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Abstract: This paper present amodeling and simulation of piezoel ectric microgenerator applied in the automobile. The overall system
(piezoelectric transducer and energy harvesting circuit) is designed with Simscape tool of Matlab/Simulink software, which alows a
multiphysics modeling. The software drives the el ectromechanical behavior of the transducer which, overcomes the establishment of an
equivaent circuit model. The micro-generator sizing is based on real vibration data detected in the automobile. The piezo stack
component is used to evaluate the output performances of the piezoelectric transducer. Simulated results are validated experimentally
by using the QuickPack actuators parameters. The maximum power delivered by the transducer is then used to evaluate the
performance of a sensor node in a star topology network. The results show that the sensor node can sense and transmit data with a
maximum size of 451 bits when measurements must be taken every 15 minutes. The model isthen used to assess the contribution of the
nonlinear treatment of the piezoelectric voltage called Synchronized Switch Harvesting on Inductor (SSHI). Specificaly, an
improvement of the recovered power of 18.9% isachieved by applying the SSHI technique; allowing an improvement in the size of the
data by 13.3%. The proposed simulation technique can be used for the design of such micro-generators.
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source depends on the environment in which it is

1. Introduction located. The block diagram of an Energy Harvesting

In the recent years, green and smart city concepts
concern both industrialized countries and developing
countries. The first concept is limited by two main
problems which are the exhaustion of natural reserves
and environmental i mpacts such as CO, emissions. The
main alternative considered so far is the development
of renewable energy, free and available from infinitely,
research field known as energy harvesting. Specificaly,
energy harvesting gathers freely available energy from
the environment, such as vibrations[1], light [2], radio
waves [3], human activities[4], heat [5] or thewind [6],
to power low-voltage and low-power-consumption
electrical systems. The choice of primary energy
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System (EHS) has three main parts shown in Fig. 1.

e The transducer is the most important part of the
chain. Itis used to convert primary energy into AC
electrical energy.

e Energy Harvesting Circuit (EHC) alows
formatting the recovered energy. Its most essential
function isthe AC/DC conversion.

e The storage element that can be a battery, a
capacitor or a super capacitor is used to store the
recovered energy.

R
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energy Transducer

Fig. 1 Block diagram of an EHS.
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As shown in Fig. 1, the design of an EHS requires
taking into account the multi-physical behavior of the
transducer. To size the EHC, most designers establish
electric models of the transducer [7, 8], for simulation
of the overall behavior of the EHS. However, most of
the proposed models are based on simplifying
assumptions. These assumptions introduce some
differences between experimental and simulated results.
In this work, we use the Simscape tool of Matlab
software to ssimulate the EHS without establishing an
electric model. The case of vibrationsin an automobile
is considered since automobiles may include sensors
for obtaining information regarding various physical
parameters [9]. Typicaly, these sensors are powered
by chemical batteries, which must either be replaced or
recharged when they become exhausted. This
maintenance related to the change of the battery can be
costly in the case of sensors located in inaccessible
locations such as the tire pressure monitoring sensors.
Therefore, powering these distributed sensors from
vibrational’s energy becomes attractive. In previous
work [1, 9], the designers are limited to the minimal
performances of EHS when applied to the automobile.
In this work, the simulation technique is used to
quantify optimizations improvement proposed for such
EHS.

Since the design of vibration energy harvesters is
highly dependent upon the characteristics of the
environmental vibrations present in the intended
application [10], the spectrum of vibrations in an
automobileisfirst studied in section 2. In section 3, the
choice of the geometry of the transducer is made, and a
simulation of its output performances, compared with
the experimental results is proposed. In section 4, the
power delivered by the transducer is then used to
evauate the performance of an autonomous sensor
node based on the recovered energy. An improvement
of the size of the collected data is also proposed by
optimizing the performance of the micro generator.
The used optimization technique is the SSHI technique
which is known to increase the electrical output

characteristics of the piezoeectric  micro
generators. The work ends in section 5 with a
conclusion in which, few prospects for improving are
introduced.

