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Abstract—The vibrational energy harvesting has been
essentially applied to power up low-power electronics,
microsystems, and wireless sensors especially in the areas of
Internet of Things (IoT) devices. This paper investigates the
prospect of incorporating nonlinearity in a unimorph
piezoelectric cantilever beam with a tip magnet placed under a
harmonic base excitation in 10T enabled environment. An
empirical and theoretical analysis on the impact of various
parameters such as spacing distance between magnets, presence
of magnetic tip mass and positioning of vibrational source on the
frequency response output was performed. It was observed that
the largest spectrum of frequency can be produced when at the
lowest resonant frequency of the cantilever. The positioning of
vibrational source deeply impacts the hysteresis region and
frequency range in realizing broadband energy harvesting. The
inclusiveness of vibration source on both the cantilever beam as
well as the external magnets impacts the energy harvester in
terms of frequency range and the minimal distance for bistable
condition.
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I.  INTRODUCTION

The innovations in low power electronics for Internet of
Things (IoT) in a variety of capacities ranging from health
facilities, smart homes, and security surveillance has been
extensively researched in the literatures [1, 2]. These low
power sensors and devices traditionally function using batteries
that have a limited lifespan. As the demand of sustainability in
IoT devices increases, the need to recharge or replace these
conventional batteries are essential to ensure the system is fully
operational thoroughly [3]. The application of piezoelectric
cantilever effect in transforming surrounding mechanical
vibration energy to operational electrical energy has gained
significant research interest progressively over the years. The
vibrational energy harvesting has been applied widely to
supply electrical energy to power up low-power electronics,
microsystems, and wireless sensors [4-6]. It has also been
regarded as an alternative source to chemical batteries that are
relatively small and have restricted life duration. Piezoelectric
energy harvesters are usually integrated in areas where the
usage of batteries is unfeasible and inappropriate. The most
commonly  deliberated  vibration-to-electrical ~ energy
conversion mechanism in the literature is modeled using either
electromagnetic, electrostatic, magnetostrictive, triboelectric or
piezoelectric energy mechanism [7-9].
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The single cantilever piezoelectric energy harvester (PEH)
that was projected irrespective of load as a linear resonator
does not provide efficient operating frequency as it
characteristically suffers from a constricted operating
frequency range [10]. The simplicity in incorporating
piezoelectric harvesters has encouraged in-depth research to
increase its performance and extending its operational
frequency spectrum. Since piezoelectric energy harvester is a
resonant-based model, one of the requirements to obtain
maximize electrical power output is to ensure that the
excitation frequency of the ambient surroundings matches to
the resonant frequency of the harvester [11, 12]. A minor
frequency disparity or deviations from the harvester resonant
frequency will significantly reduce the harvested power as the
imparted stress-strain effect in the piezoelectric mechanism has
been affected accordingly. Unfortunately, in real world
circumstances, the frequency spectrum of the vibrational
energy in ambient environment changes dynamically and can
be unpredictable over time [13]. In order to mitigate this issue,
evolutions in design and parameters of the piezoelectric energy
harvesting system has been expanded in several aspects such as
altering design configurations [14, 15], manipulating
mechanical nonlinearities [16, 17], and improving electronic
circuitry [18, 19] with intentions to increases the spectrum of
operational frequency and thus its power output. These
innovations have seen viable success in its intended purpose to
provide better solutions for vibrational energy harvesters [20].

