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Abstract: The performance of linear energy harvesters is primarily confined to a very narrow oper-
ating frequency bandwidth around its natural frequency. Even a slight deviation of the excitation
frequency from the fundamental frequency of the system tremendously reduces the harvester’s
performance. In order to minimize this shortcoming, the presented study considers the piezoelectric
energy harvester with magnets introducing non-linearity in the system. The simple harmonic balance
method is used to solve the non-linearity and for computing the voltage output and power in the
frequency domain. In addition, the study also incorporates the functionally graded piezoelectric
materials because of their superior properties. The distance between magnets (dy) has been varied
from 0.4 mm to 10 mm along with grading index (n) in the range of 0 to co. Finally, voltage and power
across the resistance were computed. The effective harvesting frequency range for dy = 0.4 mm and
n =1 is observed in the range of 20 Hz to 85 Hz, while it was only between 35 Hz and 65 Hz for
dp = 10 mm, yielding a 216% increase in the frequency bandwidth. Under different case studies, the
peak output power varied from 2 mW (dy = 0.4 mm and n = o0) to 6 mW (dp = 10 mm and n = 0).

Keywords: functionally graded piezoelectric material (FGPM); energy harvesting; nonlinear vibration

1. Introduction

During the last few decades, linear and nonlinear energy harvesters have been a
point of interest for the researchers and scientists for converting waste vibration energy
into electrical energy [1—4]. In the most recent decade, a lot of improvement happened
in nanotechnology which also affect the very-large-scale integration (VLSI) technology.
Nanosensors devices or systems are being developed for various applications, most notably
in healthcare and medical industries, military defense and environmental and agricultural
industries. These systems can drive with very low power consumption. For this purpose,
batteries are required to drive this type of device, which comes with a lot of drawbacks also.
Batteries limit the size of Nanosensors devices or systems. Sometimes, the replacement
of a battery can be costly, such as in peacemaker applications. However, there are a lot of
energy sources, such as solar, thermal, vibration, or radiofrequency, liable to the working
environment of the system. Apart from solar energy harvesting, energy extraction from
vibration has gained much more attention from researchers, as it is widely available in the
environment. Electromagnetic and piezoelectric technology are popular to extract energy
for vibrating systems. Electromagnetic technology has a lot of drawbacks when scaling
down in size due to increments in losses. For micro-electro-mechanical Systems (MEMS),
piezoelectric energy harvesting technology provides more potential, as it is easy to integrate
and highly sensitive to vibration.
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Although, the concept of nonlinearity demands a complex understanding, it is advan-
tageous in comparison with the linear harvester in terms of the bandwidth of excitation
frequency. In the case of linear harvesters, the power reduces drastically if the excitation
frequency is slightly away from its natural frequency [5]; in contrast, with nonlinearity in
the harvester, the effective harvesting frequency bandwidth can be increased significantly.

Researchers have explored various mechanisms to introduce the nonlinear dynamic
phenomenon in energy harvesting applications. Mann and Sims [6] used magnetic restor-
ing force to levitate an oscillating center magnet for electromagnetic energy harvesting.
Harmonic base excitation has been considered as input energy to study the resulting Duff-
ing’s equation. R. Ramlan et al. [7] studied nonlinear energy harvesters with two types
of non-linear stiffnesses: the first system considered a non-linear bistable snap-through
mechanism, while in the second system, nonlinearity is invoked with the hardening of
the spring. Daqagq [8] theoretically investigated the monostable Duffing’s oscillator for
colored excitations and Gaussian white noise. The authors also studied other types of
nonlinearities such as damping and inertial nonlinearities, capable of enhancing the per-
formance of the harvester’s operation. Stanton C. et al. [9] investigated the hardening
and softening response of piezoelectric energy harvesters, which were invoked by the
tuning of magnetic interaction. The study concludes that a nonlinear energy harvester is
suitable for ambient excitation with slow varying frequencies. Kang-Qi Fan [10] proposed a
design and experimental verification of a compact bi-directional nonlinear energy harvester.
The proposed design has two magnetically coupled piezoelectric cantilever beams with
orthogonal directions of deflection. Experimental verifications spotlighted the advantages
of a nonlinear piezoelectric energy harvester over the linear ones.

