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Abstract

This paper presents an innovative approach to efficiently harvesting energy from ocean
waves through a buoy-type Wave Energy Converter (WEC). The proposed methodology
integrates a buoy, a Mechanical Motion Rectifier (MMR), a Motion Rectifier (MR), an
Energy Storage Element (ESE), and an electric generator. A MATLAB-2023 model has
been employed to assess the electrical power generated under varying wave heights and
frequencies. Experimental data and numerical simulations reveal that the prototype Wave
Energy Harvester (WEH) achieved a peak voltage of 6.7 V, peak power of 3.6 W, and an
average power output of 8.5 mW, with an overall efficiency of 47.2% for the device’s actual
size. Additionally, a theoretical analysis has been conducted to investigate the impact of
incorporating additional buoys on the electrical power output.

Keywords: numerical simulation; MMR; MR; ESE; energy harvesting

1. Introduction

Energy harvesting involves capturing and accumulating energy when it is readily
available and converting it into usable electric energy. This process is crucial for low
voltage and low power applications in various markets such as consumer devices, medical
equipment, transportation, industrial control, and military applications. In today’s world,
major issues like the energy crisis, global warming, and pollution significantly impact
humanity. With non-renewable sources on the brink of exhaustion, there is an urgent need
for new methods of energy generation. Extensive research is being conducted on energy
generation from renewable sources including solar, wind, and sea tides. Renewable energy
resources are essential for pollution-free power generation.

Ocean wave power holds great potential, as it can be harnessed for massive electrical
power generation. Utilizing ocean wave energy for electric power generation offers several
advantages, including economical and year-round availability, the high energy content
in deep water waves, and better power density. Waves in deep water have abundant
energy, with wave heights ranging from 1m to 10 m. Wave energy is more consistent and
predictable than other alternate energy sources, with the highest energy density among
renewable sources. Energy harvesting structures for wave energy harvesting can be smaller,
less invasive, and more powerful than other renewable sources, including wind and
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tide. Ocean wave energy can be utilized for electricity generation using various methods,
such as oscillating water columns, oscillating bodies, and overtopping types of devices.
Oscillating water columns with the axial flow self-rectifying type of air turbines ensure
operational efficiency of up to 57%, and exhibit power density ranging from 13 W/kg to
95.27 W /kg, with fluctuations in sea wave velocity affecting the peak and average power
output of these devices [1,2]. Innovative design features in the Oscillating Water Column
wave energy harvesters, which use self-pitch-controlled guide vanes, ensure significant
improvements in electric power [3-5] investigated the application of different types of
turbines including guided vanes, pitch controlled blades, guided vanes, and fixed vanes
to wave energy harvesting in areas where the waves have varying and irregular heights.
The use of stagnant and stored water in dielectric elastomer generators results in reduced
electricity generation capacity [6,7]. Different types of WEC, such as linear sliding wave
energy converters (LS-WEC) and rotational WEC, have been proposed to utilize ocean
wave energy more effectively [8]. Bou-Mosleh et al. [9] developed and tested a new wave
energy converter along the Lebanese coast. This mechanical device comprises a buoy, a
rotating pulley, a shaft, antifriction bearings, unidirectional clutch bearings, a spring, a
rotating inertial element, and a rotary electric generator. The system could generate a
power output of 0.36 W, with an efficiency of approximately 10%. Zanuttigh et al. [10]
designed a near-shore floating wave energy converter to harvest energy and avoid sand
erosion with negligible environmental and economic construction. The authors conducted
experiments on the device at different scales in a custom-made water wave tank at Aalborg
University, observing wave transmission, reflection, device interaction, and efficiency under
various wave parameters. Abdul Akib et al. [11] conducted a thorough analysis of the
WEC comprising the floaters that oscillate in response to passing ocean waves, enabling
the translator to oscillate within the stator field and convert the ocean wave power into
electrical energy. To enhance the accuracy of the WEC, authors developed a theoretical
model of the WEC in MATLAB-Simulink.

Velichkova et al. [12] proposed the design of an integrated system for a wave energy
harvester that effectively harnesses kinetic energy in various bodies of water via a com-
bination of a hydraulic turbine with oscillating blades and an air turbine. WEC devices
working with piezoelectric generation create strain in a flexible structure through the force
of wave motion [13-16]. These devices make use of costly piezoelectric elements and have
a power density limit of 30 W/m?, despite their potential for significant energy generation.
Na et al. [17] developed a prototype piezoelectric energy harvester that captures energy
from constant wave motion. The technology utilizes the piezoelectric effect in crystals to
generate voltage when stressed. The harvester harnesses the impact force of a percussion
bar on a bimorph piezoelectric element, yielding an average current of 0.071 mA and a
voltage of 2.42 V with an average power of 0.173 mW. Xie et al. [18] developed an ocean
WEC to utilize the kinetic energy of water particles and presented a theoretical model
to estimate the output parameters of a WEC having piezoelectric material patches. The
electric power increases with various factors and can reach 55 W. Viet et al. [19]. designed a
device that captures energy from waves in the ocean using a mass-spring system to convert
wave motion to vibrations and a number of piezoelectric patches to turn the vibrations to
electrical power. The results showed that the amount of power produced increases with
higher ocean wave amplitudes and the device size and power decreases with longer ocean
wave periods. The study concluded that the device could produce up to 103 W of power
under specific conditions. Notle et al. [20] developed a theoretical model of a heavy type
of WEC that converts vertical wave motion to rotational motion to harness substantial
electrical energy. The vertical motion in the WEC system is due to the relative motion
of ocean water particles. The two support methods that anchor the WEC to the ground
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include moored systems and drogue anchored systems. Graves et al. [21] presented an
innovative electromagnetic energy harvester having a pendulum as the inertial element,
featuring a counterweight that efficiently captures low-frequency vibrations. This pioneer-
ing design allows for a reduction in the natural frequency of the pendulum with no change
in its length, ensuring consistently better power output at lower frequencies compared
to conventional pendulums of similar sizes. The pendulum-type energy harvester, with
its integrated counterweight, demonstrates an impressive power generation of 0.997 W
at 0.75 Hz. Furthermore, the system achieves an average normalized power output of
95.8 W/g? and an overall power density of 6.11 W /kg.

