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Energy harvesting by using functional materials in suspension systems bear potential to win-back certain (even
if low) amounts of vibrational energy, otherwise dissipated via the conventional (passive) dampers. Piezoelectric
(PE) ceramics are functional materials that can be used for transforming mechanical energy into electrical and
vice versa. In this paper, we study the capabilities and efficiency of energy harvesting (EH) with PE transducers
under two different kinds of external excitation: i) Periodic and ii) stochastic. An appropriate nonlinear lumped
parameter electromechanical model (LPEM) is brought into the two-port network notation. Laboratory experi-
ments were conducted under periodic external force-controlled excitation performed on a universal test machine
(UTM). The two-port model parameters were identified and the model was validated by comparing results of
numerical simulations and experiments. Extended simulations have been conducted to investigate the EH capa-
bilities of PE transducers in automotive applications, i.e. EH in suspension systems under the standardized road

conditions. The analysis results of the power conversion and EH efficiency are presented and discussed.

1. Introduction

Piezoelectric (PE) materials have been intensively used in actuation
systems which require precision in micro- and nano-positioning, such
as micromanipulators, micro-valves, atomic force microscopes, adap-
tive optics, ultra-precision machine tools, but also structural dampers,
see e.g. [7,11] and references therein for overview. PE materials are fa-
vorable due to being compact, lightweight and with high precision and
bandwidth response [7]. Despite being mostly known for their use as
actuators, the exhibited piezoelectric effect can be divided into two —
direct and converse. When an electric field is applied between the elec-
trodes, it produces a mechanical strain which can be used for actuation
and positioning control (converse effect). On the contrary, a PE mate-
rial induces an electric potential when stressed (direct effect), that can
be used for sensing applications, such as in electro-acoustic transducers,
pressure sensors in touch pads or tilt sensors, widespread in consumer
electronics [29].

Over the last decades, PE materials have been actively investigated
also in energy harvesting (EH) applications, mainly due to their high
actuation frequency range, relatively high power density and bidirec-
tional coupling between the mechanical and electrical properties. For
more extensive overview on the use of PE materials in energy harvest-
ing applications we refer to the several sources [2,4,20,24,31,33].

If properly integrated into inherently-vibrating structures, the PE
materials, with their high stiffness, can be seen as auxiliary harvest-
ing, yet not necessarily actuating, elements. At that point, one should
distinguish between harvesting and, otherwise common in nowadays
technologies, recuperation mode. Semi-active and active suspension
systems, in general, constitute a potential application field for a PE-
based harvesting operation. Chassis technology for high-end cars are
already successfully evolving towards the active or semi-active electro-
(magneto-)mechanical suspensions. An associated more flexible and tar-
geted tuning of the vibration damping shows significant improvement in
ride performance, both in terms of handling (tire deflection) and comfort
(sprung mass acceleration, suspension deflection, harshness) simultane-
ously [25]. Harvesting the energy, otherwise dissipated by the shock
absorbers, is potentially advantageous, since a reduction of the overall
power consumption is required for improving the fuel economy, bring-
ing down emissions, and supplying the power demand of additional sub-
systems [40] in a vehicle. Most of the research literature on simultane-
ous damping and energy harvesting address a complex approach that
can require a re-design of the suspension system as a whole [1,41]. High
power-weight ratio and high (mechanical-to-electrical energy) conver-
sion efficiency solutions have been and remain of high relevance in in-
dustrial applications. Those alternatives that can be added into existing
shock absorber solutions, without major constructive modifications, are
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of the most importance. The present paper aims to contribute toward
further investigations with a feasibility study on the EH potential of PE
transducers in the suspension systems.

1.1. Piezoelectric modeling approaches
The most conventional description of the piezoelectricity was pub-

lished by the standards committee of the IEEE [12] as linearized consti-
tutive equations

S, = s T, +dy, Ey )
D; =d,,T,+¢, E, @

The constitutive equations state that the material strain S, and electrical
displacement D; are linearly related to the mechanical stress T, and the
electrical field E;.. The piezoelectric constant d, permittivity ¢, and elas-
tic compliance s are the material constants, while the i, k, p and q sub-
scripts indexes indicate the directions of displacement and polarization
(see [8,12] for more in detail explanation). The superscripts E and T de-
note that those constants are evaluated at constant electric field and con-
stant stress, respectively. Despite describing uniformly the general rela-
tionship between the electrical and mechanical domain, equations (1),
(2) lack to capture both nonlinearities and dynamic transients, typical
for PE actuators and transducers. To those belong a rate-independent
hysteresis [5], creep and vibrations [17]. Furthermore, the linear con-
stitutive coefficients can turn out as temperature-dependent and show
an additional (strong) electric field dependency.

