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ABSTRACT

To enable wireless sensor networks to monitor rail infrastructures in real-time, a cost-effective power source is in
need. This work presents the design, modelling and testing of a piezo stack energy harvester with frequency up-
conversion mechanism for scavenging energy from railway track vibration. The proposed harvester is designed to
meet railway track applications’ size, frequency, and stress requirements. A compact design integrating the in-
ertial mass and the piezo stack transducer systems is used to enable the mechanical collision for realising the
frequency up-conversion mechanism and ensure the size of the energy harvester is suitable for the limited space
on the railway track. The frequency bandwidth of the energy harvester is broadened by utilizing the longitudinal
and torsional oscillation of the designed plate springs which enable the system to have two adjacent natural
frequencies. The mechanical transformer of the piezo stack transducer system is designed to achieve the required
stress level under both the impact force caused by the collision motion and the inertial force generated by the
random vibration of the rails. A finite element model (FEM) analysing the free vibration of the piezo stack
transducer caused by the frequency up-conversion mechanism is developed to analyse the dynamic character-
istics of the coupled system. Lab tests are carried out to validate the proposed FEM and evaluate the impact of
different factors such as load resistance, acceleration, initial interval, plate spring, and pulse excitation on power
generation. Experimental results show that the energy harvester has two resonant frequencies of 17 Hz and 20
Hz. The frequency up-conversion mechanism can convert this low-frequency vibration into the piezo stack
transducer’s high resonant frequency vibration of 94 Hz. A maximum average power of 6.72 mW with a 1-mW-
bandwidth of 15 Hz is obtained when actuated at 0.7 RMS g acceleration.

1. Introduction

electrical energy, researchers have studied different energy harvesting
technologies, such as electromagnetic and piezoelectric. For example,

Rail transportation systems are essential to society. More than 4
million rolling stock per year globally uses around 854,000 kilometres of
railway lines [1]. To monitor railway line infrastructures in real-time
and detect faults before they cause any damage, condition monitoring
based on wireless sensor networks (WSNs) has attracted significant
attention due to their excellent flexibility and low installation cost.
However, one major challenge with WSNs is the power source. Con-
ventional batteries have a limited lifetime. Replacing or recharging
batteries can be difficult when the sensor nodes are distributed in a large
area and large number. In this regard, energy harvesting provides a
promising solution by converting the ambient energy sources to supply
the WSNs.

There is a vast energy potential for harvesting from the railway track
vibration [2]. Aiming at transforming the mechanical energy into
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Gao et al. [3] designed a linear harvester with a spring, magnet and coil
according to the limited space of the railway track utilising the relative
translational motion of the coil and magnet to achieve a peak power of
119 mW. Pan et al. [4] designed a ball screw based harvester using the
combination of speed-increasing drivetrains and rotary electromagnetic
generators, and an average power of 1.12 W was obtained in field tests
with the harvester clamped on the railway track. However, a moving
magnet is hard to be implemented in a metallic environment for trans-
lational electromagnetic harvesters [5]. At the same time, the mechan-
ical efficiency is typically low [6] and the volume is relatively sizeable
impeding track regular maintenance [7] for rotary electromagnetic
harvesters.

Besides electromagnetic harvesters, piezoelectric energy harvesters
have been investigated recently due to their high energy and power
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density, simple structure, good scalability, ease of application and ver-
satile shapes [8-10]. Gao et al. [11] used a cantilever with PZT film
attached to it for railway track application, and a peak power of 4.9 mW
was achieved in lab tests when actuated at 5 g and 7 Hz, however the
power level is low and cantilevers possess high fracture risk since the
acceleration of the railway track vibration is quite high [12]. Simply
supported beams [12] were proposed to tackle the fracture problem of
the cantilever. Lab tests showed that a single simply supported beam can
generate 380 pW at resonance with the optimal load resistor of 20 kQ.
Apart from the linear piezoelectric energy harvesters, nonlinearity has
been introduced into piezoelectric railway energy harvesting system
recently to widen the frequency bandwidth. A harvester composed of a
hosting beam and a group of micro-beams with repulsive magnetic
forces on their free ends [13] was proposed to broaden the harvesting
bandwidth and achieved a maximum RMS power of 16 uW in lab tests.
Although most research focuses on bending modes of piezoelectric
materials for railway energy harvesting, compression modes have also
been investigated due to their higher coupling factor. Cao et al. [14]
proposed a piezo stack device utilising the compression mode of
piezoelectric materials and achieved a maximum average power of 0.34
mW. In order to increase the average power level of piezoelectric energy
harvesters for railway track vibration from yW to mW, the idea of
combining a piezo stack with compression mode, a mechanical trans-
former and frequency up-conversion mechanism for railway tracks was
proposed in our previous work [15], but several requirements of track
vibration were not considered. First, there is limited space for installing
the energy harvester on the railway track without impeding track
maintenance like tamping. Second, the strength of the energy harvester
should satisfy the high acceleration of the railway track vibration. Third,
the frequency bandwidth needs to be broadened to improve the energy
harvesting performance. As a result, a compact piezoelectric energy
harvester which meets the requirements of railway track environment
including size, stress, frequency is needed while maintaining the average
power level of mW.

