
����������
�������

Citation: Alhumaid, S.; Hess, D.;

Guldiken, R. A Noncontact

Magneto–Piezo Harvester-Based

Vehicle Regenerative Suspension

System: An Experimental Study.

Energies 2022, 15, 4476. https://

doi.org/10.3390/en15124476

Academic Editors: Yooseob Song and

Hyunjun Jung

Received: 16 May 2022

Accepted: 11 June 2022

Published: 20 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

A Noncontact Magneto–Piezo Harvester-Based Vehicle
Regenerative Suspension System: An Experimental Study
Saleh Alhumaid 1,2 , Daniel Hess 2 and Rasim Guldiken 2,*

1 Department of Mechanical Engineering, University of Hail, Hail 81481, Saudi Arabia; s.alhumaid@uoh.edu.sa
or saleh10@usf.edu

2 Department of Mechanical Engineering, University of South Florida, Tampa, FL 33620, USA; hess@usf.edu
* Correspondence: guldiken@usf.edu

Abstract: Recent research has examined the possibility of recovering energy from mechanical vibra-
tion induced by a vehicle shock absorber using piezoelectric and electromagnetic transducers. In
terms of automotive applications, piezoelectric vibration energy harvesting shows promise for recap-
turing some (even if small) amounts of vehicle vibration energy, which would otherwise be wasted
through the vehicle dampers. Functional materials, such as piezoelectric materials, are capable of
converting mechanical energy into useful electrical energy and vice versa. In this paper, an innovative
rotational piezoelectric vibration-energy-harvesting device is presented that employs a magnetic
coupling mechanism and provides robust performance over a range of frequencies. The piezoelectric
energy harvester is driven by a unidirectional suspension system. An experimental investigation was
carried out to study the performance of the manufactured prototype. We observed no damage to the
prototype after operating continuously at a vibration amplitude of 5 mm at a frequency of 2.5 Hz for
over 10,000 cycles. In addition, the presented regenerative suspension system is capable of producing
high and relatively steady open-circuit voltages, irrespective of excitation frequencies. The results
demonstrate that regenerative shock absorber is robust and has a broad frequency range.

Keywords: piezoelectric harvester; energy harvesting; energy scavenger; shock absorber; magnetic
excitation; RMS of power; energy conversion; MTS testing

1. Introduction

In modern vehicles, embedded electronic instruments, such as actuators and sensors,
are increasingly used to improve drivability, safety, and ride comfort [1–3]. In order to
function, these devices require a power source, which is typically provided by batteries.
Considering the limited power sources supplied by batteries, scientists are compelled to
investigate alternative energy sources for vehicular applications. The possibility of using
regenerative braking systems as an alternative to battery limitations has been studied, and
they have potential for improving vehicle efficiency [4–6]. In addition, vibration energy
recovery from suspension has been explored as a means of harvesting energy [7–10].

According to the US Environmental Protection Agency, only around 20% of the fuel
energy of automobiles with an internal combustion engine is used and transformed into
mechanical energy to drive the vehicle [11]. A major amount of the fuel energy is wasted
during powertrain operations, which involve the propulsion source, such as the engine and
the transmission, and overcoming air and rolling resistances [12–14]. Decreasing car energy
losses is substantial for enhancing fuel economy and eliminating carbon emissions. From
the perspective of an automobile energy balance, it is not apparent how to quantify the
extent of the energy dissipation in the suspension system, compared with that from rolling
resistance, which accounts in the range of 3–12% of the fuel consumption [15–19]. However,
due to demands for energy, even small amounts of otherwise wasted energy, such as the
energy dissipated in vehicle suspension, can exploited and converted into useful energy
for electronic devices of the vehicle or to be stored in batteries for later use.
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Most of the kinetic energy in a suspension system is wasted as heat as a result of
vertical vibrations [20]. Suspension systems on a vehicle typically consist of springs
and shock absorbers. Through the viscous fluid motion of a damper, vibration energy
resulting from road roughness dissipates as heat energy, which can be recovered instantly
or stored for later use. Self-powering regenerative actuators can replace conventional
viscous dampers and provide improved vehicle efficiency. Since the early 1990s, shock-
absorber-based energy harvesting has been researched, yet with a limited success rate [21].
The commonly used techniques for its energy conversion can be grouped into three main
areas: electrostatic [22,23], electromagnetic [24,25], and piezoelectric transducers.

