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ABSTRACT

The technique of harvesting the energy from base structural vibration through a piezoelectric transducer attached
at an appropriate location on the vibrating structure is gaining popularity in recent years. Although the amount of
energy harvested depends on the type and magnitude of base excitation, the energy harvest under random excitation
as compared to equivalent harmonic excitations is not yet well understood and is investigated in this paper through
a cantilever energy harvester. Initially, the energy harvested under harmonic excitations is numerically simulated
and experimentally validated under increasing base accelerations with different load resistances. Subsequently, the
performance of this energy harvester is experimentally studied under random excitations. The results demonstrate
that the harvested energy (a) reaches maximum value when the base excitation matches the natural frequency of
the harvester, (b) increases with the increase in base accelerations irrespective of the type of excitation, and (c)
increases by 2-14 times under random excitations as compared to equivalent harmonic excitations i.e. under same
energy input. It is recommended that the energy harvester be used in aerospace structures where random vibration

amplitude is higher, to harvest more energy.

Keywords: Vibration energy harvester; Harmonic and random excitations; Numerical simulations; Base acceleration;

Power output

1. INTRODUCTION

The aerospace vehicles typically have hundreds to few
thousands of sensors at various locations for monitoring
various in-flight parameters like strain, temperature, pressure,
shock, velocity, acceleration, vibration, etc., on airframe,
wings, control systems, engine, landing gear, fuel/oxidiser
tanks, etc., for assessing the health of the structure and
subsystems. Conventionally, these wired sensors and data
acquisition systems suffer from complexities in cable harness,
large data sets and measurement points. These limitations
led to the development of wireless sensor network systems,
in recent years, which demand low-power electricity from
batteries located near sensors. But these are again challenged
by battery power, duration, cost of battery replacement, etc.
Therefore, generating low-power electricity from inevitable
base structural vibrations' ®using energy harvesters is emerging
as an alternate source of power for these applications.

Roundy!, et al. and others™ !¢ investigated and evaluated
different energy conversion mechanisms leading to optimised
designs for piezoelectric, electromagnetic, electrostatic, and
tribo-electric transducers. Anton and Sodano* showed that
the piezoelectric transduction is suitable for vibration energy
harvesting due to its high-power density and ease of application
of piezoelectric materials. Abdelkefi'’, et al. and Liu'3, et al.
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investigated the benefits of matching the natural frequencies
of an energy harvester with that of excitation to extract more
energy from vibrating structure and proposed that this will be
more effective with multiple matched resonant frequencies.
Ashraf®, et al. emphasised the design of an energy harvester for
low frequency excitation but reported the challenges of large
amplitudes, demanding large damping, dropping of average
power flowing into the harvester and the requirement of large
electromechanical coupling. Nechibvute®, et al. suggested that
a series bimorph device can be optimised for power generation
when the ratio of the length of the piezoelectric layer to that of
the proof mass is 50 %. Yu?!, et al. numerically investigated
a micro-clectro-mechanical system based piezoelectric
energy harvester (PEH) and showed improved energy storage
efficiency using an autonomous power conditioning circuit,
impedance matching, energy storage and voltage regulation.
Xu?? introduced four concepts of PEHs such as 1) cantilever
beam PEH, 2) flex-tensional PEH, 3) edge-clamped PEH, and
4) advanced PEH. He discussed their relative performances
and recommended flex-tensional PEH for maximum energy
harvesting. Tuma?, et al.introduced design methods of natural
frequency for double-piezoelectric cantilever beams.
Adhikari, et al** studied a non-linear piezo-magneto-
elastic energy harvester and demonstrated an increase in the
harvested energy for harmonic excitation with slowly varying
frequency. Kim?, et al. discussed the vibration analysis of
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cantilever-bimorph energy harvester having a proof mass at
the tip. Leng?, et al. investigated a tri-stable PEH with two
external magnets for studying the response of large-amplitude
and broadband voltage. Erturk?, et al. studied different
electromechanical models of PEH beams and provided
corrections and clarifications in modelling of PEHs. Soliman?,
et al. investigated the energy harvesters under wide band
excitation. Liu®, et al. discussed the energy harvest fromacoustic
vibrations adopting an electromechanical Helmholtz resonator.
Gibus®, et al. reported an analytical model for optimising
the electromechanical coupling of a vibration based energy
harvester. Shu’'33, et al. developed analytical expression for
power output under steady state operation. Ng*, et al. studied
a self-powered piezoelectric sensor, in which a piezoelectric
element is used as a power generator from vibration. On the
other hand, Renno®, et al. tried to optimise the power by
employing resistive and inductive loads. Several researchers®
38 developed different closed-form solutions for the optimal
conditions under deterministic excitations. In many cases,
the vibrational energy is non-harmonic or entirely stochastic,
with broad frequency content. Very few researchers®** have
investigated energy harvesting from random vibrations.