On the other side, scientists and researchers explored advanced manufacturing tech-
nologies to improve the mechanical performance or control numerous properties in a
desirable direction. These materials are called functionally graded materials (FGMs), in
which properties are controlled in the volume using grading index (1) [11-14]. The merit of
using these materials is that the mechanical properties can be controlled at the layer inter-
face and make smooth stress variation at the interface of the ceramic layer (piezoelectric)
and metal layer to avoid debonding at the interface [15,16].

Theoretical and, up to some extent, experimental studies of the functionally graded
materials have been reported in the literature for energy harvesting and active control
system applications [17-20]. However, FGMs’ performance was not explored for cantilever-
based nonlinear harvesters. In this paper we report the performance of the functionally
graded piezoelectric nonlinear energy harvester and compare it with the linear functionally
graded piezoelectric energy harvester. It is to note that FGMs are difficult to prepare. Most
of the studies are reported with FGMs, which are almost difficult to fabricate. On the other
hand, authors have considered FGM, which has already been experimentally fabricated
by some other group. Hence, the present study is closer to actual performance. Dynamic
studies have been carried out in time and frequency domains. However, a frequency
domain has limited use for nonlinear systems (only for excitations with one frequency and
one harmonic function), as the superposition principle is not valid anymore. For other
types of excitation, e.g., random excitation, some linearization techniques may be required.

2. Formulation of Functionally Graded Piezoelectric Material Nonlinear
Energy Harvester

The schematic of the functionally graded piezoelectric material nonlinear energy
harvester is shown in Figure 1. In this harvester, two piezoelectric layers are attached to the
host structure to form the sandwich structure. These piezoelectric layers are connected in
parallel with an external load resistor (R). The host layer is made of aluminum, while the
piezoelectric layer is assumed to be made of functionally graded piezoelectric materials.
For introducing the nonlinearity, one magnet is attached at the free end of the cantilever
and another magnet is placed in front of the first magnet. Grading is done according to
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power law distribution in terms of volume fraction. Material properties for the functionally
graded piezoelectric material can be given as [21],

2z — g\ ™ h h
R = (o o) (B R psisgen O

2z 4 hs\™ h h
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where, Pr and Pp are material properties of top and bottom surface of the layer. hp is thick-
nesse of the top and bottom piezoelectric layers. ks is the thickness of the host layer. Super-
script s, T and B represent the host layer, top piezoelectric and bottom piezoelectric layers.
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Figure 1. Schematic of the functionally graded piezoelectric material nonlinear energy harvester.

2.1. Modeling of the Magnetic Force:

Figure 2 shows a simplified representation of the magnetic force on the proof mass. As
bimorph is stiff along the length of the cantilever, the magnetic force component (F;5g4) in
the longitudinal direction of the cantilever is assumed negligible. The vertical component
of the repulsive force (Fuqg0) between the opposite poles of the magnet is evaluated using
Taylor series expansion [22,23],

~ Fnagz ang23

Fnago = =3~ = 733

where 2)
Fiag _ Ky and Fmag _ K
qn - i — Ks

where, Fyyq is the repulsion force. K1 and K3 are parameters occurring due to the linear
and cubic component of the magnetic force (Fyuqg). Validation of the magnetic force against
literature is shown in Figure 3, which shows a good agreement with the current modeling
of the magnetic force.
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Figure 2. Modeling of the magnetic force for a cantilever energy harvester.
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Figure 3. Validation of magnetic force between two magnets with reference (Al-Ashtari et al.,
2012) results.

2.2. Finite Element Formulation

For the finite element formulation, plate elements have been considered with five
degrees of freedom (3 translations, 2 rotations) per node. One additional degree of freedom
(voltage) has been considered for piezoelectric layers. The linear piezoelectric constitutive
equations are given as

{D} = [el{e} + []{E) “
{7} = [Qe} - []'{E}

where {D}, {7}, [Q], [e] and [b] represent electric displacement, stress, elastic stiffness
coefficients, piezoelectric stress coefficient and dielectric constant matrices, respectively.
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Using Hamilton’s principle, the governing equations for the harvester can be written
as [23],

M} + [CH{a} + [Ku = Kil{g} + [K3] {a} + [Ku] {9} = {Fur} W
[Kpu]{} + [Kpo) {9, } + % =0
where [M], [C] and [K,,;,] are the mass matrix, damping matrix and stiffness matrix, re-
spectively. [K;] and [K3] are the elemental stiffness matrices due to the linear and cubic
components of the magnetic force, respectively. [K,¢] and [Kyy] are the piezoelectric cou-
pling matrix and elemental capacitance matrix, respectively. {Fj,} is the external base
excitation force. {g} is the displacement matrix, and {¢} is the voltage across the layers. R
is the resistance across the piezoelectric layers.

