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Wave energy is a renewable resource with high energy potential. This research work proposes a low power piezoelectric
energy harvesting system based on the heave motion of ocean buoys. This Piezoelectric Energy Harvester (PEH) is
composed of piezoelectric diaphragms coupled with superballs to enhance the output of the piezoelectric sensor. The PEH
setup is designed within a floating buoy and tested in a wave flume by varying the frequency of regular waves. The heaving
of the buoy causes the superball to oscillate and impact upon the piezo diaphragms thereby producing power. This output is
then processed using appropriate AC to DC converter and booster circuits. The single-axis sensor-diaphragm responses
under regular wave conditions with varying wave heights were analyzed. A rms voltage of about 2.56 V was generated for a
wave height of 0.21 m and wave period of 1.2 s. The wave flume experimental results show that the maximum harvested
power was about 80 mW by the entire piezo sensor diaphragm setup for the wave height range of 0.06 m to 0.21 m and
wave period of 1.22 s to 2.13 s. Using the same technique in the ocean buoys of diameter 0.9 m in the swell wave conditions
between 0.5 to 3.5 m significant wave height, the system can generate maximum voltage of up to 16 V using 28 numbers of
superballs with sensors arranged in parallel/series combinational power circuits. This harvesting technique will be very
much useful for coastal & offshore buoys to harvest power in a hybrid approach during the failure in solar battery charging

during monsoon and unfavorable weathers.
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Introduction

During the past few decades there have been lot of
researches related to renewable energy, especially
with respect to the wave energy converters from the
ocean'™ due to climate change’, natural disasters’,
blue energy harvesting’ and coral health monitoring®.
A wide range of instruments and sensors are deployed
in the ocean to measure the ocean’s physical,
chemical and meteorological parameters. Since there
is no possibility for grid supply in these remote
locations, there is a demand for self-powered devices.
Most of the systems currently available are battery
powered. But the life of the battery is considerably
reduced in the harsh oceanic environment as they
suffer from inherent maintenance and frequent
recharging. These prompted researchers to look for
alternative energy sources to power up the onboard
sensors whose operating voltages and current
requirements are considerably less’.

One of the earliest concepts of self-powered
devices was proposed in 2006 by Wang & Song'™.
Many systems currently make use of solar panels or
solar cells to power up the sensors. This form of

energy is available only under appropriate ambient
conditions and is not available throughout the year.
The cost of installation and maintenance is also very
high and they are bulky hence not suitable for all
areas. The power density of the ocean waves is higher
when compared to wind and solar. The power density
of photovoltaic cell is 1 kW/m? at peak solar isolation,
for wind it is 1 kW/m?® at 12 m/s [General Electric
(GE) 1.5-MW machine] but, for wave energy it is 25
kW/m at San Francisco, average annual power flux''.
Hence, lots of researches are focusing on wave energy
converters.

Floating type wave energy harvesters have proven
to be fairly good for harnessing wave energy. The
first commercial floating design was patented by the
Finnish company Wello'®. It consists of a rotating
pendulum attached to a shaft inside a buoy to generate
electricity. The shaft rotates as the pendulum rotates
and this mechanical energy is then converted to
electrical power. Other forms of ocean wave energy
converters are the overtopping device wave dragon,
Archimedes wave, oscillating water columns and the
hinged contour devices as the Pelamis". Amongst
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these, the heaving point absorbing wave energy
converters have a simpler architecture and they
convert the wave energy directly, so its conversion
efficiency is high. It is also suitable for waters of
different depths because of its mooring mechanism.
Lot of researches focusing on combining different
renewable energy generation has come up in
the recent years. Taylor et al.'®, proposed a
piezoelectric eel to harvest energy from the flow of
the oceans. A hybrid generator combining both

triboelectric and piezoelectric harvesters was
suggested by Li ef al.".
Piezoelectric  generators are based on the