Electromagnetic and piezoelectric transducers are inductive, whereas the electrostatic
transducer is capacitive [26]. Using copper wire coils reacting with magnetic fields, Karlopp
and Dean [27] devised linear motors that could be used to build shock absorbers relying on
the induced magnetic fields. The absorber has a damping coefficient that alters instantly by
adjusting the outer resistance of the coil.

Nakanoa et al. [28] developed a self-powered active vibration control system using a
singular linear DC motor in the intervention region. Li et al. [29] proposed a rack–pinion
mechanism to convert linear motion into rotational motion, that could be exploited for
power generation by a DC generator. Peak power of 67.5 W was achieved with a conversion
efficiency of 56%. Nakano [30] presented a bidirectional motor that rotates based on the
suspension state, whether in compression or expansion. The energy was recovered from a
truck cabin active suspension system using a ball–screw electromagnetic damper. Over a 20-
second period, the simulated power amounted to 55 W. Nevertheless, the drawback of this
bidirectional mechanism is the increased friction and backlash impacts of the system. The
unidirectional mechanism effectively drives the motor rotations in one direction, regardless
of whether the status of the suspension system is compressed or extended [31].

Using a mechanical motion rectifier (MMR), Li et al. [32] introduced a novel energy-
harvesting system that converts random vertical vibrations into unidirectional rotations.
For a vehicle speed of 24.14 km/h, the absorber generated more than 15 W of output
power with an overall efficiency of over 60%. Using the unidirectional approach, several
prototypes have been proposed for the regenerative shock absorbers in the vehicle to
assure a higher conversion efficiency [33–36]. The aforementioned research employed
electromagnetic transducers, which have low energy density.

Piezoelectric transducers perform well in terms of power density compared to their
counterparts which suffer from low energy density [37]. Thus, the piezoelectric transducers
been used by many researchers to convert vehicle vibration to electricity, owing to their ease
of implementation and ability to produce high voltage at a low cost [3,38,39]. Lee et al. [40]
developed a piezoelectric energy-harvesting shock absorber, which harnesses electrical
energy from changes in fluid pressure caused by piston motion. As the stresses acting on
the piezoelectric material are conveyed via fluid, the piezoelectric material does not have
direct contact with metallic materials, thereby ensuring an extended lifespan for the brittle
lead zirconate titanate (PZT) material. Xie et al. [41] proposed a piezoelectric bar harvester
embedded in the suspension system. In this study, a dual mass quarter car model was used
to compute an RMS power of 738 W under random excitation from road irregularities at a
speed of 35 m/s. According to the mathematical model built in the study, various factors
influence the output power, including the speed of vehicles, the road’s roughness, and the
size of the piezoelectric element. Alhumaid et al. [42] presented a noncontact magneto–
piezoelectric-based harvester connected to a unidirectional suspension. The results show
that increasing the number of road irregularities, automobile speed, and the length and
thickness of magnetic and piezoelectric plates increase the theoretical RMS of power. In
contrast, the RMS of power lowers with the increase in the space between the two rings
and magnetic plate width. The theoretical results also indicated that a power up to 242 W
could be harvested from a driving vehicle at 120 km/h speed on a rough road.

In light of the literature based on vehicle vibration energy harvesting using the piezo-
electric effect, one may conclude that most of the studies have been performed based only
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on theoretical models that do not imitate the actual function nor consider the durability of
the prototype. Additionally, most of the piezoelectric elements in the proposed designs
have direct contact with some of the suspension parts. Consequently, piezoelectric mate-
rials pose a number of challenges, including the dissipation of vibration energy and the
reduction in conversion efficiency caused by friction between the piezoelectric material and
the exciting object.