Using modal analysis, the equations for the fundamental vibration mode of the har-
vester can be given as

mi + ci + kr + kit 4 0p¢p = F,,

T 5
Opi +cpp+ % =0 ©)

where ‘v’ is the amplitude of the corresponding mode of the displacement expressed
by generalized coordinates (z); 0, is the piezoelectric coupling coefficient, and C, is the
capacitance of the piezoelectric layers. ky, is the generalized stiffness coefficient accounting
for the magnetic force within the system.

The electric power (P) across the load resistance can be written as [24].

_ ¢
p=" 6)

2.3. Harmonic Balance Method

Simulation of the equation of motion, Equation (5), can be carried out straightforwardly
in a time domain. However, in this case of the energy harvester, the solution in the frequency
domain is most desirable, as it contains information for different frequency excitations. An
excitation with multiple frequencies is not covered, as the superposition principle cannot be
employed for nonlinear systems. In literature, different methods are proposed to calculate
the response of nonlinear vibration in frequency domain, such as the method of harmonic
balance, the averaging method and the method of multiple scales. Harmonic balance
method has been extensively employed to study Duffing’s oscillators and nonlinear energy
harvesters [25-27]. This method provides the response of the harvester for a wide range
of frequency excitations. In this method the solution of the harvester is presumed to have
different combinations of harmonic terms. In the present study, we assume the excitation
force to be Fcos(wt). To obtain an approximate solution for r and ¢ (Equation (5)), a first
order expansion using one frequency is considered that can be written as

r = ag + ay sin(wt) + by cos(wt)

¢ = c1 sin(wt) + dp cos(wt) )

Substituting Equation (7) into Equation (5), the following equations can be obtained.

m(—ayw?sin(wt) — biw?cos(wt)) + c(ayweos(wt) — bywsin(wt)) + k(ag + aysin(wt)

+bycos(wt)) + km(ag + aysin(wt) + bycos(wt))® — 0y (c1sin(wt) + dicos(wt)) = F cos(wt) ®

0, (a1w cos(wt) — bywssin(wt)) + cp(ciw cos(wt) — dyw sin(wt))

+(cq sin(wt) +dq cos(wt))/R =0 ©9)
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Due to the harmonic balance method, only the constant term and the components of
sin(wt) and cos(wt) are balanced.
Comparison of the constant terms of both sides of Equation (8) leads to

1

- <4)km (—4ag — 6agaZ — 6aob%) +apk =0 (10)
Similarly, by comparing the coefficients of cos(wt) and sin(wt) on both sides of

Equation (8), the corresponding condition can be written as

— bymw? + arcw + bk — (1/4)a(—12a9?by — 3a1%by — 3b1°) — 0,d; = F (11)

1
— mymw? — bycw + ak — <4) km (—1251%&11 — SQ‘I’ — 3a1b%) —bpc1 =0 (12)

By making similar comparison for the coefficients of cos(wt) and sin(wt) from Equation (9),
we obtain following equations:

cpReyjw + Raywby +dy =0 (13)

— cpRdjw — Rbywb)y +c1 =0 (14)

c1 and dq can be expressed in terms of a1 and b;.
0= (—chZaleQ,, + Rb1a)9p)/(cp2R2a)2 +1) (15)

d1 = (—cpR*b1w?0, — Rajwby) / (cp?RPw? +1) (16)

Equations (15) and (16) will be used in Equations (10)—(12) to solve for ag, a1 and b;.
However, if the vibration is confined to an interwell oscillation, then the constant term in
the assumed solution of r can be considered to be zero (ay = 0) [26].

After knowing the values of a9, a1 and by, electrical parameters ¢; and d; can be easily
calculated by solving Equations (15) and (16).