piezoelectric effect discovered by Pierre & Jacques
Curie; when mechanical pressure is applied to any
opposite faces of the piezoelectric material there is
charge production along the other two faces of the
material'®. The amount of power generated using
piezoelectric harvesters is generally in the milli watt
range. This is attributed to the fact that the
piezoelectric ceramics can accept large stresses but,
their strains are very small. Most of the onboard
sensors have the power requirement in the mW or | W
range and they depend upon compact power sources
which could be easily mounted onboard thereby
making piezoelectric harvesters versatile for low
power applications. Wang et al.'’, show that using a
piezoelectric circular array in series connection
increases the output energy compared to a single
diaphragm. The amount of electric energy produced
from the piezoelectric harvester circuit will be directly
proportional to the frequency and stress by resonant
vibration that hits on the piezoelectric sensor.
Frequency is the major factor to be considered for
maximizing the output of the PEH as the maximum
power is generated at the resonance frequency of the
chosen piezoelectric material.
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This research work is focused on developing a PEH
which can be incorporated inside the cavity of the
buoys. The Piezo diaphragm is triggered by the
impact of the superballs on it thereby producing
power. The received power is converted and stored in
the battery which can be used to power up the
onboard sensors.

Materials and Methods

The PEH consists of two parts: the mechanical
part, for the generation of electrical energy and the
support system that consists of electrical parts for the
conversion and storage of the generated energy along
with a data logger. The piezoelectric sensors,
superball for piezo sensor vibration and
accelerometer/gyroscope sensors are constituents of
the mechanical part whereas; the rectifier, booster
circuits, microcontroller & processor, and storage
system constitute the electrical part. The schematic
representation of Piezoelectric Energy Harvester
(PEH) system is given in Figure 1. The AC to DC
converter circuit used for this study achieved 91 %
efficiency.

The piezoelectric sensor is made of piezoelectric
ceramic and when stress is applied to the transducer,
the ions in the material move towards one of the
conducting surface while moving away from the
other. This results in the generation of charge which
can be stored in rechargeable batteries or capacitors.
The polarity of the produced charge depends upon the
direction of the applied stress.

In the longitudinal effect the charge generated is
given by:

Q=Fxd (D)

Where, F is the applied force, and d is the
piezoelectric coefficient of the crystal. Piezoelectric
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Fig. 1 — Schematic representation of Piezoelectric Energy Harvester (PEH) system
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coefficient d of quartz crystal is around 3 x 10710
m/V.

Four piezoelectric diaphragms from Murata
Electronics North America, Inc. (Smyrna, GA, USA)
were used in the experiment. Each diaphragm has a
thickness of 0.92 mm with plate diameter of 34 mm,
element diameter 24 mm and the plate material is
brass resonant. The impulse response of the piezo
sensor is 5 ps and the efficient frequency of operation
is around 6 kHz. The diaphragms are oriented in a
bottom inside manner so that the impact of the ball is
upon the brass plates.

Superballs made of polybutadiene, a synthetic
rubber material which makes the ball bounce thereby
resulting in resonant vibration is used. This is because
the super ball made of synthetic rubber material
rebounds with a higher velocity which ensures the
continuous functioning of the harvester thereby
increasing the power output. The coefficient of
restitution of the super ball is higher than that of steel
or iron ball. When these balls are dropped, they
convert the potential energy into kinetic energy which
enables them to rebound with the fraction of their
original force this is due to the high coefficient of
restitution. Coefficient of Restitution (COR) is the
measure of the velocity of return of the object
dropped; it shows the amount of energy maintained
inside the object after striking against the surface'®.
For an object bouncing off a stationary surface the
coefficient of restitution is given as:

=2 |k
Cr_u_\/;1 ... (2

Where, u and v are the relative velocity before and after
collision. The values of the COR varies from 0 — 1.
The four balls used in this experiment have a mass of
0.5 g, diameter of 2.2 cm with measured u and v as
50.47 mm/s and 53.92 mm/s, respectively. From this
the coefficient of restitution is calculated to be around
0.93.