In view of the design aspects discussed in the literatures,
most of the methodology focuses on either tuning the resonant
frequency or broadening the operational frequency spectrum of
the energy harvester [21, 22]. For techniques involving active
resonant frequency tuning, the resultant development of the
energy harvester may not be practicable as the tuning of the
actuators actually consume more power than the device can
harvest [23, 24]. In passive resonant tuning, the increase usage
of sensors and actuators indirectly create an upsurge in cost and
intricacy of the system [25]. Current research for increasing the
bandwidth of the operating frequency has developed positive
prospective in recent years in terms of extending range of
frequencies to be processed [26-29]. This innovative strategy
allows the energy harvester to response to several vibration
frequency excitations at the same time. There is no tuning
mechanism involved; however, there may be a decrease of
maximum power harvested at the instance. The strategies
involved in widening the operational frequency spectrum
includes designing an array of piezoelectric cantilevers as
generators [30], introducing mechanical stopper to limit the
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harvester amplitude [31], and accustoming nonlinearities into
the harvester system through bistable configurations [32, 33].
Many researchers have enthusiastically expanded the bistable
configurations which comprises of two stable equilibria energy
states created by the exploitations of magnetic field force [34,
35]. Further exploration in the effect of restoring force by
magnets and its nonlinearity may create the opportunity to
extend the bandwidth of operating frequency in the energy
harvesting system. With these motivations, the empirical study
in this research paper thus focuses on widening the operational
frequency spectrum through exploitations of magnetic field. In
the literatures, most researchers study the impact of permanent
magnets when only the piezoelectric cantilever was placed
under seismic vibration while the external magnets were
assumed to be static [36-39]. Some researchers also studied the
impact of permanent magnets when both the piezoelectric
cantilever beam and external magnet are placed under the same
vibration. As the beam and its external magnet of the
piezoelectric energy harvester are usually designed inclusively
and placed together on the same vibrating platform, both the
beam and external magnets will experience the same vibration
and will counteract during vibration. Thus, the need to analyse
and model a nonlinear energy harvesting system based on the
positioning of vibration source is essential for further
improvement of broadband energy harvesting.

In this paper, the noteworthy impact in terms of resonant
frequency and the voltage output of the piezoelectric energy
harvesting system as the relative distance between two fixed
magnets in repulsion mode varies horizontally was
investigated. The proposed model is designed by incorporating
magnets as mass on the single unimorph piezoelectric
cantilever beam and inducing the effects of magnetic field
force to control the stress-strain effect in the cantilever beam.
This paper discusses an experimental analysis on the effect of
using magnets and its variations in spacing range towards the
bandwidth of frequency spectrum for a wideband bistable
energy harvesting system. Furthermore, the influence of
positioning the vibration source on either the cantilever beam
or both the beam and external magnets are compared to analyse
its effect on the resonance frequency and voltage output of the
energy harvester. A comparison in term of resonance
frequency, output voltage and its spectrum of frequency
between both scenarios will be done accordingly.

This paper is organized as follows. Firstly, the research
methodology and its concept in using the magnets as load for
the piezoelectric cantilever are described in Section 2.
Furthermore, Section 3 presents the consequence of extending
the horizontal displacement between the two magnets on the
piezoelectric resonant frequency. In Section 4, further
investigation is done to observe the consequential outcome of
spacing distance between magnets on the performance of the
harvester. Lastly, a summary of the overall research results in
the paper is established and elaborated in the final section.

Il. THEORETICAL ANALYSIS

A. Modeling and Design Analysis

The design of the bistable piezoelectric energy harvesting
system involves a unimorph piezoelectric cantilever beam and
two magnets that will be applied as mass and also for its
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repulsive-attractive mechanism. The piezoelectric cantilever is
setup by clamping one of its end firmly onto the vibration
shaker with the aim to decrease the effect of gravity. At the
other free end of the cantilever beam, a magnetic mass that
weighs approximately 0.75 gram will be fixed to the
piezoelectric cantilever to behave as a mass as well as to be
responsible for providing the magnetic force restoration for the
system. Subsequently, an additional alike magnetic mass is
secured in a fixed location but is positioned in reverse polarity
compared with the magnetic mass on the cantilever free end.
During the experiment, the magnet in the fixed position will be
displaced along the x-axis accordingly to provide displacement,
d. The setup of these magnets will provide a variation of
repulsive magnetic force strength as the distance between both
magnets adjusted accordingly. The controllable vibration
shaker functions to provide a transverse harmonic displacement
for the piezoelectric cantilever throughout the experiment. In
this paper, a comparison will be done to observe the impact of
the magnets on the resonance frequency and voltage output
when the vibration source is placed differently as illustrated in
Fig. 1. In Fig. 1(a), the piezoelectric cantilever beam is placed
on the vibration shaker and the magnetic mass is fixed to a
stationary structure, namely piezoelectric beam with stationary
magnet (PSM) system. While in Fig. 1(b), both the
piezoelectric cantilever beam and the fixed magnet will be
placed under the same vibration source applying the same base
excitations, namely piezoelectric cantilever under the same
vibration (PVM) system.
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Fig. 1. Setup of Piezoelectric Energy Harvester for (a) PSM (b) PVM.

