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Abstract

Piezoelectric energy harvesting is a widely used and environmentally friendly power generation technology, which can
provide power for wireless electronic devices and low-power sensors. In this paper, a magnetically excited rotating piezo-
electric energy harvester is proposed, which can generate output voltages of more than 15 V at frequencies below 13 Hz,
where the maximum output voltage is 55.62 V. Through the rotation of the rotamer, magnetic coupling between magnetic
blocks drives piezoelectric elements to vibrate nonlinearly to generate electrical energy. Structural prototypes with dif-
ferent parameters were designed and produced after analyzing the working principle and theoretical model of the entire
piezoelectric system, and a series of experimental verifications were carried out on the theoretical model. The experimental
results show that the energy harvester has the best power generation effect when the weight of the magnet mass is 6 g,
the radial excitation distance is 5 mm, and multiple piezoelectric beams are connected in series. When the piezoelectric
beams are connected in series and rotational speed is 550 r/min, the external load resistance is 75 kQ, its maximum root
mean square output voltage and average output power are 33.12 V and 14.625 mW, respectively. The energy harvesting
system can light up 260 LED lights under the excitation of 550 r/min.
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1 Introduction

Portable electronic devices, and wireless sensor networks
have been developed rapidly in recent years, and gradually
apply to municipal, military, medical and industrial produc-
tion and other fields. Traditional batteries have problems
such as low energy density, the need for periodic replace-
ment or charging, and environmental pollution, and it
is difficult to meet the needs of the rapid development of
microelectronic products. Collecting vibration energy from
the surrounding environment can solve these tedious battery
replacement problems(Makki and Pop-Iliev 2012; Kamenar
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et al. 2015). Achieving this goal depends on the progress of
energy harvesting technology, which converts useless vibra-
tion energy in the environment into useful electrical energy
to power certain microelectronic devices(Li et al. 2017;
Deng et al. 2018). Piezoelectric energy harvesters (PEH)
have received widespread attention due to their large output
energy density, simple structure, and ease of processing, as
well as miniaturization and integrated comfort.

The most PEHs are used as linear vibration resonators,
where system performance is largely dependent on the reso-
nance frequency. Conventional PEH consists of single or
double cantilever beams with quality assurance at the free
end. Itis a typical linear resonator and has good performance
in a narrow bandwidth(Binyet et al. 2018; Mangaiyarkarasi
et al. 2019), and operates at the first resonance frequency.
When the internal natural frequency of the system is con-
sistent with the excitation frequency, it has the best power
generation performance. Once the two frequencies do not
match, the power generation performance will drop rapidly.
To develop systems with broadband energy harvesting capa-
bilities, many types of research have been done.
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Adjusting the resonance frequency of PEH pro-
vides an opportunity to improve the efficiency of power
generation(Halim and Park 2017; Somkuwar et al. 2018).
Automatically or manually adjusting natural frequencies
can widen the energy capture band. The most commonly
used method in frequency tuning is to regulate the stiff-
ness or mass of the system. Chen et al. (Lihua et al. 2020)
designed a PEH device with adjustable centroid contain-
ing rolling balls is proposed. This PEH can collect power
in the frequency band from 16 to 25 Hz. Shi et al. (2020)
proposed a broadband PEH with active self-tuning fre-
quency. By changing the position of the T-shaped section,
it can adjust the resonance frequency of the PEH to match
the external excitation. Static deflection and overall volume
will increase due to changes in stiffness and mass of the
system. The scheme is complicated in design and superior
in the mechanical loss.

Multiple degree-of-freedom (DOF) energy harvesting is
one strategy for achieving broadband goals (Aramaki et al.
2019; Thein et al. 2019; Suresh et al. 2019) developed a
2-DOF system with a dynamic magnifier. The elastic ampli-
fier combines a four-bar mechanism and a helical spring.
Lan et al. (2019) investigated the galloping based PEH,
and analyse the potential advantages of the 2-DOF gallop-
ing based PEH over the conventional single DOF gallop-
ing based PEH. A six-DOF PEH with linear and rotational
vibration based on parallel mechanism is proposed by Yuan
et al. (Yuan and Wang 2017)