2. Detected Vibrations in the Test

Automobile
2.1 Measurement Equipment

ACC103 laboratory accelerometer manufactured by
Omega [11] is used to measure vibrations in the
automobile. It has 10 mVIg output and can measure
vibration up to 500 g. The AC signals were recorded
with an oscilloscope of Hantek Electronic (DSO8060).
The embedded Fast Fourier Transform (FFT) software
was used for data analysis. The measurement setup is
shownin Fig. 2.

2.2 Detected Vibration

A Kia Spectrabrand automobile which has run about
126,000 km is used. The accelerometer is located on
the engine of the automobile. Two series of
measurements are made when the engine was running
at 2000 rpm.

A plot of mean acceleration versus frequency is
given in Fig. 3. A maximum acceleration is observed
on the z-axis. More precisely, it is shown a peak of

Oscilloscope "

ACC103

accelerometer

Fig. 1 Vibration measurement equipment.
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Fig.2 Acceleration versusfrequency.

acceleration magnitude of 1.3 m/s? around 40 Hz for
both measurements.

3. Transducer Modeling and Simulation
3.1 Selected Transducer

Several transducers architecture were studied to
obtain the best electromechanical coupling. The most
common structure is based on the use of a free
cantilever beam [12]. This geometry allows aresonator
operating at low frequency without using important
dimensions. Fig. 4 shows the geometry of the
cantilever beam, which consists of three main parts.
The cantilever beam is used to amplify the relative
displacement of the seismic mass to the displacement

Seismic mass (m)

: . Cantilever beam
Piezodlectric layers

G

Fig. 4 Cantilever piezoelectric beam [12].

amplitude of the vibration source. The seismic mass
increases the mechanical stress applied to the
piezoelectric material, thus producing a high output
power. The piezoelectric layers, which isthe active part
of the structure, is used to convert mechanical
vibrations into electrical energy.

3.2 Transducer Modelling

For a cantilever structure, the natural frequency is
given by [13, 14]:

1 EWT3

G (e ¥

where L, W, T and E, are length, width, and thickness
of the cantilever beam and its elastic modulus
respectively. m, is the mass of the beam defined as:

my, = pLWT 2
p is the density of the used material. Among the
commonly used transducers, QuickPack actuator
manufactured by Mide Technology [15] are the most
popular and have been recently used as a piezoelectric
micro-generator for applicationsin vehicles[1, 9, 16].
In this work, the piezoel ectric composite QP20W from
MIDE company with dimensions 45.974 mm x 33.02
mm x 0.76 mm is used as a piezoelectric transducer.
The other necessary parameter’s values of the QP20W
QuickPack actuator are givenin Table 1.

Thefirst step in the design isthe determination of the
seismic mass that achieves optimum performance. Fig.
5 represents the relationship between the resonance
frequency of the piezoelectric composite and the
seismic mass. The targeted resonant frequency (40 Hz)
is achieved for a seismic mass of 36 mg.
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Tablel QP20W Mideactuator properties[15].

Parameters Designation Values
E Y oung Modulus 67 Gpa
F, Blocking Force 0.3058 N (1.1 ozf)
Vo Test voltage 40V
é Displacement at V, 0.4318 mm (0.017
in)
Cp Piezo Capacitance 145 nF
Om Mechanical quality factor 80
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Fig. 3 Resonant frequency versus seismic mass.

To simulate the behavior of the composite beam, the
Simscape tool of Matlab is used. It isatool that offers
an acausal approach of modelling and alows
modelling by assembling the components. The
software directly supportsthe physical behaviour of the
components allowing modelling a system without
having to write the differentiad equation that
characterizes his behavior. The piezo stack composite
(Fig. 6) is used to simulate the performance of the
transducer [17].
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Fig. 4 Piezo stack composite and parametrization.

The piezo stack block represents the electrical and
forces characteristics of a piezoelectric stacked
actuator using the constitutive equations of
piezoelectricity developed in [18, 19].

S=sET+dE
{D =dT + €'E &
where: S, T, E, D, S*, dand S, T,E,D,s%,d and &7
are the strain tensor, the stress tensor, the electric field
vector, the electric displacement vector, the eastic
compliance matrix, the piezoelectric compliance
matrix and the permittivity respectively.