The vibration levels that excite the harvester vary
depending upon the application or the base structure on which
the harvester is mounted. The vibration can be with single
harmonic source, multiple harmonic source, a repeating step
/ ramp excitation or a random vibration with continuously
varying frequencies in a given frequency range. Most existing
research were under harmonic excitations either based on
theoretical (with simplified assumptions), or experimental
with base structure as machineries, bridges and pedestrian
pavements. Only few numerical studies based on FEA of these
harvesters are reported. Performance of these harvesters under
random excitations with continuously varying frequencies and
varying accelerations as experienced in aerospace vehicles are
not yet well explored and so are their relative assessment with
equivalent harmonic excitations.

The research reported in this paper addresses these
limitations through a piezoelectric cantilever energy harvester
(CEH) as illustrated in Fig. 1, where L is the length, /_is the
substrate thickness, hp is the piezo-layer thickness and R is the
resistive load. The beam resembles a composite structure (of
perfectly bonded isotropic) and follows Euler- Bernoulli beam
assumptions. Initially, the energy harvested under harmonic
excitations is numerically simulated under increasing base
accelerations with different load resistances and experimentally
validated. Subsequently, the performance of this PEH is
experimentally investigated under random excitations and
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Figure 1. CEH transversely excited by the translation and small
rotation at its base.
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compared with equivalent harmonic excitations. Further, this
paper presents the development of the experimental method
and procedure to perform these experiments on the energy
harvester.

2. NUMERICAL SIMULATION OF CEH UNDER

HARMONIC EXCITATION

The CEH subjected to a harmonic excitation at its base
structureisnumerically simulatedusingthe FEA code, ANSY S*.
Initially, the energy harvested under harmonic excitation
matching the natural frequency of the CEH is investigated.
This is followed by the prediction of its performance under
increasing base acceleration levels, typically for three different
load resistances.

2.1 Geometry and Material Properties

The CEH consists of a piezoelectric unimorph. The
piezo electric substrate used in present study is a semi-
crystalline PVDF (Polyvinylidene fluoride), LTD4-28K/L
of 40 pum thickness and bonded over an aluminium alloy
AA2014 base cantilever beam of dimensions 171x22x2 mm
as shown in Fig. 2(a) in which the geometry of the harvesting
structure with piezoelectric layer is shown in red colour and
aluminium substrate in grey colour. A ¢6 mm hole is provided
at the fixed end of this harvester for clamping with the base
exciting structure. The piezoelectric material is bonded to the
aluminium substructure by cyanoacrylate adhesive Mbond
200. The actual configuration of the harvester is shown in
Fig. 2(b). The properties of PVDF taken from manufacturer’s
data sheet are given in Table 1 which are used as inputs in FEA
simulations.