To address these limitations, we propose a novel rotational piezoelectric vibration-
energy-harvesting mechanism employing a magnetic coupling mechanism. The piezoelec-
tric harvester is driven by a unidirectional shock absorber. The shock absorber owns a
rotational mechanism which comprises a pair of rack and pinion to foster the recovery
from ambient sources. In place of a ball–screw, which has poor performance under high-
frequency influences, a suspension mechanism inspired from [43], which utilizes racks
and pinions accompanied by a motion rectifier, was employed to keep the rotation of the
harvester in one direction. During rotation, the piezoelectric benders embedded in the
harvester are excited by either magnetic repulsion or attraction forces. The maximum
magnetic force is specified by the design parameters and will always remain the same
regardless the working conditions. As a result, the piezoelectric vibration energy harvester
presented in this paper has a better equivalent piezoelectric coefficient in a robust design,
and can function reliably over a range of frequencies. The performance of the introduced
regenerative suspension is studied through laboratory experiments.

2. Design and Methods
2.1. Details of the Transmission Mechanism

The transmission in the automobile’s suspension system is an essential element to
ensure that the motion transmission to the energy harvester is highly efficient.

As opposed to the conventional rotational regenerative shock absorber, which fre-
quently alters its direction of rotation responding to the linear movement when fluctuating
up and down, a mechanical motion rectifier (MMR) turns the linear movement caused by
road irregularities into a unidirectional rotational motion. This causes the piezoelectric
harvester to spin continuously in one direction. An up mode and a down mode are the two
modes of the MMR main function, as depicted in Figure 1. This occurs with the help of
the two key elements, which are two parts of a one-way roller clutch to keep the rotation
of the shaft and the piezoelectric scavenger always in the one direction to assure better
performance in the energy-conversion process.

Figure 2 demonstrates the details of the transmission elements embedded in the regen-
erative suspension system. The essential components are a pair of rack and pinion, a single
shaft, a lower cylinder, a piezoelectric harvester, and two one-way roller clutches, which
are embedded inside the two pinions. Racks are connected to the external cylinder. The
behavior of the working mechanism of the suspension parts responding to the oscillation
exerted due to road unevenness is shown in Figure 3. The values of the transmission
parameter are given by Table 1.

Table 1. The transmission parameter values.

Parameter Value

The rack module 1.5
The pinion module 1.5

The pinion gear pitch diameter 45 mm
The speed ratio of the bevel gears 1:2
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Figure 1. Flowchart of the introduced vehicle regenerative suspension.

Figure 2. Schematic representation of the suspension transmission elements.

Figure 3. Schematic illustration of the transmission mechanism.
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Vehicle vibrations arise when the car crosses over rough roads; the suspension system’s
function is to absorb and mitigate these vibrations to ensure a comfortable ride. The outer
cylinder of the suspension system responds to these vibrations by moving up and down.
When the upper cylinder is compressed by the vehicle’s body and moves down, the two
racks will also move downward along with the outer cylinder because they are fixed to
it. In contrast, the two pinions are located above the inner cylinder without fixing them
and always spin in the reverse way, relative to each other. Accordingly, as soon as the
rack shifts up and down, a linear movement is carried to the left pinion, which revolves it
clockwise and counterclockwise, respectively. Because of the influence of the two one-way
roller clutches, which are the connecting point between the pinions and the shaft and are
specifically embedded in the inner part of the pinions, at any moment, the two pinions
and clutches will never be engaged to the shaft simultaneously, because one of them will
be disengaged. The one-way roller clutch only transmits the torque to the pinion in one
particular direction and bypassing it in the other. Therefore, with the exception of the
pinions, all of the rotary components, including the shafts, bevel gears, and the piezo–
magneto harvester in the regenerative suspension, always rotate in one direction. The
primary function of the two bevel gears is that they convert the rotary motion of the short
shaft by 90◦ with the purpose of rotating the piezo–magneto harvester.