3. Validation Studies

The current formulation is divided into several parts and validated at different
steps. First, the validation in terms of variation of magnetic force with distance be-
tween two magnets is performed; afterwards, the output open circuit voltage for dif-
ferent frequencies and finally the simple harmonic balance method is validated by using a
velocity-displacement diagram.

3.1. Validation of Magnetic Force

Since the non-linear energy harvester has been modelled using Duffing’s equation by
using magnets, it becomes mandatory to validate the variation of the magnetic force with
distance. In the present study, the magnetic force is defined as a function of separation
distance between the two magnets and their properties. Here, for the validation purpose,
only two magnets of 10 mm x 4.5 mm X 4.5 mm with a residual flux density of B, =148 T
have been considered. We have recovered the variation of the magnetic force provided by
Ashtari et al. [28] completely as presented in Figure 3 and summarize it in tabular form
in Table 1.
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Table 1. Validation of magnetic force with reference results.

Distance (mm) Magnetic Force (N) (Reference) Magnetic Force (N) (Present)
0 18.47 18.44
3 3.558 3.555
6 1.239 1.234
9 0.552 0.540
10 0.4473 0.4471

3.2. Validation of Open Circuit Voltage from Harvester

In order to validate the piezoelectric formulation developed, we have conducted
experiments. For the validation purpose, we have taken a beam with a piezoelectric patch
made of PZT-5A, as shown in Figure 4. Geometrical parameters are given in Table 2.
It is to be noted that for experimental validation, only a part of the beam is covered
with piezoelectric patches and not the whole length as shown in Figure 1. With the help
of a vibration generator (Philip Harris-B8H30701), the harvester is excited with a fixed
amplitude (10 mm) and varying excited frequency range (3.5 Hz to 20 Hz) conditions at
the fixed end of the cantilever. The variation of the open circuit voltage with frequency
(Figure 5) obtained from the numerical simulation is found to be in a good agreement with
the experimental results, concluding that the formulation of all the matrices presented in
Equation (5) is correct.

. \\ Oscilloscope

e —

Piéiféc_tfr_'ic p

Figure 4. Experimental setup for piezoelectric cantilever beam.
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Table 2. Geometrical parameters of cantilever in experimental setup.

Geometrical Parameters Value
Length of the cantilever beam 250 mm
Width of beam 25 mm
Thickness of beam 0.5 mm
Length of Piezoelectric patch 20 mm
Width of piezoelectric patch 20 mm
Thickness of the piezoelectric layer 0.5 mm
Distance of piezoelectric patch from fixed end 50 mm
25 T T T T T T g T
—+— FEM formulation result n
20} —&— Experiment result i
S 15¢ 1
o
3
©
S0 ] y
|
5t !
2
0 1 L 1 : 1 : 1 :
2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 5. Validation of FEM formulation with experiment for the piezoelectric cantilever beam.

3.3. Validation of Simple Harmonic Balance Method

The present formulation of the simple harmonic balance method is validated with the
solution provided by Marathe et al. [29] with certain modifications. For the validation, the
initial excitation was given to the system, and the velocity vs. displacement diagram (as
presented in Figure 6) is plotted against the reference results. In view of above validations,
it can be concluded that Equation (5) has been solved appropriately using the simple
harmonic balance method.
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Figure 6. Validation of simple harmonic balance method with reference [29] results.

4. Numerical Studies

To study the functionally graded piezoelectric material energy harvester, a cantilever
structure has been adopted. To introduce the nonlinearity in the structure, one magnet is
used at the free end of the cantilever and another at a distance dj, as shown in Figure 1.
Magnets are placed such that there are repulsive forces between the two magnets. Due
to the repulsive force, the position of the magnet is stable at two extreme points along
the direction of vibration. The force between the magnets can be altered by changing
the distance between them. To support the piezoelectric materials, aluminum is used
for the host layer. PZT-Pt (Pb(Zr,Ti)O3-Pt) was selected as FGM for numerical studies.
Takagi et al. [16] attempted a fabrication of the above mentioned FGM and have reported
physical properties up to PZT-30%Pt. In this study, the top surface of the upper piezoelectric
layer is considered as PZT-0%Pt, while PZT-20%Pt is considered for the bottom surface.
Similarly, the top surface of the lower piezoelectric layer is made of PZT-20%Pt and PZT-
0%Pt for the bottom surface. The grading index (1) controls the distribution of piezoelectric
properties in the thickness direction of the piezoelectric layers according to Equation
(1). Geometrical and material properties are listed in Tables 3 and 4, respectively. For
these material properties, variations of Young’s modulus for different grading indexes
has been shown in Figure 7. For grading index n = 0, there is a ductile-brittle interface
between the host layer (ductile) and piezoelectric material (brittle), which is prone to
debonding failure. However, as grading index (n) increases, the ductility increases at
the interface due to addition of the PZT-20%Pt material. At grading index n = 1000, the
piezoelectric material has more ductility, which enhances the interface bonding but reduces
its piezoelectric properties.