In electromechanical modeling, a linear resonant
piezoelectric harvester can be represented based on Euler-
Bernoulli beam equation. In Fig. 1, if the magnets are taken out
and replaced with a similar sized mass, the piezoelectric
harvester becomes a linear system that can be described using
the governing electromechanical model, as in (1) and (2).
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Mx(£) + Cx'(t) + Kx(t) — Bv(t) = F(£) )

: v(t) .
C,o(t) + 7 T fi(t)=0 @)

Where M and C denotes the total mass and damping
experienced by the energy harvester respectively. K and 6
characterize the effective stiffness and the equivalent linear
piezoelectric  electromechanical coupling coefficient. C,
characterizes the corresponding capacitance of the piezoelectric
substance and v(t) denotes the voltage across the external load
resistance, R. The vertical tip displacement of the mass is
represented by x(t) while F(t) is force mechanically induced by
the surrounding vibration excitation [40-42].

When the proof mass of the energy harvester is
interchanged with magnets and arranged in repulsive mode, a
magnetic repulsive force, F,, exists between the magnets and
eventually changes the linear system defined by (1) and (2) to
be magnetically coupled non-linear piezoelectric harvester. The
non-linear energy harvesting system can then be described, as
in (3) and (4).

Mi(t) + Ci(t) + Kx(t) — 8v(t) = F(t) + F,, 3)

v(t)
Co(t)+—+8x(t) =10
pO(0) + = + 61(0) @
Where the nonlinear magnetic force, F;, can be articulated
as the polynomial equation of.

Frp = px(t) + Ax3(2) (5)

B. Effect of Distance on Interaction between Magnets

Since the stiffness of the piezoelectric cantilever beam is
dependent on the magnetic force in the system, the position and
distance between magnets will also be one of the factors that
will determine the energy harvester performance. In order to
create bistability, two magnets are placed in opposite polarity
with a specific distance, d along the x-axis of the beam as
illustrated in Fig. 2. Due to the magnetic repulsive force, F
amid the magnets, the actual bending of the beam tip can be
characterized as the vertical displacement, h of the tip mass.

Theoretically, a magnetic repulsive force, Fy exists
between the magnets and its magnitude will decrease as the
distance, d between the magnet increases. In order to observe
the impact of this repulsive force on the system, a simplified
lumped parameter model is used to represent the physical
system as well as to approximate the effect of distance to the
respective force as shown in Fig. 3.

Displacement, d

Fig. 2. A Piezoelectric System with Adjustable Distance between Magnets.
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Fig. 3. A Simplified Lumped Parameter Model for the Piezoeletric System.

The total mass, m of the energy harvester system is
determined by the effective mass of the first flexural mode of
the beam plus the magnetic mass, while the effective spring
stiffness, k denotes the elastic response of the piezoelectric
cantilever beam [40]. The repulsive force, F, is assumed to
have a constant magnitude for a given value of distance, d
provided that the angle & is reasonably small. Thus, as the mass
on the cantilever tip moves, the repulsive force, F, changes in
the direction by an angle a. Since the longitudinal stiffness of
the piezoelectric cantilever is assumed to be adequately high,
the horizontal component of the repulsive force, F, will be
balanced off. The vertical component of the repulsive force,
Fnw which affects the stiffness and motion of the energy
harvester can be described as.

F,,=F,sina ©)
The distance, d between the magnets and its relation to the

vertical mass displacement, h can be written as.

h=dtana 0

Consequently, the resultant relationship between the
distance, d and the vertical constituent of the repulsive force,
F. can be further deduced as.

h
VaZ+h? ®)

Applying Taylor series expansion around x=0 up to the
third term, the vertical force, F,,, can be represented as.

Fop = Fpsina = F,

E, F
Fy 27X = 5 3% )

It is noted that the vertical force, F, is a nonlinear third
order polynomial function which matches the assumption
earlier for magnetic response cantilever system. From the
derived equations, it is observed that as the distance, d
increases, the vertical force, F,, will decrease accordingly.
Since the repulsive force, F, is also a function of distance, d,
this simply indicates that as the relative distance between the
magnets decreases, the resultant magnetic force applied on the
cantilever system increases and hence the potential energy of
the energy harvesting system will change accordingly.

As the mass, m being repositioned from its equilibrium
point, the total force, Fi acting on the mass, m as shown in
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Fig.3 will be the summation of the spring restoring force, F,

and the counter-restoring vertical force, Fy, that is described
as.