In this paper, a compact piezo stack energy harvester design with
frequency up-conversion mechanism is proposed for scavenging energy
from railway track vibration. It consists of two systems integrated into
one design: the inertial mass and the piezo stack transducer systems. The
frequency bandwidth of the energy harvester is broadened by using two
adjacent natural frequencies caused by the first and second mode of
vibration of the inertial mass system. This is achieved through the lon-
gitudinal and torsional oscillation of the designed plate springs. The
mechanical transformer is designed to achieve the required stress level
under both the impact force caused by the collision motion and the in-
ertial force generated by the random vibration of the rails. A FEM model
considering the impact between the inertial mass system and the piezo
stack transducer system is developed to analyse the dynamic charac-
teristics. Lab tests are carried out to examine the performance of the
harvester and validate the model. Experimental results show that the
energy harvester has two resonant frequencies of 17 Hz and 20 Hz, and a
maximum average power of 6.72 mW with a 1-mW-bandwidth of 15 Hz
is obtained when actuated at 0.7 RMS g acceleration.

This paper is organised as follows. Section 2 introduces the detailed
design and working principle of the proposed piezo stack energy
harvester. Section 3 illustrates the system dynamics and finite element
methods for modelling the proposed energy harvester. Section 4 is the
fabrication and lab tests, and Section 5 is the results and discussions of
simulation and experiments. Section 6 provides the concluding remarks.

2. Design of the energy harvester
2.1. Design considerations
2.1.1. Installation

The typical ballasted track structure consists of railway tracks, rail-
way pads, sleepers, the ballast and the subgrade [16]. It is reported that
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the average vibration energy level decreases from railway tracks to
subgrade due to the energy stored and consumed in each part [17]. As a
result, this paper uses the railway tracks’ vibration as the vibration
source to design the energy harvester. Fig. 1 shows a photo of the
implemented energy harvester installed on the railway track using two
rail clamps.

2.1.2. Size

The size of the harvester is restricted due to the installation
requirement. The space available for the harvester on the railway track
is approximately 470 x 100 x 90 mm® according to spacings between
sleepers and maintenance regulations [18]. Therefore, the proposed
harvester is designed to be ®90 x 82 mm?.

2.1.3. Resonant frequency and excitation

It is reported that in the frequency range below 30 Hz, the railway
track vibration is predominantly due to the quasi-static moving axle load
independent of the vehicle and track dynamics, and this frequency range
is used for harvesting energy from railway track vibration [19,20].
Therefore, this frequency range is of interest in this paper. Fig. 2 shows
an example of Fast Fourier Transform (FFT) result of railway track vi-
bration, measured by the University of Birmingham in the time domain,
and analysed by Energy Harvesting Research Group at the University of
Exeter in the frequency domain when a wagon travelled at a maximum
speed of 32 km/h tested in Long Marston, United Kingdom. The accel-
eration is relatively large below 5 Hz. It is challenging to design the
harvester at such a low frequency, and such large acceleration may
damage the harvester. Meanwhile, the second highest value occur be-
tween 16 and 21 Hz with acceleration amplitudes of approximately
1-2 g (RMS acceleration of 0.7-1.4 g when considered as harmonic
excitation). As a result, we aim at the frequency range between 16 and
21 Hz as the target natural frequency of the energy harvester.

