Available online at www.sciencedirect.com

IFAC i

CONFERENCE PAPER ARCHIVE

ScienceDirect

IFAC PapersOnLine 55-27 (2022) 218-223

Piezoelectric energy harvesting from rail track vibration
using frequency up-conversion mechanism
Guansong Shan*, Yang Kuang*, Meiling Zhu*

* College of Engineering, Mathematics and Physical Sciences,
University of Exeter, Exeter EX4 4QF, UK
(e-mail: gs573@exeter.ac.uk, y.kuang@exeter.ac.uk, m.zhu@exeter.ac.uk)

Abstract: Piezoelectric energy harvesting has great powering potential in railway applications, but
current piezoelectric literature for rail track vibration mainly focuses on a single piezoelectric element or
piezoelectric cantilever, whose output power is usually at the level of uW. In this work, a piezo stack
energy harvester using the frequency up-conversion method with attractive magnetic force is proposed
and experimentally validated for harvesting energy from rail track vibration. It consists of two parts, an
inertial mass system and a piezo stack system. The frequency up-conversion mechanism is realised by
allowing the inertial mass to attach and detach the piezo stack transducer periodically with the help of the
attractive magnetic force. The attractive magnetic force contributes to the collision between the two
systems, especially when the excitation frequency is near the resonant frequency. A theoretical model of
the proposed energy harvester considering the colliding motion and magnetic force is established. A
prototype is fabricated and can generate a peak power of 96.69 mW and average power of 2.59 mW at an
input acceleration of 1 g applied at 9 Hz with an optimum load impedance of 200 Q.
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1. INTRODUCTION

Rail transportation systems are essential to society. To
monitor rail infrastructures in real-time and detect faults
before they cause any damage, condition monitoring based
on wireless sensor networks (WSNs) has attracted great
attention due to their excellent flexibility and low installation
cost. However, one major challenge with WSNs is the power
source. Conventional batteries have a very 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 WSNss.

Vibration energy is a promising energy source for power
harvesting in the railway field because it is easy and
convenient to get when the train passes by, and it possesses
enormous powering potential. It was reported that the average
vibration energy level decreases from the top to the bottom of
the track structure due to the energy stored and consumed in
each part (Jiang and Gao, 2020). As a result, we focus on the
rail track other than the sleeper as the vibration source in this
paper. Train induced track vibration varies in amplitude and
frequency depending on rail types, track foundations,
trainloads and velocities, the separation between wheelsets,
and even the maintenance history of the track. However, it
was reported that when the frequency of the vertical track
vibration is below 30 Hz, the quasi-static moving axle load is
the main reason for track vibration, independent of vehicle
and track dynamics (Sheng et al., 2003) (Cleante et al.,

2019). Therefore, this frequency region is of interest in this
paper.

Electromagnetic and piezoelectric mechanisms are of
particular interest in railway vibration energy harvesting due
to their higher electromechanical coupling capability, simple
design, and without the need of an initial external voltage
source (Cao et al., 2019) (Fan et al., 2018). Electromagnetic
energy harvesters are based on the principle of Faraday's law
of electromagnetic induction. A linear type with a typical
moving magnet and fixed coil design was demonstrated to
harvest rail track vibration-induced energy by Gao et al. (Gao
et al., 2016a). When the rail track deflects, the permanent
magnet vibrates under the restriction of a mechanical spring,
and the coil will generate voltage due to the changing
magnetic field. To guarantee better electromagnetic
compatibility and improve the energy harvesting
performance, a combination of moving coil and fixed magnet
(Bradai et al., 2018), and moving magnets and moving coils
(Liao et al., 2015) were developed. Different from the linear
type, the proof mass is connected to the frame by a
magnetically levitated suspension instead of traditional
mechanical springs in the typical nonlinear design (De
Pasquale et al., 2012). The magnetic suspension is created by
introducing two permanent magnets attached to the basement
to produce a repulsive force on the levitating magnet.
Compared to the linear type, the nonlinear levitation type can
broaden the frequency bandwidth. Another electromagnetic
railway energy harvester type is the gear-based harvester
(Pan et al., 2019), which generally consists of motion
conversion structures, gear drives, and a generator. The gear-
based electromagnetic railway energy harvester can harvest
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energy in the range of W, but the mechanical efficiency is
typically low because of the energy losses in the complex
transmission (Bosso et al., 2020) and the volume of the gear-
based energy harvester is generally large.