F

m .3
T2a%"

Fm
anm! = Fs + F‘mv = _kbs'crmx + Fx (10)

The potential energy, E(x) of the energy harvesting system

is then deduced as.
E(x)z—fF dle(k —F—m)x2+—m:::4
total 2 beam d 8d3 (11)

As the distance between the magnets increases, it is
perceived that the repulsive magnetic force, F, will also be
reduced significantly and when it decreases until zero, the
energy harvesting system will become a linear system. Fig. 4
shows the graph for potential energy, E(x) of the energy

harvesting system for diverse values of repulsive magnetic
force per distance.

E,

When the repulsive magnetic force per distance is less than
or equal to the cantilever beam stiffness, kuyeam, the potential
energy, E(x) of the energy harvester will have only one stable
equilibrium position at its origin. In this circumstance, the
system is said to be working under monostable condition and is
still characterized under linear system. As the repulsive
magnetic force per distance increases and exceeds the
cantilever beam stiffness, Kpeam, the potential energy, E(x) will
exhibit a bistable behavior whereby a symmetric double well
with an unstable equilibrium position at the origin and two
stable equilibrium positions exist within the energy harvester.
When the system is working under bistable condition, the
cantilever beam will oscillate within the stable equilibrium
positions in each energy well as it will interchange from one

equilibrium state to another when the external vibration energy
is sufficiently high.
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Fig. 4. Potential Energy, E(x) for Monostable and Bistable Conditions.
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The change in the potential energy of the cantilever beam
basically results in a monostable or bistable characteristics in
the energy harvesting system allowing the system to work
differently based on the diverse requirements in the vibration
environment. If the system is working under bistable behavior,
the cantilever beam is able to switch between two equilibrium
states, thus expanding the possibility of harvesting energy in a
wider spectrum of vibrational frequency. Therefore, in order to
achieve bistability in the system, the distance between the
magnets should be sufficiently low enough to achieve the
condition where the repulsive magnetic force per distance
exceeds the stiffness of the cantilever beam, Kyean.

C. Effect of Magnetic Stiffness on Resonance Frequency

For a linear piezoelectric harvester with effective mass, m,

the resonant frequency of the linear energy harvesting system
can be described as.

k&gam

Wpeam = |

" (12)
When the tip mass is replaced with a magnet and the
energy harvesting system is deliberated as presented in Fig. 1,
the resultant magnetic force will vary the stiffness of the
cantilever beam, kg resulting in a change of resonance
frequency. Consequently, the resonance frequency of the
energy harvester will now be dependent on the stiffness linked
to the magnetic force as well as the rigidity of the cantilever
beam. The effective stiffness and the weight of the magnet will
essentially determine the resonant frequency of the energy
harvesting system. In order to parametrically model the
influence of the magnetic strength and spectrum on the
stiffness of the cantilever beam, a lumped parameter model
was proposed to characterize the nonlinear system.

Fig. 5 illustrates the lumped parameter model of the
nonlinear energy harvesting system as a consequence of
additional stiffness acquaint with the repulsive magnetic force.
The resultant force contributed by the repulsive magnetic force
is demonstrated as a variable spring where the stiffness of the
spring is subjected to the variation of the magnetic force with
respect to the relative distance between both of the magnets.

As a result, the total effective stiffness and its resonant
frequency of the energy harvester can be further deduced as

Hs'ff = Hbmm + Kmqgﬂgz

(13)
Werr = q'E "
N S
Kmagnet kbeam
Fig. 5.

Lumped Parameter Model for Nonlinear Energy Harvesting System.
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Theoretically, as the magnetic force on the beam increases,
the stress/strain imposed on the cantilever beam will also
increase accordingly. Consequently, the resonance frequency
will also change depending on the attractive or repulsive mode
of the magnets and the resultant stiffness at the mass tip of the
cantilever. It should be noted that stress induced by the
magnets should not be larger than the yield stress of the beam
for repulsive magnetic mode. By deducing the equations, one
can tune the desired resonant frequency, wyneg from the original
beam frequency, wpeam OF the energy harvester by determining
the appropriate magnetic stiffness using the equation.

