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Abstract: More than 80% of the ocean is not fully mapped or even observed, even though it covers
over 70% of our planet’s surface. One of the primary challenges for ocean observation and monitoring
is the required power for exploration and monitoring systems, which often operate in remote areas
of the ocean. This work addresses the design and development of an ocean wave energy converter
that can be installed on observational buoys to provide enough power for sensors, cameras, data
acquisition and recording, as well as data transfer units. The initial simulations of the prototype
indicate that this system can produce up to 3.7–3.85 watts of power on average, with greater than
12 watts of maximum power in two selected sites in California and Hawaii. The proposed system is
simple and low-cost. Further, multiple energy converters can be installed on one buoy to address
higher power needs.

Keywords: wave energy; energy harvesting; ocean observation; instrumented buoy

1. Introduction

Ocean observation and continuous coastal monitoring have various important ap-
plications, from marine navigation and operation, monitoring coastal hazards, military
operations to coast guard’s search, and rescue missions and scientific research. Ocean and
weather forecasting can potentially influence our sources of food, jobs, security, and energy
resources. Therefore, it is essential to continuously observe ocean characteristics, properties,
and its ecosystem [1–3].

The advancement of measurement technologies, sensors, and recording devices have
had a great impact on ocean observation and monitoring. New sensors are more com-
pact, sensitive, reliable, compact, and lightweight, and they consume less energy to record
and transfer the data. These changes, along with the rapidly increasing need for sustain-
able development, accelerated the effort to develop more efficient measurement systems
for mapping the ocean, and also real-time and long-term monitoring of coastal regions.
The complete and accurate measurements that can be used for understanding the ocean’s
dynamics and monitoring its state are typically taken using both satellite imaging and in
situ recordings [4]. Among the various challenges involved in in situ measurements is the
energy needed to power sensors and data acquisition systems. The power requirement is
one of the primary limiting factors in developing systems that can provide measurements
over large areas with small spatial resolution.

The power required to run a wave logger is as low as 10 milliwatts, while a pressure
or temperature sensor can use up to 700–800 milliwatts of power. This power requirement
can increase up to watt-level for mobile ocean monitoring platforms, such as low-cost
sensor buoy systems, current profilers, buoys with automatic monitoring systems, and
autonomous underwater vehicles [5]. According to a study published by the National
Renewable Energy Laboratory and based on the responses gathered from 68 experts,
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41 SurveyMonkey respondents and 27 telephone or in-person interviews, power limitation
has been mentioned as one of the main concerns in ocean observation [6].

One of the possible solutions to address the power requirements of buoys is to use
solar energy. A photovoltaic (PV) power-generation system can be implemented on a buoy
to reduce the dependency on batteries. Dating back to 1970, initial implementation of
solar panels to charge nickel cadmium and lead acid batteries on buoys over a period of
6 months revealed no deterioration in performance, even during extreme weather condi-
tions [7]. Since that time, there have been numerous studies to investigate the effectiveness
and possible optimization of solar panels usage to power buoys and other ocean moni-
toring systems [8–11]. The low cost, simplicity, and high reliability deems solar energy
the first possible option for power generation when the monitoring system is present at
the ocean’s surface [12]. There has also been published work focusing on the required
modules for power management and monitoring of solar-powered buoys. As an example,
an energy monitoring system for a solar-powered ocean buoy was developed and tested by
Hegarty et al., where the monitoring system with dimensions of 300 × 230 × 87 mm was
attached to a Mobilis DB 8000 Acoustic buoy equipped with solar panels [13]. This system
was specifically designed to quantify the energy production from the PV panels as well as
for fault detection purposes.

Although PV power-generation systems, including buoys for observation and moni-
toring, have been implemented on marine structures, there are some drawbacks concerning
these energy-generation systems in the ocean environment. These systems require frequent
maintenance and cleaning to prevent power conversion efficiency loss due to bird drip-
pings, corrosion, and biofouling. Further, PV panels are limited by the available surface on
the buoy. They are also ineffective and impractical at higher latitudes. As an alternative,
there has been great effort to develop and integrate ocean wave energy harvesting systems
into buoys. The ocean is a great source of energy, and harnessing that energy can greatly
help increase the lifespan of buoys and also limit the required maintenance.