Various modeling approaches have been proposed in the literature
for the electromechanical behavior of PE materials, see for example
[11] and references within for a survey. In order to account for both
forward and feedback interactive couplings between the electrical and
mechanical domains (and correspondingly both direct and converse PE
effects), a rather physics or domain-oriented modeling approach is re-
quired, as referred e.g. in [7,29].

For applications envisaging the EH and potential damping adjust-
ment of a PE transducer, a physically reasoned electromechanical in-
terpretation that can be compatible with two-port network modeling
[26] and incorporation of two-way coupling effects is needed. A most
notable approach was introduced with the lumped parameter electrome-
chanical model (LPEM) proposed in [8,9], that managed to postulate
the principal behavioral phenomena evidenced by PE transducers. More
details on LPEM model and its inclusion into the two-port network for-
mulation are given later in Section II. An extension of LPEM was also
proposed in [27], where the state-varying capacitance and Voigt-Kelvin-
type linear creep effects were augmented to the standard LPEM form and
experimentally evaluated on a commercial PE-stack actuator.

1.2. Contribution and outline of work

This paper provides experimental and numerical simulation studies
on EH when using a PE transducer, under the periodic and stochas-
tic excitations. The LPEM model is explicitly brought into a general-
ized two-port notation. This re-structure of the model with introduction
of new port variables (force, velocity, voltage and current) is suitable
for describing the bidirectional PE effects and further convenient for
energy-based analysis. The hysteretic behavior observed in the electric
domain is included with the nonlinear extension, modeled by play-type
operators with identified parameters from experimental data. A series
of laboratory experiments under force-controlled external excitation are
conducted on an universal test machine (UTM), and also used for iden-
tification of the free model parameters, and subsequent model evalu-
ation. In particular, for mechanical excitation cycles we measure and
analyze the harvested energy output of the PE transducer under stress.
The obtained experimental results, for various frequencies, amplitudes,
excitation forces and resistive loads are used to conclude on the EH ef-
ficiency under periodic excitation. Note that some preliminary results
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of experimental investigation have been also reported recently in [35].
After validating the assumed model, our goal is to investigate the EH
efficiency when using the PE transducer in vibration-based applications
where the external excitation is rather of a stochastic nature. Numeric
simulations were conducted for a desired case, i.e. the EH in automotive
suspension systems under the standardized road profile conditions.

The structure of the main part of the paper is as follows. In Section 2,
the nonlinear electromechanical lumped parameter model of PE is
brought into the two-port network notation. Section 3 introduces dif-
ferent notations and definitions of EH efficiency, while we specify those
assumed in the recent study according to the nature of input excitation.
The experimental evaluation of the PE transducer performed under pe-
riodic conditions is described in Section 4, along with description of
the experimental setup, parameter identification, model validation and
evaluation of the EH efficiency. A simulation study of the experimentally
validated PE model incorporated in a vibration-based energy harvesting
application, which is conventional quarter-car passive suspension sys-
tem, is described in detail in Section 5. Finally, conclusions and brief
outlook are presented in Section 6.

2. PE model
2.1. Electromechanical lumped parameter model (LPEM)

The assumed modeling approach is based on the lumped parameter
electromechanical model originally introduced in [8,9]. The LPEM de-
scribes the behavior of a 1-DOF (degree of freedom) PE-element brought
into a topology consisting of the electrical and mechanical subsystems,
leading to the ordinary differential equations describing the principal
dynamic system behavior. Considering mechanical domain of a PE trans-
ducer as a mass-spring-damper system with mass m, open-lead stiffness'
k and damping coefficient b, the mechanical dynamics is governed by

mi+bx+kx=F+F, 3)

where F, is the transduced force, representing coupling with electrical
domain, and F is the external mechanical force applied to PE transducer.

In the electric domain, the PE transducer is mainly governed by a
capacitive behavior, since PE materials are dielectric. Experimental ob-
servations [8,9] disclosed hysteresis between the voltage and displace-
ment, as well as between the force and displacement under the shorted
electrode leads. However, since there is no hysteresis observed with
the open electrode leads, but it is observed between displacement and
charge when they are closed, the LPEM model rationally concluded the
hysteresis lying in the electrical domain of PE transducers. Note that this
basic assumption is also inline with PE fundamentals, see e.g. [5].