— 2 — 2 2
Kmqgngz - mgffwrumd - Kbmm - mgff(wrumd - wbgamj (15)

I11. RESULT AND DISCUSSION

A. Design of Experiment

To assess the feasibility of the nonlinear energy harvester,
a prototype of the system was built and verified in the
laboratory. Fig. 6 shows the apparatus and design of the
experimental structure for the energy harvesting system. The
vibration shaker was used to produce the controllable vibration
base excitation to the whole system throughout the experiment.
A piezoelectric strip with dimensions of 1.25 x 0.5 x 0.02 inch,
weighing 1.372 gram was used as the cantilever beam in the
system. Fig. 7 illustrates the dimension of the piezoelectric
cantilever applied throughout the experiment. A permanent
magnet weighing 0.75 gram was secured at the free end tip of
the cantilever beam while another magnet with opposing
polarity was fixed on an external stationary structure with the
purpose to adjust the distance between the magnets. The
magnets were arranged in repulsive mode and were displaced
in the direction of x-axis.

The empirical study of the bistable energy harvesting
system was divided into two classifications. The initial part of
the experiment comprises of analysis on the effect of the
spacing displacement, d between two of the repulsive magnets
on the resonant frequency of the system. In the subsequent
experiment, the performance in terms of voltage output of the
piezoelectric energy harvester was further examined according
to the variety of the relative distance between the two repulsive
magnets. Through the variation of distance between the
magnetic mass, the stiffness of the cantilever beam can be
regulated to obtain the desired frequency range. As the relative
displacement between both of the repulsive magnets decreases,
the stationary location of the cantilever beam changes
accordingly. The variation of stationary point is reliant on the
extent of hardening influence on the piezoelectric cantilever as
the relative displacement between the two repulsive magnets
changes.

Furthermore, as discussed in the previous sections, both of
these experiments were done under two different circumstances
scenarios. One of the scenarios involves pairing of the static
magnetic mass under stationary condition while another
scenario involves pairing of the static magnetic mass under
similar vibration source, as depicted in Fig. 1. The frequency
response curve for both scenarios was investigated
respectively. The impact of spacing displacement on the
magnetic force that affects the bistability of the energy
harvesting system was also observed accordingly.
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Fig. 8. Top View of Experiment Apparatus of the Piezoelectric Energy
Harvester with Displacement in x-axis.

Fig. 8 illustrates the top view of the apparatus setup with
horizontal spacing displacement in x-axis between the two
magnets. For this setup, the energy harvester involves pairing
of the static magnetic mass under stationary condition. During
the experiment, the static magnet was adjusted and move away
from the piezoelectric cantilever beam to observe the impact of
magnetic force on the system. The spacing displacement
between the magnets was measured from the center of the
respective repulsive magnets.
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B. Effect of Spacing Displacement on Resonant Frequency

An analysis on the effect of applying magnetic forces in the
adjustment of the resonance frequency of the energy harvesting
system has been investigated as follows. In the first part of the
experiment, the fixed magnet is placed under stationary
condition to observe the influence on the resonant frequency of
the energy harvester as presented in Fig. 1(a). The static
magnet is then displaced along the x-axis, making sure there is
no displacement in the y-axis and z-axis between the two
repulsive magnets in the system. The deviations of the resonant
frequency as a function of spacing distance for PSM system is
then plotted as presented in Fig. 9(a). Based on the observation,
as the magnets were moved closer to each other from large
distances, the system tends to behave as monostable linear
system with decreasing resonance frequency until it reaches the
condition where the repulsive magnetic force per distance,
exceeds the stiffness of the cantilever beam, Kyeam. Subsequent
to this condition, when the magnets are pushed further and are
sufficiently close, the resonant frequency tend to increase
drastically creating bistability condition for the system. In this
circumstance, the system has the ability to interchange between
two equilibrium states and the fluctuation of the tip
displacement can surge substantially if the base excitation level
is increased sufficiently.

Further analysis on the PSM system results shows that for
spacing displacement above 8 mm as in region IV, the resonant
frequency of the energy harvesting system tends to stabilize,
indicating the waning of repulsive force by the magnets. As the
relative displacement between the magnets decreases, the
resonant frequency of the system seems to decrease
accordingly, as shown in region Ill. It is also observed that for
displacement ranges between 3 mm and 4 mm (region Il), there
is a sharp decrease of resonant frequency up to its minimum
frequency of 114 Hz. It is then followed by a sharp increase of
resonant frequency (region 1) as we decrease the spacing
displacement, placing the magnets into stronger repulsive
mode. As the strength of the repulsive magnet force increases,
the piezoelectric cantilever beam responded accordingly
through the change in its static position and bending effect,
subsequently triggering a drastic adjustment in the resonant
frequency response. At this point, the energy harvester will be
working under bistable condition. Thus, the resultant analysis
displays that in order to ensure that the energy harvesting
system is working under bistable mode; the minimum
requirement for the distance between the repulsive magnets is
less than 3 mm.