2.2. The Piezoelectric Harvester Module

This study investigates the prospect of using piezoelectric transducers to replace the
traditional generator commonly used in regenerative shock absorbers for potential energy
harvesting. To fulfill this aim, this study uses a shock absorber that is supplemented
with a novel magnetically coupled piezoelectric vibration energy harvester (MPVEH) for
power generation. The harvester is designed with two noncontact rings to assure no power
loss due to friction. It is also built to suit applications that have a rotational mechanism,
which in our case is to convert the vibration energy within a vehicle suspension into
electricity. With respect to energy conversion technologies, the power density harvested
from the piezoelectric transducer is about three times higher than that of the electromagnetic
generator. Hence, the proposed scavenger addresses an existing limitation associated with
the electromagnetic transducers, such as low power density. The energy scavenger elements
are made up of a pair of concentric rings. Four rectangular permanent magnetic plates are
symmetrically attached to the inner surface of the stator ring, which is fixed to the lower cap
of the cylinder. Between the outer ring and the magnetic plates are piezoelectric patches,
and piezoelectric benders are embedded between the stator ring and the magnetic plates.
A 3D-printed round plate is placed between the magnetic and the piezoelectric bender as a
coupler. There are also magnetic plates attached symmetrically on the external surface of
the rotator ring, which is fixed to the long shaft, to create periodic compression due to the
repelling magnetic force acting on the piezoelectric benders, which will produce charges
that can be extracted. Figure 4 shows a schematic of a magnetically coupled piezoelectric
vibration energy harvester (MPVEH) composed of a fixed stator ring and a rotator ring.
The outer and inner rings are both equipped with symmetrically placed magnets. The
permanent magnetic materials all have identical dimensions, have a rectangular shape, and
are symmetrically placed along the circumferential direction. The piezoelectric benders
are embedded between the magnet and the outer ring’s inner surface. The piezoelectric
benders and the magnets are coupled by round-shaped 3D-printed plates. Additionally,
both the inner and outer rings are 3D-printed. As the inner surface of the stator ring is
designed with disk support, the piezoelectric material can only be attached by its disk end.
Upon transferring the linear motion to rotational motion due to the road vibration, the
harvester creates periodic magnetic repelling forces, which then presses the piezoelectric
benders. Since the piezoelectric pieces are fixed across the ends of their disks to the disk
supports, and due to the presence of the connecting element between the magnet and the
piezoelectric, the deformation caused by the magnetic forces are centered in the middle,
allowing the piezoelectric disk to flex; hence, a higher voltage can be extracted.
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Figure 4. Schematic of the magnetically coupled piezoelectric vibration energy harvester (MPVEH).

3. Parametric Study

The key parameters that have a significant effect on the performance of MPVEH are
examined in this section. Table 2 provides a listing of all the parameters, unless otherwise
noted. The arrangement of the magnets has a significant influence on the performance
of the regenerative suspension system, the magnetic coupling, and the power generated.
The resistance torque caused by the magnets leads to poor mechanical transmission in
the suspension. Although increasing the space between the two magnets reduces the
resistance torque, a more effective way to reduce it is to have a particular arrangement of
the magnets in which the magnets are arranged symmetrically and oppositely to enhance
the performance of the suspension and the harvester [44].

Table 2. The prototype’s dimensions and materials.

Parameter Value

Piezoelectric disk bender
Brass Diameter 35 mm

Ceramic Diameter 25 mm
Overall Thickness 0.55 mm
Brass Thickness 0.3 mm

Magnet
The residuals flux density Br 1.3 T

Magnet’s thickness tm 3.175 mm
Magnet’s width wm 9.525 mm
Magnet’s length lm 25.4 mm

Magnet’s volume vm 768.14 mm

Figure 5 shows the mechanism of the rotational magnetic force arrangement as well as
the magnetic force decomposition. In the symmetrical, rotating magnet pairs (m1 and m3,
m2 and m4), opposite magnetic forces are always present during rotation, i.e., one pair is
attracted, while the other pair is repelled. This reduces the magnetic resistance torques that
disturb and obstacle the rotation. Additionally, while the magnets fixed to the rotating ring
rotate to the minimal distance from the magnets fixed to the static ring (M1 and M3, M2
and M4), their magnetic poles oppose each other or are identical. Thus, the directions of
the repelling or attracting magnetic forces are similar to the deformation directions of the
piezoelectric transducers. According to the magnetic arrangement in this work, the static
magnets and rotating magnets can be represented as face-to-face poles. The magnetic poles
of the magnets fixed to the stator ring are S, N, N, and S from M1 to M4, respectively, while
the magnetic poles of the magnets attached to the rotator ring are S, N, S, and N from m1
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to m4, respectively. A positive output voltage is created when piezoelectric deformation
occurs due to magnetic repulsion forces. In contrast, a negative output voltage is created
when magnetic attraction forces are present, as depicted in Figure 5d.