When the ball hits the surface of the piezo sensor it
recoils and vibrates which in turn triggers the
production of energy. The energy equation for the
super ball hitting the piezo sensor is based on mass m,
height 4 of free fall and the velocity v upon the
impact'®. The energy equation can be written as:

mgh = %mv2 ... 03

Where, m is mass of the ball, g is the acceleration of
gravity, / is the height, and v is the velocity of impact

v = [2gh .. (4

When the ball hits the piezo sensor with velocity v
and travels the height /,, then the total impact force
from the sensor is calculated by the equation:

_ Ex _ mv?
F—hl— ™ .. (%)
Where, F is the impact force, and E; is the kinetic
energy.

The velocity v of super ball changes with the wave
frequency, wave height of the PEH harvester system
in ocean environment. The impact force can be
modified further by changing the mass m of the ball.
The mass m of the ball and the resonant
vibration/hitting of ball on the piezo sensor are
inversely proportional. The superball is allowed to
move freely inside the PVC tube and it impacts the
piezoelectric diaphragm at both the ends. The Piezo-
diaphragm gets excitation using the super ball made
of polybutadiene, a synthetic rubber material and
efficiency of the electrical energy will be high during
vertical rebounding.

The efficient energy harvesting circuit has a
capacitor (C) and the diode for rectification. In the
capacitor, the maximum charges occur during the
vibration of piezo sensor. Rectifier circuit has been
used for converting the generated low power AC to
DC. The regulator circuit rectifies the ripples from the
input DC power to the constant DC voltage which can
be connected to storage devices. The regulator
component is implemented by suitable voltage
regulator IC along with current limiting resistor and

capacitors.

The setup makes use of an ATMega 2560
microcontroller ~which accommodate real-time
counter with different oscillator, programmable

watchdog timer with individual on-chip oscillator, on-
chip analog comparator and an interrupt and wake-up
on pin charge. The microcontroller connected with
accelerometer senses the inertial movements by
measuring the angular or linear acceleration. The non-
gravitational acceleration generated by forces of
motion in the water column by waves or currents
other than gravity or inertial forces can be measured
and the accelerometer is enabled with offsets in the
measurements due to local gravity. In this
experimental study, the waves generated in the wave
flume excite the piezo sensor using superball due to
the motion in floating PEH buoy setup. The MEMS
accelerometer with the microcontroller mounted in
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the PEH buoy measures the acceleration, heave, pitch
and roll. MPU6050 sensor 6-axis motion tracking
module is used for the purpose of accelerometer and
gyroscope with MEMS technology. The MEMS
accelerometer is configured with 10 Hz sampling
frequency for the efficient data collection and
processing. The accuracy of the 3-axis gyroscope and
accelerometer used in this experiment is 1 to 2 degree
heading accuracy with the max data rate 160 Hz. The
module combines a 3-axis gyroscope, accelerometer
and a digital motion processor having I°C bus
interface to interconnect with microcontrollers. The
auxiliary I°C bus is enabled to link sensor devices like
pressure sensor, 3-axis magnetometer, etc. The I*C-
bus is the most efficient interface to connect 3-axis
gyroscope and accelerometer sensor and the
microcontroller with Real-Time Clock (RTC). The 3-
axis gyroscope and accelerometer are used to detect
rotational velocity, angle of tilt or inclination along
the X, Y, Z axes. This sensor has several registers to
control and configure its approach of operation. The
gyroscope and accelerometer sensor data module
comprises of 16-bit raw data in 2’s complement form.
The four piezoelectric diaphragms along with the four

Top view

» PVC Tube
Super Ball

Piezo sensor
Diaphragm

-+ Piezo sensor

Fig. 2 — Sketch of the Piezoelectric Energy Harvester (PEH)

‘Wave Paddle

superballs for providing impact are arranged in a
cubical box as shown in Figure 2.