Chandrasekaran and Raghavi [22] have developed a wave energy converter using a
buoy-type point absorber mounted on an offshore platform and converting wave energy
into mechanical motion through a floating buoy and then electrical power using a gen-
erator. Tests show higher power output with increased wave heights, with a maximum
mechanical power of about 127.08 W and mechanical efficiency of 23.47%. Li et al. [23]
developed a prototype of an electromagnetic ocean wave energy harvester that employs a
swing body device which can detect low-frequency wave energy and utilize it to drive an
electromagnetic generator power module through transmission gears to deliver electric
energy. Notably, as the wave height surpasses 0.6 m, the device achieves a maximum
peak output voltage of 15.9 V, resulting in a power of up to 0.13 W with a peak power
density of 0.2 mW/cm?. Recently, there have been attempts by Wang et al. [24] to use wave
energy to power sea environment monitoring sensor modules. These self-powered units
improve the reliability and endurance of sea monitoring devices. Wang et al. proposed a
new WEC device for marine applications made up of a buoy and an energy-generating unit.
They conducted a simulation using hydrodynamic software and experimented on a 50 kg
power-producing prototype, finding that it produced a maximum output peak voltage of
40 V under a wave height of 1.4 m and a wave time period of 4.5 s. Henriques et al. [25]
developed two self-powered sensor buoys using the Oscillating-Water-Column (OWC)
principle for long-term monitoring. The study focused on optimizing the buoy’s hydro-
dynamic shape, turbine and generator selection, and control methods for the generator’s
electromagnetic torque. The research confirmed that OWC-based floating wave energy
converters have the potential to power next-generation self-powered oceanographic buoys.
Joe et al. [26] reduced the cost of Mooring-less Sensor Buoys with the use of a Wave Turbine
System (WTS), which was implemented in full-scale application in the ocean environment,
to deliver an average power of 1.61 W and a peak power of 37.68 W where the mean speed
of the electric generator was 1120 rpm. Ding et al. [27] proposed a pendulum-type WEC as
the sensor power source for an underwater glider, where experimentation revealed that the
average output power of 150 mW at 0.8 Hz was enough for the sensor energy supply.

Chandrashekar et al. [28] proposed a spheroidal float hybrid generator with a Tribo-
electric Nanogenerator (TENG) and an electromagnetic generator (EMG) for the utilization
of wave energy for useful electric power generation. The device generated maximum and
average electrical voltage and current of 100 V or 2 pA and 20 V or 15 mA, respectively,
where the output power was used to run position-tracking sensor nodes. Furthermore, a
simple underwater communication system with a solar system was developed and evalu-
ated in a pond. Hwangbo et al. [29] presented a self-powered marine monitoring system
that produces renewable ocean energy from a device on the ocean surface and transmits
the energy using an underwater energy collector and a battery controller. Zhang et al. [30]
developed a self-powered triboelectric marine wave sensor manufactured with a round
TENG and a hollow sphere buoy. The device can tune to the measurement of ocean waves
in multiple directions, which eliminates the effect of water on the output of the system
with sensors [31]. Lianga et al. [32] proposed a prototype MMR-based current collector
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system for a WEC. This power take-off device, which transmits bi-directional shaft rotation
to a unidirectional generator moving via a combination of two numbers of unidirectional
bearings to a rack-and-pinion system. A shaft power converter containing a buoy with a
1.2 m long lever and an MMR-based PTO system is reported in this article. The peak output
power is 205 W, while the average power is 21 W, with 63 W of average power harvested
with the three phases [33,34].

Recent computational and experimental studies show a growing interest in inertia-
amplified and motion-rectified wave energy converters (WECs). Chen [35] used high-
fidelity CFD to analyze the inertial sea wave energy converter (ISWEC). They demonstrated
nonlinear fluid-structure interaction (FSI) and improved energy capture through gyroscopic
inertia. Similarly, Hung et al. [36] validated a mechanical motion rectifier (MMR) point
absorber with both bench tests and simulations. Their results showed efficiency gains of
about 10% with rectified PTO motion. Advancing this, Satpute et al. [37] introduced a two-
way CFD-FEA framework for flexible WECs. They emphasized the importance of structural
deformation and fatigue in realistic ocean conditions. Jia [38] presented a numerical analysis
of an inertia-based WEC. Their findings confirmed that inertia amplification broadens the
capture bandwidth under tuned conditions. More recently, Khedekar et al. [39] investigated
active MMR (AMMR) configurations. They demonstrated better power smoothing and
higher average capture efficiency compared to passive MMRSs, further explored adaptive
inertia tuning through internal water transfer [40]. Their dynamic inertia adjustments
improved performance in irregular sea states. These studies highlight the need to combine
CFD with detailed PTO modeling [41].