Following to LPEM one assumes that the net electrical charge g,
across the PE, is given by the sum of two components

qp=4qc+ )
where the voltage across the capacitor is defined by
9. = Cuy, O]

with C to be the electrical capacitance of PE at constant strain. Recall
that the electrical and mechanical domains are coupled via the direct
and converse PE effects, so that charge g, is induced due to the rela-
tive displacement x (which is the PE stroke). The transduced force F,
is proportional to the capacitor voltage, so that the electromechanical
couplings between both domains are given by

q = Tx, (6)

F,=Tu,. )

1 The open-lead stiffness k is the stiffness of the piezoelectric transducer mea-
sured in open-circuit, without the influence of nonlinear terms.
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Fig. 1. Two-port network model for the PE transducer.

Here the constant transformer ratio is denoted by T.
The nonlinearity, introduced by hysteresis, between the overall
charge and voltage [8] can be expressed as

v, = H(gy), @)
while the total terminal voltage, i.e. between the PE electrodes, is given
by

v, = U+ Uy ®

It is worth noting that the PE charge is generally challenging to measure,
in practice. That means the resulting current i, = ¢, flowing through the
PE transducer can be rather measured when the PE leads are in a closed
circuit.

2.2. Two-port network formulation

Generic models of a two-port network transducer can be applicable
for most types of reciprocal power-converting elements, in particular
for electrostatic, piezoelectric, electromagnetic and electrodynamic, see
e.g. [14,26]. A standard two-port model of an transducer can be defined
by its across and through variables. The across variable for an electri-
cal element is voltage and the through variable is current. The across
variable for mechanical element is force, while the through variable is
the displacement rate, i.e. relative velocity. The two-port formulation is
convenient for energy analysis, since the power can be directly obtained
by multiplying the corresponding across and through variables.

The transfer characteristics of a PE element are governed by me-
chanical and electrical subdynamics. A simple linear two-port PE trans-
ducer can be, therefore, directly formulated from linear the constitutive
Egs. (1) and (2), as has been done in [26] for estimating the maximum
output power and efficiency of the system. Yet, one should keep in mind
that a PE transducer two-port model is a bidirectionally coupled 2 x 2
multi-input-multi-output (MIMO) system which is nonlinear, in general
terms. Therefore, our goal is to use a two-port model formulation suit-
able of describing both actuating and sensing transducers’ effects. Obvi-
ously, the model formulation relies on the above mentioned principles
of a two-port network model for PE, and the LPEM equations given in
(3)-(9). The resulting two-port network model of PE transducer with
port variables F, %, v, and i, is depicted by block-diagram in Fig. 1.

2.3. Hysteresis modeling

The hysteresis between the voltage and charge is described in
[8,27] using the so-called Maxwell-slip structure, which coincides with
the Prandtl-Ishlinskii (P-I) stop-type hysteresis model, see e.g. [28] for
details. According to the implemented two-port PE model, the hysteresis
can be inversely captured by

a4, = H™' 0y, (10)

and therefore implemented by using the P-I play-type operators. Hys-
teretic play-type operators are well-known in mechanics and often used
to describe a kinematic play, also known as backlash. It provides a multi-
valued rate-independent map under a common input v for each operator.
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Fig. 2. Schematic representation of P-I play-type hysteresis model with super-
position of two operators [35].

The play-type operator dynamics can be described also in a differential
form [28] as

wo if i—r:vor i+r:v,
s w w
q= (11)
0 if i—r<v<1+r.
w w

Recall that the P-I type models can be used for describing both forward
and inverse hysteresis, and allow for a fast analytical computation. With
superposition of multiple play-type operators, as exemplary illustrated
in Fig. 2, it is possible to sufficiently map a real hysteresis behavior
while assuming a relatively small number of the free parameters. Note
that the classical P-I model can characterize only symmetric and rate-
independent hysteresis behavior. Each operator is defined by two pa-
rameters, the dead-band width y and the slope wj, with j = {1,2,3}.
Increasing the number of operators leads to increasing smoothness of
the input-output hysteresis map and, as implication, to higher (local)
accuracy of the P-I model. At the same time it largely increases the com-
plexity of properly determining the distributed model parameters.

3. Efficiency of energy harvesting

Vibration suppression and energy harvesting by a PE transducer can
be done by shunting the free leads to an impedance [23]. Recall that
due to bidirectional couplings, the PE transducer can convert energy
from the mechanical to the electrical domain and vice versa. The energy
conversion in PE transducer reveals how much of the power supplied
by vibrations gets actually converted into electricity. The subsequent
removal of converted electrical energy from a PE transducer necessarily
results in additional structural damping [18].

