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With the present state of the automobile industehicles need more advanced sensors for
control, safety, and operation. As a result ofitgential to install low-cost self-powered
sensors, vibration energy harvesting has attrasiguaificant scientific interest. In this
investigation, a parametric analysis approacheésemted for predicting the voltage output
and harvested power for two configurations of a-tlegree-of-freedom (2DOF) vibration
energy harvesting system. A quarter-car suspemsaitel with a piezoelectric element has
been chosen for this investigation. The proposedeisonvere mathematically formulated
and simulated using MATLAB/Simulink. The analyticathnique integrates time domain
simulation and frequency response analysis metlogiks, thus providing an effective way
for designing, and optimizing a 2DOF piezoelectitiration energy harvester. The energy
harvesting performance is evaluated using a comepbe parametric analysis that
includes both design and operational charactesistiodetermine its effectiveness within
the operating frequency range. The findings indidad greater susceptibility to changes
regarding harvested power bandwidth based on gpesigion configurations and operating

characteristics.

1. Introduction

Vibration energy harvesting has garnered significan
attention from several fields in recent years dués potential
as an environmentally friendly choice for self-poaewireless
sensing devices. In this manner, using piezoetentdterials to
gather vibration energy has been extensively inyatsd.
Because of the simplicity of manufacturing and wigguency
range operation, piezoelectric vibration harvestense been the
focus of several studies on obtaining energy[1]caktilever
beam coupled to a piezoelectric element was thagyi focus
of the study since it showed potential as an ensmyce for
Micro-electromechanical systems (MEMSlevices [2, 3]. The
single degree of freedom (SDOF) piezoelectric engeghering
from vibration performs optimally at a single reasone
frequency. As a result, most possible vibrationrgypesources
manifest as arbitrary or changeable frequencieserAfnuch
research, the construction of the vibration enecgilecting
device was fine-tuned and the resonance frequeasyadjusted
to match the surrounding vibration energy sourfreguency.
Active structures do not need constant human istgion, as

suggested by Wu and Roundy [4, 5]. These methaulsase the
average amount of electricity that may be gathdred30%.
Nevertheless, the device's power output is ingefiicto operate
the resonant frequency tuning mechanism. A multFDO
piezoelectric energy harvesting from vibration \passented by
Shahusz [6]. This device is made up of many sidgigree-of-
freedom devices connected in series. A unique atialu of a
vehicle suspension model including piezoelectri¢amals was
suggested by Xiao et al. [7] An analytical teclugiggombining
time response and frequency responses simulatialysas is
beneficial for studying, designing, and optimizirg 2DOF
piezoelectric vibration energy harvester. Piezddlematerials
were integrated into the half-vehicle model's framd rear
suspension systems bgpl-Yafeai et al. [8]. Researchers
compared the suggested model's MATLAB/Simulink atitjo
that of the model developed by Xiao et al. [7]modei
comparison to the quarter-car model, the half-cazdeh
produced 77% more voltage and 57% more power, dtgpto
the data. Numerous studies[9-11] using a quartkicleemodel
demonstrate the impact of road roughness and drisfieed on
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energy dissipation attributable to tire and susipengroperties.
Hikmawan et al.[12] suggested a parametric analgsisssess
half-car PEH-produced electric power. Vehicle spaerd road
roughness coefficient were used to examine eneofigoted.
The RMS of produced electric power rises with vishielocity
and road roughness coefficient. To investigate h@sious
design and operational aspects impact the energyesting
capabilities of commercial vehicles, Taghavifar at[13]
developed a standard three-dimensional modelticatporates
the suspension's nonlinear damping characteristitbe
optimization challenge for a linked ride, road hofj and
energy harvesting was addressed [14, 15] . SamghSatpute
[16] used a quarter-car model equipped with antedetagnetic
hydraulic shock absorber to mimic its operationeylachieved
peak and average speeds of 35 km/h on a smootloeitly This
research proposes a parametric analytic approaavéduating
two configurations of a 2DOF quarter car suspensimuel
including piezoelectric materials. The first configtion
involves placing the piezoelectric material at gtheck tower,
which is situated between the chassis and the sagpespring
or shock absorber, under a pre-load that has besriopsly
determined. The second option entails integratinge t
piezoelectric device between the wheel mass andrdhd's
excitation. Monte Carlo simulation will be implemed to
conduct sensitivity analysis, with the assumptidrattthe
excitation force is uniformly distributed throughouthe
excitation frequency range [17]. It is assumed tleach
parameter of the system is normally varied, withrtean value
being the original value and the standard devidtiging 30% of
the mean value for both configurations. The mastiniitions
between the two systems and the potential for esihgrtheir
energy harvesting performance will be revealed uphothe
evaluation of the parameters. The frequency and tesponses
simulation results of both configurations have beessented.
The energy harvesting performance of vehicles &rémed in
this research, along with the impacts of variousraponal and
design parameters. Some of these factors are gpemssion's
damping characteristics and stiffness, the stinafsthe tires,
the load placed on the chassis, and the roughrfetbe doad
surface.