Harnessing ocean wave energy to power instrumented buoys has always been consid-
ered a possible solution to the power limitation problem for in situ ocean observation [14,15].
However, the increase in power demand due to the growth of more advanced sensors,
recording devices, as well as communication and data processing units implemented on
oceanographic and meteorological buoys has highlighted ocean waves as another potential
source of available energy. The development of energy harvesting systems for instrumented
buoys is largely focused on generating power using simple designs that can produce suf-
ficient power from the heaving motions of a buoy, differing from the efforts to develop
large-scale wave energy conversion systems [16]. As a result, there have been small-scale
energy harvesting devices introduced to power instrumented buoys.

Davis et al. proposed a conceptual design for a floating wave energy system as a
simple, low-cost, buoy-size platform for ocean observation [17]. The design could theoret-
ically produce up to 50 watts of power. A proof-of-concept system was built and tested
to investigate the feasibility of the design, which could successfully generate more than
50 watts [18]. A hybrid PV-ocean wave-powered buoy was later designed and tested by
Gemme et al. [19]. The system includes a linear generator and PV panels. The initial labora-
tory testing showed that the proposed design could generate up to 10.2 watts of average
power with peaks greater than 70 watts. This hybrid system was a continuation of an initial
design, which only included a linear generator for wave energy harvesting [20]. Following
this development, Herne et al. introduced a "chain"-like platform, which consisted of
multiple spring-mass magnet units [21]. This system can generate 2 to 100 milliwatts/kg
in 0.1–0.7 Hz frequency range. The mass of the system depends on the number of cells
used to construct the chain. Further, Wu et al. introduced a two-way energy-absorption
turbine installed on a floating device for profiling purposes [22]. This system was capable of
generating power in both shallow and deep water due to its blade–wave interaction design.

The energy harvesting system proposed in this work is an ocean wave power gen-
eration unit that can be implemented on both currently operational and newly designed
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buoys. The special configuration of the magnets and the use of separate coils in this design
provides a robust, compact, and high density power generation system. The aim of this
design was to develop a simple system capable of producing enough power for sensors
and data transfer units in a low-cost instrumented buoy. Further, the design of this energy
harvester can be adapted for installation on various types of buoys and to address a range
of power requirements. In order to increase power generation, multiple energy harvesters
may be installed on each buoy.

2. Materials and Methods
2.1. Overview of the System

The proposed energy harvester consists of a set of magnets, specially configured to
provide a strong and compact magnetic field, metal pole pieces to maintain the distance
between the magnets, a set of springs for levitation and frequency up-converting, and two
end-magnets to form a braking system under extreme wave conditions. In the proposed
magnetic arrangement, each magnet’s north pole is facing its neighboring magnet’s north
pole, constituting a set of magnets assembled with strong repulsive forces between them.
These magnets are kept in place using a threaded rod, passed through the magnets and
pole pieces. Figure 1 provides a general view of the designed prototype. The upper collar
is a disk-like foam added to keep the prototype afloat during testing. Further, there are
four separate coils in the prototype, which are all represented as one coil in the figure
for simplicity.

Figure 1. General view of the prototype and the structure of the rotor (all dimensions are in millimeters).

Figure 1 also provides a drawing of the rotor with two power magnets, three pole
pieces, and two focusing magnets. The focusing magnets are thinner than power magnets,
as they were not intended to produce magnetic fields for power generation purposes.
Table 1 lists the materials used for building this prototype.
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Table 1. Materials list for the prototype. Other items were also used as part of the fabrication
and assembly process, including clear PVC cement, washers, and electric components, such as
wires, electrical resistors, capacitors, and electric tape. (OD: Outer Diameter, ID: Inner Diameter,
Th.: Thickness).

Component Description (All Dimensions Are in Millimeters)

Power Magnet 50.8 OD, 6.35 ID, and 25.4 Th.
Braking Magnet 50.8 OD, 6.35 ID, and 6.35 Th.
Focusing Magnet 50.8 OD, 6.35 ID, and 6.35 Th.
316 Stainless Steel Rod 50.8 OD
Lexan Cylinder 101.6 OD and 95.25 ID
Lexan Cylinder 57.15 OD and 53.975 ID
PVC End Cap 76.2 OD
Springs and Spring Anchors Various Stiffness (for testing)
Stainless Steel Threaded Rod 6.35 Diameter
Coil 95.25 OD and 57.15 ID
Silicone Sealant Marine Grade

2.2. Modeling

In its operating environment, the energy harvester generates electricity due to the
oscillation of the rotor with respect to the coils. The force applied to the top and bottom
braking magnets during this oscillation can be found in the Ref. [23,24]

Ftop(x) =
3

∑
n=0

an(do − x)n and Fbot(x) =
3

∑
n=0

an(do + x)n (1)

where do is the distance between the rotor and the end magnets , x is the relative displace-
ment of the rotor, and subscripts top and bot indicate the values for the top and bottom
braking magnets, respectively. The restoring force can then be calculated using [24]

Fres(x) = Fbot(x)− Ftop(x) = kx + αx3 (2)

where k and α are the coefficients of the nonlinear spring which can be used to model the
nonlinear levitating motion of the rotor.