Piezoelectric energy harvester presents numerous advantages
including high energy and power density, simple structure,
good scalability, ease of application, and versatile shapes
(Covaci and Gontean, 2020). Attaching a small piezoelectric
element to the underside of the rail was first presented
(Nelson et al., 2008) (Cahill et al., 2014), but the generated
power is unsatisfying. Moreover, A cantilever with a proof
mass at its free end and piezoelectric material attached to it is
the simplest and most common structure used in vibration
piezoelectric energy harvesters. For example, A PZT
cantilever was attached to the rail track and generated a peak
output power of 4.9 mW with a load impedance of 100 kQ at
rail acceleration of 5 g and a frequency of 7 Hz in the lab
(Gao et al., 2016b). Compression modes of piezoelectric
materials were also investigated due to their higher coupling
factor. Wang et al. (Wang et al., 2015) simulated the
piezoelectric stack device installed at the bottom of the rail
utilizing the compression mode of piezoelectric materials and
the results showed the maximum total energy produced was
21.88 ml. It demonstrates that the output using a
piezoelectric stack alone is unsatisfying.

Therefore, in this work, we present a piezo stack transducer
consisting of a mechanical transformer and a piezo stack
applied to the rail track vibration to improve the energy
harvesting performance. To harvest the low frequency
vibration of rail track, the frequency up-conversion
mechanism achieved by attractive magnetic force is
investigated. This paper is organized as follows. Section 2
introduces the design and modelling of the proposed energy
harvester. Section 3 describes the fabricated prototype of the
harvester and the experimental results. Finally, conclusions
are drawn according to the relevant analysis.

2. PROPOSED PIEZOELECTRIC ENERGY HARVESTER

Fig. 1 illustrates the schematic of the proposed energy
harvester based on the frequency up-conversion mechanism
achieved by an attractive magnetic force. It consists of two
parts, a mass system and a piezo stack system. The mass
system comprises an inertial mass, a spring, and a permanent
magnet. The resonant frequency of the mass system is
designed to be the dominant frequency of the rail track
vibration (9 Hz). The piezo stack system is a piezo stack
transducer with a ferritic steel stud at its top. The ferritic steel
stud interacts with the magnet and transfers the magnetic
force to the mechanical transformer, which then amplifies
and redirects this vertical force to a horizontal one and
applies to the piezo stack operating in d33 coupling mode.
The stud is used to control the magnitude of the magnetic
force and ensure a relatively large contacting surface area
between the piezo stack transducer and permanent magnet
when the collision occurs.

Fig. 2 shows the frequency up-conversion mechanism
achieved by attractive magnetic force in the proposed energy
harvester. When the rail track vibrates, the inertial mass

together with the permanent magnet are actuated to oscillate.
As the magnet travels downwards and approaches the piezo
stack system, the magnetic force between the magnet and the
stud increases, as shown in Step 1. When the displacement or
the magnetic force is large enough, the stud is attached to the
magnet with a collision, as shown in Step 2. As the magnet
travels upwards and away from the piezo system, the magnet
and the stud are separated, leading to free vibration of the
piezo stack transducer., as shown in Step 3. In this way, the
low frequency vibration is converted to the high frequency
resonance of the piezo stack transducer, resulting in increased
power output. A schematic showing a potential installation
of the energy harvester is exhibited in Fig. 3.
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Fig. 1. Schematic of the proposed energy harvester with
attractive magnetic force.
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Fig. 2 Schematic showing frequency up-conversion
mechanism achieved by attractive magnetic force in the
proposed energy harvester.
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Fig. 3. A schematic showing a potential installation of the
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Fig. 4. Simplified analytical model of the proposed energy
harvester.

The energy harvester can be mechanically modelled as two
mass—spring—damper systems that influence each other as
shown in Fig. 4. It can be divided into two states in terms of
its dynamic behaviour.