The current design differs by integrating a compact, manufacturable, passive MMR-
based PTO with adaptive inertial tuning. It also employs full CFD-FSI validation at
prototype scales. Unlike previous AMMR or gyroscopic studies, the proposed system
focuses on manufacturability and robustness. It still allows for bandwidth broadening and
peak-load reduction through simplified inertia control.

The literature survey indicates a pressing need to develop an efficient Wave Energy
Converter (WEC) that can effectively harness wave motion for the generation of electrical
power. Current designs face challenges in optimizing the utilization of wave kinetic energy
due to inherent parasitic displacements of the waves. Additionally, there is a necessity to
accommodate a broad range of wave heights, from very low to high, to maximize energy
extraction. Existing Oscillating Water Column (OWC) and buoy-type WEC designs achieve
a maximum energy conversion efficiency of only up to 32%. This paper introduces a novel
WEC design that significantly advances the field. The proposed device includes a buoy,
Mechanical Motion Rectifier (MMR), Motion Rectifier (MR), Energy Storage Element (ESE),
and an electrical generator, all tailored to effectively utilize varying water wave heights for
enhanced electrical power generation.

2. Construction and Working

The WEH arrangement involves the transformation of an oscillating wave force into
useful electrical power that can be utilized for various purposes. The arrangement, depicted
in Figure 1, comprises the use of the following components:

Mechanical Motion Rectifier (MMR)

Motion Regulator (MR)

Energy Storage Element (ESE) (utilizing a torsional spring)
Gearbox

Electric generator (rotary type).
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Figure 1. WEH block diagram.

The MMR converts the oscillations to unidirectional torque pulses. Further, the motion
is then directed to the torsional spring through the MMR, which stores energy as strain
energy. A minimum threshold amount of energy is accumulated in the spring due to
the initial deflection. Additionally, torque pulses are transmitted from the MR to the
spiral spring. The MR is designed in such a way that the torque pulses are transferred to
the spiral spring, and it stores additional energy until the accumulated energy reaches a
threshold limit. This limit is determined by the maximum deflection of the torsional spring.
Thus, the MR ensures mechanical engagement when the torsional spring is deflected
from its minimum to its maximum limit. As the spring accumulates energy up to the
previously defined threshold value, the MR ensures that the MMR disengages from the
spring. Consequently, the strain energy storage element, i.e., the spiral spring, becomes
disengaged from the MMR as it receives energy up to the threshold limit.

As the MMR ensures that the torsional spring in ESE is disconnected from the source
of vibration, it also ensures that the spring engages with the rotary electric generator.
This allows the torsional spring to release its accumulated energy to the electric generator.
Furthermore, as the strain energy in the spring decreases and the spring deflection becomes
minimal, the MR ensures that the spring is mechanically disengaged from the electric
generator. As a result, the strain energy storage component (i.e., the torsional spring) is
deflected between its minimum and maximum limits and remains engaged with either
the MR or the electric generator. The WEC is designed to convert wave oscillations into
useful electric power and consists of mechanical motion rectification, motion regulation, an
energy storage element in the form of a torsional spring, and an electric generator, where
the block diagram is shown in Figure 2.

In Figure 3, the operation of the MMR is depicted. It transforms the back-and-forth
wave motion into one-directional torque pulses. This mechanism involves mechanical
levers, one-way bearings, and spherical joints. As shown in Figure 3, Lever 1 is anchored
at point B, and the force is applied at the Float. Rod 1 moves back and forth concerning
Lever 1 and is linked to Rod 2 using a spherical joint. Rod 2 is attached to Lever 2 through
a sliding joint. Further, Lever 2 is fastened to the frame using a rotary joint with a one-way
bearing. Lever 2 drives Shaft 1 through a rotary joint with another one-way bearing. This
setup guarantees that the linear back-and-forth force applied at point B is turned into
one-directional torque pulses at Shaft 1.
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Flow of energy from

OCedn wawve

Conversion of linear force to Bi-
directional torque pulse bv mechanical
float and oscillating lever

W

Transmission of the torque pulse

to ESE through ME

Check bv ME. whether

threshold energy is
accumulated in ESE

Release the energyv stored in ESE to
electric generator through gear train

Figure 2. WEC working block diagram.

Unidirectional bearing-1
(2 n0’s)

Unidirectional bearing-2

Mechanical Lever

Mechanical Float

Figure 3. Working of the WEC Buoy.
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3. Theoretical Modeling and Simulation

Mathematical modeling of the proposed wave energy harvester was used to determine
its voltage and electrical power.