Table 1. Properties of PVDF substrate

Property Value Unit
Density 1780 kg/m?
23x 101 C/N
-33x 1012 C/N
216 x 103 Vm/N
-330x 10°  Vm/N

Piezoelectric strain constant (d, )
Piezoelectric strain constant (d,,)
Piezoelectric stress constant (g;,)
Piezoelectric stress constant (g,,)

Electromechanical coupling factor (k) 12.0% -
Electromechanical coupling factor (k) 14.0% -
Young’s modulus of elasticity (E) 4.0 GPa
Capacitance (C) 11.0 nF

2.2 Model setup for FEA

A simplified geometric model of CEH as shown in
Fig. 3(a) is modelled in ANSYS 18.1 Workbench Space
claim*. The FEA model with piezoelectric material properties
is prepared in PiezoAndMEMS extension module. This model
is made up of three parts a) aluminium alloy base structure, b)
piezoelectric material i.e. PVDF, and c) resistor. The PVDF
is attached to the aluminium substructure using a bonded
connection i.e. a rigid bond behaviour. All three components
of CEH are discretised for FEA. Aluminium alloy substructure
is discretised by 356 elements and PVDF by 60 elements.
Both are discretised by 20 node tetrahedron elements having
translational nodal degrees of freedom in x, y and z directions.
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Figure 2. Unimorph cantilever energy harvester: (a) Geometry
of cantilever energy harvester (all dimensions in mm)
and (b) Physical configuration.

The CIRCU 94 element is chosen to simulate basic linear
electric circuit components that can be directly connected to
the piezoelectric FEA domain. Since resistor is being used
as load, the keyopt (1) = O with resistance 102 kQ is chosen.
This resistor component is 1-dimensional and discretised
with single 1-D element which has two nodes, each node
having voltage as the degree of freedom.

The meshed FE model of the CEH with boundary
conditions is shown in Fig. 3(b). The material properties for
aluminium alloy substructure, piezoelectric material and
resistor are assigned for the FEA model as per the values
provided in Tables 1 and 2. Polystyrene material available
in database® is assigned to the resistor with a resistance
value of 102 kQ. The voltage degree of freedom at nodes 1
and 2 of resistor are coupled with the terminals of PVDF.

2.3 Numerical Simulation

Initially, in the first stage, modal analysis was carried
out for the CEH considering a damping coefficient of 0.02,
as shown in Fig. 3(a-b) and predicted a fundamental natural
frequency of 27.5 Hz as shown in Fig. 3(c).
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Table 2. Properties of aluminium alloy AA2014 material

Properties Value
Density (kg/m?) 2650
Modulus of elasticity (MPa) 70000
Poisson’s ratio 0.3

Subsequently, in the second stage, numerical simulations
were carried out on CEH subjected to a harmonic base structural
excitation at the fixed end with an acceleration level of 9.8 m/
s’i.e. at lg with a frequency varying from 10 Hz to 50 Hz
under a load resistance of 102 kQ. The plots for the voltage,
current and power generated with respect to the excitation
frequency are shown in Fig. 4. It is observed that the energy
harvested is maximum when the base excitation matches
the CEH’s natural frequency. The corresponding maximum
voltage, current and power harvested are 0.32 V, 3.15 pA
and 1.04 pW, respectively. It can be noted here that although
the modal analysis of CEH resulted in 27.5 Hz (as seen in
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Figure 3. FEA model set up and first mode shape of unimorph

cantilever energy harvester: (a) Geometry of FEA model,
(b) Discretised FE model with boundary condition (All
displacement components u_= u=u = 0 at left end), and
(c) First mode shape (at 27.5 Hz).
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Figure 4. Energy harvested from simulation versus experiment for R=102 kQ under harmonic excitation, (a) Voltage output and

(b) Current (npA) and power output (uW).
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Fig. 3c) as the fundamental natural frequency which was also
used for exciting the base structure harmonically, the maximum
response of voltage, current and power occurred at 26.5 Hz,
i.e. 1 Hz before the computed natural frequency. The reduction
of 1 Hz in present simulation is due to the inclusion of load
resistors which was not considered in the first stage of analysis
i.e. modal analysis. As the harvested energy is maximum only
at resonant frequencies, it can be concluded based on predicted
response that the fundamental frequency of CEH including
load resistors is 26.5 Hz only.