When the cantilever beam is subjected to an inertia
force Fy = me.A, (Fig. 7), caused by a constant
acceleration A, the derived static deflection z is given
by:

z== 4

where m,, =m + 13730mb is the equivalent mass and

k isthe bending spring constant.

However, in the case of a harmonic force of
amplitude F, at the beam resonance frequency, the
amplitude of the deflection is increased by the
mechanical quality Q,, factor as[20]:

__ QmmMmeg.A

: (5)

Thus, the amplitude of the force acting on the end of
the beam is defined by:

F=0Q, (m+%mb)A (6)

The schematic simulation is shown in Fig. 8. It
includes the composite that is excited by a sinusoidal
force at 40 Hz. The input signal is designed in
Simulink then converted by Simulink-to-Physical

PN

Fig. 7 Static deflection of the piezoelectric cantilever beam.
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Fig.5 Schematic simulation of transducer.

Signa (S-PS) block into force signal. The generated
force signa is then connected to the first mechanica
port of the piezo stack composite as shown in Fig. 8.

3.2 Simulated and Experimental Results

To validate the Simscape model of the transducer, a
comparison is made between the experimental results
and the simulation result. The experimental device is
the same used in Ref. [16]; it is shown in Figure 9 and
includes a U8556001 Vibration Generator
manufactured by 3B Scientific. This deviceis used for
generating mechanical waves to study oscillations and
resonance with a frequency range of 0 to 20 kHz. The
vibration generator is powered by an FG 100 Function
generator, also manufactured by 3B Scientific. The
equipment gives several outputs; sine wave, a
triangular wave, and a sguare wave voltages with
adjustable amplitude and frequency. The frequency
rangeis1 Hz to 100 kHz. The various measured signals
are recorded in a Hantek Electronic (DSO8060)
oscilloscope. The used piezoelectric composite
(QP20W) isaso showsin Fig. 9.

Fig. 10 shows the waveforms of the open circuit
voltage delivered by the transducer.

In Fig. 10(a), a comparison between the simulated
voltage and the voltage obtained with the experimental
device is made. The magnitude of the input force is
0.224 N corresponding to an 1.3 m/s® input
acceleration according to Eq. (6). The simulation time
is 20 s. An aternating voltage of amplitude 1.28 V is
obtained by simulation while with the experimental
device, the voltage amplitude is 1.14 V. A dlight

distortion is observed on the experimental signal; thisis
due to an imperfect fixing of the composite on the
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Fig. 7 Open circuit voltage of the transducer.
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vibrating plate. Fig. 10(b) shows the voltage waveform
taken directly from the engine of the automobile. The
results indicate an alternating voltage of amplitude of
1.18 V which is quite close to the results obtained by
simulation, and with the experimental device.
Moreover, these results are quite close to those
obtained in works [1, 9], in which the alternating
voltages of the used transducerswere 1.5V and 1.1 V
respectively.

A good agreement is also found between simulated
and experimentally recovered power (Fig. 11). A
maximum experimental power of 130.8 uW is
achieved for optimal load resistance equal to 27 kQ
while a maximum power of 140.3 uW is reached with
the simulated results when the load resistanceis 25 kQ.

Assuming that all the recovered power is dedicated
to the operation of a wireless sensor for measurements
in smarts automobile [21], an assessment of the
autonomous node's performance is proposed in the
next section.

4. Application: Autonomous WSN Based on
the Recovered Energy

Automobiles have more and more sensors, whose
role is to provide at particular moments information
about his condition (temperature, speed, ultrasonic
sensors, etc. [9]). Since the insertion of these
microsystems, the function of the battery is no longer
just the start. Because it has become equally important
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Fig. 8 Simulated and experimental recovered power.

to power the various sensors of the automobile. The
increasing number of these sensors then results in
frequent maintenance operations which can either be
recharging or replacing the battery. In this section, the
electrical output characteristics of the piezoelectric
micro generator are used to evauate the performance
of a sensor node fed by the recovered energy. A model
of consumption of a wireless sensor node is first
proposed; the model is then used to evauate the
performance of the node powered by the recovered
energy.