When referring to energy harvesting, the term efficiency is generally
associated with energy conversion efficiency, i.e. the ratio of output to
input energy in a harvesting system. Although, there is no consistency
between multiple authors when it comes to definition of the efficiency
term, being often presented as ratio of energy as in [21,38] or also in
terms of a power ratio as in [10,26,32].

In numerous studies the efficiency is commonly expressed analyt-
ically, as a relation to the electromechanical coupling factor squared
[10,26], which represents how efficient is the PE material alone, in
terms of the energy conversion. Although, this definition does not ac-
count for structural design and further contributing aspects the con-
nected electrical circuit. Therefore, the total EH efficiency is mostly sig-
nificantly smaller than the material coupling factor [38].

Several analytical expressions have been deducted, as shown in the
literature, in order to calculate the theoretical maximum value of effi-
ciency. An upper limit of 46% has been reported in [32], considering
the efficiency of energy conversion by assuming a load resistance which
can actively change to the maximize power output. Such upper limit
has been argued by [16], stating that the efficiency could reach 80%,
while no experimental evidence can be found for that. It is obvious that
large discrepancies in efficiency values are directly linked to the view-
point taken for the definition and additional assumptions about energy
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Fig. 3. Electronic circuit for voltage and current measurement.

losses. Ratios of energy per cycle are of a large interest when describ-
ing the applications associated with a periodic excitation, for instance
cantilever vibration harvesters [21,26]. At the same time, when facing
excitations of a stochastic nature, a definition of efficiency in terms of
average power appears as more appropriate.

In this work, we define the efficiency of energy harvesting # depend-
ing on the principal signals’ pattern of the applied excitation. For peri-
odic excitations, we consider the efficiency as given by

Eout Eele
== ==, (12)
Mp I3 F

in mec

with E to be the average energy per cycle. On the contrary for non-
periodic excitations, the efficiency we assume is given by
P, B

ut ele
== ==, 13)
Ne = 5 7 (

in mec

where P is the average power in terms of a spectral distribution. For the
available experimental setup conditions, only periodic excitations were
experimentally evaluated (see Section 4), while non-periodic excitations
were further evaluated in simulations (see Section 5). In a PE-based har-
vesting system, P;, is the mechanical power input supplied by a force
excitation, and P, is the electrical power output, both given by

Poe=Fx and P, =u,i (14)

p

respectively.
The maximum power P, of a uniform periodic excitation where each
cycle is defined between t; and t,, is given by

P =max(P(t)), t € [t;,1,]. (15)

Finally, the energy per cycle E can be obtained by numerical inte-
gration of (14), while the energy losses dissipated in a PE transducer
(due to damping and coupling effects) can be expressed by

Eloxs = Emec - Eele' (16)
4. Experimental study
4.1. Experimental setup

The experimental setup, used in this work, consists of a PE transducer
under compressive load excitation, as described in [35] in more details.
During experiments, four variables are being monitored, the excitation
force F applied to PE element, the relative displacement correspondingly
stroke of the prestressed PE element x, the voltage v, across the two
electrodes of PE element, and the current i, flowing through the overall
closed circuit. In the experimental study, only periodic signal excitations
were considered due to equipmental restrictions of the laboratory setup.

The measuring circuit includes a resistive load and a shunt resistance
(Rypum = 100 Q) for current measurement, as shown in Fig. 3. A current
sense amplifier was used to increase the voltage output of the current
shunt resistance (TI INA213), resulting in the measured voltage V.
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Fig. 4. Laboratory view of the PE in the UTM.

with an amplification factor of 50. Two other operational amplifiers
(AD8510) were used as buffers for measuring the voltage between the
electrode ends of the PE stack. Three different impedances were used as
a passive load: R,,,; = {51.43,97.78, 143.8} kQ.

The specimen was tested using an UTM from SI-Plan. Due to charac-
teristics of the servohydraulic actuator of the UTM, only periodic excita-
tions were experimentally realized. Several load experiments were con-
ducted under compression using two types of the force loads: step and
sinusoidal. The experiments carried out under step load excitations con-
sisting in a periodic repetition of a step force applied during 5 seconds,
followed by the release of the force. Experiments were carried out with
different loads F,,, = {0.50,0.75,1.00,1.25} kN. The experiments with
sinusoidal load profile were conducted under different maximum peak
forces F,, = {0.50,0.75,1.00,1.25,1.50} kN, and for different frequen-
cies f = {1,2,3,4,5} Hz. Note that the sinusoidal excitation frequencies
f are relatively low comparing to the high resonance frequencies of the
PE transducer. A minimum peak force offset around 0.1 kN was applied
to avoid loss of a mechanical contact due to no compression forces.