2.2. Design overview

Fig. 3 shows the schematic of the proposed energy harvester design
based on the frequency up-conversion mechanism. It consists of two
systems integrated into one design: the inertial mass system for adjusting
the resonant frequency and the piezo stack transducer system for
generating power. The inertial mass system comprises an inertial mass,
two plate springs, and a structure for impacting with the piezo stack
transducer system. The resonant frequency of the inertial mass system is
designed to be around the dominant frequencies of the railway track
vibration (16-21 Hz) by adjusting the inertial mass and plate springs.
The piezo stack transducer system is constituted of a mechanical
transformer, a multi-layer piezo stack polarised along the longitudinal
direction (d33 mode), two plate springs and an added mass on the top.
The mechanical transformer amplifies the vertical motion of the trans-
former into the axial movement of the piezo stack. The added mass re-
duces the resonant frequency of the piezo stack transducer and enhances

Fig. 1. A photo of the implemented energy harvester installed on the rail.
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Fig. 2. An example of Fast Fourier Transform (FFT) result of railway track
vibration when a wagon travelled at a maximum speed of 32 km/h tested in
Long Marston, United Kingdom.
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Fig. 3. A schematic of the proposed energy harvester design based on the
frequency up-conversion mechanism.

its powering ability. The piezo stack converts the mechanical energy into
electrical power when connected to an external load.

2.3. Working principle

Fig. 4 shows the output voltage of the proposed energy harvester
illustrating the working principle. When there is vibration in the railway
tracks, the inertial mass system oscillates at a resonant state and starts to
approach the piezo stack transducer system at the first step. As the in-
ertial mass system contacts and collides with the piezo stack transducer
system in the second step, a large impact force is exerted and the voltage
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Fig. 4. The output voltage of the proposed energy harvester illustrating the
working principle.
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reaches maximum. As the inertial mass system travels upwards and
away from the piezo stack transducer system, the two systems are
separated, leading to free vibration of the piezo stack transducer system
at its resonance frequency in the third step. This free vibration continues
until the subsequent collision occurs. In this way, the energy harvester
converts the low-frequency railway track vibration into the piezo stack
transducer’s high resonant frequency oscillation. Without the frequency
up-conversion mechanism, the piezo stack transducer would operate in
the off-resonant mode under low-frequency excitations due to its high
stiffness, thereby having a low power output. It is reported that the
typical piezo stack transducer with a resonant frequency of 243 Hz
worked in off-resonant mode at 3 Hz excitation, and only produced a
maximum power of 0.0224 puW [21]. Therefore, the frequency
up-conversion mechanism is crucial to the high-power generation of the
energy harvester.

2.4. Design of the mechanical transformer

Stress analysis is essential to ensure the reliability of the harvester.
The mechanical transformer is the weakest part of the energy harvester
and can be damaged by the impact between the inertial mass system and
the piezo stack transducer system if not designed properly. In this work,
a model of the piezo stack transducer system is developed in Solidworks
to help analyse the maximum stress and redesign the transformer, as
shown in Fig. 5. The model includes both transformer and piezo stack
with contact interaction. One end of the mechanical transformer is fixed
while the other is applied with a mass of 0.15 kg. The transformer ma-
terial is spring steel of 60Si2CrVA, which has a yield strength of about
1645 MPa and a fatigue strength of about 750 MPa [22]. The mechan-
ical damping of the transducer is specified with a mechanical quality
factor Qu= 60 of the piezo stack.

The mechanical transformer withstands two kinds of forces in rail-
way applications. One is the impact force caused by the collision motion
between the inertial mass system and the piezo stack transducer system.
The other one is the inertial force generated by the random vibration of
the railway tracks. The two forces are analysed by separate studies under
Linear Dynamic Study respectively.

(1) Impact force caused by the collision motion

The impact force can be modelled as a triangular function [23]. Thus,
Modal Time History analysis is used and a force with a defined triangular
function is applied to the centre of the upper transformer. According to
the measured velocity and impact force formula [15], the impact time
and a peak triangular impact force function of 100 N are determined and
used in the model. The impact force not only affects the maximum stress
on the mechanical transformer, but also influences the input work of the
mechanical transformer. The maximum input work of the mechanical
transformer W is defined as the following equation:

W = FiXin (@)

where Fj, is the input peak impact force and x;, is the corresponding

Inclined beam

Mechanical
transformer

Fig. 5. The model and parameters for designing the mechanical transformer
(the length of the transformer L,, the thickness of the transformer L;, the angle
of the inclined beam P and the thickness of the block h).
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input displacement of the mechanical transformer. Fig. 6 shows the
maximum stress and input work of the mechanical transformer with
different input impact forces Fj,. It is noted that a larger impact force will
lead to higher input work and higher maximum stress. The more input
work the mechanical transformer can get, the larger output work the
piezo stack can generate, contributing to higher power output. However,
if the maximum stress is larger than the yield and fatigue limit of the
material, the mechanical transformer will break.