In the second part of the experiment, the fixed magnet is
placed under the same vibration source as the piezoelectric
cantilever beam to observe the effect on its resonant frequency
as demonstrated in Fig. 1(b). Fig. 9(b) illustrates the variations
of the resonant frequency when the spacing distance between
two magnets is altered accordingly under the common
vibration source for PVM system. It is observed that a similar
pattern of resonant frequency is obtained in comparison with
the PSM system. However, the change of resonant frequency
may not be as abrupt compared to the static magnetic mass
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under stationary condition. Based on the analysis, the resonant
frequency of the system stabilizes as the distance between both
magnets increases above 6mm, as shown in region Ill. As we
move the magnets to closer to each other, the resonant
frequency of the PVM system decreases gradually for distances
between 4 mm to 6 mm (region Il). In this setup, the energy
harvesting system began to function as a bistable system for
magnetic distances below 4 mm (Region I).

For the significance of this investigation, it is perceived that
the repulsive influence between the magnets tend to stabilize
only at displacement beyond 6 mm for the energy harvesting
system. For relatively smaller distance of the spacing
displacement, the increase of hardening influence between the
magnets causes further bending effect on the cantilever and
thus creates bistability of the resonant frequency in the system.
In comparison between both of the systems, the PVM system
seems to provide more feasible design for the energy harvester
and it was able to achieve its bistablility mode for larger
threshold distance between magnets. This proves that the
design of the nonlinear energy harvester should include the
effect of vibration source on both the piezoelectric cantilever
beam as well as the fixed magnet on the external structure.
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Furthermore, the resultant graph for both experiments are
also consistent with the theoretical expectations, endorsing that
the cantilever beam leaps between two stable states for
sufficiently close magnetic distance and adequate base
excitation as demonstrated in Fig. 4. This change in resonance
frequency due to the spacing displacement of the magnets was
also found to have similar pattern as other researchers’ work
[43, 44]. However, in comparison with the other researchers’
work, it was found that the addition of vibration source on the
external magnet increases the region of bistability for the
energy harvester. The resonance frequency of piezoelectric
cantilever for the energy harvester with same vibration source
also increases in comparison with the stationary magnet due to
the impact of vibration on the coupling between the magnets.

These findings are substantially vital during the design
considerations for vibration energy harvester and notable for
researchers in this field of research.

C. Effect of Spacing Displacement on Output Voltage

A similar setup as presented in Fig. 1 was applied to
measure and verify the performance of the nonlinear energy
harvester in terms of open-circuit output voltage. The energy
harvester was excited by a controllable vibration shaker with
mechanical vibrations and placed accordingly using both
scenarios as discussed in Section Il. The excitation level of the
shaker is set sufficiently low to prevent initiation of bistable
mode as the distance between the magnets becomes
substantially close. Consequently, the energy harvester was
held to oscillate at only one interwell equilibrium state
throughout the experiment. The function generator and
amplifier was used to regulate the vibration shaker in tuning
the resonance frequency for each cantilever beams. The output
electrical responses were observed using the oscilloscope and
its frequency response curve are plotted accordingly.

The resultant graph will also include the voltage output of
the linear system with proof mass for comparison purposes.
Fig. 10 illustrates the frequency response output of the open-
circuit root mean square (rms) voltage generated by the energy
harvester for a variation of relative displacement between the
magnets for the PSM and PVM system. The differences in the
output voltage were compared to observe the impact of
magnetic force and location of vibration source on the
cantilever beam. Based on our observation, the results showed
that the relative displacement between the two magnets
significantly affects the level of the harvested voltage. It is also
eminent that the positioning of the vibration source on the
piezoelectric cantilever and/or permanent magnets impacts the
frequency response curves especially in terms broadening the
frequency range of the energy harvester.

Fig. 10 shows that the relative distance between the two
magnets significantly affects the level of the harvested voltage.
It is also observed that by changing the relative displacement,
the energy harvesting system has the competence to harvest
vibrational energy in a wider spectrum of operating frequency.
For the spacing displacement of d=2mm as presented in Fig.
10(a) and Fig. 10(b), since the magnets were placed essentially
close to each other, both of the PSM and PVM systems are
now under bistable conditions. At this point, the magnetic field
strength applied on the system was very high and the nonlinear
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characteristics will be substantially visible as the excitation
level of the vibration source increases. However, the effect of
magnet on the piezoelectric cantilever causes the output
voltage to drop significantly lower than its other counterparts.
The resultant bandwidth for both of the system is also lower
and does not provide a good model for broadband energy
harvesting.