Nonlinear piezoelectric vibration energy harvesting tech-
nology is a different strategy for broadband energy capture.
Compared with linear PEH, nonlinear PEH has the charac-
teristics of a wide frequency band and higher power gen-
eration efficiency. There are two main ways to introduce
nonlinear stiffness: nonlinear magnetic force (Shan et al.
2018; He et al. 2020) and piecewise linear structure (Staaf
et al. 2018; Xie et al. 2019). The nonlinearity caused by the
magnetic force also plays an important role in widening the
frequency band and improving energy-trapping efficiency.
Shu et al. (2018) proposed an energy harvesting device
based on non-contact rotating magnetic attraction. Due to
frequency up-conversion, it exhibits a broadband frequency
response. Zhao et al. (2019a, b) proposed a research method
using magnetic couple and bending amplification mecha-
nism to improve the robustness of the entire system. Na et
al. (2020) proposed a new type of wind energy harvester
device through magnetic coupling based on rotating struc-
ture. The deflection and output power of the piezoelectric
beams gradually increase with the increase of wind speed.

The organic combination of multiple broadband measures
is a new method to achieve broadband energy harvesting, it
can harvest energy more effectively in a wider working fre-
quency domain by reasonably using a variety of broadband
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methods to overcome the defects of a single broadband
mechanism (Xiong et al. 2016; Sun and Tse 2019). A kind of
magnetocouple PEH based on parasitic vibrator structure is
proposed by Wang and Tang (2017). The parasitic vibrator
can produce two resonance peaks, thereby achieving broad-
band electrical output. Nguyen et al. (2019) presented the
magnetically coupled 2-DOF energy harvester with second-
ary intrawell resonances. Higher electrical power is gener-
ated and the operating frequency bandwidth is increased.
Xie et al. (Zhao et al. 2019a, b) designed a T-shaped mag-
netically coupled PEH with multiple resonance frequencies.
Under low-frequency excitation, it can achieve an ultra-
wide working frequency range. Wang et al. (2021) listed in
detail the current status of development of various types of
rotary harvesters and compared them.

This paper proposes a magnetically excited rotating
piezoelectric energy harvester (MER-PEH) to effectively
collect energy and expand working bandwidth. The nonlin-
ear electromechanical model of MER-PEH is established.
The effect of different vibrator configurations on the reso-
nant peaks of the MER-PEH is investigated theoretically
and experimentally. A prototype of a collector and energy
harvester circuit was manufactured and tested, which con-
verts the generated alternating current (AC) power into
ordered current (DC) power and lights up the LED lights.
The effect of load resistance on the nonlinear response and
power output is also investigated. This result clearly shows
that it has good harvester performance under low-frequency
excitation to power tiny wireless sensing devices.

2 Design and modelling
2.1 The working principle

Figure 1 shows the proposed MER-PEH model design
with four piezoelectric beams (Al, A2, B1, and B2), four
magnets, a rotamer, a support plate, a slip ring. The sup-
port plate is fixed on the optical platform by bolts. The
piezoelectric beams (Al and A2) and piezoelectric beams
(Bland B2) are fixed on the rotamer and support plate by
screw bolts, respectively. The angles of piezoelectric beams
A and B installed on the rotamer and support plate are 60
and 90 degrees, respectively. The piezoelectric beams are
made of PZT and copper plates glued together. Magnets of
different masses are adhered to the free end of the piezoelec-
tric beams to coordinate the natural frequency. The mate-
rial of the magnet is a NdFeB. The support plate, and the
rotamer are made by A3S 3D printer JGAURORA) using
PLA material. The parameters of the prototype are shown in
Table 1. The prototype shown in Fig. 1 can be considered as
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Fig. 1 Photograph of the prototype energy harvester

Table 1 Parameters of a prototype MER-PEH

Paraneter Value

PZT

Length /, 0.04 m

Width b, 0.02m
Thickness 4, 0.0002 m
Density p,, 7700 kg/m®
Young’s modulus E), 70 GPa
Coupling coefficient d;; -285%107 12 C/N
Laminate permittivity ¢, 3200¢,

Permittivity of free space ¢, 8.854*10712F/m

Copper plate

Length /; 0.06 m
Width b, 0.02 m
Thickness 4, 0.0003 m
Density p 7800 kg/m?3
Young’s modulus £ 200 GPa
Magnet

Magnet A/B/C 5g/6g/Tg
Magnet’s residual flux density Br 1.2T

a cylinder with a diameter of 0.15 m and a height of 0.03 m,
with a total mass of about 0.2 kg.