(2) Inertial force generated by the random vibration of the railway
tracks

The inertial force is modelled as a uniform base excitation and
Random Vibration analysis is used. In the uniform base excitation, the
PSD (power spectral density) curve accessed by transforming the time
domain data of railway track vibration is input as the acceleration. The
RMS responses are obtained as the simulation output and show the “one-
sigma” root mean square values in terms of stress. Then we multiply
those RMS values by three to meet the “three-sigma” criterion
commonly used for fatigue evaluation. It means these stress levels will
occur 99.7% of the time and it is considered safe when the stress limits
are above those stress levels.

The maximum stress under impact force and random vibration with
different parameters (the length of the transformer L,, the thickness of
the transformer Ly, the angle of the inclined beam p and the thickness of
the block h) are shown in Fig. 7. When h= 0.3 mm, the thickness of the
block is the same as that of the inclined beam. To achieve a lower
maximum stress under both impact and random excitations, the me-
chanical transformer with L, = 20 mm, Ly = 3 mm, = 6°, h= 0.3 mm is
selected as shown in Fig. 8. The combined maximum stress under both
excitations of the proposed transformer is 583 MPa, lower than the yield
and fatigue limit of the material (1645 MPa and 750 MPa respectively),
demonstrating the reliability of the harvester. In addition, the combined
maximum stress of the proposed transformer is lower than that of our
previous design [15] (745 MPa), and thus the proposed transformer has
a superior strength.

2.5. Design of the plate springs

Two identical plate springs are used in the inertial mass system to
adjust the resonant frequencies and guide the motion of the inertial
mass, as shown in Fig. 9. Another pair of plate springs are added to the
piezo stack transducer system to guide the motion of the added mass and
prevent large torsion and damage of the mechanical transformer.

3. Finite element modelling

Finite element models are developed in COMSOL Multiphysics® to

T T T T T [ 35
200
E —#=Maximum stress 30
=0~ |nput work
£ 160 . (253
@ 20 £
S 120 .-
B ] 15 8
E o
= _10 =]
E 8 £
§ 5
= 404 Lo

20 40 60 80 100
Impact force (N)

Fig. 6. The maximum stress and input work of the mechanical transformer with
different input impact forces.
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analyse the dynamic characteristics of the energy harvester. The previ-
ous models of longitudinal-mode piezoelectric energy harvesters mainly
focus on their resonant responses under harmonic excitation [24-26].
The FEM developed in this work analyses the free vibration of the piezo
stack transducer caused by the impact between the inertial mass system
and the piezo stack transducer system.

The developed FEM model consists of two steps. Step (1), displace-
ment simulation, is a time-dependent analysis which computes the dis-
placements of the piezo stack transducer system under the impact
motion between the inertial mass system and the piezo stack transducer
system. Step (2), power generation simulation, is a time-dependent
analysis that computes the voltage and power of the piezo stack using
the calculated displacements in Step (1) as initial displacements.

(1) Displacement simulation

In this step, the 3D physical model consists of two parts (in-
ertial mass system and piezo stack transducer system) geometri-
cally separated in the initial configuration forming a union with a
contact pair. Only solid mechanics physics is used in this step. In
the inertial mass system, a physical plate spring is used to analyse
the resonant responses of the inertial mass system accurately. An
added mass node of 0.3 kg is added to the top surface of the plate
spring to simulate the inertial mass. A hemisphere is added to the
bottom of the plate spring to make the collision a point-to-surface
contact problem, which is easy to calculate for Comsol. The sur-
face of the hemisphere is selected as the destination boundaries of
the contact pair, while the top surface of the mechanical trans-
former of the piezo stack transducer system is chosen as the
source boundaries of the contact pair, because the convex
boundary should be the destination. In the piezo stack transducer
system, the physical model consists of the mechanical trans-
former and the piezo stack. Two layers are added to the top of the
mechanical transformer to apply the added mass node of 0.15 kg
and the spring foundation node of 964 N/m, which simulate the
added mass and plate springs in the piezo stack transducer sys-
tem. The mechanical damping of the transducer is specified as a
mechanical quality factor Qy = 60. Fixed constraints are added
to the bottom of the mechanical transformer and the edge of the
plate spring. The penalty method is used in the contact boundary.
Harmonic excitation of different frequencies is added as body
load to the inertial mass system. A time-dependent analysis is
used, and a parametric sweep of the excitation frequencies is
performed. As a result, the maximum displacements of the top of
the piezo stack transducer system are obtained across the fre-
quency range of interest and input as initial displacements in Step
(2).