State 1: No collision occurs and the two systems vibrate
separately (x;— x>+ dp> 0). x; and x; are the displacements of
the mass system and the piezo stack system respectively; dy is
the initial interval between the magnet and ferritic steel.

State 2: Inertial mass is latched onto the transducer (x;— x>+
di=0).

Considering the dynamics of state 1, we characterize the
motion of the two systems as two second-order differential
equations (1, 2).

M3 +Cx +Kx =-My+F, (1)

M, +Cx, +K,x,—aV =-M,y+F, )

where M, is the total mass of the inertial mass and magnet;
M is the total mass of the piezo stack transducer and ferritic
steel; C; and C», K; and K> are the damping coefficients,

stiffness of the mass system and the piezo stack system
respectively (subscript 1 represents the mass system while
subscript 2 stands for the piezo stack system); V represents
voltage; a is the  electromechanical  coupling
coefficient of the piezo stack; y represents the input
displacement; F) stands for the magnetic force between the
piezo stack system and the magnet.

When the inertial mass attaches to the piezo stack system
(State 2), the motion of the coupled system is given by the
following equation.

(M, +M,)i+(C+C)i+Kx+K (x+d,)=~(M,+M,)5(3)

where x is the displacement of the inertial mass and piezo
stack transducer.

When the mass system collides with the piezo stack system
(x;— x2+ dy< 0), some energy is lost from the ensuing
collision. The impact between the two systems can be
modelled as an elastic collision (Galchev et al., 2011) and the
velocities of the two systems are given by the following
equations

(C, +D)Mu, +(M, -CM, )u,
v, = 4)
M +M,

— (CR +1)M1u1 +(MZ _CRMl)uZ

v, (5)
M +M,

where u; and v; are the velocities of the mass before and after
the collision. Cr is the coefficient of restitution of the
materials coming into contact.

The electrical equation can be attained as

v
GV +—+ax, =0 (6)
R:

where C, is the equivalent capacitance of the piezoelectric
stack and R; is the external resistance.

Output power P can be calculated via voltage V.

V2
P=— (7)
R

Average power P, can be calculated via root mean square
(rms) voltage Vps.

V
> — rms (8)
R:
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Table 1. Dimensions and material properties of the prototype.

Description Value
Piezo stack Density (kg/m?) 7700

Piezoelectric charge 710

constant ds; (1012 C/N)

Coupling factor K33 0.63

Capacitance (uF) 5.76

Mechanical Material Spring steel
transformer
Density (kg/m?) 7850
Young’s modulus (GPa) 207
Poisson’s ratio 0.3
Dimension (mm) 54x27x7
Tilted angle 6°
Inertial mass Mass (kg) 0.17
Magnet Material NdFeB
Dimension (mm) 220x10
Density (kg/m?) 7500

3. EXPERIMENTS AND RESULTS

3.1 Prototype fabrication and experiment setup

A prototype is fabricated based on the proposed architecture
to test the energy harvesting performance as shown in Fig. 5.
The mass system consists of a 0.17 kg inertial mass, a 0.025
kg magnet and a PLA plate spring designed to be at a
resonant state at the excitation of 9 Hz. The piezo stack
system comprises ferritic steel (11x7x6 mm) and a piezo
stack transducer. A 560-layer piezoelectric stack (7x7x36
mm, Thorlabs) and a mechanical transformer made of spring
steel and fabricated by electrical discharge machining are
used to assemble the piezo stack transducer through an
interference fit (Kuang et al., 2020). The detailed dimensions
and material properties are summarized in Table 1.

Fig. 5 shows the experiment setup. The energy harvester is
installed on an electromagnetic shaker (APS 113), which is
actuated by the combination of a signal generator (Tektronix
AFG3022C) and a power amplifier (APS125). The vibration
generated by the shaker is measured by an accelerometer
(Kistler 8762A5). The output of the energy harvester is
connected to a variable load resistor. The voltage across the
load resistor is measured to calculate the power output.