Figure 5. (a) The magnets that are arranged in a symmetrical opposite manner; (b) the magnetic force
decomposition; (c) the magnetic force; and (d) the output voltage plot.

The gap d between the static and rotating magnets has a significant influence on the
resistance torque as well as the energy harvesting. Magnetic tuning can be accomplished
by adjusting the separation distance between two magnets to adjust the attraction and
repulsion forces between them [45]. Modeling this effect requires describing the magnetic
force as a function of the magnet properties and the separation distance. Describing this
relationship using a simple analytical formula is not possible because of this complex and
multidimensional relationship. An online interpolator is available through K&J Magnetics,
Inc., based on an extensive dataset of experimental measurements [46]. An empirical equa-
tion is then derived from these data, describing the attraction or repulsion force between a
pair of corresponding rectangular permanent magnets. The repulsion or attraction force
FM can be expressed as

FM = lwtn
mBr|B(d)| f (d) (1)

where the permanent magnet’s length, width, and thickness (in the direction of magnetiza-
tion) are given by lm, wm, and tm, respectively, and its residual flux density is denoted by
Br. n is an empirical corrective exponent which can be given as 1/3. f (d) is a function that
expresses the decadence of the magnetic repulsion or attraction force between two plates.



Energies 2022, 15, 4476 8 of 17

|Bd| is the magnitude of the flux density for every magnetic plate. |B(d)|, for a rectangular
permanent magnetic plate, can be computed by the following formula [46]:

∣∣Bd
∣∣ = Br

π

[
tan−1

(
lw

2d
√

4d2 + l2 + w2

)

− tan−1

(
lw

2(tm + d)
√

4(tm + d)2 + l2 + w2

)] (2)

f (d) =
(

1.749 + 1.145e(−d/d0)
)
× 106NT−2 ·m(−7/3) (3)

where d0 = 1 mm.
An instant of the rotary motion of the energy harvester at the relative angle shown

is illustrated in Figure 5b. This presents the decomposition of the magnetic repulsion
force. There are two types of decomposition of the repulsion magnetic force—FMy and
FMx—which act along or opposite the piezoelectric material’s polling direction, respectively.
When the rotatory permanent rectangular magnet plates exist at point A, the acting magnetic
force on the piezoelectric is F = 0. Whereas the force at point B, which exists at any point
between C and A, is F = FMy = FM sin α. At point C, the repulsion magnet force is F = FM.

The magnetic force can be calculated with a magnet of parameters given in Table 2.
The magnetic force increases significantly at smaller distances between the two magnets, as
shown in Figure 6.

Figure 6. The magnetic force versus the separation distance between magnets.

4. Experimental Setup

To assess the effectiveness of the proposed design, the harvester was fabricated and
an experiment was set up. Figure 7 presents the experimental setup for the bench test
of the regenerative suspension system. An 858 table top MTS System was used for the
bench tests, as shown in Figure 7a. The prototype of the regenerative suspension system
is fabricated for the test, as depicted in Figure 7b. Figure 7c shows the components of
the piezoelectric harvester. The parameters of the harvester are listed in Table 2. The
harvester is connected to a full-bridge rectifier, and all four piezoelectric benders of the
presented vibration energy harvester were connected either in parallel or in series to assess
the generated output current and output voltage. Additionally, a variable resistor was used
to provide a load and the output voltage across this load was measured using a digital
oscilloscope (TDS2001c, Tektronix, Beaverton, OH, USA), as shown in Figure 7d,e. The
outer diameter of the rotating ring is 75 mm, and the initial spacing between the magnet
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fixed to the rotating ring and the magnet attached to the static ring is 3 mm, unless noted
otherwise. The piezoelectric bender disks used in this study (PZT-lead zirconate titanate)
are commercially available. The rectangular permanent magnetic plates used are strong
Neodymium Magnets (grade N42), supplied by K&J Magnetics, Inc.