In the third stage, the simulations were repeated twice
with two more additional resistances of 150 kQ and 260 kQ
with frequency of excitation varying from 10 Hz to 50 Hz and
at 1g acceleration level to understand the performance with
increase in load resistances. The predictions reveal that the
harvested energy is always maximum when CEH is excited
at its natural frequency, irrespective of the magnitude of the
load resistance. As the load resistance is increased, the voltage
output increases and the current generated decreases. Maximum
voltages of 0.32'V, 0.37 V and 0.49 V and maximum currents
of 3.15 pA, 2.45 pA, and 1.85 pA were generated, respectively
at load resistances of 102 kQ, 150 kQ and 260 kQ as shown in
Fig. 5(a-b). On the other hand, as the load resistance is
increased, the power generated decreases but the decrease is
only marginal or negligible at 150 kQ and 260 k€. The power
generated is 1.04 pW at 102 kQ and it is only 0.93 pW at 150
kQ and 260 kQ as shown in Fig. 5(c). This demonstrates that
the power generated is almost constant beyond 150 k€ of load
resistance when base is excited with 1g acceleration.

In the fourth stage, further simulations were carried out
by exciting the base structure of CEH harmonically at natural
frequency and at different acceleration levels varying from 1g
to 10g with load resistance as 102 kQ. This is repeated with
two more additional load resistances of 150 kQ and 260 kQ
to investigate the harvested energy at increasing acceleration
levels and increasing load resistances. All excitations were
carried out at natural frequency in order to quantify the
maximum possible energy output. Figs. 6(a-c) respectively
show the plots of maximum voltage, current and power
generated by the CEH at three different load resistances with
respect to increasing base acceleration. As the load resistance
is increased, the voltage output increases and the current and
power generated decreases at any given acceleration level
but the voltage, current and power generated increases with
the increase in base acceleration. It is to be noted that the
decrease in power output when load resistances are increased
is predominantly visible only at higher acceleration levels as
seen in Fig. 6(c). On contrary, this decrease with increase in
load resistance beyond 150 kQ is negligible at 1g level of base
acceleration as seen in Fig. 5(c).

The increase in voltage output is from 0.32 Vto 1.44 V
with increase in base acceleration from 1g to 10g at 102 kQ
of load resistance. The corresponding increase is from 0.37 V
to 1.64 V and 0.49 V to 2.5 V, respectively at load resistances
of 150 kQ and 260 kQ as shown in Fig. 6(a). The increase in
current output is from 3.15 pAto 14.2 pA, 2.45 pAto 11.0 pA
and 1.85 pA to 7.8pA, respectively at load resistances of 102
kQ, 150 kQ and 260 kQ as shown in Fig. 6(b). The increase in
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Figure 5. Predicted frequency response of harvested energy for different load resistances under harmonic excitation: (a) Voltage
output, (b) Current output, and (c) Power output.
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Figure 6. Effect of base acceleration on harvested energy under harmonic excitation for three different load resistances: (a) Voltage

output, (b) Current output, and (c¢) Power (uW).
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power output is from 1.04 pW to 20.4 pW, 0.93 uW to 17.70
pW and 0.93 pW to 16.5 uW, respectively at load resistance of
102 kQ, 150 kQ and 260 kQ with increase in base acceleration
from 1g to 10g as shown in Fig. 6(c).

3.  EXPERIMENTS ON CEH UNDER HARMONIC
EXCITATION
The CEH is experimented by subjecting its base to a
harmonic excitation with increasing levels of accelerations,
individually at three different load resistances of 102 kQ, 150
kQ and 260 kQ.

3.1 Experimental Setup

The experimental setup is established as per the block
diagram shown in Fig. 7(a). Actual experimental setup is
shown in Fig. 7(b) and the details of CEH mounted over the
vibration Shaker is shown in Fig. 7(c). An accelerometer is
mounted over the Shaker for controlling the input excitations
in closed loop. The apparatus employed in experimental set up
is briefly described here.

Shaker and controller: The vibration shaker used
for imparting the base structure’s vibrational excitation is
electrodynamic type with inbuilt controller having a capacity
of 22.2 kN whose make: LDS, and model: V850-440SPA32K.