Electronics 2022, 11, 2595

10 of 19

Table 3. Geometrical properties of the functionally graded piezoelectric energy harvester.

Geometrical Parameters Value
Length of the cantilever beam 150 mm

Width of beam 6 mm

Thickness of host layer 1 mm
Thickness of the piezoelectric layer 0.5 mm

Table 4. List of materials properties [16].

Material Properties PZT-0% Pt PZT-20% Pt Aluminum
Young’s modulus, Y (GPa) 63 84.8 70
Density, p (kg/ m?) 7500 10,290 2707
Poisson’s ratio, v 0.3 0.342 0.3
PlezOGleC(t}I;lé /Clcigstant, da1 —164 —98 Conductive layer
Dielectric constant (at constant 1653 2927 Conductive layer

stress), €33/ €0

To verify the advantage of the functionally graded piezoelectric material, a static study
has been carried out for a linear harvester. A point force is applied at the tip of the cantilever
to induce bending of the cantilever, which generates stresses in the cantilever along the
length. Figure 8a shows the variation of the stress (cy) in the thickness direction of the
harvester for different grading indexes (1). For this study, # is varying from n =0 to n — oo,
where n = 1000 has been considered as n — co. From Equation (1), it is easy to calculate
the variation of PZT-0%Pt to PZT-20%Pt in the piezoelectric layer in thickness direction. In
the cantilever, the piezoelectric layers are completely made from PZT-0%Pt for n = 0 and
PZT-20%Pt for n = 1000. Hence, the proportion of PZT-20%PT increases with the value
of the grading index. From Figure 8, it can be concluded that the grading index has an
impact on the stress distribution in the thickness direction. Stress variations at the layer
interface become smoother with an increase in grading index. If the piezoelectric layer
has grading index zero (n = 0), then stress variation increases at the interface of the layers
between the host layer and piezoelectric layer due to 100% piezoelectric (PZT-0%Pt) and
100% metal (Aluminum) bonding. It is to be noted that in Figure 8, a sharp bend in the
stress variation curve for n = 0 is observed inside the host structure. This is due to the fact
that in finite element formulation, we calculate stress values at Gauss integration points,
which lie inside the thickness of a particular layer. A similar conclusion can be drawn from
Figure 8b, which shows the strain energy variation in thickness direction. There is a smooth
strain energy variation in the cantilever along the thickness.