(2) Power generation simulation

In this step, the 3D physical model only consists of the piezo
stack transducer system, of which the boundary conditions are
the same as those in Step (1). The calculated displacements in
Step (1) are used as initial displacements of the top of the me-
chanical transformer. Electrostatics and Electrical circuit physics
are used to calculate the electrical output. The electrodes of the
piezo stack are connected to a circuit with a load resistor. To
simplify the model and reduce the computational time, we model
the multilayer piezo stack as a single-layer piezoelectric element
with the exact overall dimensions. Although power output and
resonance frequency are not affected by the number of layers,
values like impedance magnitude and voltage are different. The
values of the single-layer piezoelectric element can be converted
to those of the multilayer piezo stack using the following equa-

tions [26]:
F.&
= e (2)
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Fig. 7. The maximum stress under impact force and random vibration with different parameters: (a) length of the transformer L,, (b) thickness of the transformer L,

(c) angle of the inclined beam p, and (d) thickness of the block h.

Fig. 8. The designed mechanical transformer with L, = 20 mm, L; = 3 mm,
p=6° and h= 0.3 mm.

Vr
V=—

N 3

where I'; and Vi denote the impedance magnitude and the output
voltage for single-layer piezoelectric element, I" and V stand for
the impedance magnitude and the output voltage for multilayer
piezo stack respectively, N = 560 is the number of piezoelectric
layers. A time-dependent analysis is used for calculating re-
sponses for one cycle and a parametric sweep of the excitation
frequency is performed. As a result, we can obtain the voltage

output and calculate the power output according to Egs. (4, 5).

‘/2

P @

2
Vrms

Poe =
RL

(5)

where Vis the voltage output, P is the power output, Ry, is the load
resistance, Py, is the average power output, and Vi is the RMS
voltage output.

4. Fabrication and lab tests
4.1. Fabrication

A prototype generator is fabricated based on the proposed design to
test the energy harvesting performance. The inertial mass system con-
sists of a 0.3 kg cylindrical inertial mass, two plate springs made of
spring steel (0.4 mm thickness), and a designed structure for impact. The
impact structure ensures a relatively large contact surface area between
the piezo stack transducer system and the inertial mass system when the
collision occurs. Two plate springs are placed on the top and bottom of
the inertial mass respectively to adjust the desired low resonant fre-
quencies and guide the motion of the inertial mass. The piezo stack
system comprises a 0.15 kg cylindrical added mass, two plate springs
made of spring steel (0.3 mm thickness with the stiffness K; =964 N/m)
and a piezo stack transducer. The piezo stack transducer is assembled



G. Shan et al

(2)

using a 560-layer piezo stack operating in 33-mode (7 x7 x36 mm,
Thorlabs) and a mechanical transformer made of spring steel. These two
systems are assembled into one compact design through four screws as
shown in Fig. 10(a). The dimensions and material properties of the
developed energy harvester are summarised in Table 1.

4.2. Experimental setup

The experimental setup for the energy harvester is shown in Fig. 10
(b). The prototype is installed on an electromagnetic shaker (APS 113),
which is driven by the signal derived from a signal generator (Tektronix
AFG3022C) and then amplified by a power amplifier (APS 125). The
acceleration generated by the shaker is measured by an accelerometer
(Kistler 8762A5). The energy harvester is connected to a variable load
resistor. The voltage across the load resistor and the measured signal
from the accelerometer are measured using a NI cDAQ-9174 and
recorded through LabVIEW software. This voltage is then used to
calculate the power generated by the harvester.

5. Results and discussions
5.1. Experimental validation of power generation simulation
5.1.1. Time domain responses

Fig. 11 shows the measured and simulated time-domain responses of
voltage and power output with a load resistor of 200 Q at the excitation

()
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(b)

Fig. 9. The designed (a) inertial mass system and (b) plate springs for the inertial mass system.

Table 1
Dimensions and material properties of the developed energy harvester.
Description Value
Piezo stack Density (kg/m>) 7700
Piezoelectric charge 710
constant ds3 (1072 C/N)
Coupling factor K33 0.63
Mechanical transformer Material Spring steel (60Si2CrVA)
Density (kg/m>) 7850
Young’s modulus (GPa) 207
Poisson’s ratio 0.3
Dimension (mm) 46 x 27 x 7
Tilted angle 6°
Inertial mass Mass (kg) 0.3
Added mass Mass (kg) 0.15

of 17 Hz and 0.7 RMS g. The initial interval d is set to be 0.1 mm. The
energy harvester has two types of behaviour during each cycle, as
described in Section 2, which can be observed in the voltage and power
responses. When the inertial mass system collides with the piezo stack
system, the voltage changes from 0 to maximum in a short period while
the power reaches maximum accordingly. When the inertial mass de-
taches, the piezo stack system vibrates freely at its resonance frequency
(94 Hz), and thus the voltage and power decays gradually under the free
vibration. In this way, the proposed energy harvester transforms the
excitation of 17 Hz into the piezo stack transducer’s high resonant