The motion of the rotor can be considered a base excitation of a single degree-of-
freedom nonlinear spring-mass-damper system. This motion is modeled using [23]

mz̈ + cż + kz + αz3 = F(t) (3)

where k and α are the constants for the nonlinear spring, m is the mass of the rotor, c is the
damping in the system, and F(t) is the input force. The damping coefficient here includes
both electrical and mechanical damping and the force is applied to the system by the ocean
waves. Since this harvester is designed to be installed on a buoy for power generation, this
force is the force transferred to the harvester due to the wave–buoy interaction.

The force applied to the system can be taken into account using the Morison force (per
unit length) exerted on a cylindrical object [25]

MF =
π

4
CMρD2u̇− π

4
CAρD2 ẍ +

1
2

CDρD|u±U − ẋ|(u±U − ẋ) (4)

where CM is the inertia coefficient, ρ is the water density, D indicates the body diameter,
CA is the added mass coefficient, CD is the drag coefficient, u and u̇ are the water particle
velocity and acceleration due to the wave along the x-axis (parallel to the ocean’s surface),
ẋ and ẍ are the velocity and the acceleration of the cylindrical body, and U is the current
velocity along the x-axis. Further, CM = 1 + CA [25].
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The buoy is secured such that it does not displace from its target location, but can still
move about its axes with wave motion. The modeled buoy is tethered to the seabed by
a chain link catenary mooring system. The mooring system is modeled by considering
the horizontal tension, the submerged weight of the catenary connection, the angle of the
catenary connection, the vertical depth, and the length of the catenary between the object
and the seabed. See the Ref. [26] for more details.

The various components and sub-components of the proposed design were studied
using three principal tools. The magnetic field modeling and simulations were conducted
using Finite Element Method Magnetics (FEMM) software [27], the wave–buoy interaction
and the electro-mechanical components of the system were simulated in an OpenModelica
environment [28], using the OceanEngineering library [26]. Further calculations and
analysis were performed in a Python environment [29]. The flowchart shown in Figure 2
represents a general overview of these three main tools and how they were utilized together
for system modeling and simulations.

Figure 2. The flowchart represents the interaction between different tools used for system modeling.

2.3. Experiments

Wave tank testing was performed at the University of Rhode Island—Bay Campus,
Narragansett, Rhode Island. The wave tank is 100 ft by 12 ft and has a depth of 4 ft.
The wave generator is a paddle, hinged at the bottom to create required wave profiles.
The setup is capable of generating both regular and irregular waves. The wave generator is
controlled using a program written in the LabView [30] environment. Measurements were
recorded using a capacitance WG-50 wave gauge built by Brancker Research Ltd, located
near the device in the tank. The waves were generated using a bottom-hinged paddle
wavemaker at one end of the tank. This wavemaker is actuated by a computer-controlled
hydraulic jack. Further, the waves were partly absorbed by a parabolic shaped beach with
a gradual slope out of the water to simulate a beach profile.

The wave-making paddle can generate waves with heights ranging from 2 cm to 10 cm
and periods ranging from 0.5 s to 2 s. Figure 3 demonstrates a schematic of the prototype
placed in the wave tank during testing. The voltage output values were measured using
a digital voltmeter. The minimum, maximum, peak-to-peak, average, and RMS voltage
values for each four-minute run were recorded. The RMS values were then used to estimate
the output power for each test.
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Figure 3. Schematic of the wave energy harvester in the wave tank, moored at the bottom (not drawn
to scale).