The present paper is organized as follows: In 8e&j we show
a two-degree-of-freedom vehicle suspension combimitia a

piezoelectric device. Section 3 presents a perfoc@atudy of
two configurations of 2DOF piezoelectric vibrati@nergy
harvesting system models. In Section 4, a paracstrsitivity
analysis of the proposed two configurations fove-tlegree-of-
freedom vehicle suspension including a piezoeleeiement is
presented. Section 5 presents the conclusions

2. Modeling of the 2DOF vehicle suspension with a
piezoelectric element

In this section, two configurations of a quartehicte
suspension with a piezoelectric element are prapo3ée
difference between the two configurations of the OFD

piezoelectric energy harvesting model (PEHM) isltivation of
the piezoelectric element, their energy harvegtieormances
are different as shown in Figure 1, which will beaacterized
using the parameters listed in Table 1. Transmissid
vibrations from tire-road contacts via the suspamstauses
stresses on the piezoelectric element insert, wiigty be
partially turned into electrical energy. Accordittgthe vehicle
produced by suspension model integrated with pleztiéc
elementsZ, represents the excitation displacemeMy; stands
for the unsprung mass which include the wheel taadnass of
a quarter vehicleMz is a quarter vehicle's mas<j is the tire
stiffness;Kz is the suspension spring stiffne€srepresents the
damping coefficient of suspension systeri; js the unsprung
mass deflectionZ; signifies the body mass displacemetit;
indicates the voltage produced by the piezoeledtsert. In
terms of mechanics, the two potential configuratioha quarter
vehicle's suspension are defined by:

For a configurationl

M;Z1 (1) = aV(t) — K[z, (t) — z2(0)] — c[24(t) — Z,(V)] o)
+ kq[z, () —z,(D)]

My2,(t) = —Kp[z, (1) — z,(D)] — c[22(1) — 2,(V)] 5

—aV(® @

v(t) )
R_1 + ¢, v(t)

alz;(8) — z1(8)] ®)

Where R1 represents the cumulative resistance, including
both the external load resistance and the intees#tance of the
piezoelectric element insert;andco denote the force factor and
blocking capacitance of the piezoelectric elemesgpectively,
as stated by

(4)

WhereA andl represent the piezoelectric insert's surface area
and thickness, respectively, amel and £ stand for the
piezoelectric constant and permittivity, respedtive
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Figure 1: Two configurations of 2DOF piezoelectrienergy
harvesting model (a) Configuration (I) and (b) Coniguration ()

For a configurationl()

M;Z1 (D) = aV(D) — kp[z1 () — z2(0)]
—c[z4(t) — (V)] (5)
+kq[z,(0) — 24 (D)]

Mz, (1) = K[z, (1) — z,(D)] + c[z1 (D) — z,(D)] ©)

Table 1: Parameters of the quarter car suspensionith a
piezoelectric element

Parameter Meaning Value Units
M; Wheel mass 40 kg
M Sprung mass 260 kg
Ki Stiffness of tire 260000 N/m
K Spring stlffness of 26000 N/m

suspension syste
C Damplng coefficient of 1500 N.s/m
suspensio system
Co Force factor 1.89*10°8
R1 Electrical resistance 30:455.3 Q
a P|ezqe|ectr|c el_ement 1.52410-3 NV
blocking capacitanct

3. Results & Discussions

The performance analysis of the proposed 2DOF
piezoelectric vibration energy harvesting systemdet® is
investigated based on the quarter car model suspesgstem.
The stimulated acceleration in the mathematical ehadas
represented by a 9.8 mimsmplitude sinusoidal acceleration that
was created using a MATLAB signal-generation modilee
output voltage and harvested power were determifigdre 2
and Figure3 illustrate the expected output voltage and haegest
power using the time domain and frequency domaitefV
doing a frequency response analysis, it is consdi¢hat all
other parameters remain constant while the frequeratue
varies. There are two noticeable resonant peaksabh.54 Hz,
which is the mode of suspension bouncing, and therat 12.3
Hz, which is the mode of wheel hop, or suspensim &s it is

more frequently known referenced in [18].
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Figure 2: A frequency-domain comparison of the twesuggested
arrangements' voltage outputs and generated powemaler
acceleration excitation conditions of 9.81 m/s?