Energy harvester: The energy harvester is a cantilever

Controller | we | Shaker | s | = as_l:ng

|

Data Acquisition
system

(@

’ Harvesting structure I

Controller Data acquisition system

Accelerator
for control

(©
Figure 7. Experimental setup: (a) Block diagram of experimental
setup, (b) Actual experimental setup, and (c) Energy
harvester mounted over shaker with an accelerometer
for control.

type. The piezo-electric material is PVDF of 40 pm thickness
bonded over an AA 2014 beam of 171 mm x 22 mm x 2 mm
dimensions. The geometry and material properties of this CEH
are as explained in Sec-3.1.

Data acquisition system (DAS): The DAS is HBM make
with MX1601B model. This is used to measure and record the
voltages across the load resistances when the energy harvester
is excited on the Shaker.

Two resistors R and R, are connected in series to facilitate
the measurement of voltages ¥, and ¥, as shown in Fig. 8.In
the present experimental setup, R, = R,. Two channels in DAS
are used for the measurement of voltages. V', gives the voltage
generated across the total load (R = 2R ) and V, gives the
voltage across the single resistor (R ) for calculation of current
and power.

MX1601B HBM

Channel-2

Figure 8. Experimental measurement setup for harvested
voltage.

3.2 Experiments

The experiments were carried out in two stages under
harmonic excitations to validate the corresponding numerical
simulations. In the first stage, CEH was subjected to a harmonic
base structural excitation at the fixed end with an acceleration
level of 1g at a frequency varying from 10 Hz to 50 Hz with a
load resistance of 102 kQ. The fundamental natural frequency
of 26.5 Hz was obtained for the CEH from the measured
frequency response. In the second stage, experiments were
carried out by exciting the base of CEH harmonically at natural
frequency with different acceleration levels varying from Ig
to 10g with load resistance as 102 kQ. This was repeated with
two more additional load resistances of 150 k€ and 260 kQ to
experimentally investigate the harvested energy at increasing
acceleration levels and increasing load resistances.

3.2.1 Harmonic Excitation at 1g with A Load
Resistance

The CEH was mounted over the vibration table on top
of the Shaker. The vibration table acts as a base structure for
the CEH. An accelerometer was additionally mounted on top
of the vibration table away from CEH as shown in Fig. 7(c).
This was mounted to feedback and control the achieved
vibration level in a closed loop control system. The terminals
of PVDF on unimorph CEH were connected to the two equal
load resistors of R, = 51 kQ and then to the DAS as shown in
Fig. 8, which in turn was connected to the Computer. At 1g
level of acceleration, the Shaker was programmed and provided
a harmonic excitation to the vibration table starting from 10
Hz until 50 Hz. This range was finalised based on predicted
fundamental natural frequency from numerical simulations,
discussed in Sec-2.3. This frequency range covered the base
excitation of approximately £20 Hz with respect to the natural
frequency of 27.5 Hz of the CEH. The voltage generated in
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CEH across the two channels 7, and V, were recorded. From
the recorded voltages, the current /, was calculated through
Ohm’s law as /=V/R . The power P was calculated as P=I"R.
The voltages, current and power harvested from CEH are
plotted in Figs. 4(a-b).

3.2.2 Harmonic Excitations from 1g-10g with Three
Different Load Resistances

Theresults of aforementioned simulations and experiments
have shown that the harvested energy is maximum when the
base excitation matches the natural frequency of the CEH.
Therefore, the experiments were carried out by exciting the
base structure of CEH harmonically at 27.5 Hz i.e. at natural
frequency with different acceleration levels varying from
lg to 10g with load resistance R = 102 kQ. The voltages
generated across two channels V, and V, were measured and
recorded. Similar to the procedure mentioned in Sec-3.2.1,
the current and power generated from each acceleration level
of excitation were computed. This experiment was repeated
with two more additional load resistances of 150 k€ and 260
kQ individually to experimentally investigate the harvested
energy at increasing acceleration levels and increasing load
resistances. The voltage, current and power harvested from
CEH under increasing acceleration levels from 1g to 10g for
three load resistances 102 kQ (R = R, = 51 kQ), 150 kQ (R =
R, = 75 kQ) and 260 kQ (R = R, =130 k) are plotted in
Fig. 6(a-c). The energy harvested and its trend are closely
matching with results of numerical simulation.