3. Results
3.1. Numerical Results
3.1.1. Magnetic Fields and Restoring Forces

The structure of the rotor along with the braking magnets are modeled to determine the
magnetic field distribution. Figure 4a shows the model in FEMM environment and Figure 4c
represents the resulting magnetic field distribution. The model is axis-symmetric around the
center line to provide a representation of the rotor structure. Further, the boundary around
the structure was created in FEMM such that it emulates the impedance of an unbounded
domain. The structure and the surrounding air was discretized to 23,700 elements with
12,132 nodes. As expected, the magnetic field is the strongest at the magnetic poles. Further,
the pole pieces provide a “path” for the field and protect each magnet from magnetic field
penetration by neighboring magnets.

(a) (b) (c)

Figure 4. (a) Structure of the rotor and the braking magnet modeled in FEMM, (b) generated mesh in
FEMM for finite element analysis, and (c) magnetic field distribution for the system.

In order to simulate the dynamic motion of the rotor and build a dynamic model of the
system, the force applied to the rotor due to the braking magnets was calculated during the
rotor’s motion. This was performed by statically moving the rotor from the distance closest
to farthest from the end magnet. The force exerted on the braking magnets was measured
at each step. The restoring force produced by the top magnet can be measured as a function
of the rotor’s motion (by fitting a curve to the force magnitudes calculated using FEMM
modeling), expressed as F(s) = −33746.66s3 + 9076.19s2 − 0.775.3s + 20.46. Following the
aforementioned steps in Section 2.2 and replacing the parameter s with (do − x) for the top
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magnet and do + x for the bottom magnet, the values for the equivalent spring coefficients
were calculated as k = 256 N/m and α = 67,493 N/m3 for our system.

3.1.2. Dynamic Modeling and Power Generation

The energy harvesting system is designed to be part of an observational or naviga-
tional buoy. In order to assess the performance of this harvester as part of a buoy structure,
we model the complete system, including the buoy, the energy harvester as a nonlinear
spring-mass-damper system under base excitation, and the electrical circuitry. The Mod-
elica programming language [31] (via OpenModelica interface) was employed due to
its flexibility in modeling complex dynamical systems [28]. Figure 5 shows the general
overview of the model developed in the software.

Figure 5. Complete model of the system in OpenModelica. The model includes the (1) environment,
(2) buoy and mooring, (3) mechanical components, and (4) electrical components.

The subsystem 1 is the environmental input to the system, which includes ocean
wave characteristics, such as irregular or regular wave categorization, the average time
period and wave height values, the ocean’s depth, and its current velocity. Subsystem
2 represents the buoy structure, mooring properties, and the calculated force exerted on
the buoy, as described in Section 2.2. Subsystem 3 includes the single degree-of-freedom
system composed of the nonlinear spring excited by the force applied to the buoy. Finally,
subsystem 4 consists of the minimum electrical system required to convert mechanical
motion into electricity.

To assess the performance of the prototype using the model, two sites in the U.S.
coastal regions were selected: San Francisco, CA and Kapaau, HI. The wave characteristics
for these two regions are listed in Table 2. The characteristics for the given locations were
found using the NREL MHK Atlas database [32].
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Table 2. Wave and current characteristics for the two selected sites (WD: Water Depth, WP: Wave
Period, WH: Wave Height, EF: Energy Flux).

Location WD (m) WP (s) WH (m) CS (m/s) EF (kW/m)

San Francisco, CA 51.8 10.3 1.64 0.1574 14.11
Kapaau, HI 60 7.97 1.34 0.1513 8.13

The model was developed for the prototype, which is a 1:2 scale model. Therefore,
the wave height, wave period, and current velocity values were scaled so they could be
used as the inputs to the environment subsystem in the model. The wave heights and wave
periods were scaled using the Froude scaling laws [33]

Tm =
Tf s√

S
and Hm =

H f s

S
. (5)

Here, the subscript m represents the parameters for the scaled model, f s is the subscript
for the full-scale prototype, T is the time period, H is the wave height, and S is the scaling
factor, which is 2 in this case.

The parameters used for the simulations are listed in Table 3. In this table, Ri and Ro
are internal and external resistance values. The value of internal resistance was calculated
based on the number of turns of each coil (1600 turns of 26 AWG wire) and the length of
the winding. The stiffness for the top spring (kt) was larger than that of the bottom spring
(kb) to keep the rotor with magnets and pole pieces closer to the middle of the external
tube. Further, the inductance of the coil, Li, was estimated using Wheeler’s formula for
inductance [34]. Finally, the damping constant, c, includes both mechanical and electrical
damping and is an estimation for these simulations.

Table 3. Parameters used for the simulation in OpenModelica.