After performing the static analysis, simulations for a dynamic study have been
performed for the energy harvester. The base of the harvester is accelerated sinusoidally
with an amplitude of 1 g and varying frequency in the range of 20 Hz to 100 Hz. In
this study, mechanical damping (0.2%) considered as mechanical loss during harmonic
force. The linear harvester is only effective when the excitation frequency is close to its
natural frequency (52 Hz) with any magnetic force. The power drastically decreases as
the excitation frequency is away from the resonance frequency. Here, a wider frequency
range is chosen due the unpredictable nature of the ambient vibrations. Simulations are
performed for different energy harvesters which are having different grading indices (n)
in the piezoelectric layer as well as different distances between the magnets varying from
0.4 mm to 1 mm. Due to the magnetic force, nonlinearity is introduced in the energy
harvester. The magnitude of the magnetic force can be altered with the help of the distance
between the magnets. The energy harvester has more than one equilibrium if the force
is applied beyond a certain load. Like in Figure 1, the cantilever can be stable only in an
upper bending or lower bending position due to repulsive force between magnets. The
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nominal equilibrium will lose stability, and new stable equilibrium positions will appear
at a particular distance between two magnets. Figure 9 shows the voltage vs. frequency
plots for different grading indexes and distances between the magnets. From Figure 9, we
can conclude that energy harvesters can act as linear harvesters or nonlinear harvesters,
depending on the distance between the magnets. For higher values of dy, the energy
harvester is a linear harvester, because the force due to the magnets is small. However, as
two magnets come closer, the generated repulsive magnetic force increases, which changes
the linear harvester into a nonlinear harvester. In this study, for a distance dy = 0.4 mm,
the magnetic force is higher, due to which the system is bistable as shown in Figure 9a. A
second observation from Figure 9a is that as the grading index (n) increases, the nonlinearity
of the harvester increases and reduces the voltage output. For different grading index
values (n), the harvester responses are quite different for a fixed magnetic distance due
to the change in stiffness of the harvesters. The voltage peak is a maximum for n = 0
while it is a minimum for n = 1000. A change in voltage is observed due the change in the
material characteristics of the harvester. We can conclude that the electric performance
decreases while the mechanical performance increases at layer interfaces by increasing the
grading index value (). As the distance between magnets increases, the nonlinear effect
decreases and moves towards the linear behavior as shown in Figure 9b—f. For distance
dp =1 mm and dy = 10 mm, the voltage plots are almost similar, which indicates that there
is a negligible effect of magnetic force, and linear behavior of the harvester is observed.
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Figure 7. Young’s modulus variation along the thickness of the piezoelectric material and host
structure for different grading indexes (a) n =0, (b) n=0.5, (c) n =1, (d) n =2 and (e) n = 1000.
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Figure 8. (a) Stress and (b) strain energy variations in thickness direction of the energy harvester for
different grading indexes (n).

However, for an energy harvesting application, the voltage is not a clear indicator of
the performance of the harvester. The power across the load resistance (R) is an impor-
tant output parameter of the energy harvester, which can be calculated using Equation
(6). To harvest the maximum energy, it is required to use optimum resistance across the
piezoelectric material. However, in the case of piezoelectric energy harvesting, optimum
resistance can be written as 1/wcy, which is equal to the impedance of the piezoelectric
layer [26]. Figure 10 shows the power output vs. frequency for different grading indexes
and magnetic distance. Patterns of the graphs are similar to the voltage. As the distance (d)
increases, the nonlinear effect in the structure reduces. By decreasing the nonlinear effect,
the peak of the power output increases while the effective harvesting frequency bandwidth
decreases for each grading index. For example, at dy = 0.4 mm and 7n = 1, the effecting
harvesting frequency range is 20 Hz to 85 Hz, while at dy = 10 mm the effective harvesting
frequency range is 35 Hz to 65 Hz. There is an approximately 216% increase of effective
harvesting frequency bandwidth at a distance of 0.4 mm as compared to the bandwidth at
a distance of dy = 10 mm. The peak voltage and power out of a nonlinear energy harvester
at different magnetic distances and grading indexes have been summarize in Table 5.

In this study we further extend the simulations in a time domain. For time domain
simulations, we fix the excitation frequency to 5 Hz, which is far away from its natural
frequency (about 51 Hz), for each grading index and compare the voltage output for the
bistable and linear harvester. Obtained results are plotted in Figure 11. Figure 11a,ce,g,i
are plotted for velocity vs. amplitude, and Figure 11b,d,f,h,j are plotted for voltage vs. time
at different distances between the magnets. From the figure it can be observed that for the
nonlinear harvester the velocity and voltage output are much higher as compared to the
linear harvester. Velocity vs. displacement plots verify the bistability of the harvester for a
nonlinear behavior of the harvester, while the second plot shows the voltage comparison
for linear and bistable harvesters. As the grading index () increases the output, voltage
decreases, which confirms that at a higher grading index the electric performance of the
harvester decreases. From the Figure 11, we can conclude that the nonlinear harvester
is much more effective than the linear harvester, for excitation frequencies away from its
resonance frequency.
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Figure 9. Voltage responses of an FGPM nonlinear energy harvester for different magnetic distances
(dg) and grading indexes at (a) dg = 0.4 mm (b) dy = 0.5 mm (c) dy = 0.6 mm (d) dy = 0.8 mm
(e) dp =1 mm (f) dy = 10 mm.
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Figure 10. Power responses of a FGPM nonlinear energy harvester for different magnetic distances
(dg) and grading indexes at (a) dg = 0.4 mm (b) dy = 0.5 mm (c) dy = 0.6 mm (d) dy = 0.8 mm
(e) dy =1 mm (f) dy = 10 mm.
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Table 5. Summary of peak output voltage and power for nonlinear energy harvester.
n=0 n=0.5 n=1 n=2 n =1000
dp (mm) Voltage Power Voltage Power Voltage Power Voltage Power Voltage Power
V) (mW) V) (mW) V) (mW) v) (mW) V) (mW)
0.4 31.23 42 25.46 3.5 23.72 3.1 21.24 2.8 16.25 2.0
0.5 34.39 5.0 28.78 43 26 3.9 23.29 3.4 18.01 2.5
0.6 35.61 53 30.18 4.8 27.66 4.4 24.88 3.9 19.45 2.8
0.8 36.59 5.6 31.68 5.2 29.19 49 26.48 44 20.9 3.3
1 37.13 5.8 31.81 5.4 29.54 5.0 27.1 4.6 21.38 34
10 37.2 5.8 32.25 5.4 29.73 5.1 27.21 4.7 21.62 3.5
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Figure 11. Cont.
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Figure 11. Time domain response of a bistable energy harvester and linear energy harvester for force