The proposed WEH operates in energy storage and energy release modes. The in-
stantaneous torque at the spring as it is driven by the MMR in energy storage mode is
given as:

T = Fl — K(@iy 4+ 0) — G,>Cyf 1)

where:
F: Vertical force on the buoy due to wave motion (N)
I: Distance between the buoy’s center of gravity and the rotational axes of the MMR (m)
K: ESE torsion spring stiffness (N-m/rad)
J;y: Initial deflection in the torsion spring (degree)
0: Angular deflection of MMR and ESE (degree)
C,: Electromagnetic rotary damping coefficient of the electrical generator (N-m-s/rad)
Gy: Gear ratio between ESE and the electric generator
Morris’s equation is used to determine the vertical force due to the wave motion.
The wave vertical velocity is given as:

_ mHy (cosh k(D +z)

t sinh(k * D) )COS(k — i) @

where:
Hy,: Max wave height (m)
t: Time period of wave (s)
k: Wave number (27t/L) (m™1)
z: Wave depth (m)
D: Ocean depth (m).
The vertical force on the buoy is given as:

1
fy = ECdpAzuﬁ my g 3)

where
C4. Drag coefficient
p: Water density (kg/m?)
A;: Final projected area (m?)
u, : Acceleration in vertical direction (m/s?)
my : mass of the fluid (kg).
Instantaneous energy stored in the ESE during the energy storage mode is given as:

Eiy = K(92 - @%n) (4)

It can be noted that the electric generator is connected to the ESE and is driven during
both of the operating modes of the WEH. The governing differential equations for the WEH
during the energy storage mode are given as:

Lgf + G,2Cyf + KO = Fyl (5)

where

Iz BEquivalent rotary moment of inertia of the WEH in the energy storage mode
(kg - m?).
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The equivalent rotary moment of inertia of the WEH is further given as:
I =11 + Gl (6)

where

I;: Rotary moment of inertia of the MMR, MR, and ESE (kg - m?)

Iem: Rotary moment of inertia of the electric generator (kg - m?).

The differential equation for the energy release mode, when the strain energy stored
in the ESE drives the rotary electrical generator, is given as

Lo20 + G*Cepb = KO ?)

where
Ieg2: The equivalent rotary moment of inertia of the WEH in the energy release mode
(kg - m?).
The equivalent rotary moment of inertia of the WEH in the energy release is further
given as:
qu2 =L+ Gr2Iem 8)

where
Leg2: Rotary moment of inertia of MR and ESE (kg-m?).
The voltage generated at the electric generator as measured across the load resistance
is given as
D> NBR; -

V P—
2(Ri +Ry)

©)
where

Dy;: Average copper coil diameter in the electric generator (m)

N: Number of turns in the generator armature coils

B: Magnetic flux density in the electric generator air gap (T)

R;: Electric load resistance (Q)

R;: Internal resistance of the generator ((2).

The electric power harvested by the generator is given as:

P =V?/R, (10)

During the numerical simulation, Equations (1)—(10) were solved in MATLAB-
Simulink to calculate the voltage and power harvested by the energy harvester for the
given wave motion. The Bagocki-Shmapine solver with a fixed time step of 0.01 s was used
for the simulations.

4. Experimentation

The prototype was subjected to a test to determine the electrical power output in
controlled wave conditions. The trials were conducted in a 1200 mm x 500 mm x 500 mm
container equipped with a wave-producing arrangement. A DC motor of 400 W, driving
between 20-600 rpm, was utilized to operate a scotch yoke mechanism. By rotation of the
eccentric pin, the yoke transmitted a 60 mm harmonic stroke to the follower. This paddle,
attached to a baffle plate, caused wave motion in the tank. The wave characteristics were
mostly influenced by the frequency of the motor. The research tested wave heights of
50 mm, 60 mm, and 70 mm.

The experimental arrangement placed the buoy in the container of water, whereas the
energy generation unit was mounted firmly outside the container. The buoy transmitted
the wave energy to ESE through the MMR and MR, which further operated the rotary
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electric generator. A load resistance of 12 () was used across the electric generator. The
terminals of the generator and the voltage waveform armature resistance were measured
with an oscilloscope (Make: Tektronix). Energy harvesting experiments using the prototype
WEH were performed in two steps. Initially, the prototype WEH was operated with the
buoy, MMR, MR, ESE, and the electric generator, as illustrated in Figures 3 and 4. Later, in
the second arrangement, the WEH was operated with the buoy directly driving the electric
generator. In the second arrangement, the MMR, MR, and ESE were not used and The
WEH was operated using a conventional setup. The CAD model of the arrangement is
shown in Figure 5, and the corresponding experimental test setup is shown in Figure 6.

J

(1) -> Mechanical Fleat

(2-4) > Mechanical Motion Rectifier
(4-3) -> Motion Regulator

(6) - Energy Storage Element

{7y -=Generator

VYVVYVY

Figure 4. CAD model of WEH.

Wave Generation Unit

Wave Energy Converter

Figure 5. Experimental arrangement for energy harvesting in a container.
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Wave Energy Converter

Figure 6. Experimental arrangement for energy harvesting in a tank.

5. Results and Discussion

Experimental and simulation studies are performed on the prototype to validate the
mathematical model of the WEC. Numerical simulation is performed with the MATLAB
model to determine the wave vertical force generated by the mechanical buoy. Simulation
results for the vertical force on the mechanical buoy in the case of the wave height of 50 mm
are shown in Figure 7.