Parameter Ro(Ω) Ri (Ω) kt (N/m) kb (N/m) Li (H) c (N · s/m)

Value 50 50 0.2 0.05 0.165 0.01

For these simulations, we considered the wave energy converter to be a component of
the SCOOP 2.1 buoy developed by NOAA. The dimensions and parameters for this buoy
can be found in the Ref. [35]. Once the simulations were conducted, the power generated
was scaled up to estimate the power for the full-scale prototype. Following the scaling law,
the power was scaled using

Pf s = S3.5Pm, (6)

where P is the power generated. The results are shown in Figures 6 and 7 for both locations.
Based on the simulation results for the San Francisco location, the full-scale maximum

power reached was 12.25 watts. The Root Mean Square (RMS) value of power in the model
was 0.34 watts and 3.85 watts in the full-scale system. According to the results for the
Kapaau location, the full-scale prototype’s maximum power was 12.2 watts. The RMS value
of the power output was 0.32 watts for the scaled model and 3.72 watts for the full-scale
system. All these simulations were performed for 4 min intervals.
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Figure 6. The output voltage for the model (top left), the output power for the model (top right),
and the output power for the full-scale system (bottom). Results are for the San Francisco location.

Figure 7. The output voltage for the model (top left), the output power for the model (top right),
and the output power for the full-scale system (bottom). Results are for the Kapaau location.

3.2. Experimental Results

The prototype was built and assembled using the parts and components mentioned in
Section 2. However, there were some modifications in the design. First, only one spring was
used to keep the rotor within the tube levitated. Second, we only used one braking magnet
at the top of the harvester. This change was due to the small waves that the prototype
encountered in wave tank testing. These smaller waves did not create enough motion
to cause the oscillating rotor to reach the end of its stroke. We also built a conventional
four-phase full wave bridge rectifier with filtering capacitors. This circuitry was protected
from the water’s waves using a simple tube-like collar at the top of the device. Figure 8
shows the prototype with sub-components. In this prototype, the end caps were 3D-printed
and attached to the ends of the tube using clear silicone sealant.
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Figure 8. The prototype with some of its sub-components.

The device was tested under both regular and irregular waves. Figure 9 shows the
harvester in the wave tank during experimental measurements.

Figure 9. Experimental setup showing the wave energy converter in the wave tank.

Tables 4 and 5 display the wave characteristics used for testing of regular and irregular
waves, respectively. The initial tests were conducted for regular waves with the character-
istics listed in Table 4. The irregular wave characteristics were determined based on the
power output calculated for regular wave experiments. Figure 10 provides two samples of
water elevation measured by the wave gauge during the experiments.

Table 4. Wave characteristics used for regular wave testing.

Wave Period (s) 0.5 0.75 1 1 1.25 1.5

Wave Height (cm) 3 5 7 10 10 10

Table 5. Wave characteristics used for irregular wave testing.

Peak Spectral Period (s) 0.75 1

Significant Wave Height (cm) 10 10
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Figure 10. Samples of water elevation measured by the wave gauge during regular wave testing
(right) and irregular wave testing (left).

Since the prototype is 1:2 scale, the power output measured was scaled to an estimate
of the power generated by the full-scale system given these wave conditions. The power
output calculated for both the scaled prototype and the full-scale system undergoing the
wave conditions, listed in Tables 4 and 5, are shown in Figure 11. The power output
values was calculated using the RMS value of the measured voltage and the resistance in
the system.

(a)

(b)

Figure 11. (a) Power output calculated for the scaled model, (b) power output for the full-scale system.

When testing under regular wave conditions, the maximum power was calculated
to be 81.81 milliwatts. This value was reached during wave testing with the following
parameters: 1 s time period and 10 cm wave height. The scaled value for power and the
corresponding wave characteristics was 925.63 milliwatts of power for waves with a 1.41 s
wave period and a 20 cm wave height. Further, the peak-to-peak voltage measured for the
device for this wave set was 12.7 volts.
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4. Discussion

Analyzing the results of the numerical models provides a general understanding of
the power capacity for the developed energy harvester under two operating conditions.
The locations selected for these studies were based on the availability and power density
of ocean waves. Both Hawaii and California have strong waves with high ocean power
density [32]. The required power for ocean observation purposes can vary from less than
0.5 watts to greater than 1000 watts, depending on the device and its sensors [6]. A simple
profiling float may only require 100 milliwatts, while an autonomous underwater vehicle
may use more than 150 watts of power.