Figure 7. Bench tests of the presented regenerative suspension system.

5. Results and Discussion

Figure 8a illustrates the output of the open-circuit voltages of all piezoelectric bender
disks under the vibration of 9 mm amplitude at 2.5 Hz. The spacing between the rotating
magnet and the static magnet is 3 mm. We note that the voltage output of M1 and M2 has
the opposite performance of the voltage output of M3 and M4, as a result of the difference
in the type of force acting, dependent on whether the magnets were in a state of attraction
or repulsion. We observe that there are some slight variations with respect to the output
amplitude of the voltage among the four piezoelectric bender disks. We hypothesize that
the reason behind this is that the spacing between the two magnets is not precisely 3 mm
on each side due to some machining imperfections. In addition, the thickness variation of
the adhesive used to attach the piezoelectric disk and the magnet could be another factor
that changes the separation distance between the two magnets. Since the piezoelectric
benders produce the same or opposite voltage output, this allows the PZT disks to be
utilized directly in series or in parallel, thus minimizing circuit processing, as shown in
Figure 8b,c. Because a piezoelectric transducer switches polarity based on the effect of
magnetic force, the wires of M3 and M4 are always connected reversely. This means that
the black wires of M3 and M4 should be connected to the red wires of M1 and M2 in the
parallel circuit scenario, as depicted in Figure 8b.
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Figure 8. (a) Output voltages of all piezoelectric bender disks. (b) Schematic circuit diagram showing
the parallel connection of the piezoelectric disks. (c) Schematic circuit diagram showing the series
connection of the piezoelectric disks.

The performance of the MPVEH is examined by measuring the open-circuit voltage
and short-circuit current when the suspension system is subjected to cyclic compressive
and tensile stresses exerted by the MTS testing machine.

Figure 9a–d demonstrate the influence of the external load resistance on the output
peak and the root mean square (RMS) of current, voltage, and power. In Figure 9a,c, the
output characteristic is shown in relation to the external load resistance. By incrementally
increasing the load resistance from 4.7 kΩ to 11.2 MΩ, the output RMS and peak voltage
show an increasing trend up to 62.2 V and 172 V, respectively, while the output RMS and
peak current show a decreasing trend up to 5.56 µA and 0.0154 mA, respectively. The
harvested peak power was experimentally determined as Ppeak = V2

peak/R; the RMS of

voltage was calculated as Vrms =
√

1
T
∫ T

0 V(t)2dt, with V being the load voltage across the
resistance R; the RMS of current was computed as Irms = Vrms/R; and the average power
can be roughly calculated as Pavg = V2

rms/R. The generated power changes with the load
resistance and reaches the highest at the matching impedance. When the load resistance
increases, both generated average power and peak power increase initially, and thereafter
fall. As plotted in Figure 9b,d, as the generated average power and peak power amounted
to the highest values of 0.948 mW and 14.86 mW, the matching resistances are 1.6 MΩ and
800 kΩ, respectively. The power is attained at 2.5 Hz and 9 mm vibration amplitude. The
spacing between the two magnets was set to be 3 mm.

As illustrated in Figure 10, the gap distance between the magnet attached to the static
ring and the magnet attached to the rotating ring significantly influences the open-circuit
voltage. The test was conducted at 2.5 Hz and 9 mm vibration amplitude. It is clearly
seen that when the spacing between the two PMs decreases, the RMS of voltage increases
significantly. The lowest value of the generated RMS voltage is 35.70 V, recorded at the
largest gap tested between the magnetic plates of 6 mm. In contrast, the peak value of
the output voltage of 68.75 V occurs when the gap distance between magnetic plates is as
minimum as 3 mm. However, it should be noted that the smaller the distance between
the magnets, the greater the force of attraction and repulsion demonstrated in Figure 6,
which can cause the piezoelectric material to collapse. The fracture of the thin ceramic
layer of the piezoelectric bender is to be expected the most cause of harvester damage.
Furthermore, the piezoelectric disk benders and the magnetic plates are bonded by adhesive
(CECCORP C-POXY 5) in this study. Failure of the adhesive is another potential cause of
device damage. Collapses were observed only at very narrow distances between the two
permanent magnets of the stator and rotating rings that are less than 3 mm.
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Figure 9. (a) RMS of voltage, current, and (b) electric power of the piezoelectric vibration energy
harvester for piezoelectric benders connected in series at variations of external load resistance.
(c) Open-circuit voltage, short-circuit current, and (d) generated power as a function of the external
load resistance for piezoelectric benders connected in series.
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Figure 10. Output voltage reliance on the spacing between the two permanent magnets of the stator
and the rotator.