The rotation of the rotamer drives piezoelectric beams
(Al and A2) to rotate. During the rotation, the interaction
of magnets at the free ends drives the piezoelectric beams
(B1 and B2) to swing left and right. Piezoelectric beam A is
deformed by rotating centrifugal force and magnetic force,
and piezoelectric beam B is deformed by magnetic force.
The piezoelectric beams vibrate at its natural frequency and
convert vibration energy into electrical energy due to the
piezoelectric effect. The harvester can be applied to devices
with rotary motion such as wheels and fans.

2.2 Modelling analysis

The electromechanical coupling model of the piezoelec-
tric system is developed on the basis of the Hamiltonian

principle. The kinetic energy of the piezoelectric system can
be expressed as:

ls

ls /I’
T= / mbsu';?dx + mbswgdy + 2/ mbpw%d;v
0 0

0

(1

ZP
+2/ mbpwgdy —+ mlw% —+ mlwg
0

where m,, is the masses per unit length of the rectangular
piezoelectric beam; m; is the mass of the rectangular mag-
net mass; / is the length of the rectangular piezoelectric
beam; w; and w, is the longitudinal motions of the subsys-
tem piezoelectric beam A and B masses, respectively. The
piezoelectric beam is made of PZT and copper plates glued
together. Two piezoelectric elements are surface bonded on
both sides of the copper substrate by an enhanced coupling
approach with edge elements. The subscript s is the copper
substrate, and the subscript p is the piezoelectric element.

The potential energy of the entire structural system can
be written as:

l 2 2 l 2 2
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0

0
Y
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where V; and V, are the voltages respectively generated
by the subsystems piezoelectric beam A and piezoelectric
beam B; C,; and C,, are the clamped capacitance of the
subsystems piezoelectric beam A and B piezoelectric patch
element, respectively; k is the effective stiffness; EI is the
stiffness of the rectangular piezoelectric beam; J, is the elec-
tromechanical coupling term; g is the gravitational accel-
eration. F,, is the normal magnetic force between the two
rectangular permanent magnets Fig. 2.

The normal force F,, can be written as (Zhao et al. 2019a,
b):

F = Flqq |sin (vnmt)] 3)

where ¢ is time; v is the rotational speed of the revolving host;

n is the number of a driving magnet; F,,,, is the repulsive

magnetic force between rectangular permanent magnets.
The repulsion magnetic force between two rectangular

permanent magnets is expressed as (Wang et al. 2021):
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Fig. 2 Piezoelectric vibration energy harvesting system model
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where L, represents the length of the rectangular magnet;
W, represents the width of the rectangular magnet; H,, rep-
resents the height of the rectangular magnet; u; denotes the
permeability of the rectangular magnet; B, represents the
magnetic flux density on the polar surface of the magnet;
Z represents the distance between two rectangular magnets.

The Lagrangian function expression of the system can be
described as:

L=T-U (5)

The virtual work of piezoelectric system can be expressed
as:

4 L
— Z / ciidwidz; + QidV; (6)
i=1 /0

where c is the equivalent damping coefficient of the subsys-
tem; § is the contradistinction operator; Q is the charge of
the piezoelectric element.

The average stresses on the surface of the piezoelectric
beam can be calculated as:
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Ihek X
*[(bh3/3) + 4bh,h2] + ELbh2/GE, Q)
b — (2hp2+ hs) ®)

where X is the maximum displacement amplitude of the
mass; b and / are the width and thickness of the piezoelec-
tric beams, respectively; A, is the equivalent thickness of the
Piezoelectric beam. The relationship between output volt-
age and time ¢ can be expressed as:

7d31 hpO'
2er€0

V, = ~(e/2vkm)et 1y wgt 9)

where d;; is the piezoelectric strain constant, e, is the
dielectric constant of the piezo material, co is the permit-
tivity of free space, Wy and  are the damped natural fre-
quency and the resonant frequency of the spring-mass
system, respectively.

The output power of the MER-PEH can be calculated
from the voltage value across the load:

V2

P= (10)

Based on the extended Hamilton principle, Lagrangian elec-
tromechanical equations are:

d (8L> 0L W

ow; ow; 0w, 1
d (0L 0L oW (D
61)2' 8112- N 6112'

Therefore, the dynamic model of electromechanical cou-
pling can be derived from Eq. 11, which is specifically
expressed as:

Mi; + cow; + kaw; — 0,V +mig+ F, =0
(12)

Vi
"+ 0 =0
RL—I— iW;

Vi +
where M is the equivalent mass of the subsystem; 6 is the
equivalent electromechanical coupling coefficient; k is the
effective stiffness of the nonlinear configuration; R, is the
equivalent resistance which is matched with piezoelectric
beams.
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3 Experiments and results