An example of an observational system is the Self-Contained Ocean Observing Payload
(SCOOP), developed by the National Data Buoy Center (NDBC) [36]. As the focus in this
study is on buoys equipped with measurement systems and cameras to record wind speed,
wind direction, barometric pressure, air temperature, humidity, and live video, the objective
was to generate watt-level power to support these systems using one energy harvesting
unit. The numerical analysis performed in this work considered a 2.1 m SCOOP [37]
as the hub for the energy harvester. The results demonstrate that the energy harvester
can generate more than 3 watts on average if it is installed on this buoy. Power can also
be increased by installing multiple energy harvesters on each buoy, as demonstrated in
Figure 12, or fine-tuning the harvester based on the wave characteristics in the selected
location. It is important to note that the installation of these wave energy harvesting units
on a new or currently operating buoy creates the need for re-calibration of the sensors to
ensure that they are providing accurate measurements.

Figure 12. Schematic of installation of multiple energy harvesting units on one buoy.

The experimental testing in this work was primarily focused on the proof-of-concept
for the proposed system. The results from these experimental tests generated an average
power output value of around 0.9 watts. However, this value was obtained when the
prototype was operating in a condition with a wave height value of 0.2 m and a wave period
of 1.5 s. In numerical simulations, the average wave height and wave period were around
1.5 m and 8–10 s, respectively. The maximum power extraction was observed around
the 1 s time period. Since the governing equation of the system is the Duffing equation,
this peak power exemplifies nonlinear resonance, which is a shifted value from the linear
resonance of the system [24]. The rotor’s mass with two power magnets, three pole pieces,
the rod, and the two focusing magnets is estimated at 1.6 kg. The prototype’s linear stiffness
was set to 40 N/m (using a single spring with limited motion of the rotor). Therefore,
the linear natural frequency of the system is 0.8 s. Despite initial observations, the system
did not have low efficiency (as compared to the experimental results) when inputs from
wave tank testing were considered as part of the analysis. A more rigorous method of
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comparing the performance is to estimate the efficiency of the system for each case and
compare these results. Comparing the available wave energy (which can be estimated
using the wave energy flux for the given wave properties) between the experimental tests
and the numerical simulations, it is estimated that the available energy at the San Francisco
location is about 400 times greater than the wave energy available during wave tank testing.
Therefore, the large discrepancy between power output values obtained from experimental
measurements and numerical modeling was already expected. Further, we did not optimize
the system for those specific locations (Kapaau and San Francisco). Therefore, it is not
surprising that the harvester had lower efficiency in numerical studies as compared to
experimental studies.

Despite the progress made by this work, there are several limitations to the method-
ology used in the culmination of this research. First, the OceanEngineering library in
OpenModelica, used for numerical modeling, requires that input coefficients be calculated
using a frequency-domain potential flow Boundary Element Method (BEM) solver, such as
WAMIT [38], AQWA [39], or NEMOH [40]. In this case, the input coefficients were obtained
from the previous literature in this domain. However, in the case that the dimensions of the
buoy structure changes, these hydrodynamic coefficients must be recalculated using the
BEM solver. The second limitation to the research methodology pertains to the mechanical
to electrical energy conversion modeling, which was performed in OpenModelica under
the assumption that there was no loss in the system. In terms of experimental testing,
the measurements were taken using only one wave gauge, providing the readings for
water elevation during these tests. However, to accurately capture the effects of reflected
waves, a minimum set of two wave gauges is required. In this work, the running time for
the experiments was kept at short intervals, and a gradually sloped beach was used to
minimize the impact of reflected waves on the results.

5. Conclusions

In this study, we introduced a relatively compact wave energy harvester, capable
of producing watt-level power. This modular unit can be installed on both navigational
and observational buoys to provide sufficient power for multiple sensors and/or com-
munication systems. Based on the analysis for two locations, San Francisco in California
and Kapaau in Hawaii, the numerical analysis demonstrated that each unit is capable
of producing more than 3 watts of power on average. A proof-of-concept was built and
tested in the wave tank to investigate the system’s performance and its power generation.
Experimental testing of a proof-of-concept revealed an average power extraction of up to
81 milliwatts for waves with a wave period of 1 s, a wave height of 10 cm, and a water
depth of 91 cm.

Considering the needs and power requirements for ocean observation, this energy
harvesting device can be installed on various types of observational buoys to provide a
longer lifespan for the system and a more reliable ocean observation unit.
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