The force measurements were provided by the load cell installed
in the servo-hydraulic actuator of the UTM. The used load cell SI-Plan
$8390 is with + 25 kN range, sensitivity 0.593 mV/V, and 700 Q bridge.
For determining offset voltage for zero load, to be subtracted from the
analog voltage output, the corresponding calibration curves have been
used. The stroke x of the PE is measured by a laser-optical displacement
sensor (Micro-Epsilon ILD2300-2, measuring range: 2 mm, resolution:
0.03 um) configured in a direct reflection mode. The sensor provides
a configurable analog voltage output through the C-Box conditioning
signal unit. A 3D-printed frame was fabricated to allow the adjustment
of the measurement range and the fixture of the sensor to the bottom
frame of the machine. The laboratory view of the developed PE setup
under load excitation in the UTM is shown in Fig. 4. To guarantee a
uniform load distribution over the PE surface and minimize the effects
of minor misalignments between the top clamp and bottom frame of the
machine, the load was applied into a sphere joint and then transferred
to the PE through a steel rod. An additional metal plate was added to
create a reflection surface for the laser beam. The analog signals mon-
itored during experiments were collected using a dSpace MicroLabBox
via the standard BNC connectors. The analog measuring input channels
have a voltage range of + 10 V followed by an ADC with a resolution
of 16 bit, while the sampling rate was set to 1 kHz.

4.2. Experimental results

The measured relative displacement (respectively stroke) x, current
i, and voltage v,, recorded during two exemplary taken force load ex-
periments, are depicted in Fig. 5 and Fig. 6 (R,,,4 = 51.43 kQ). The volt-
age and current peaks, cf. Fig. 5, resulting from the step force loading,
reflect the charge flowing through the PE as a result of change of PE po-
larization due to mechanical stress. On the contrary, the output current
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Fig. 5. Measured PE response under step load excitation: (a) force and displace-
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Fig. 6. Measured PE response under sinusoidal load excitation: (a) force and
displacement; (b) voltage and current (R,,,, = 51.43 kQ).

and voltage are also symmetrical sinusoidal signals under a sinusoidal
load, cf. Fig. 6. The hysteresis between the voltage and displacement, as
well as between the force and displacement were equally observed, cf.
with [8,9]. From the sinusoidal load excitation under different frequen-
cies, one sees that for low frequencies (1-5 Hz) the overall measured
hysteresis remains truly rate-independent, as shown in Fig. 7. Here one
should notice that an expectable stretching, correspondingly rounding,
of the hysteresis curves at higher frequencies, are largely related to the
coupled subdynamics (with the corresponding phase lag) of the overall
electromechanical system. Those spurious interpretations of the mea-
sured input-output PE characteristics, involving relative displacement,
are sometimes reported as rate-dependent PE hysteresis, while an iso-
lated PE hysteresis in electrical domain is rate-independent, cf. [5,8]
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Fig. 7. Measured hysteresis: (a) displacement-force; (b) displacement-voltage

(Rppeg = 51.43 kQ).

Table 1

E,, and P,,, for step excitation.
Force (kN) Riaa (kQ) E,, (mJ) P,, (mW)
0.50 5143 0.594 0.579
0.50 97.78 0.519 0.339
0.50 143.8 0.470 0.257
0.75 5143 1.397 1.484
0.75 97.78 1.213 0.856
0.75 143.8 1.090 0.634
1.00 51.43 2.450 2.386
1.00 97.78 2.123 1.366
1.00 143.8 1.908 0.996

Table 2

E,,. and P, for step excitation.
Force (kN) Rjpaq (kQ) E,,. (mJ) P,,. (mW)
0.50 51.43 15.241 24.623
0.50 97.78 15.163 24.655
0.50 143.8 15.540 25.111
0.75 5143 31.997 46.927
0.75 97.78 28.925 47.124
0.75 143.8 29.246 48.172
1.00 5143 45.359 73.847
1.00 97.78 44.665 77.284
1.00 143.8 44.807 76.928

Based on (14), one can estimate the average electrical energy which
can be harvested per cycle (one cycle also considers the step load and
step unload) and the corresponding power peaks. Newton-Cotes Simp-
son’s rule was used for the discrete numerical integration of the power
quantities. The velocity x was obtained via numerical differentiation of
the measured stroke. A Butterworth third order low-pass filter with cut-
off frequency of 100 Hz was applied afterward to the determined x, in
order to remove the effects of derivative signal noise. The same filter
was applied to the measured force F so as to introduce the same phase
lag and, therefore, allowing for unshifted calculation of the P,,,., and
correspondingly E,,., values.