A series of experiments are tested to verify the theoretical
model and performance of MER-PEH. Figure 3 describes
the entire test system including a controller, a stepper motor,
a piezoelectric energy harvester prototype, a resistance box,
and a digital oscilloscope. Stepper motor is used as power
source. The controller is used to control the rotational speed
of the stepper motor. And the rotamer is driven by a stepper
motor. The piezoelectric cantilever beams vibration gener-
ates electrical energy under the excitation of the magnet.
The output voltage of the MER-PEH is measured by a digi-
tal oscilloscope (DS4043 RIGOL). In order to measure the
resistance characteristics of the MER-PEH and seek the best
power under different resistance, the measurement was car-
ried out by using a resistance box (ZX21e FUYANG). Fig-
ure 4 describes a rectifier bridge is used as a rectifier device
to convert AC to DC which can directly light up the LEDs.
According to the equation derived above, it is clear that
the output performance of the harvester is related to the
magnitude of the excitation, as well as its own natural fre-
quency. When the excitation frequency is close to the natu-
ral frequency of the harvester, the greater the excitation, the
greater the deformation of the piezoelectric vibrator and the
greater the output voltage of the harvester. The excitation

Fig. 3 Experimental setup of the PEHS

Fig. 5 The open-circuit voltage —T—TTT

is adjusted by changing the mass of the magnets and the
distance between the magnets on piezoelectric beam A and
piezoelectric beam B.

To adjust the natural frequency of the MER-PEH, the
influence of different weights of cutting-edge mass magnets
on power generation performance was tested. In the case
where the radial excitation interval is 10 mm, the experi-
ment tested a device that only contains two piezoelectric
elements A1 and B1. Figure 5 (a) and (b) display the influ-
ence of the mass of the magnet on piezoelectric power gen-
eration. It shows that the mass of the magnet fixed on the
free end of the piezoelectric beams is 5 and 6 g, it has the
lowest and largest open-circuit voltage, respectively. As
shown in Fig. 5(a), the output voltage at the peak point of
the prototype is maximum when the magnet mass is 6 g.
Figure 5(b) shows that the peak store voltage is not only
larger at a magnet mass of 6 g, but the output voltage at
high speed is still more than 5 V. Therefore, the best output
performance of the prototype is achieved when the magnet
mass is 6 g. At different rotation speeds of 250, 600, and
800 r/min, the Al piezoelectric beam has three different
peak voltage respectively. And the B1 piezoelectric beam
has three peak voltages at the rotation speed of 200 r/min,
400 r/min, and 650 r/min. A1 and B1 piezoelectric beams
have three voltage extreme points respectively, which are
20.56 V,20.94 V, 19.06 V, and 16.56 V, 18.12 V, 9.68 V.

S
\
/1

C 14
L ]
Piezoelectric Rcc.tlﬁcr LED
Element Bridge

Fig.4 The circuit schematic diagram of the system

vs. rotational speed with dif-
ferent magnetic mass: (a) the
piezoelectric beam Al, (b) the
piezoelectric beam B1
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Figure 6 (a) and (b) show the effect of the distance
between two magnets on power generation performance.
In the case where the magnet mass is 6 g, the experiment
tested a device that only contains two piezoelectric beams
Al and B1. The output voltage of the piezoelectric beams
is the largest at this time when the radial spacing between
the two magnets is 5 mm. It shows the difference magnetic
force caused by different spacings will affect the output
voltage of the piezoelectric beams. The peak voltage will
increase as the distance between the magnets decreases
under the action of repulsive force. It also demonstrates
that the radial distance between the two magnets will affect
the magnetic force and the magnetic force increases as the
distance between the magnets decreases. However, the dis-
tance between the two magnets cannot be reduced infinitely
because of the physical properties of the piezoelectric beam.
If the distance between the two magnets is too small caus-
ing an excessive magnetic force, the piezoelectric beams
itself will be damaged. Therefore, the minimum radial exci-
tation interval in the experimental research is 5 mm. The
Al piezoelectric beam has four voltage peaks at the rotation
speed of 150 r/min,300 r/min, 400 r/min, and 700 r/min,
and the B1 piezoelectric beam has three peak voltages at the
rotation speed of 300 r/min, 500 r/min, and 750 r/min. The
four output voltage of the A1 piezoelectric beam are 27.5'V,

26.31V, 25.93 V, and 24.68 V. The three voltage of the Bl
piezoelectric beam are 22.51 V, 21.87 V, and 22.99 V.