4. COMPARISON OF EXPERIMENTS AND
SIMULATIONS UNDER HARMONIC
EXCITATION
The results from numerical simulations and experiments

on CEH under base structural harmonic excitation are compared

here. Initially, the frequency response of CEH under harmonic
excitation ranging from 10 Hz to 50 Hz atan acceleration level of

lg for a load resistance of 102 kQ are compared in Figs. 4(a-b).

Although the experimental results were closely matching with

results of numerical simulations, the numerical simulations

slightly over predicted the maximum responses occurred at
resonance for the load resistance. Even the fundamental natural
frequency of CEH including load resistors predicted from
simulation is 26.5 Hz against the experimentally determined
value of 27.5 Hz. This difference of 1.0 Hz in experimental
value of natural frequency may be attributed to slight difference
in mass of CEH due to wire terminals connecting the CEH to
the DAS and mass of resistors in the circuit. Due to the same
reason, there is a slight reduction in maximum harvested energy
at resonance in experiments. However, it can be observed that
the area under the curve of power generated from experiment
and simulation shown in Fig. 4 (b) remains almost same which
represents that the energy harvested is same irrespective of the
above said differences between experiment and simulation in
terms of maximum harvested energy and natural frequency.
The comparison of energy harvested for three different
load resistances under harmonic excitations at 1g are shown in

Figs. 5(a-c) which show that as the load resistance increases,

the harvested voltage increases with decrease in the current and
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generated power. However, the reduction in power generated
is insignificant beyond 150 kQ load resistance as shown in
Fig. 5(c). The comparison of harvested energy under base
harmonic excitations at increasing acceleration levels from
lg to 10g for three different load resistances 102 kQ, 150
kQ and 260 kQ are shown in Figs. 6(a-c). All results clearly
show that the harvested energy increases with increase in base
acceleration levels. However, the trend in increase in voltage
and reduction in generated current and power with the increase
in load resistances are same as observed in 1g acceleration level
shown in Figure 5. The decrease in power output with increase
in load resistance is predominantly visible with increase in
base acceleration levels as seen in Fig. 6(c) as compared to that
in Fig. 5(c).

5. EXPERIMENT ON CEH UNDER RANDOM

EXCITATION

The CEH was experimented by subjecting its base to a
random excitation with frequency bandwidth ranging from 10
Hz to 100 Hz with acceleration spectral density ranging from
0.011 g/H, to 0.71 g/H, . The range of adopted acceleration
spectral density corresponds to an increasing level of equivalent
accelerations (root mean square, i.e. rms) ranging from 1g_ to
8g, .. The frequency bandwidth is selected to cover up to at
least three times the measured fundamental natural frequency of
26.5 Hz. The experimental setup, the method of measurement,
recording of voltages and computation of generated current and
power from recorded voltages are same as adopted in previous
experiments under harmonic excitation explained in Sec-
3.2.1. The experiments were conducted individually at each
acceleration level (g to 8g_ ) at a load resistance of 102
kQ. This experiment was repeated with two more additional
resistances of 150 kQ and 260 kQ.

The results generated from random excitation are shown
in Figs. 9(a-c). The energy harvested increases with the
increase in the base excitation i.e. base acceleration level for
any given load resistance. When the load resistance increases,
the voltage and power generated increase and the current
generated decreases.

6. COMPARISON OF HARVESTED ENERGY
UNDER RANDOM AND HARMONIC
VIBRATIONS
The experimentally harvested energy from CEH under

harmonic and random vibrations (i.e. base excitations) with

increase in base acceleration levels for three different load
resistances are shown in Figs. 10(a-c). The range of harvested
energy (voltage, current and power) with the increase in
acceleration levels under both excitations for three load
resistances are shown in Table 3. These comparisons clearly
demonstrate that the equivalent random excitation yields
higher energy output and the harvested energy increases almost
parabolically with increase in base accelerations as compared
to linear increase in harvested energy in the case of harmonic
excitation.