Wave flume experimentation setup

The ocean waves can be characterized as linear,
nonlinear and random. In this study regular waves are
generated in a wave flume. The wave flume is an
excellent tool for the analysis of wave energy
converters as it helps to simulate and study real wave
action in the laboratory. The wave flume is divided
into three areas the wave generating area, the test area
and the beach profile which helps to dissipate the
wave. The flume is about 30 m in length, it has a
height of 1 m and the width of the flume is about 1 m.
The beach profile is made up of a slope 1:8 consisting
stones roughly 20 cm in size. The wave generating
area is enabled with wave paddle that is able to
generate regular waves of frequency up to 1.5 KHz
which is automated using the Labview software.
Figure 3 shows the schematic sketch of the wave
flume used.

The transducer unit is encased in an axisymmetric
buoy and it is moored inside the wave flume as shown
in Figure 4. Water is filled up to the 70 cm mark
inside the flume. While the display unit along with the
logger is placed outside the flume. The wave
interaction in the flume sets the ball into motion
which excites the piezo diaphragm and produces
power. The six different excitation conditions were
implemented in the wave flume by changing the wave
shutter frequency from 30 to 60 Hz with a regular
interval of 5 Hz for the duration of 10 min per
selected frequency. The changes in the heave, pitch
and roll with respect to varied wave excitation using
wave generator is measured using the microcontroller.
The accelerometer and gyroscope time series data was
collected to calculate the heave, pitch, and roll using
the data logger and onboard microcontroller and
processor. The microcontroller board and the sensors
consume less power and it is more reliable in

v Buoy Beach Profile

_» PEH setup box
: , Anchor

30 m

Note: Figure not in scale

Fig. 3 — Sketch of flume (not to scale)
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Fig. 4 — The PEH setup in the wave flume environment: (a) Wave generator hardware setup along with the Lab view software,
(b) PEH buoy in the wave flume before the experiment, and (c) Data logger and microcontroller module of PEH system

providing accurate time series data after processing
the datasets.

The six varied wave action with shutter frequency
60, 55, 50, 45, 40, and 35 Hz was generated in the
wave flume to analyze the high- and low-level voltage
generation using the PEH setup. The wave flume
shutter frequency is automated within the frequency
range of 35 to 60 Hz due to the limitations in wave
flume physical features and design size. The Figure 5
shows the variations in the wave height (m) with
respect to the varied wave period. The sampling
frequency rate for the data collection is around 10
samples / second. The wave height, wave period and
wavelength with respect to wave flume shutter
frequency are given in Table 1. The wavelength is the
distance between two crests or troughs and is found
by solving the following equation®*?'.

0?2 = gk tanh(kd) ... (6)

The angular wave frequency, 6 is given as:
2m

o= (7

The wave number is given as:
_2m

k_T ... (8

However, this is an implicit equation and it has to
be solved numerically with the help of wave tables.
The deep water approximation of wavelength L, can
be obtained from:

Lo = 5= (T2) . (9)

The gravitational constant, g is 9.81 and
T represents the time period between crest and trough.

For each Lj value the Li value is calculated by using
0
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Fig. 5 — The variations in the wave height (m) with respect to the variations in wave period during different shutter frequencies (60 Hz,

55 Hz, 50 Hz, 45 Hz, 40 Hz & 35 Hz)

Table 1 — Wave height, wave period and wave length generated in the wave flume with varied shutter frequency
along with the maximum voltage generated

S. No. Shutter frequency (Hz) Wave height (m) Wave period (s) Wavelength (m) Maximum voltage (volt)
1 60 0.21 1.22 2.24 2.56
2 55 0.18 1.37 2.78 2.54
3 50 0.16 1.43 2.89 2.52
4 45 0.13 1.56 3.36 2.51
5 40 0.10 1.65 3.64 2.48
6 35 0.08 1.84 4.19 2.46
7 30 0.06 2.13 4.96 2.45
the water depth. Using the wave table the  voltage is recorded in microcontroller based data

. d . .
corresponding n value is noted and from this the

wavelength L is obtained. The depth of water in the
flume is d = 0.7 m.