Figure 11a demonstrates the spectra of the open-circuit voltage of the magneto–
piezoelectric vibration energy harvester under various road frequencies from the experi-
ment. The results are obtained from a single piezoelectric disk of the piezoelectric harvester.
In proportion to the excitation frequencies subjected to the regenerative suspension, as
they increase, the harvester rotation speed and magnetic excitation frequencies increase;
however, the amplitude of the open-circuit voltage of the piezoelectric harvester, which
is approximately 28 V, remains almost unchanged at different excitation frequencies of
1 Hz, 2Hz, 3 Hz, 4 Hz, and 5 Hz. This indicates that the piezoelectric disks are subjected to
constant maximum magnetic forces from their excitation magnets which can be determined
by the design parameters by adjusting the separation distance between the two magnets, as
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shown in Figure 6. According to the equation of open-circuit voltage Voc = dF/cp, where d
is the piezoelectric coefficient, F is the excitation force, and cp is the electric capacity of the
piezoelectric material, the open-circuit voltage of the piezoelectric harvester is proportional
to the excitation force. Thus, the MPVEH can provide relatively stable voltages across wide
ranges of frequencies. The rotator ring is equipped with four excitation magnets, which
stimulate each of the magnetically coupled piezoelectric disks four times in a single cycle of
the rotator ring. Likewise, the load voltage with 1 MΩ load resistance was examined over
a range of frequencies, as exhibited in Figure 11b. The basis for choosing a 1 MΩ resistance
value is that it is close to the optimal resistance. As the data reveal, the load voltage rises
slightly as the excitation frequency increases. The RMS values of the load voltages are
12.90 V, 13.07 V, 13.51 V, 13.57 V, and 13.58 V, at the excitation frequencies of 1 Hz, 2 Hz,
3 Hz, 4 Hz, and 5 Hz, respectively. The charge leakage phenomenon is observed under
load conditions [44]. Charge leakage is relatively slow at higher excitation frequencies;
therefore, the load voltage increases.

Figure 11. MPVEH response to different excitation frequencies. (a) Open-circuit voltage spectra and
(b) output voltage spectra with resistance of 1 MΩ.

Figure 12a demonstrates the open-circuit output voltage of the vibration energy scav-
enger with the series-connected piezoelectric bender disks at different vibration amplitudes
as a function of external load resistance. The separating distance between the two per-
manent magnets is set to 5 mm. Higher vibration amplitude and a greater resistive load
tend to increase the output voltage. According to the plot, the highest generated voltage
was specified to be around 7 MΩ at each vibration amplitude, which is considered to be
the highest external electrical load used in the study. Figure 12b shows the closed-circuit
output current. In contrast to the tendency of the output voltage, the output current has a
propensity to diminish with increasing the external load resistance and to rise as vibration
amplitude rises. Figure 12c shows the variation of the generated power acquired from all
piezoelectric bender disks embedded in the fabricated suspension at different vibration
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amplitudes as a function of the external load resistance. A 3 mm vibration amplitude
did not produce a very high average output power, nor did it demonstrate a remarkable
peak. However, when the vibration amplitude was increased to 6 mm, the average output
power increased dramatically, and the peak power became relatively notable at a particular
optimum resistance. Whereas an outstanding peak was observed, as well as an increase
in the output power at a 9 mm vibration amplitude. Both the 6 mm and 9 mm vibration
amplitude share the same optimal resistive load of 1.6 MΩ, at which the peak output power
was 0.177 mW and 0.315 mW, respectively.
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Figure 12. (a) RMS of voltage, (b) current, and (c) electric power of the piezoelectric vibration energy
harvester for piezoelectric benders connected in series at different amplitudes of oscillation as a
function of external load resistance

