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ABSTRACT: Recently, converting ambient vibrational energy into useful electric energy through
energy harvesters has been attracted worldwide attention due to its application in realizing self-powered
operation of wireless sensors. Piezoelectric energy harvesters are usually equipped with elastic stoppers to
prevent damage to the piezoelectric layer when the oscillating structure is attacked by sudden overloads.
However, elastic stoppers cause nonlinear piecewise forces, which can lead to irregular voltage response
of the system. So, in this paper, the resistive load is used as the control parameter to increase range of
periodic voltage and avoid the appearance of irregular response of a bi-directional piezoelectric vibration
energy harvester with the elastic stoppers. The governing electromechanical equations are extracted and
solved by the Runge—Kutta method. The nonlinear dynamic response is analyzed using bifurcation plot,
phase plane, power spectrum plot and Poincaré map. In order to validate simulation results, experiments
have been carried out. Various nonlinear behaviors such as multi periodic and chaotic responses are
observed, which are affected by the resistive load. Also, the results show that a higher value of resistive
load can lead to a wider range of periodic responses of the system. The results of this study can provide a
methodology to optimize system parameters according to vibration conditions of different environments.
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1- Introduction

With development of battery-free electronic devices
and wireless sensor networks (WSNs), harvesting energy
from external sources present in the environment has seen an
increasing interest during recent years [1-3]. Vibration energy
is very often present in nature and abundant. Electrostatic,
electromagnetic and piezoelectric are common mechanisms for
converting ambient vibration energy into electrical energy [4].

Vibration piezoelectric energy harvesters are usually
equipped with elastic stoppers, to prevent damage of the
piezoelectric elements when the harvester is attacked by
shock forces. Utilizing elastic stoppers introduces the
nonlinearity due to the piecewise contact force, which
can lead to irregular voltage response of the system. The
complexity of the voltage responses is the major challenge
in designing the rectifier circuits. Therefore, some studies
focus on the nonlinear vibration energy harvesters. Stanton et
al. [5] studied nonlinear behavior of a bistable piezoelectric
generator. They indicated that suitable distance between
two magnets can be obtained by considering the magnet
spacing as bifurcation parameter. Friswell et al. [6] modelled
a nonlinear piezoelectric inverted beam with tip mass. They
found that the effective operating frequency bandwidth can
be extended, when the beam is near buckling.

Despite the availability of researches that concentrate
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on the nonlinear vibration energy harvesters, bifurcation
behavior and routes to chaos in a bi-directional vibration-
based piezoelectric energy harvester equipped with nonlinear
elastic stoppers has not been reported in the literature yet.
Therefore, in this study the effects of excitation frequency
and resistive load on the chaotic behavior of the vibration-
based piezoelectric energy harvester are investigated.

2- Mathematical modelling
As shown in Fig. 1, two uniform beams with length L,
width b, thickness 4,, Young’s modulus £, and mass per unit

Fixed frame

ple freme

Fig. 1. Schematic of the bi-directional tunable piezo-
electric energy harvesting system with elastic stoppers.
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length m, are studied. The x-axis is along the undeflected axis
of the beam and w(x, ) is the transverse deflection of the beam
relative to its base (along the z-axis). A piezoelectric layer is
extended on the top surface of each beam. Each piezoelectric
layer has mass per unit length m, thickness hp and Young’s
modulus E. The boundary conditions of the beams are
considered as clamped at one end and free at the other end. A
lumped mass m is attached to each beam at x=L. In order to
protect the piezoelectric layers during an overload situation,
two stoppers are included in the harvester design. The
equilibrium gap at each stopper is J,. The collision between
the stopper and the lumped mass is modeled using a contact
spring with stiffness k . The angular position of the adjustable
frame is characterized by the angle 6 with respect to the
horizontal direction. The harvester is subject to excitations
due to base motion. The translational motions of the base
along the vertical and horizontal directions are described by
the g(#) and Ah(t), respectively. Equivalent circuit model for
each piezoelectric layer comprises a current source in series
with a load resistance R.

The electromechanical equations can be attained by
applying the Lagrange’s equation:

MG(1)+ Cq(e) + Kq(0) + xv(t) = F(6) = M, Z(t) - C, Z(t) (1)
¢,50+* 2~ 4 -0 @
Where
M =(m,+m, ) [} 9 () +m* (L) 3)
My =(m,+m,) [ p(x)dx-+mop(L) (4)
C=cf ¢*()dx (5)
C,=c jOL o(x)dx (6)
K=(E1,+E,L)[ (¢"()) dx 7
2 =9¢'(L) (®)
Z(t) = g(t)cosy —h(t)siny )
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Table 1. The physical parameters of the bi-directional
tunable piezoelectric energy harvester.

Parameter Value
Inclination angle, 6 (Rad) /6
Length of the beam, L (mm) 67.5
Load resistance, R (kQ) 340
Lumped mass, m (gr) 5
Mass density of the beam, p5 (kg/m?) 7165
Mass density of the PZT, p, (kg/m?) 7800
Piezoelectric constant, e3; (C/m?) -12.54
Piezoelectric permittivity, 8353 (nF/m) 13.93
Stopper stiffness, & (N/m) 100
Thickness of the beam, %, (mm) 1
Thickness of the PZT, A, (mm) 0.4
Width of the beam, b (mm) 20
Young’s modulus of the beam, £}, 100

(GPa)
Young’s modulus of the PZT, E, (GPa) 66

- 0 WL, <6
©= k (WL,6)=8) WL,t)> 3, (10)

3- Results and discussion

In this section, the numerical simulations in MATLAB
software package are performed to evaluate the influence
of resistive load and excitation frequency on the nonlinear
dynamic behavior of the harvester. The parameter values
used in the analysis are presented in Table 1.

The bifurcation diagrams in Fig. 2 exhibit the effect of
the excitation frequency on the responses of the harvester
for different values of R=100 kQ, R=340 kQ and R=500 kQ.
Comparing the bifurcation diagrams indicates that a change
in the resistive load can significantly alter the nonlinear
responses of the harvester. So, the resistive load can be used
as a tuning parameter. Also, by increasing the resistive load,
wider range of periodic responses can be obtained.

4- Experiment
The entire experimental platform is illustrated in Fig. 3.
To verify the validity of the simulation model, the
simulated and measured powers versus resistive load are
calculated and graphically illustrated in Fig. 4.

5- Conclusion

To predict the role of the resistive load in the nonlinear
dynamic behavior of a piezoelectric vibration energy
harvester with elastic stoppers, an electromechanical model
is developed and experimentally validated in this study. It is
found that, by increasing the resistive load, wider range of
periodic responses can be obtained. Also, the harvester with
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Fig. 2. Bifurcation diagrams of v(nT) versus excitation
frequency o at (a) R=100 kQ (b) R=340 kQ (¢) R=500
kQ.

resistive load R=100 kQ passes through a chaotic situation
and settles itself in a periodic steady state regime at high
excitation frequencies.
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Fig. 3. Equipment used in the experiment.
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Table 1. The physical parameters of the bi-directional tunable piezoelectric energy harvester with
elastic stoppers [31].
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Fig. 9. Prototype of the bi-directional piezoelectric en-
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