At the same time, the different connection methods
between the vibrators of MER-PEH has studied. Figure 7 (a)
and (b) describe the relationship between rotational speed
and voltage in different connection modes. When the radial
excitation interval is 5 mm and the mass of the magnet is
6 g, an experimental test is performed. The symbol for the
circuit series connection is +, // represents the circuit paral-
lel connection. The A piezoelectric beam has three voltage
peaks at the rotation speed of 150 r/min,250 r/min, and 550
r/min. The B piezoelectric beam has three peak voltages at
the rotation speed of 300 r/min, 550 r/min, and 800r/min.
A and B piezoelectric beams have three voltage extreme
points respectively, which are 31.25V, 42.39V, 43.24 V and
34.13 V, 34.69 V, 17.51 V. Compared with the other two
connection methods, the piezoelectric beams A and B have
the largest open-circuit voltage when the vibrator is con-
nected in series.

Figure 8 describes the correlation curve between output
voltage of MER-PEH and rotational speed in different con-
nection modes. It can be seen that there are multiple piezo-
electric vibrators in the energy harvesting system, and the
connection mode of each piezoelectric vibrator is series,
the power generation effect is the best. The MER-PEH sys-
tem has three higher peak points when the rotation speed is

Fig. 6 The output voltage vs. 30 25 —T—TTT T T
rotational speed at different = Smm
radial excitation intervals: (a) 25t 10mm
. . : > 20 —&— 15mm |
the piezoelectric beam Al, (b)
the piezoelectric beam B1 20}
z Sist 4
Py P
ghr g
s S0t ]
10 F
st 5T i
0 T S S S S 0 T N R S S S S S
(ay® 100 200300 400 500 600 700 800 900 10001100 (O 100 200 300 400 500 600 700 800 900 10001100
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H T T T T T T T T T T T T T T T T T T T T
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Fig.8 The output voltage of MER-PEH vs. rotational speed at different
circuit connection methods
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Fig.9 Resistance vs. the average power and the RMS voltage at differ-
ent circuit connection methods

150 r/min, 250 r/min, and 550 r/min. The output voltages
obtained are 33.76 V, 47.93 and 55.62 V. Compared with
the other two connection methods, MER-PEH has the larg-
est open-circuit voltage when the vibrator is connected in
series. Within a certain range of rotational speed, multiple
peak points can be taken, so the working bandwidth of the
piezoelectric beam is increased to a certain extent.

Figure 9 describes the correlation curve between output
voltage and power under different circuit connection modes
and different resistance. The experiment is tested when the
rotation speed is 550 r/min, the mass of the magnet is 6 g,
the radial excitation distance is 5 mm. Experimental results
show that the voltage of the load resistor also increases as
the resistance of the load resistor increases. The maximum
voltages of the series circuit and the parallel circuit are
46.43 V and 20.84 V, respectively. As the load resistance
increases, the average power output of MER-PEH will first
increase and then decrease and the performance in series is
better than in parallel. So, when the average output power
is 14.625 mW and the load is 75 k€, the energy harvesting
system can light up 260 LED lights in parallel under the
action of the rectifier bridge.

4 Summary

In this paper, a MER-PEH applied in rotational motion is
proposed, the parametric variables related to the output of
MER-PEH, including the mass of the magnet, the distance
between the magnet on piezoelectric beam A and piezo-
electric beam B, and the way the piezoelectric vibrator is
connected, are first analyzed theoretically. Then an experi-
mental system was fabricated and built for verification. The
experimental results showed that the quality of the magnet,
the distance of the magnet and the connection of the piezo-
electric vibrator played a decisive role in the output per-
formance of the prototype. The magnet mass is 6 g and the
distance is 5 mm as the optimal variables, at which time
the prototype has more than 15 V output at 0-11 Hz rota-
tion frequency, and the maximum voltage reaches 34.69 V.
Also by connecting the piezoelectric vibrator in series, the
maximum output voltage of the prototype is increased by
152%. Under this condition, the maximum output power of
the prototype reaches 14.625 mW when the speed is 550 1/
min. The final prototype powers small electronic devices at
maximum output power and the prototype can light up to
260 LEDs, which proves the possibility of the prototype as
a power source for wireless electronic devices. In short, it is
anew way to broaden the bandwidth of piezoelectric energy
harvesters as well as to wirelessly power small electronic
devices.
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