The ratio of power harvested from random-to-harmonic
excitations with increase in base acceleration is shown in

Fig. 11 for three load resistances. This figure indicates that
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Figure 9. Effect of base acceleration on harvested energy under random excitation for three different load resistances: (a) Voltage
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Figure 10. Harvested energy under random versus harmonic excitations for three different load resistances, under increasing base
acceleration: (a) Voltage output, (b) Current output, and (c) Power output.

Table 3.
from experiments

Range of harvested energy under harmonic and random excitations under increasing acceleration levels from 1g to 10g

Load Harmonic excitation

Random excitation

(k€2)

Voltage (V) Current (pA)

Power (nW)

Voltage (V)  Current (pA) Power (nW)

102
150
260

0.30-1.20
0.34-1.40
0.46-1.70

2.90-11.70
2.40-9.30
1.70 - 6.50

0.88—-14.11
0.86—13.06
0.81—-11.11

0.40 —3.60
0.60 —4.80
0.80 - 6.60

4.1-35.0
4.0-32.0
3.0-24.0

1.70 - 127.0
2.40-154.0
2.46—-157.0

16

12

Power ratio

2 3 4 5 6 7

Acceleration (gorg, )

8

Figure 11. Ratio of harvested power between equivalent random
and harmonic excitations under increasing base
acceleration.

the power harvested under random excitation is 2-9 times
higher for 102 kQ, 2.8-11.8 times higher for 150 kQ and 3-14
times higher for 260 kQ as compared to power harvested
under equivalent harmonic excitations. This demonstrate that
maximum energy can be harvested when CEH is employed on
base structures undergoing random vibrations as in the case of
aerospace vehicles. The summary of voltage, current and power
harvested from CEH under harmonic and random excitations
with increasing load resistances and base accelerations is
quantitatively provided in Table 3 and qualitatively in Table 4.
It can be observed here that the voltage and current variations
with respect to both increase in base random excitations from
lg  to 8g  and increase in load resistances are similar to
that of the harmonic base excitations. But the power generated
increases with increase load resistance unlike the behaviour
under harmonic excitations. But, the magnitude of harvested
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Table 4. Qualitative summary of harvested energy under
harmonic and random excitations
Variation with load Variation with

Parameter resistance acceleration level

Harmonic Random  Harmonic Random
Voltage Increases Increases Increases Increases
Current Decreases  Decreases Increases Increases
Power Decreases Increases Increases Increases

energy under random excitation are relatively high compared
to equivalent harmonic excitations.

7. CONCLUSIONS
This paper investigated the cantilever energy harvester

made of PVDF and aluminium in unimorph configuration.

The amount of energy harvested under random excitation as

compared to equivalent harmonic excitations is clarified here

which was not well understood in literature. This research
highlighted the development of numerical simulation and
experimental procedure and quantified the energy harvested
under harmonic excitations through simulations and
experiments under increasing base accelerations (1g to 10g)

for three different load resistances 102 kQ, 150 kQ and 260

kQ. Experimental results agreed well with simulations.

Subsequently, the relative performance of this energy

harvester was experimentally studied under equivalent random

excitations. The following important conclusions can be drawn
from the paper.

e The harvested energy is maximum when the base
excitation matches the natural frequency of the harvester.

e  The harvested energy increases with increase in base
accelerations irrespective of the type of excitation.

e  Under increasing load resistance at any given base
acceleration, the harvested voltage increases and the
current and power decrease in the case of harmonic
excitation, whereas the harvested voltage and power
increase and the current decreases in the case of random
excitation.

e  The decrease in power harvested with increase in load
resistance under harmonic excitation is predominantly
distinguishable with increasing base acceleration.

e  The increase in power harvested is 2-14 times higher in
random excitations as compared to equivalent harmonic
excitations, with increase in equivalent base accelerations
ranging from 1g to 8g for three different loads adopted in
experiments.

e  This cantilever energy harvester is recommended to be
used in aerospace structures where random vibration
amplitude is higher, to harvest more energy.
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