Both configuration (1) and configuration (II) oféhquarter car
suspension system are compared concerning the maxim
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amplitude of the frequency response curves, whiclude the
output voltage and harvested power.
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Figure 3: Comparison of output volt and harvested pwer for the
two suggested designs in the time domain under a¢eration
excitation with an amplitude of 9.81 m/s?

In Figure 2a and b, the curves of the harvestedep@md
output voltage in the frequency response indicaét for both
the configuration (I) and configuration (Il) systenthe peaks of
the power and voltage values occur at the first ahoglsonant
frequencies. The voltage output amplitude of thefigoiration
() is 6.5 times larger than that of the configioat(ll). For
identical road excitation amplitudes, the harvestatime
response power ranges from 0 to 0.25 W for conéitiom (1)
and from 0 to 0.0035 W for configuration (Il) a®sm in Figure
3.

Figure 4(a) and (b) highlight the frequency graphs of the

vehicle body acceleration magnitude and the dyndingdoad,
normalized by the road excitation displacement #&oge. The
two designs provide the same ride comfort and dyoatability
until the stimulation frequency exceeds the natfremjuency of
the body mass is 1.54 Hz. The first resonance éequat which
the most uncomfortable condition arises shoulditmeimvented.
For optimal energy harvesting and riding comfort, is
recommended to focus on the body mass resonanieiney,
since it produces a much greater amount of powepeaned to
the wheel massresonant frequency. The obtainedltses

concluded that chosen frequency must include tls®na@nt
frequency of the vehicle body mass or wheel massv/#duate
the harvested power and output voltagdis effect is not
observable when using a restricted frequency rftje
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Figure 4: Comparison responses of 2DOF combined wita
piezoelectric element at a different location in tens of (a) the
body acceleration and (b) the dynamic tire load

4. Parametrical Sensitivity Analysis

Simulation is applied to evaluate the energy hdivgs
capabilities of a quarter vehicle suspension sygtaired with a
piezoelectric device at a different location angirtlsensitivities
to the parameter change. The excitation frequemdlzgé Monte
Carlo model is typically between zero and twentytheThe
parameters, with their initial values as means atahdard
deviations of 30% of those means, are considerddllmv a
normal distribution. These parameters include quarar mass
M2, wheel mass assembli 1, suspension spring stiffnes;,
and suspension damping coefficientfigure 5to 10 show the
normalized harvested power with a random stimutatibhe
findings can reveal the sensitivity of the energyviesting and
frequency bandwidth to the parameter’'s variation baoth
configurations. The blue solid line that divides tray and black
dots in the simulation graphs signifies the harggtower when
the parameter is set to its original. It is seemfiFigure 5 that
when the body mass rises, the collected power madmbf the
bouncing resonant mode will increase, althoughhkbencing
resonant frequency is rarely shifted. In Figurefér, both
configurations of the installation position of tpé&zoelectric
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energy harvester element at the quarter suspesggiam, the
change in vehicle body madd., limited influences the results
in the body mass modal resonate frequency. Wheweghiele
body massVl; is reduced by 30%, the harvestable power at the
first modal resonates frequency drops with 0.46% fo
configuration () and 35% for configuration (ll)nlcase of
increasing the body mass by 30%, The range of dnecstable
power is increased by 0.69% for the configuratigrad 60%
for the configuration (I1). For both configuratignthere is no
change to the energy harvesting response at tlendenodal
resonate frequency.
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Figure 5: Collected power of quarter vehicle suspesion system
configurations combined with a piezoelectric elemerwith £30%
body mass variation versus frequency