0.04

0.03

0.02

Force(N)

0.01

0 1 2 3 4 5 6
t/T
Figure 7. Vertical force for wave height of 50 mm.

It is noted that the prototype WEH operates in energy storage and release modes,
where the electrical generator rotates slowly with MMR and MR during the energy storage
mode. On the other hand, when the energy release mode is effective, the generator rotates at
higher speed due to the release of the energy stored in the ESE. A MATLAB model was used
to estimate the voltage generated for the energy storage and release modes. Figures 8 and 9
compare the theoretical analysis and experimental results for the voltage generated in the
energy storage mode and energy release modes corresponding to 50 mm and 80 mm wave
heights, where the wave time periods were 2.2 s and 1.7 s, respectively for.

The peak voltage for the energy storage mode was 20 mV and 32 mV, whereas that
during the energy release mode was 6.7 V. It can be noted that the peak voltage during
the energy storage mode varies with the wave height, since the generator is driven by the
wave force directly through the buoy, MMR, MR, and ESE. However, during the energy
release mode, the peak voltage does not depend on the wave height, since during this
mode the ESE drives the electric generator. It can be noted from Figures 8 and 9 that the
maximum difference between the simulation and experimental results for voltage was up
to 8%, which validates the accuracy of the WEH MATLAB model.
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Figure 9. Voltage generated for a wave height of 80 mm.

Simulations were performed using the MATLAB model for an 80 mm wave height
and a time period of 1.9 s to study the variation of the output electric power with the load
resistance. The results shown in Figure 10 reveal that the prototype WEH will deliver a
peak power of 3.6 W at a peak voltage of 6.45 V for a load resistance of 19.0 2.

From Figures 11 and 12, it is noted that the voltage and power generation significantly
vary during the working of the WEH, and substantial power is harvested for energy release
mode. The total energy harvested during a single cycle of the energy storage mode and
energy release mode is given by Equation (11):

_ 1 2
E — RI/V dt (11)

The average power generated by the Wave Energy Harvester (WEH) is determined
by calculating the energy harvested during a single cycle, with the average power defined
as Average Power = Et/time duration of the single cycle, considering both the energy storage
and energy release modes. Simulations were conducted to analyze the variation in average
electrical power across different wave heights, with the results illustrated in Figure 12. The
findings indicate that average power increases with wave height, achieving a maximum
of 4 W at a wave height of 100 mm. However, the peak power remains unchanged with
varying wave heights, consistently measured at 4.09 W, where the peak power is calculated
as Peak Power = Vpkz/Rl, Vi representing the peak voltage during the energy release mode.
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Figure 10. Variation of voltage and peak power with load resistance.
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Figure 11. Variation of average power with wave height for prototype WEH (50-100 mm wave height).
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Figure 12. Peak power of the conventional WEH (50-100 mm wave height).
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The conventional arrangement of the WEH is shown in Figure 3, with an oscillating
buoy directly driving the electrical generator. MATLAB simulations were performed to
determine the peak power harvested by the conventional WEH for different wave heights,
and the results are given in Figure 12. During the simulation, the buoy and other dimensions
of the WEH were kept identical to that of the earlier arrangement with the MMR and MR.
Furthermore, simulations with the conventional arrangement were performed with an
optimum electric load resistance of 12.0 Q).

From Figure 13, it is noted that the peak power increases with wave height in the
case of the conventional WEH. On the other hand, the peak power of the WEH with
the MR and ESE remains constant, even if there are variations in the wave height and
frequency. The WEH presented in this work will have the following advantages over the
conventional design.

1.  The voltage variation along a single cycle of energy storage and release for the conven-
tional design and the WEH presented in this work is compared in Figures 13 and 14.
It can be noted that peak voltage in the WEH presented in this work is significantly
higher than that of the conventional design. Furthermore, it remains constant for
changes in the wave height and frequency, which facilitates easy and efficient voltage
conditioning for useful utilization of the harvested electric energy.

2. In order to use the harvested electric power for a useful application, the generated
voltage needs to be higher than a threshold value. Figures 14 and 15 indicate that
in the case of a utilization threshold voltage of 3.8 V, the conventional harvester will
generate 22% useful electric energy, whereas the WEH presented in the work will
generate 63% useful electric energy per cycle, comprising energy storage and release
(energy = R%f V2dt).

7
Voltage above threshold
value 6
5
0.16 4 S
&
~ 3 )
o 0.12 3 £
3 S
& 0.08 2
)
~ 0.04 1
0
0 50 100 o o2 ¢
Time (s) Time (s)
Energy release
Energy storage mode mode

Figure 13. WEH voltage variation for wave height of 50 mm (time period = 2.1 s).
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Figure 14. Conventional energy harvester voltage variation for wave height of 50 mm.
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Figure 15. Experimental arrangement for energy harvesting along the seacoast.