4.1 Wireless Sensor Node Energy Model

The general architecture of awireless sensor nodeis
shown in Fig. 12 [22]. Each sensor consists of three
main units that must be powered by the recovered
energy: the sensing unit, the processing unit, and the
communication unit.

Energy consumption in the different modules of a
sensor node is linked to the activity of the node in the
network [23]. The activity of a node depends on the
topology of the network. There are three main
topologies. star, mesh and cluster head. The star
topology is the most appropriate for small coverage
areas as would be the case for an automobile [24].

As shown in Fig. 13, the star topology network
consists of a central node called sink of the network
and multiple wirel ess sensor nodes. In thistopology, all
sensors nodes send their data directly to the sink.

\ ( N\ (
Sensor N Processor : Radio
ﬂ S \ & H J | H
Battery

Fig. 12 Wireless sensor node components.

o O

Fig. 13 Star topology network.
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Taking into account our previous research [23], the
dissipation sources of energy in anode will be:

e energy for data capture E,,,(b),

e energy for datarecording E,..(b),

e energy for data processing E,,,,.(b),

e energy for the transmission of the data E,.(b),

e energy dissipated during the transition between the
different states of the system (standby, active,
sleep) Evans-

where b isthe size of the processed data. These various

guantities are defined in [23] as:

Esens = b.Vsup- Isens: Tsens
Erec = DV% (Iread- Tread + lwrite- Twrite)
Vsu
Eproc = BNCVZ, + bViyy <10enpvpt> (?) 7
Ery = bEgiec + beps. d™
Etrans = TaVsuplawla + (1 — ay)is]
oy isthe duty cyclefor the sensor node. It isdefined in
[25] as:

A = TtranON+TA+Ttran0FF (8)
N =
TtranoNtTa+Ttranorr+Ts

The definitions and values of the various parameters
used to estimate the energy requirement of the node are
given in Table 2. All these values are originated from
[23, 26].

4.2 Performance Evaluation of the Node Powered by
the Recovered Energy

Assuming that all the recovered power (Prax) iS
dedicated to the operation of the node, the available
energy during an operating cycle E,,4 is defined by:

Eavai = Pnax 2i T ©)
where i is the time duration of each of the steps
performed to measure the physica quantity. The
condition for supplying the sensor node by the energy
recovered is defined by:

Eavai 2 Enode (10)
where:

Enode = Esens + Erec + Eproc + Etx + Etrans (11)

Assuming that the sleep time of the nodeisvariable
with T, = kT,, the performance of the node as a

function of the recovered energy and the type of
measured physical quantity are shown in Fig. 14.
e k=6x10"takesinto account applicationswhere
measurements should be made every minute.
The curve shows that we would not have
enough energy for such applications because
the energy recovered remains below the energy
needs of the node.
e« k = 3x10° represents the case where the
physical phenomenon must be controlled every
5 min. The recovered energy remains
insufficient to power the node.
sk = 6x10° represents the applications in which
measurements must be taken every 10 minutes.
sk = 9x10° studied the case of the applications
where measurements must be taken every 15
min; the maximum packet size in this case is
401 hits.

4.3 Improving the Performance of the Node by
Optimization of the Recovery System

The ability to simulate the electromechanica
behavior of the transducer can now be used to quantify
any optimization improvements. In the piezoelectric
transducers field, most of the researches focus on the
proposals of the methods that allow amplifying the
voltage and the maximum energy that can be
transferred to the load. Most of these techniques are
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Fig. 9 Node performance versus sleep time.
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based on non-linear treatments. In this work, we
consider the Synchronized Switch Harvesting on
Inductor (SSHI) method [27, 28]. The method is based
on the switching of an inductor in paralel with the
piezoelectric micro-generator like shown in Fig. 15.
Furthermore, most of the previous works on the
piezoelectric energy harvester are limited to the
minimum performance of such systems when applied
to automobiles[1, 9, 23]. The contribution of the SSHI
amplification for such micro-generator is then
quantified in this work.