The values obtained under different experimental conditions are
grouped and summarized in Tables 1 and 2 for the step excitation, and
in Tables 3 and 4 for the sinusoidal excitation.

4.3. Identification of model parameters

The two-port model was parameterized for a commercially available
PE ring stack transducer (Noliac NAC2125-H10). The overall mass was
calculated from the geometry and density of the material. The mechani-
cal stiffness k was calculated using the blocking force and free endpoint
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Table 3
E,,, and P, for sinusoidal excitation (R,,,, = 51.43 kQ) .
F=0.5kN F=0.75kN F=1kN
f Ee/e Pele Ee/e Pele Eele Pele
(Hz) (mJ) (mW) (mJ) (mW) (mJ) (mW)
1 0.22 0.04 0.57 0.12 1.02 0.21
2 0.34 0.08 0.94 0.21 1.70 0.36
3 0.39 0.08 1.20 0.25 1.93 0.39
4 0.41 0.09 1.26 0.26 2.02 0.41
5 0.42 0.09 1.28 0.26 2.08 0.42
Table 4
E,.. and P, for sinusoidal excitation (R,,,; = 51.43 kQ).
F=0.5kN F=0.75kN F=1kN
f Epee  Pree B Pree  Epe Pree
(Hz)  (mJ) (mW)  (mJ) (mW)  (mJ) (mW)
1 11.01  2.57 20.80 4.20 31.14 6.78
2 21.11 433 41.34 8.29 61.94 12.52
3 32.04 639 65.24 12.60 92.34 18.84
4 4291 832 88.67 1895 123.14  26.17
5 53.81 11.01 11259 2468 15562 3443
Table 5
Determined system parameters.
Variable Description Value Units
m Mass 0.0158 kg
b Damping coefficient 885.6 Ns/m
k Open-lead stiffness coefficient ~ 2.596 x 103 N/m
Rioad Load impedance 51.43 ko
C Capacitance 3.2 g
T Electromechanical coupling 10.698 -
T P-1 operator 1 threshold 0.094 pF
Ty P-I operator 2 threshold 0.213 uF
T3 P-1 operator 3 threshold 0.584 HF
wy P-I operator 1 slope 1.2 V/uF
w, P-I operator 2 slope 0.8 V/[uF
w3 P-I operator 3 slope 2.3 V/uF

displacement to the rated voltage, nominal values provided by the sup-
plier. The nominal value of linear electrical capacitance C is also avail-
able from the datasheet of the PE transducer. The initial values (prior
to identification) for the unknown damping coefficient b and electrome-
chanical coupling ratio T were assumed from the previously published
research studies, cf. [8].

The residual model parameters, see in (3)-(9), were identified from
the experimental measurements. The P-I hysteresis model was dis-
cretized with n = 3 elements.? The rj and w; parameters have been iden-
tified simultaneously with the damping coefficient b and transformer
ratio T. The parameters identification used the minimization of

min / [W,.(i(t) — i) + Wy(x() - fc(z))z]dt, a7

where i(r) and %(¢) are two-port model estimated outputs for current
and displacement, and W; = 1/mean(|i|) and W, = 1/mean(|x|) are the
weighting coefficients. The measured data collected under the excita-
tion conditions F,,,, = 0.50 to 1.25 kN were used for parameter identi-
fication, while 1.5 kN was used for evaluation of the identified model
under sinusoidal loads. The determined system parameters are listed
in Table 5. The comparison between the experimental response of the
PE transducer and its two-port model-based prediction are visualized in
Figs. 8 and 9, for the step and sinusoidal loads correspondingly. The tran-

2 Simulations shown that 3 elements were sufficient to shape the hysteresis,
and further increasing the number of elements does not further improve the
accuracy in the model response.
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Fig. 9. Measured and model predicted displacement and current response to a
sinusoidal load (F,,, = 1.5 kN and f =2 Hz).

sient and steady-state match of both predicted output quantities (elec-
trical and mechanical) with the real system response verify the validity
of the identified two-port model and argue in favor of its use for further
studies.

4.4. Efficiency of energy harvesting

In the sinusoidal force solicitation, it is notable that the harvesting
potential saturates as the frequency increases, due to the resistive cir-
cuit load. The harvesting potential can be further increased by using
the synchronized switch harvesting inductor (SSHI) techniques [19,37],
which consist in adding up a switching circuit in parallel with the PE el-
ement. In SSHI harvesting methods, the PE voltage is always increasing,
except during the switch which inverts the PE voltage at each peak, and
has always the same sign as the velocity x. However, an explicit design
and implementation of the optimized harvesting load circuits for the PE
transducer are out of scope of the recent study and, therefore, subject
to the future works.