Following the evaluation of the prototype using a laboratory test setup, additional
experiments were conducted at sea to measure the average power output. The tests were
performed at a location in Mumbai, Maharashtra, India. The experimental configuration
for energy generation at the shore is depicted in Figure 15. In this setup, the buoy was
placed in a container of water, while the energy generation unit was securely anchored
to the ground. The buoy was subjected to wave conditions with heights ranging from
50 to 70 mm and periods of 5 to 7 s. The experiments took place in shallow seawater
with a depth of 500 mm. Figure 15 also includes a photograph illustrating the prototype
firmly supported with the buoy floating in the seawater. An oscilloscope, coupled with an
uninterruptible power supply (UPS) equipped with batteries and an alternator, was used to
record voltage waveforms during both the energy storage and energy release modes. The
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shore-based experimentation yielded an average power output of 9.0 mW, with an energy
storage duration of 137.0 s and 19 cycles required to complete a single energy storage mode.

After investigation of the experimental result and theoretical model, the design of the
prototype WEH proposed to deliver a peak power of 68.06W and an average power 1.0 W.
The arrangement, like that of the prototype, can be used in the actual size design with a
cylindrical buoy used to transfer the wave force to the WEH. The torsional stiffness of the
ESE is calculated based on the available torque from the wave vertical force due to wave
height of 0.8-2.0 m and provides 8° to 16° of angular rotation of the buoy lever during each
wave occurrence. Important specifications of the full-scale WEH are as follows:

1.  Buoy size and dimensions: Cylindrical (1 m in length, 0.5 m in diameter).

2. Energy storage element torsional stiffness in the ESE: 120 N-m/rad.

3. The electric generator torsional damping coefficient used in the full-scale WEH:
0.05N-m-s/rad.

Maximum angular rotation of the ESE during energy storage and release modes: 120°
Threshold energy stored in ESE: 125.6 J.

Load resistance connected to the electric generator: 400 ().

Rotating inertia of the MMR, ESE, and other components: 500 Kg~m2.

Rotating inertia of the electric generator and equivalent inertia of the gears connected

® N9

between the ESE and the electric generator: 600 Kg-m?.

It can be noted that the gear ratio ‘G’ between the ESE and that of the electric generator
is an important factor influencing power output. The lower value of the gear ratio results in
lower damping torque; however, it also reduces power output since the harvested voltage
is proportional to the gear ratio. On the other hand, the higher value of the gear ratio
increases the damping torque to lower the generator’s angular velocity, resulting in lower
power output. Therefore, the optimization toolbox in MATLAB R 2022 is used to determine
the above parameter for ensuring maximum power output. The details of the optimization
are as follows:

1.  Optimization method: Gradient descent
2. Maximum number of iterations: 1000

3. Functional tolerance: 1 x 10~°

4.  Lower and upper limits for ‘G": 0.1 to 60

The optimization results indicated that the optimum gear ratio for the full scaled
design was 46.8, which can be achieved by using two pairs of spur gears. Simulations
were performed with the above-specified parameters to estimate the voltage, peak, and
average power of the full-sized WEH. Simulation results for voltage variation in case of
energy release mode are shown in Figure 16. Simulation results indicate that, for a wave
height of 1.4 m, the full-sized design will take 3.0 s to complete one energy storage cycle.
Variations of the average power for wave heights of 0.8-2.2 m are shown in Figure 17. The
peak power harvested by the full-sized design during energy release mode will be 68.06 W
and the average power will be 0.97 W.

Energy input during a single cycle of wave motion is calculated by using Equation (12)

emﬂx
Eout = / F,1d6 (12)
0

Electric energy generated by the rotary electric generator for a single cycle, comprising
the energy storage mode and energy release mode, is given by Equation (13)

1
E, = — [ / V2t + / V2di } (13)
R; energystorage energyrelease
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The overall efficiency of the full-scale Wave Energy Harvester (WEH) is calculated
using the equations provided in Equations (12) and (13). Simulation results for the full-scale
WEH reveal an overall efficiency of 76.2% when operating with a wave height of 1.6 m.
Additionally, the total mass of the full-scale design is estimated to be 35.0 kg, encompassing
various components such as the electric generator, energy storage element (ESE), Motion
Rectifier (MR), buoy, gears, and shafts.
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Figure 16. Voltage variation of full-scale WEH during energy release mode.
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Figure 17. Variation of average power with wave height for full-scale WEH.

The prototype used in the present work has the spring directly driving the electric
generator. This arrangement does not use gears between the torsional spring and electric
generator, resulting in an effective gear ratio of 1.0. However, the full-scale design has
an arrangement of gears between the spring and the generator with an optimum gear
ratio of 46.8, which ensures maximum electric power from the generator. In the case of
a size design, better electric power output ensures a higher energy harvesting efficiency
of 76.2%. The increased energy harvesting efficiency of the full-scale design is attributed
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to the effective damping coefficient of the electric generator, which is achieved due to the
optimum value of the gear ratio between the spring and generator.

It can be noted that the torsional spring accumulates strain energy during the energy
storage mode and releases the same during the energy release mode. Variations of the
torque delivered by the torsional spring during the energy release mode are shown in
Figure 18; variations in the voltage generated by the rotary electric generator are shown
in Figures 8 and 9. It can be noted that there are significant variations in the torque and
voltage during the time duration of energy release. An attempt has been made to propose
an arrangement that will ensure smooth variation of the generated voltage during the
energy release mode, which will further facilitate better voltage conditioning for effective
utilization of the generated electric power.

0.3
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=T =
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=
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Figure 18. Variation of the spring torque during energy release mode.