As piezoelectric scavengers cannot be employed as standalone devices in most external
sensors and in similar applications, it is necessary to rectify and store their outputs in order
to be useful. A rectifying circuit is joined between the piezoelectric vibration energy
harvester and the energy storage so that the generated voltage signals can be converted
from AC to DC. Figure 13a shows the full-wave bridge rectifier that is used to maximize
the energy conversion efficiency. Figure 13b,c show capacitor charging responses of the
piezoelectric energy harvester of different capacitors under a vibration of 6 mm amplitude
at 2.5 Hz, connected in series and in parallel, respectively. It is observed that both in series
and in parallel connections, 10 µF capacitors charge more rapidly than 100 µF capacitors.
At the parallel connection, the piezoelectric harvester can charge a capacitor that has a
rated voltage of 50 V and a charging full capacity of 100 µF from 1 V to 20 V fast in 31 s,
which is hopeful to supply power for vehicle embedded electronic devices. In conjunction
with appropriate capacitors, this can supply real-time power to small electronic devices.
Through the capacitor, the device can be supplied with power directly, as well as storing
surplus power.
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Figure 13. (a) An electrical circuit diagram for charging a capacitor. (b) The capacitor charging
response of the MPVEH at a series connection. (c) The capacitor charging response of the MPVEH at
a parallel connection.

Regarding robustness, there are many factors that makes the presented harvester reli-
able. For example, the exciting force acting on the piezoelectric material can be controlled
by the gap distance between the two magnets. Regardless of the varying excitation fre-
quencies, the exciting magnetic forces subjected on the piezoelectric material are relatively
constant. Furthermore, after extensive testing, the prototype shows no obvious signs of
damage, as demonstrated in Figure 14. Figure 14a shows signal of the external excitation
input. Figure 14b,c show the produced open-circuit voltage versus time before and after
subjecting to an external excitation over 10,000 cycles, respectively. It can be observed that
the prototype did not show any damage after running continuously at a 5 mm amplitude
at a 2.5 Hz frequency for over 10,000 cycles.
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Figure 14. (a) External excitation input; (b) voltage versus time before 10,000 cycles; and (c) voltage
versus time after 10,000 cycles.

6. Conclusions

We presented a new vibration energy scavenger utilizing a magnetically coupled
piezoelectric disks. The piezoelectric harvester comprises a stator ring and a rotator ring.
On the surface of the static ring and on the inside of the rotator ring, permanent magnetic
plates are installed. The piezoelectric disks are mounted between the magnetic plates
and the stator ring’s inner surface. The harvester is driven by the unidirectional shock
absorber. The shock absorber transmission parts were modified to magnify the gear ratio
to 1:2. It was achieved using a large and a small bevel gear. The aim of this work is to
power embedded electrical devices of automobiles. A prototype of the presented energy-
recovery damper was constructed, and experiments were performed utilizing a MTS testing
system. Several parameters of the vibration amplitude, resistive load, and the separating
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distance between the magnetically coupled permanent magnets and excitation frequencies
were deemed to enhance the presented regenerative shock absorber. Thus, the optimal
separating distance was found to be 3 mm for the highest power generation. This implies
that the smaller the gap between magnets, the higher the power output. In MPVEH, each
piezoelectric transducer generates an exact opposite or equal voltage for the duration of
the rotating period. Thus, they can be connected directly in series or in parallel. The
prototype exhibited no damage after operating constantly for 10,000 cycles at a vibration
amplitude of 5 mm at a frequency of 2.5 Hz. The energy-recovery damper can produce a
peak power of 14.86 mW and an average power of 0.95 mW at a 9 mm vibration amplitude
and 2.5 Hz exciting frequency with a gap distance of 3 mm. Additionally, the proposed
energy-recovery damper can produce high and relatively constant open-circuit voltages
regardless of the excitation frequency. This indicates that the regenerative suspension
system is robust and has a wide frequency range.
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