-rear configuration). The
phenomenon in the Array 1 also agrees with the research conducted by [26] which shows that
the shadow zone of low wave amplitude between the front pontoon and the rear pontoon has
been enhanced due to the motion of the front pontoon. Hence, the array 1 gains more power,
indicated by higher pitching angle.
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Meanwhile, array 1 can achieve a pitching angle of 12.4°. The front — rear arrangement
of array 1 increases the pitching angle of pontoon, especially for pontoon 1 (front pontoon).
The array 1 has the most stable pitching motion at pontoon 1 and 2. The experimental and
simulation result of array 1 is in accordance with the research conducted by [16], which shows
that the pontoon’s pitching angle and pendulum deviation is raised in consort with the wave
period.
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Due to the larger pitching angle in array 1, the pendulums gain maximum deviation, as
shown in Figure 21. The negative sign in Figure 21 indicates that the large deviation is
dominated by backward pendulum movement. As the pendulum moves forward, the
pendulum tends to have a smaller deviation. This happens because the pendulum is positioned
parallel to the wave’s propagation direction. Hence, the pendulum moves forward while the
wave moves backward, producing a smaller relative force and inhibiting the pendulum
movement.

The current study only compares the performance of array 1 and array 2 configurations.
Based on the study, array 1 is recommended since it produces greater pendulum deviation
compared to array 2. Implementing multiple arrays is possible, and the development should
consider the characteristics of array 1 and 2.

4. Conclusion
Two pontoon configurations were simulated and tested: front-rear configuration (array 1)

and side-by-side configuration (array 2). Both configurations were simulated in wave periods
of 0.7 s, 0.8 s and 0.9 s, which is appropriate for wave characteristics in Indonesia.
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Meanwhile, the dynamic similarity approach using Froude Number (Fr) was employed to get
the experimental parameter. The study shows that differences in array arrangement and wave
period affect pitching angle of pontoon. Array 1 and array 2 have different characteristics of
dominant motion. In array 1, the pitching value increases with the periods, in which the
largest value is at a wave period of 9 seconds. Array 1 can achieve a pitching angle of 12.4
degrees. Meanwhile, pontoon in array 2 has smaller pitching angle. The effect of wave period
on pitching motion is not significant in array 2. Moreover, in array 1, the front pontoon has
good impact on the rear pontoon, as it can enhance the low amplitude zone between pontoons.
The pontoon movement directly affects the deviation of pendulum. Based on the simulation
result, the pendulum in array 1 deviates better than array 2 with a maximum deviation of 100
degrees on pendulum 1 and 56.2 degrees on pendulum 2. The backward motion of the
pendulum tends to have a greater deviation than that of the forward motion since it is in the
same direction of wave propagation.
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