—

= ] m PC with I”‘abVIE\;.
- g m
pio o (@)@l Load Resistor

sy

=z Power Amplifier (“‘I'—' e ——
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.’ - ."-
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Fig. 10. (a) The compact energy harvester mounted onto a shaker, and (b) experimental setup for the energy harvester.
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Fig. 11. The measured and simulated time-domain responses of voltage and power output with a load resistor of 200 Q at the excitation of 17 Hz and 0.7 RMS g.

frequency vibration of 94 Hz, realising the goal of frequency up-
conversion. It is noted that there are two peaks in each oscillation of
the system for the experiment, while there is only one peak for the
simulation. This is because the plate springs on the added mass of the
piezo stack system in the experiment transform some of the oscillation
motion into a slight torsion. In general, the simulated and experimental
results are consistent with each other.

5.1.2. Frequency domain responses

After understanding the time-domain responses, we need to evaluate
the frequency responses. Fig. 12(a) shows the measured and simulated
frequency responses of the average power of the energy harvester with a
load resistor of 200 Q at the RMS acceleration of 0.7 g. In the experi-
ment, when the excitation frequency is away from the natural fre-
quencies of the inertial mass system (below 6 Hz and above 23 Hz), the
average power is rather low and below 1 mW. When the excitation
frequency is near the natural frequencies (7-16 and 21-22 Hz), the mass
system can slightly collide with the piezo stack system, and thus the
output voltage and power are improved on a small scale. When the
excitation frequency equals the natural frequencies (17-20 Hz), the
mass system exerts a large impact force on the piezo stack system, and
the output voltage and power are significantly improved. Experimental
results show that the amplitude voltage reaches 4.01 V and the RMS
voltage is 1.16 V, while the maximum power reaches 114.5 mW and the
average power is 6.72 mW actuated at 20 Hz. It is noticed that the fre-
quency responses have two peaks (17 Hz and 20 Hz for both experiment
and simulation). The experiment results show a higher output near the
natural frequencies (6-14 Hz) compared to simulation results, which

may be caused by the nonlinearity of the plate springs and collision
motion. In general, the frequency responses of the simulation and
experiment validate the unique characteristic of the proposed system.
The system has two modes of vibration due to the plate springs on the
inertial mass and the mode shape is shown in Fig. 12(b). The first mode
of vibration (17 Hz), also called longitudinal mode, is caused by the
oscillation of the plate springs along the vibration direction. The second
mode of vibration (20 Hz), also called torsional mode, is due to the
torsion of the plate springs. This characteristic is beneficial to broad-
ening the frequency bandwidth of the energy harvester.

5.2. 5.2 Experimental evaluation of factors affecting power generation

5.2.1. Load resistance

Fig. 13 shows the amplitude voltage, RMS voltage, maximum power
and average power of the energy harvester actuated at 17 Hz and 0.7
RMS g across a range of load resistance. The highest average and
maximum power occur at a load resistance of 200 Q. As a result, an
optimal load resistance of 200 Q is determined, which is used for further
tests.

5.2.2. Input acceleration

Fig. 14 depicts the frequency responses of average power with
different input RMS accelerations of 0.5 g, 0.6 g, and 0.7 g. In general,
the power output increases with the acceleration and the overall trends
of the frequency responses with different accelerations are the same. It is
because as the acceleration increases, the inertial mass system has larger
displacements and collides with the piezo stack transducer system with a

- Experiement
54 ~—@— Simulation

Average Power (mW)

o
|

O 5 10 15 20 25
Frequency (Hz)

(a)

(b)

Fig. 12. (a) The measured and simulated frequency responses of the average power of the energy harvester with a load resistor of 200 Q at the RMS acceleration of

0.7 g, and (b) Mode shape of the energy harvester.
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Fig. 14. The frequency responses of average power with different RMS accel-
erations of 0.5 g, 0.6 g, and 0.7 g.

larger impact force, resulting in higher power output. It is noted that the
average power is approximately proportional to the squared accelera-
tion. Meanwhile, the energy harvester with different accelerations has
the same initial relative position and arrangement between the inertial
mass and piezo stack systems. As a result, the stiffness of the system does
not change, and thus the resonant frequencies remain the same.