From the above calculations it is inferred that the
waves make use of the linear airy wave theory as the
wave height is infinitely small compared to the other
wave parameters like wavelength and water depth.
From Figure 5 and Table 1, it can be seen that the
frequency of the waves increases as the wavelength
decreases, thereby increasing the bounce of the super
ball on the diaphragm and in turn increasing the
power output. The output of PEH is connected with
the resistor load of 10 KQ and the corresponding

logger with the sampling interval of 10 ps.

Results and Discussion

The wave power and wave forces are theoretically
calculated using the formulae given below. The wave
energy flux per unit of wave-crest length is given as™:

2
P =5 HZT, ... (10)

Where, p is the water density which is 1000 kg/m’
for the fresh water used in the flume. Hg is the
significant wave height, T, is the wave energy period,
and g is the acceleration due to gravity.

The heaving buoy is subjected to the forces
namely: waves, gravitational, buoyancy and
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Fig. 6 — The measured heave (m), pitch (degree), and roll (degree) while varying the wave period from 1.22 to 2.13 s

resistance. The heaving buoy oscillates only in the
vertical direction due to the wave force incident on it.
The maximum and minimum wave power based on
the theoretical formula is 23.19 W and 5.08 W,
respectively. The wave force generated in the wave
flume with the varied shutter frequency was in
between 0.41 and 0.50 N/m.

The heave, pitch and roll of the buoy during the
experiment in the wave flume were studied. Figure 6
shows that the variation of the pitch which is within -
1° to +1° which is very less when compared to the
changes along the heave. There are significant
changes along the roll axis too. The heave, pitch and
roll motion of the buoy gradually decreases while
decreasing the shutter frequency from 60 to 35 Hz.
The heave motion decreases approximately around
~0.35 m to 0.08 m by decreasing the wave frequency.

The wave generated acceleration by the sensor is
monitored and measured for different wave conditions
by varying the shutter frequency. The trends of the
acceleration in X, Y & Z axes with varied wave
frequency are presented in Figure 7. The
measurement shows that the acceleration amplitudes
reduce with respect to the decreasing wave action
frequency. The acceleration in the three degrees of
freedom with respect to X, Y & Z-axis are in the
ranges -1 to 1 for X, -1 to 0.9 for Y, and -7.7 to -1.3
for Z axis.
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Fig. 7 — Measured acceleration (m/s?) in X, Y & Z-axis for the
varying wave period from 1.22t0 2.13 s

The voltage response under different excitation
frequencies in the wave flume was studied. The
shutter frequency was gradually deceased from 60 to
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35 Hz by the regular interval of 5 Hz. The decrease in
shutter frequency gradually decreases the wave height
from ~0.21 to 0.06 m but it increases the wave period
from 1.22 to 2.13 seconds. The voltage generated in
the PEH system with the variable shutter frequency is
shown in Figure 8. It can be seen that the voltage
decreases with respect to wave shutter frequency. For
a resistance of 10 kQ, the generated voltage increases
linearly with respect to the increasing shutter
frequency.

The PEH harvester produces the maximum power
at the resonance frequency which is 60 Hz. Table 1
shows the maximum voltage generated at each
frequency along with the wave height and wave
period. It is observed that a maximum of 2.56 V is
generated for the frequency of 60 Hz and a minimum
of 2.45 V is generated for the frequency of 30 Hz.

The generated voltage and power relationship were
studied and the results show that the dynamic increase
in wave conditions increases the vibration of the
sensor thereby increasing the power and voltage

(a) At 60Hz - Voltage [V] ———

(b) At 55Hz - Voltage [V] ——

output to maximum. The PEH setup in the present
study makes use of 4 piezoelectric sensors and a
floating buoy of 0.4 m diameter, buoyance weight 9.3 kg.
Up scaling the size of buoy to 0.9 m diameter with
more number of piezo sensors gives better voltage
output. The Figure 8 shows that the increase in the
voltage and power is due to the increase in wave
period from 1.22 to 2.13 s.