excitation frequency (f = 5 Hz) for each grading index and dy = 0.4 mm (msm Linear harvester, mss Non
Linear harvester). (a,b) at n = 0; (c,d) at n =0.5; (e,f) at n = 1; (g,h) at n = 2; (i,j) at n = 1000.
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5. Conclusions

In the present approach, we have converted a multi-degree system into single-degree
system to solve with a harmonic balance method. Mechanical system equations are coupled
with an electric equation due to piezoelectric constitutive equations. The distance between
magnets also has a great impact on the solution of coupled equations. Energy harvesting
using functionally graded piezoelectric material has been explored using the finite element
method for a linear and a nonlinear energy harvester. Non-linearity has been introduced
using two magnets that represent a Duffing’s oscillator. The simple harmonic balance
method has been employed to obtain the harvester response in a frequency domain. In
addition, voltage and power responses have also been computed in a time domain. It is
established that as the distance between magnets decreases, the degree of non-linearity
between the system increases, and the effective working frequency bandwidth also increases
significantly. The effective harvesting frequency range for dy = 0.4 mm and n = 1 is observed
to be 20 Hz to 85 Hz, while it was only between 35 Hz to 65 Hz for dy = 10 mm, therefore
yielding a 216% increase in the frequency bandwidth. By introducing functional grading in
piezoelectric layers, a smooth stress variation is ensured at the layer interfaces, minimizing
the possibility of debonding. However, a decrease in power output is recorded with
grading in material properties. The decrease in electrical performance varies with the
magnetic distance and the value of grading index; e.g., a decrease of 10% to 50% is seen
for n = 0.5 to 1000, for a value of dy = 0.4 mm, while for dy = 1 mm this decrease ranges
from 12% to 28% for n = 0.5 to 1000. Under different case studies, the peak output power
varied from 2 mW (dy = 0.4 mm and n = o) to 6 mW (dy = 10 mm and » = 0). It is true the
power decreases with increasing the ratio of PZT-20%PT to PZT-0%PT, but it also decreases
the delamination at the layers interface. This is also an important factor to consider, the
life of the energy harvester system, as these systems are potential substitutes for batteries.
Based on the application and nature of vibration, the right selection can be done based
on the grading index and distance between magnets (degree of nonlinear system in the
harvester). In the present study, we focused on energy harvesting using functionally graded
piezoelectric material. This study highlights the selection of a harvester parameter based
on working conditions and applications. For example, a linear harvester is good where the
exciting frequency is not much varying, and there is less possibility of the delamination of
the piezoelectric layer. However, if there is a possibility of the delamination of layers due
to environmental conditions, then the selection of the linear harvester is not good. In the
energy harvester, delamination can occur between the piezoelectric and host layers due
to the mechanical properties difference at the contact surface. Due to their difference in
properties, both layers behave differently at the contact source. For example, if there is a
change in operating temperature frequently, delamination can be possible due to a thermal
expansion difference. Based on the working condition, parameters of the harvester can be
optimized using a grading index and degree of nonlinearity in the system.
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