5.2.3. Initial interval

Fig. 15 shows the frequency responses of average power with
different initial intervals of — 0.9 mm, 0.1 mm, and 1.1 mm actuated at
0.7 RMS g. The initial intervals are adjusted by adding a 1 mm washer to
the piezo stack transducer or inertial mass systems. The harvester with a
negative initial interval means that the piezo stack system contacts with
the impact structure and deforms the plate springs of the inertial mass

Average Power (mW)

Frequency (Hz)

Fig. 15. The frequency responses of average power with different initial in-
tervals of — 0.9 mm, 0.1 mm, and 1.1 mm actuated at 0.7 RMS g.

system in a static state. It is found that the initial interval greatly in-
fluences the resonant frequencies and frequency bandwidths of the
harvester. The energy harvester with a — 0.9 mm initial interval has
resonant frequencies of 21 Hz and 24 Hz achieving maximum average
power of 4.94 mW with a 1-mW-bandwidth of 20 Hz from 19 Hz to
39 Hz. As the initial interval increases, the resonant frequencies of the
harvester shift toward lower values and the average power at resonant
frequencies increases at the cost of reduced bandwidth. The resonant
frequencies of the energy harvester with a 0.1 mm initial interval shift to
17 Hz and 20 Hz, and the maximum average power increases to
6.72 mW. The 1-mW-bandwidth is reduced to 15 Hz from 7 Hz to 22 Hz.
The reason is that a greater interval enables the inertial mass to have a
larger displacement during vibration leading to a higher impact force at
the resonant frequencies and a failure to collide at other frequencies. In
other words, the two systems with lower initial intervals are easy to
collide with each other, and thus the frequency bandwidth is quite
broad. However, when the initial interval continues increasing, there is
only one resonant frequency with reduced maximum average power and
bandwidth. This is because the displacement caused by the torsional
mode is lower than the initial interval, while the displacement caused by
the longitudinal mode is higher than the initial interval. As a result, the
collision motion can only be triggered by the first mode of vibration, and
the second mode of vibration cannot be activated. The energy harvester
with a 1.1 mm initial interval has a resonant frequency of 18 Hz
achieving maximum average power of 4.31 mW with a 1-mW-band-
width of 13 Hz from 6 Hz to 19 Hz. If the initial interval further in-
creases, the inertial mass system cannot collide with the piezo stack
transducer system, and the frequency up-conversion mechanism cannot
be realised. In general, the energy harvester with around 0.1 mm initial
interval is desired for realising the full potential of the unique two-peak
frequency response characteristic. The initial interval can be optimised
by adjusting the thickness of the washer.

5.2.4. Plate spring

Fig. 16(a) shows the frequency responses of average power with two
different stiffnesses of plate springs (Ko = 2920 N/m and K3 =44000 N/
m) on the added mass of the piezo stack transducer system actuated at
0.7 RMS g. The stiffness is adjusted by changing the shape of the plate
springs (shown in Fig. 9 and Fig. 16(b)) with a thickness of 0.5 mm. As
the stiffness of the plate spring becomes higher, the motion of the me-
chanical transformer is constrained, and thus the average power de-
creases and the stress of the mechanical transformer is reduced. The
average power generated by the energy harvester with plate springs of
K3 = 44000 N/m is remarkably low compared to that of Ky = 2920 N/
m. Generally, a softer spring which can limit the torsion of the me-
chanical transformer is desired. The plate spring can be optimised by
designing its shape and thickness.
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Fig. 16. (a) The frequency responses of average power with two different stiffnesses of plate springs (K = 2920 N/m and K3 =44000 N/m) on the added mass of the
piezo stack transducer system actuated at 0.7 RMS g, and (b) the shape of the plate spring with the stiffness K3 = 44000 N/m.

5.2.5. Pulse excitation

It is reported that the track vibration excitation of the field test is
more like an impulse [27], so a pulse excitation of 20 Hz and RMS ac-
celeration of 0.7 g with a width of 20% is used as the excitation signal
further to evaluate the energy harvesting performance. The
time-dependent voltage and power are presented in Fig. 17. The results
show that the amplitude voltage reaches 3.92 V and the RMS voltage is
0.94 V, while the maximum power reaches 121.45 mW and the average
power is 4.41 mW. The time-dependent responses indicate that the
frequency up-conversion mechanism can also be achieved subjected to
pulse excitation. However, the average power of pulse excitation is
lower than that of harmonic excitation.