The proposed arrangement has a quarter elliptical gear pinion driven by the torsional
spring shown in Figure 19, which further drives a rack. The arrangement ensures that the
effective engagement radius of the gear and at the start of the energy release mode, and the
effective radius is higher at end of the energy release mode. There is an oscillating linear
generator with the coils moving along the magnet-spacer array, such that the voltage is
induced in the coils as it moves along the magnet-spacer array. The coils are connected to
the rack, and the magnet-spacer array is pivoted at point “X’. During the energy release
mode, the torsional spring drives the gear, which makes the rack remove the copper coils
in the linear generator relative to the magnet-spacer array. The magnet-spacer array is
pivoted at the end to ensure that the arrangement can operate the linear generator. At the
same time, the effective radius of the driving teeth changes from minimum to maximum
during the energy release stroke. Variation in the effective radius ensures smooth release of
the accumulated energy, leading to a uniform voltage waveform. Important parameters in
the proposed arrangement are given below,

i.  Ratio of the minimum radius of the gear to the maximum radius gear = 1/20
ii. Angle of the gear: 90 °

iii. Module of rack-gear arrangement: 2 mm

iv. Linear electrical damping coefficient of the linear generator: 0.5 N - s/m
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Figure 19. Arrangement with an elliptical gear-rack and oscillating linear generator.

The governing equation for the energy release mode with the above arrangement of
the elliptical gear-rack and oscillating linear generator is given as

1,6 + K;0 + Cjjy1426 = 0 (14)

where
Ciin: Linear electrical damping coefficient of the linear generator
K;: Torsional stiffness of the torsional spring
r¢: Instantaneous radius of the pinion gear.
The power delivered by the linear generator is given as

.2
Py = Cyyri®0 (15)

Voltage at the linear generator output is given as

V(t) = V/ PtRjpaq (16)

where

Rypaq : load resistance at the electric generator.

Simulation results for the voltage delivered by the linear generator with the above
arrangement of elliptical gear-rack and oscillating linear generator are given in Figure 20,
which reveals that the proposed arrangement will ensure gradual release of the accumulated
strain energy and result in a smoother voltage waveform during the energy release mode.
Further, Figure 20 includes the voltage waveform with the earlier arrangement, which
shows a linear increase in the voltage. The standard deviation for the voltage waveform
with the use of the elliptical gear and linear generator is 1.71 V, whereas the standard
deviation for the other arrangement is 2.44 V, which reveals the smooth variation of the
voltage waveform in Figure 20.
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Figure 20. Variation of the generated voltage during energy release mode.

5.1. Simulation of Multimodal Operation with Additional Buoys

The proposed Wave Energy Converter (WEC) design utilizes three buoys in a multi-
modal arrangement to harness both vertical (heave) and horizontal (forward and backward)
wave forces for electrical power generation.

The three forces acting on buoy used for WEC are:

Vertical Force: Arises from oscillating hydrostatic and dynamic pressures of passing
wave crests and troughs, causing the buoy to move up and down (heave).

Horizontal Forward Force: Generated as a wave crest passes, pushing water toward
the shore.

Horizontal Backward Force: Occurs as a wave trough passes, pulling water away from
the shore toward the sea.

Similar to that of the wave forward force, the backward horizontal force acts when a
wave trough passes. This results in pulling water into the ocean and creating horizontal
backward force which acts toward the sea and away from the shore.

Both forward and backward forces occur in every wave cycle due to the circular
kinematics of wave particles [42,43].

Although a WEC can be designed to utilize the wave vertical and horizontal forces,
most of the reported literature work has focused on utilization of the wave vertical force.
The reason for more focus on the vertical force is attributed to the following factors;

1.  Simple design and mooring structure
2. Higher energy density in vertical forces than that of the horizontal forces.

5.2. Multimodal WEC Configuration

There is a possibility of using partially submerged buoys to harvest wave horizontal
force for electric power generation [44—46]. An attempt is made in the present work to
design a WEC capable of operating in a multimodal arrangement that can utilize wave
vertical force, as well as the horizontal forward and backward forces for electric power
generation.

The multimodal configuration, shown in Figures 21 and 22, employs three buoys
connected to the input shaft of a Mechanical Motion Rectifier (MMR) (Table 1).
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Figure 21. Arrangement with the additional buoy to utilize wave horizontal force.
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Figure 22. Incorporation of Buoy 2 and Buoy 3 in the MMR.

Table 1. Multimodal configuration of 3 Buoys.

Buoy Position/Force Utilized Purpose/Torque on MMR Shaft Dimensions and Lever Length
Buov 1 Afloat on the surface; utilizes Harnesses heave motion, applies Cylindrical (1.0 m length, 0.5 m
y Vertical Force. anticlockwise torque to the MMR shaft. diameter); 2.0 m lever length.

Initially applies clockwise torque but
Partially submerged, below the  uses an additional support shaft and gear
Buoy 2 WEC structure; utilizes pair to ensure it applies anticlockwise
Horizontal Forward Force. torque to the MMR shaft, complementing
Buoys 1 and 3.

1.5 m lever length; submerged part:
200 mm depth, 1.0 mm length.

Partially submerged, below the
Buoy 3 WEC structure; utilizes
Horizontal Backward Force.