Fig. 10 visualizes the variation in the obtained average electrical
and mechanical energies, E,, and E,,., over F,,, and f under the si-
nusoidal load. Note that the power dissipated by the load resistance is
minor when compared with the power provided by the mechanical load
excitation. At the same time, the PE shunt-damping introduced by the
resistance Ry,,4 reduces the mechanical vibration and, consequently, the
total harvested energy. The harvesting power can be increased by tuning
the shunt-circuit impedance to the excitation frequency.

The efficiency of EH under periodic excitation is calculated by
(12) for periodic excitations. The variation of efficiency #p, with the
different Fg,, and Ry,ag, is shown in Fig. 11 for the step excitations.
The variation of efficiency #p, with the different F,,,, and frequencies
f, is shown in Fig. 12 for the sinusoidal excitations. The maximal EH
efficiency of 4.9% was obtained for the sinusoidal excitation under the
described laboratory conditions. In the literature, an estimated theoret-
ical efficiency is reported to be significantly higher, see e.g. [38]. The
obtained experimental results are in line with other experimental stud-
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Fig. 11. Efficiency 5, for step excitation.

ies reporting results of much lower efficiency ranging from 1 to 10%.
For PZT (lead zirconate titanate), studies report efficiencies of 7.5% for
mechanical vibrations in the range of 50-150 Hz with amplitude of 1 kN
[15], 5.4% for sinusoidal cantilever vibration in the range of 20-60 Hz
[39], 3.1% for < 100 Hz excitation of a PE laminate sandwiched be-
tween two Terfenol-D discs [3], 1.2% for impact-based harvesters in
low frequency vibrations ( < 30 Hz) [13] and 10% for a fixed-fixed
beam with ball mass drop impact [36].

5. Simulation study with suspension system
5.1. System description
In order to analyze more realistic aperiodic EH cases, consider a prac-

tical application of EH in an automotive suspension. We assume a single
corner of a ground vehicle, i.e. the standard quarter-car model with in-
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Fig. 12. Efficiency #; for sinusoidal excitation.
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Fig. 13. Diagram of the quarter-car suspension model augmented by the PE
transducer.

teractions between the suspension system, the tire, and the chassis as
a two degrees-of-freedom system. This allows to study the vibrational
response of the vehicle to a road-induced excitation. The PE transducer
is introduced between the suspension rod and the unsprung mass, as
shown in Fig. 13. This setup allows for analyzing the EH behavior of
an structure-integrated PE transducer, while the road excitation x; is
defined according to the ISO standard 8608.

Applying the Newton’s second law, the dynamic equations of sus-
pension system can be written as

mX; = ky(xg—x) + b (kg — %) - F, (18)

MyXy = ky(X + x| — Xp) + by (X + X1 — X5), (19)

while assuming 1/4 of the vehicle chassis mass m,, the unsprung mass
my, the tire stiffness coefficient k;, the tire damping coefficient b;, the
spring stiffness coefficient k,, the damping coefficient b,, the unsprung
mass (wheel) displacement x;, the suspended mass (chassis) displace-
ment X,, and the kinematic road excitation x,. The terms x, x and F rep-
resent the relative displacement, velocity, and applied force variables,
respectively, as they used before in the PE two-port model.

5.2. Standardized road profiles

The standard ISO 8608 defines classification of the longitudinal road
profiles based on the vertical displacement power spectral density (PSD).
For an extensive comparison of the parameters used to simulate the road
profiles based on the ISO 8608 we refer to [22], for overview and refer-
ences therein. The road roughness is typically represented as a station-
ary stochastic Gaussian process, with the displacement power spectral
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Table 6
Road roughness S, [m?2/(cycle/m)] at reference spatial frequency v,
according to ISO 8608 classification.

Road class S, range, x107° S, mean, x107°
A (Very good) <8 4

B (Good) 8§32 16

C (Average) 32-128 64

D (Poor) 128 =512 256

E (Very poor) 512 —2048 1024

0.1

Road class A (m)
D

-0.1 -

0.1 T

Road class C (m)
e |
{ io

S .0.1 ‘

0.1

Road class E (m)
=

-0.1 p

Time (s)

Fig. 14. Sections of the generated input profiles for the road classes A, B and C.

density (PSD) in m2/l (cycle/m) units, given by
Spsp(v) = G,.vP. (20

Here v is the spatial frequency (cycle/m), G, = S,/ vg is the road rough-
ness coefficient, S, is the displacement PSD at v, = 1/(2x), and a com-
monly approximated fitting parameter, see e.g. [41], is § = —2. The ISO
classification is based on the value of S, as shown in Table 6 (adapted
from [41]).