5.3. Comparison of state-of-the-art piezoelectric energy harvesters for
railway track vibration

Table 2 shows the comparison of state-of-the-art piezoelectric energy
harvesters reported in the literature for rail track vibration. The pro-
posed vibration energy harvester is found to exhibit good performance
with regard to power output.

6. Conclusions

In this paper, a compact piezo stack energy harvester with frequency
up-conversion mechanism is designed, modelled, fabricated, and tested
for scavenging energy from railway track vibration. Several designs are
carried out to meet railway track applications requirements in size,
frequency, and stress. A compact design integrating the inertial mass
and the piezo stack transducer systems is used to enable the mechanical

6
4_
S 2
(]
g
= 0
(]
>
2
4 ;
0 0.05 0.1

Time (s)

collision for realising the frequency up-conversion mechanism and
ensure the size of the energy harvester is suitable for the limited space on
the railway track. The frequency bandwidth of the energy harvester is
broadened by using the two adjacent natural frequencies design, which
is implemented through the two modes of vibration of the inertial mass
system. The first vibration mode is caused by the oscillation of the plate
springs along the vibration direction, while the second vibration mode is
due to the torsion of the plate springs. The mechanical transformer of the
piezo stack transducer system, which is the weakest part of the energy
harvester, is designed to achieve the required stress level under both the
impact force caused by the collision motion and the inertial force
generated by the random vibration of the rails. A FEM model is devel-
oped to analyse the free vibration of the piezo stack transducer specif-
ically generated by the impact between the inertial mass system and the
piezo stack transducer system. The proposed FEM model first computes
the displacements of the piezo stack transducer system under the impact,
which is then used as initial displacements for the time-dependent
power output simulation. Comparisons between simulation and exper-
iment validate the two adjacent modes of vibration responses of the
system.

Lab tests are further conducted to evaluate the impact of different
factors such as load resistance, input acceleration, initial interval, plate
spring, and pulse excitation on power generation. The experimental
results show that the harvester effectively converts a low-frequency vi-
bration into the piezo stack transducer’s high resonant frequency vi-
bration from 17 Hz to 94 Hz. A maximum average power of 6.72 mW
with a 1-mW-bandwidth of 15 Hz is obtained when actuated at 0.7 RMS
g acceleration. It is noted that the average power is approximately
proportional to the squared acceleration. Moreover, the initial interval

140
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% 80
g 60+
o 404
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0_
0 0.05 0.1

Time (s)

Fig. 17. The time-dependent voltage and power with a load resistor of 200 Q at a pulse excitation of 20 Hz and 0.7 RMS g.
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Table 2
Comparison of state-of-the-art piezoelectric energy harvesters for railway track vibration.
References Harvester volume [mm®]  Proof mass [g] ~ Resonant frequency Test  Acceleration [g] Load impedance Power [mW]
[Hz] [kQ]
Nelson et al. Field 387 0.053 (ave)
[28]
Lietal. [27] (30-35) x 10 x 0.5 3.48-4.08 55-75 Lab 0.2 59.4 0.2 (ave)
Wang et al. [29] 20 x 20 x 0.2 (patch) Simulation  Train speed of 30 m/s 211 0.19 (rms)
50 x 50 x 165 (stack) Simulation  Train speed of 30 m/s 180 0.027 (rms)
Mishra et al. 36 x 0.6 x 0.16 5 93.54 Simulation  0.25 5000 0.026 (ave)
[30]
Gao etal. [11] 200 x 170 x 80 60 7 Lab 5 100 4.88 (peak)
Yang et al. [31] 38.1 x 200 x 15.6 2.58 61.7 & 691.0 Simulation ~ 2.91 m/s%*/Hz 55.24 1 mW/Hz
(peak)
Cao et al. [14] @113 x 148 5 Lab Displacement of 2 mm 12 0.34 (ave)
This work @90 x 82 300 + 150 17 & 20 Lab 0.7 (rms) 0.2 6.72 (ave)
114.5 (peak)
greatly influences the resonant frequencies and frequency bandwidth of [8] C. Covaci, A. Gontean, Piezoelectric energy harvesting solutions: a review, Sensors

the harvester. As the initial interval increases, the average power at
resonant frequencies increases at the cost of reduced bandwidth. How-
ever, when the initial interval is larger than the displacement caused by
the torsional mode and lower than the displacement caused by the
longitudinal mode, the resonant frequencies change from two to one,
and the second mode of vibration cannot be activated. Furthermore, a
harder spring on the piezo stack transducer system reduces the stress of
the mechanical transformer while resulting in lower power output.
Therefore, a softer spring which can limit the torsion of the mechanical
transformer is needed in the piezo stack transducer system.
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