The Figure 8 shows the graphical relationship of
voltage and power generated in terms of shutter
frequency. The voltage and power linearly increase
with increasing wave forces. Figure 9 show the
generated voltage due to the change of buoy
acceleration in terms of wave flume shutter frequency
and Figure 10 represents the voltage and power in
terms of wave conditions. The experimental results
are compared with the real wave conditions in the
Lakshadweep Sea and near to Lakshadweep Island
clusters where the wave parameter such as wave
height, wave period and direction drastically changes
during different monsoon seasons™. During the
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Fig. 8 — Generated voltage with respect to the changing wave period from 1.22 to 2.13 s



HANN et al.: PIEZOELECTRIC SUPERBALL COUPLED MICROENERGY HARVESTER 809

2.62

2.6
2.58
2.56
2.54
2.52

Voltage (V)

2.5
2.48
2.46
2.44

2.42
0.5 0.8 1.1 1.4 1.7 2 23
Accleration (ggps)

Fig. 9 — Generated voltage due to the change of buoy
acceleration in terms of wave flume shutter frequency

2.5 Ro®0
2.48 o oS Rnste
o [} o o
2.46 = -s......::.':‘. '.
.o‘.. o ® o
244 oones A |
> @ ®
< 242 Q2> ®
")
5 s sy
< 2.4 @ SO & C0
2 RS,
S 238 0, afomm ey
> ..Oof.o 08 ° °
2.36 © Seof 5 °
St ¥ 0
2.34 ?3%8m @
=
232 o
2.3
0.2 0.22 0.24 0.26 0.28 0.3 0.32
Power (mW)
Fig. 10 — Generated voltage and power in terms of the wave

conditions with the changing shutter frequency from 60 Hz to 35 Hz

southwest monsoon from June to August, the
maximum significant wave height is around 1.5 to 2.4
m near to outer reef of lagoon area and around 3.5 m
swell waves in-between the Island groups™?!. The
wave period of the Lakshadweep Sea is in-between
4.8 to 14 s with an average of 8 s which implies that
the wave power per unit area would be around 24 to
48 kW. Adopting the same PEH power generation
technique for the higher wave period and 28 numbers
of piezo diaphragms connected in 4x7 series/parallel
connection a peak voltage of up to 16 V and power of
300 mW can be harnessed by regulating the current
through the load resistance of 10 KQ. Increasing the
number of piezo sensors would increase the net output
voltage and power compared to increasing the sizes of
the piezo diaphragm. The real-time environment

(open sea) exhibits irregular wave activity and the
acceleration of the buoy varies with the irregular
wave activity. The efficient bridge rectifier circuit and
voltage regulator will regulate the AC voltage and
power. The bridge rectifier and voltage regulator used
in this system regulates voltage maximum up to 24 V.
This harvesting technique will be very much useful
for coastal and offshore buoys to harvest power in a
hybrid approach during the failure in solar battery
charging during monsoon and unfavorable weathers.
Considering the limitations, regular maintenance of
piezo sensor setup is required and the system will
generate very less voltage if deployed in a very calm
environment.

Conclusion

The concept of coupling the piezoelectric
diaphragms to super balls increases the output of the
piezo diaphragms by four times due to resonant
vibration and wave acceleration. A maximum power
of 0.31 mW is generated for the wave power of 23.19 W
at the frequency of 60 Hz across 10 kQ resistance
using four piezoelectric diaphragms in the heaving
buoy. If the number of piezo sensor diaphragms is
increased to 28 and efficient materials are used to
fabricate the diaphragms, then the output also would
proportionally increase up to 16 V. These
experimental results specify that the PEH system has
a competence of low power generation with a range of
10 to 20 mW and it would be enhanced up to 300 mW
by a force of a higher excitation frequency.
Integration of the harvester setup inside the ocean
physical and met-oceanic buoy makes it a cost-
effective hybrid design; thereby making the setup
viable for powering up the onboard sensors for remote
oceanic applications.
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