Signal generator

Power amplifier

-,

LabVIEW and PC

—LabVIEW—

<2 - #' Accelerometer

Piezo stack transducer

x Shaker
= (piezo stack+ transformer)

Fig. 5. Fabricated prototype and experimental setup

3.2 Time-dependent response

First, we examine the energy harvester's time-dependent
output voltage and power with a load resistor of 200 Q at the
excitation of 9 Hz and 1 g as shown in Fig. 6. The initial
interval dy is set to be 5 mm. The results show that the rms
voltage is 0.649 V and the average power is 2.59 mW. It is
noticed that at a resonant state, the mass system can attach
and detach the piezo stack system frequently with large
impact force, and thus the voltage and power are relatively
high. Interestingly, the maximum voltage and power at each
collision are different. This is because the change in the
velocity of the piezo stack system is unique and variable at
each collision. During each period, the energy harvester has
two types of behaviour described in section 2 which can be
observed in the voltage and power response. When the mass
attaches and the two systems collide, the voltage changes
from 0 to maximum in a very short period while the power
reaches maximum accordingly. During this state, the mass
system and piezo stack system vibrate together. When the
mass detaches, the piezo stack system starts to vibrate freely
at its resonance frequency, and the voltage decays gradually
under the free vibration and vast amounts of power are
generated in this stage.
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Fig. 6. The time-dependent output (a) voltage and (b) power
of the energy harvester with a load resistor of 200 Q at the
excitation of 9 Hz and 1 g.
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Fig. 7. The frequency response of the output (a) voltage
(Amp- amplitude value, RMS- root mean square value) and
(b) power (Max- maximum value, Ave- average value) of the
energy harvester with a load resistor of 200 Q at the
excitation of 1 g when the initial interval do is 5 mm.

3.3 Frequency response

After understanding the time-dependent response, we need to
evaluate the frequency response. Fig. 7 shows the frequency
response of the output voltage (Amp- amplitude value, RMS-
root mean square value) and power (Max- maximum value,
Ave- average value) of the energy harvester with a load
resistor of 200 Q at the excitation of 1 g when the initial

interval do is 5 mm. When the excitation frequency (below 4
Hz and above 11 Hz) is away from the natural frequency of
the mass system, the piezo stack system cannot be attached to
the mass system because of the small displacement of the
mass system. As a result, the output voltage and power
remain low. As the excitation frequency (5-7 and 10 Hz is
shifting towards the natural frequency), the displacement of
the mass system increases, leading to the collision with the
piezo stack system thanks to the attractive magnetic force and
thus improved voltage and power output. When the excitation
frequency equals the natural frequency (9 Hz), the mass
system exerts a large impact force on the piezo stack system,
and the output voltage and power reach the maximum. The
amplitude and RMS values of the voltage are 3.68 V and
0.649 V, respectively, leading to a maximum power of 96.69
mW and average power of 2.59 mW. It is noticed that the

amplitude voltage and maximum power may be random at
some point due to the uncertainty of the collision (for
example at 7 Hz), but the overall trend is the same as the
change of the rms voltage and average power.

3.4 Impedance matching

Impedance matching is crucial to piezoelectric energy
harvesting. Therefore, we obtain the output power against
load resistance at the excitation of 9 Hz and 1 g when the
initial interval do is 5 mm as depicted in Fig. 8. The average
power is used to select the optimum load resistance and as a
result an external resistance of 200 Q is chosen as the
optimum value.
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Impedance (Q2)
Fig. 8. Power output against load resistance at the excitation
of 9 Hz and 1 g when the initial interval do is 5 mm.

4. CONCLUSIONS

In this work, we proposed and experimentally validated a
piezo stack energy harvester using the frequency up-
conversion method achieved by an attractive magnetic force
for harvesting energy from rail track vibration. For each
period, the inertial mass attaches and then detaches the piezo
stack transducer, allowing the piezo stack transducer to
vibrate freely. In this way, the frequency up-conversion
mechanism is implemented. The attractive magnetic force
contributes to enabling the inertial mass to collide with the
piezo stack transducer, especially when the excitation
frequency is near the resonant frequency. A theoretical model
of the proposed energy harvester considering the colliding
motion and magnetic force is established. A prototype is
fabricated and tested. Peak power of 96.69 mW and average
power of 2.59 mW are achieved at an input acceleration of 1
g applied at 9 Hz with an optimum load impedance of 200 Q.
The time-dependent responses, frequency responses and
impedance are investigated to understand their influence on
the energy harvesting performance.
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