Accurate road excitation PSDs, based on the ISO 8608, can be mod-
eled as white noise input feed through a first-order filter [34,41]. Con-
sidering the angular frequency w = 2zvv, the PSD of the road excitation
can be expressed as

s _ 226w 91
PSD(®) = ———. @n
(0] +600

where v is the longitudinal velocity of the vehicle, and w, is the low-
pass filter (LPF) cutoff frequency. Considering the Laplace operator
s = o + jo for steady-state signal analysis (¢ = 0), the road disturbance,
correspondingly excitation, can be then modeled as a white noise signal,
filtered by a first-order filter defined as
\27G.v
G(s) = —. (22)
R 0N

G is a linear transfer function of the Laplace variable s. Examples of the
road profiles generated through the described method for v = 50 km/h
are shown in Fig. 14. For instance, the depicted sections of the generated
profiles correspond to a drive distance of =~ 69.4 m.

5.3. Simulation results

The modeled system was simulated with the quarter-car setup, see
e.g. [30] for detail. The assumed numerical values, listed in Table 7, are
partially based on the used literature [30] and partially on the values
available from the automotive suspension manufacturers. For the PE
two-port model, the simulation parameters used are previously listed in
Table 5. Fig. 15 shows the displacements of the unsprung x; an sprung
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Fig. 15. Simulation of quarter-car on a generated ISO 8608 class C road.

Table 7
Quarter-car simulation parameters.

Variable  Description Value Units
m, Unsprung mass 50 kg
my Sprung mass 450 kg
ky Tire elastic coefficient 200000 N/m
ky Passive spring coefficient 50000 N/m
b, Tire damping coefficient 1400 Ns/m
b, Passive damping coefficient 5000 Ns/m
Table 8

Simulations results of the quarter-car with PE model.

Road class B, (mW) B, (mW) np (%)
A 0.0271 1.765 1.536
B 0.1108 6.718 1.650
C 0.4774 27.360 1.745
D 1.7541 98.905 1.774
E 7.4179 421.605 1.759

X, masses when the vehicle is moving with v = 50 km/h on a generated
ISO 8608 class C road with input x;.

5.4. Efficiency of energy harvesting

The average power P and efficiency nyp are computed by (14) and
(13), respectively. The results of the simulation for different class roads
are summarized in Table 8.

Other experimental studies in applications with random vibration
excitations report an efficiency of 7% with a random vibration signal
from 0 to 500 Hz [33], and between 1 and 2% for a bistable system [6].
Despite the low efficiency obtained in simulations, this feasibility study
already indicates that the amount of harvested power estimated through
simulations seems enough to power some small electronic circuit and
sensors placed on the unsprung mass (wheel) of the vehicle.

6. Conclusions

In this paper, we conducted a feasibility study of using PE transduc-
ers for energy harvesting, while envisaging applications in suspensions
systems. A two-port network model of a PE transducer has been for-
mulated and implemented and the model parameters were identified
from experimental data. The two-port model is based on the lumped pa-
rameter electromechanical model [8] which couples the electrical and
mechanical domains in both directions. Distinct efficiency definitions
were introduced for both periodic and stochastic excitations.

Experimental measurements allowed to observe the expected hys-
teric behavior and transient oscillations. The two-port network model
was validated by an accurate prediction of both (electrical and mechan-
ical) output variables in comparison with experimental data under pe-
riodic excitations. A maximum EH efficiency np = 4.9% was experimen-
tally demonstrated, in line with what have been reported by other stud-
ies ranging from 1 to 10%.
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The analysis of power in the electrical domain demonstrates the po-
tential capabilities of PE transducers to harvest sufficient energy for sup-
plying small electronic circuits, even though the applied resistive load is
not optimal in the recent study. SSHI energy harvesting strategies should
be further investigated to improve the EH efficiency.

An accurate prediction of both mechanical and electrical output vari-
ables by the derived two-port network model argues in favor of its fur-
ther use in analysis and design of a PE-based energy harvesting system.
To investigate the EH capabilities of PE transducers in suspension sys-
tems, we conducted numerical simulations for a classical parameterized
quarter-car suspension under generated standard road excitations. For
a poor road (ISO 8608 class D), an average power P,;, of 1.747 mW can
be harvested, according to the numerical simulations which involved
the validated two-port PE model. That corresponds to an efficiency of
nyp = 1.77%. Experimental evaluations with stochastic load profiles and
on real vibration suspension systems are subject of our future works.
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