For the spacing displacement of d=3mm as shown in Fig.
10(a), the PSM system was operating at its lowest resonance
frequency as discussed in the previous section. In this case,
both PSM and PVM systems are still operating in bistable
conditions. However, the PSM system tends to exhibit broader
frequency range as compared to the linear system and its other
counterparts. Similarly, at the spacing displacement of d=4mm
for PVM system as shown in Fig. 10(b), where PVM was also
operating at its lowest resonance frequency, the output voltage
and its bandwidth are significantly higher than its counterparts
of different spacing distances. In other words, in designing a
bistable system, the optimal spacing distance to be chosen is
when the resonant frequency of the cantilever beam is at its
lowest point. The magnets were displaced further at spacing
distance of 5 mm and above. The frequency response curves in
Fig. 10(a) show that the output voltage of the PSM system
decreases and remain fluctuating around the similar output
voltage accordingly. Similarly, at Fig. 10(b), the output voltage
remains constantly the same for spacing distance of 6mm and
above.
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Fig. 10. Output Voltage of the Energy Harvester for different the Spacing
Displacement, d for Static Magnetic Mass under (a) PSM (b) PVM.
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These outputs indicate that both the PSM and PVM system
were not affected significantly by the repulsive force of the
magnets and thus regardless of the position of the vibration
source, both system exhibits similar frequency response curve.
However, it is noticeable that the output voltage for both PSM
and PVM system is slightly lower in comparison with the
linear system with proof mass and yet it has similar spectrum
of frequency range in the frequency response curves.

As can be perceived from the experimental figures, with the
decrease of spacing distance between the magnets, the impact
of magnetic force intensifies and thus increases the hardening
response of the piezoelectric cantilever. This notion of
experiment indicated the ability of the energy harvesting
system to shift from linear to nonlinear system gradually using
permanent magnets. The results also showed that the position
of vibration source affects the resonance frequency as well as
the operating frequency of the energy harvesting system. Note
that as the spacing distance was decreased to its minimal
length, the frequency response did not provide the best
bandwidth for PVM system. This indicates that as the magnetic
force increases, the increased hardening response in the
piezoelectric cantilever can cause reduction in bandwidth and
eventually may not provide the widest possible range of
operating frequency to harvest the vibrational energy. Thus, it
is essential to note that the relative distance between two
repulsive magnets as well as the positioning of vibration source
can directly affect the resonant frequency and the operational
range of frequency spectrum of the energy harvester.

IV. CONCLUSION

In this paper, the concept of bistable piezoelectric energy
harvesting system by exploiting the effect of magnetic force
was presented. Detailed investigation on the effect of the
horizontal spacing distance between two magnets of repulsive
mode in a piezoelectric energy harvester has also been
deliberated. The impact of positioning the vibration source on
either the piezoelectric cantilever beam only or both the
piezoelectric cantilever beam and external magnets was
compared in terms of resonance frequency and bandwidth of
the operating frequency for broadband energy harvesting. It is
shown that the model is feasible and applicable in harvesting
energy in a wider band of frequency spectrum from ambient
mechanical vibrations. Likewise, it is also established that the
fundamental resonant frequency of the cantilever beam has
significant dependence on the variations of relative distance
between the magnets as well as the positioning of vibration
source on the external magnets.

This paper shows that the piezoelectric energy harvester
can be envisioned to accomplish wideband frequency energy
harvesting by selecting the optimal spacing distance between
two repulsive magnets. Alteration of spacing displacement can
also be used to adjust the resonant frequency of the harvester
for matching of surroundings excitation frequency in the
environment.

V. FUTURE WORK

As a continuation of this research, further work on the
impact of different sizes and locations of the magnets on the
cantilever beam can be considered. The size of the magnets

Vol. 13, No. 5, 2022

may impart a different magnetic force towards the stress and
strain of the cantilever beams and is therefore noteworthy for
future work considerations. Furthermore, multiple piezoelectric
beams with magnets and different configurations can also be
worked upon for further considerations in increasing the
bandwidth of the vibration energy harvesting system.
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