The SSHI technique involves the addition of a
switching device in paralel with the piezoelectric
element. Switching is done at the time for which the
displacement of the vibrating structure is maximum, at

Table 2 Parameter values used to estimate energy
consumption of sensor node.
Symbol Description Value
b Transmit pacquet size - —
Vup Supply Voltage to sensor 27V
Loons Current sensing activity 25 mA
Tyens | Time duration: sensor node sensing 0.5ms
Load Current: flash reading 1 byte data 6.2 mA
Treua Time duration: flash reading 565 us
Lvite Current: flash writing 1 byte data 184 mA
Trite Time duration: flash writing 12.9 mS
E e Energy dissipation: electronics 50 nJ/bit
€amp | ENErgy dissipation: power amplifier| 100 p¥/bit/m*
N Number of clock cycles per task 0.97x10°
C Avg. capacitance switch per cycle 22 pF
Iy Leakage Current 1.196 mA [10]
1y Constantlzo (r:igfrng onthe 2196
f Sensor frequency 191.42 MHz
v Thermal voltage 0.2V
d Sink-node distance 1m
n distance based path loss exponent 2
T, Activetime 1ms
Iy Current: wake up mode 8 mA
Is Current: sleeping mode 1uA
TiranoN Time duration: deep-idle 2450 us
TiwanoFE Time duration: idle-sleep 250 us
Ts Sleeping time --ms

Control circuit

e

\
N

Fig. 15 Piezoelectric beam with SSHI processing.

these times the voltage of the piezoelectric generator is
also at its peak. Once the switch is closed, the system
consisting of the piezo capacitance and the inductor
forms a pseudo-periodic oscillating system. The period
T,s isdefined by:
T,s = 2m\/LCp (12)
Theclosingtime t,, of the switchesisgiven as half
the pseudo period [28]:

Tos /
tOI’l = T =T LCP (13)

The quantification of the simulated performance of
the transducer coupled to SSHI moduleis shown in Fig.
16.

Simulation results show an amplification of the open
circuit voltage of the micro-generator of 1.82 timesthat
obtained with the standard circuit. 18.9% improvement
of the recovered energy compared to the standard
circuit is aso reached. This improvement in the
capacities of the micro generator alows the sensor
node to reach the performance shownin Fig. 17.

e for physical phenomenato be controlled every 10
min, dataof asize of 31 bits can now be processed.

e for physical phenomenato be controlled every 15
min, data up to 511 bits can be processed; this
improves the capabilities of the node by 13.3%.

5. Conclusion

In this work, a new method for simulating
piezodectric transducers has been proposed. The
method avoids the establishment of an equivalent
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electrical model asin most of existing works. Induced
vibrations in the automobile are considered as cases of
study. For this, the spectrum of the detected vibrations
have been studied, and the measurements show a
maximum acceleration of 1.3 m/s’ at a frequency
around 40 Hz. A multiphysics simulation taking into
account the properties of the detected vibrations and
that of the used piezoelectric transducer is then made.
The Simscape tool of Matlab software was used, and
the simulated results were validated experimentally.
The experimental open circuit test of the transducer
shows 1.14 V magnitude when 1.28 V is observed in
the simulated results. 130.8 uW on 27 kQ load
resistance is reached experimentally when simulation
results give 140 uW on 25 kQ load resistance. The
simulation method can be used to quantify the
maximum recoverable power of any other application
when all available proposed optimizations are taken
into account.

The induced vibrations in the automobile are then
used as an dternative source for sensor nodes
incorporated in automobiles. The performances of the
slave node to the recovered energy are evaluated, and it
results that for physical phenomena controlling every
15 min, the node can process data with a size of 451
bits. An optimization of the power delivered by the
transducer of 18.9% through SSHI technique alows
considering an optimization of the performance of the
node of 13.3%.

The simulation method proposed in this work can be
used to quantify the maximum recoverable power of
any other application when al possible proposed
optimizations are taken into account.
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