Figure 6 shows that when the suspension stiffkesaries,
there is a negligible effect on the bandwidths afviesting
frequencies and peak power output for configuraflpnAt the
first resonant frequency for configuration (), tlwvi30 %
suspension spring stiffness variation, the serisittenges of the
harvestable power are 75% for the increasing arfd 50r
decreasing from its original value. Furthermorgrades in body
massMl 2 and spring stiffnesk 2 may significantly influence the
vehicle's ride comfort; however, it is inadvisabdemodify M»
owing to its negligible impact on energy harvestregformance

and detrimental impacts on vehicle dynamics. Irufég8, the
suspension damping coefficie@tis randomly assigned a mean
value and a standard deviation equal to 30% of\thlate. In all
configurations, the modal bounce resonant frequéeacyglwidth
is mostly unaffected by the damping coefficient thfe
suspension shock absorber, but the amplitude obthmcing
resonant harvested power is very sensitive to lgoAthe ride
comfort may be greatly affected by changes in guarehicle
massM2 and suspension stiffned§,, therefore it's not an
effective strategy to perform witK»> because of the negative
effect on vehicle dynamics and the little influerme energy
harvesting performance. Figure 8 shows the resoftsa
randomization of the suspension damping coefficiemtith its
nominal value set as the mean and varies with +30%at value.
In both configurations, the modal bounce resonafiiaguency
bandwidth is unchanged, but the amplitude of thanbing
resonate harvested power is highly dependent osusgension
shock absorber damping coefficierithe vibration energy
harvesting piezoelectric device is best for aptilices with the
lowest suspension dampening coefficient to maxirbizencing
resonant collected power.
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Figure 6: Obtained power of quarter vehicle susperisn system
configurations combined with a piezoelectric elemerwith £30%
suspension stiffness variation versus frequency
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configurations combined with a piezoelectric elemerwith £30%
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Figure 9 demonstrates that the amplitude of thedsted power
in the bouncing resonant mode is unaffected by ghsuin the
wheel mas$/ 1 and that the resonant frequency is seldom altered

in either setup.
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Figure 8: Normalized power output for variation of damping
coefficient € with a 30% standard deviation using its nominal

value as the mean

A decrease in the hopping resonant frequency amacaease in
the power magnitude of the hopping resonant modebath
caused by an increase in wheel-tire mass, andwacg. For
configuration (Il) alone, the wheel-tire mass sfigaintly affects
the hopping resonant harvesting power magnituded an
frequency bandwidth but not the bouncing frequernd
amplitude. Increases in both the sensitivity anadiwadth of the
gathered power are caused by changes in the maiss wheel
and tires. Tire stiffneds 1, displayed ifFigure 10, is randomly
assigned a value between its initial value and 80#6 standard
deviation. The energy harvesting performance faorfigaration

() in both the first and second modal resonatguemcy with
tire stiffness variation is not changed. For comfaion (ll), the
power harvested at bounce frequency resonance ige mo
sensitive to variations in tire stiffness. On thbes hand, the
second model has a wide range of frequency bandwiih the
change of tire stiffness.
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Figure 9: Normalized power output for variation of wheel mass
M1 with a 30% standard deviation using its nominalvalue as the
mean for both configurations
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5. Conclusions

The study presents a normalized analysis appraacfive an
accurate and reliable examination of two configoret for the
performance of a 2DOF piezoelectric vibration egerg
harvesting system based on a combination of timeaito
simulation and frequency response analysis. Bagsedthe
findings of the Monte Carlo simulation, indicate ath
configuration (I) can achieve a greater peak poswgput than
configuration (II). On the other hand, the harvbkaenergy
frequency bandwidth range for configuration (ll)wgder than
for configuration (1), especially at the seconddabresonance
frequency. Both configurations are affected by shispension
damping coefficienC and body masM2, which significantly
affect the efficacy of vibration energy harvestimigen the peak
power output is considered at the first modal rasce
frequency. As a result, the suggested theoreticalytcal
approach may be valuable while developing the 2DOF
piezoelectric vibration energy harvester or wheefiuning the
system's setup to get the highest possible gathmredr and
output voltage. In contrast, because the findirfgéme domain
simulation and frequency response analysis have tdirmed

by each other, the data provided by the hybrid ysttitht
combines the two methods may be verified.

Abbreviations
2DOF Two Degree of Freedom
SDOF SingleDegree of Freedom
PEHM Piezoelectric Energy Harvesting Model
MEMS Micro-electromechanical systems
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