Complements Buoy 1, applies 1.5 m lever length; submerged part:
anticlockwise torque to the MMR shaft. 200 mm depth, 1.0 mm length.

Buoy 1 is connected to the WEC through a lever on one side away from the MMR input shaft, whereas Buoys 2
and 3 are located below the input shaft. The strategic use of the gear pair for Buoy 2 ensures that all three buoys
apply a complementary anticlockwise torque on the MMR input shaft.
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The length of levers connecting the Buoys (Buoys 1, 2, and 3) to the MMR input shaft
should be long enough to provide sufficient angular displacement and torque. The angular
displacement and torque applied at the MMR shaft will increase with increases to the
length of the lever. However, a longer lever will also result in increased internal elastic
deflection in the lever, which will reduce the effect of the torque and angular displacement
transmitted to the MMR.

1 D?
Fy = ECdpDuxl|ux| + Cmprffuxl (17)

where
C;: Drag coefficient.
Cu: Inertia force coefficient
p: Water density (kg/m?)
uy: Water Velocity in the horizontal direction (m/s)
D: Diameter of the float (m)
I: Length of float (m).
The horizontal velocity of the wave is given by Equation (18)

mH (sinhk(d +z)
ux - —

T sznh(k*d)) sin(k — wt) (18)

where

H: Maximum wave height (m)

T: Wave time period (s)

k: Wave number 277/L (m™1)

z: Wave depth (m)

d: Ocean depth (m)

L: Wavelength (m).

Simulations incorporating the additional Buoy 2 and Buoy 3 alongside Buoy 1 have
been conducted to leverage horizontal wave forces in addition to vertical forces. The results,
presented in Figure 23, compare the average power outputs of two types of Wave Energy
Converters (WECs). The Type-1 WEC employs a single buoy (Buoy 1) to harness vertical
wave forces, whereas the Type-2 WEC integrates additional buoys (Buoy 2 and Buoy 3)
to exploit horizontal wave forces. The data indicate that the inclusion of the additional
buoys significantly enhances power output. Specifically, simulation results, as shown in
Figure 23, demonstrate up to a 28% increase in average electrical power with the Type-2
WEC configuration.

The voltage variation during the energy release mode, as illustrated in Figures 9, 13
and 16, demonstrates fluctuations from zero to the maximum value. To optimize the
utilization of harvested electrical power, it is preferable to achieve a more constant voltage
output. Consequently, investigations have been conducted to incorporate non-circular
elliptical gears in the power transmission system between the energy storage element (ESE)
and the electric generator. This modification aims to provide a more stable voltage output,
enhancing the overall efficiency of the power generation process.
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Figure 23. Average power harvested by WEC with the additional.

6. Conclusions

The presented work introduces a novel method for efficiently harvesting energy from
ocean waves. The system, comprising a Mechanical Motion Rectifier (MMR), Motion
Rectifier (MR), Energy Storage Element (ESE), and an electric generator, achieves an energy
harvesting efficiency of 47.2% and demonstrates an improved voltage waveform for better
utilization of the harvested electrical energy. The design is characterized by its simplicity
and the use of cost-effective components in its assembly. Experimental tests and numerical
simulations have shown that the prototype energy harvester can generate a peak voltage
of 6.7 V and an average power of 8.5 mW. For the full-scale application of the proposed
Wave Energy Converter (WEC), a peak power of 68.04 W and an average power ranging
from 0.25 to 1.00 W can be achieved for wave heights between 0.8 and 2.2 m. Additionally,
numerical simulations have been conducted to explore the use of elliptical gears in power
transmission and the incorporation of additional buoys to harness horizontal wave forces,
aiming to further enhance the WEC’s output power. Seawater corrosion presents significant
challenges to the durability of wave energy converters (WECs) in various marine environ-
ments. To address these challenges, protective strategies such as coatings, composites, and
cathodic protection are essential. The use of advanced alloys and specialized composites
enhances the resistance of motors and mechanical subsystems to corrosion. Although the
current results are primarily based on simulations, future research will concentrate on
prototype testing, scalability, reliability, and the trade-offs between cost and complexity.
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List of Abbreviations

Symbol  Definition

WEC Wave Energy Converter

PTO Power Take-Off

LS-WEC Linear Sliding Wave Energy Converter
eSpring  Electromagnetic Spring

RMS Root Mean Square

Ka Wavenumber

MEFCC Mel-Frequency Cepstral Coefficients
HMM Hidden Markov Models

FMEA Failure Mode and Effects Analysis
MPPT Maximum Power Point Tracking

VQ Vector Quantization
VIBR Vibrational
RF Radio Frequency

CMOS Complementary Metal-Oxide-Semiconductor
LDDE Low-Drop-Diode Equivalent
DC-DC  Direct Current to Direct Current
OOK On-Off Keying

IC Integrated Circuit

PZT Lead Zirconate Titanate

TDMA Time Division Multiple Access
FDMA Frequency Division Multiple Access
LDO Low Dropout Regulator

PWM Pulse Width Modulation

BPSK Binary Phase Shift Keying

MEMS Micro-Electro-Mechanical Systems

SAW Surface Acoustic Wave
PEH Piezoelectric Energy Harvester
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