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A validated simulation of energy harvesting with piezoelectric cantilever

beams on a vehicle suspension using Bond Graph approach☆

B. Lafarge
⁎

, S. Grondel, C. Delebarre, E. Cattan

Univ. Valenciennes, CNRS, Univ. Lille, Yncréa, Centrale Lille, UMR 8520 - IEMN, DOAE, Valenciennes F-59313, France

Nowadays, there is a combine effect of piezoelectric material performances and energy harvesting management strategy increase. As the same time, the energy 
consumption of electrical components and circuits decrease. Thus, this leads to a growing interest in recovering low energy level with piezoelectric cantilever beam in 
the suspensions of an automotive vehicle to perform predictive maintaining operations for example. For this pur-pose, a Bond Graph model of suspension with an 
embedded piezoelectric beam has been proposed since it gives the keys to find an optimal configuration for the energy harvester. The Bond Graph language is well 
adapted to translate multiphysics exchange of energy and power from mechanical to electrical conversion. In order to validate simulation results, a prototype of 
piezoelectric energy harvester has been built and tested in a laboratory environment. Furthermore, this study has been supplemented by measurements performed on 
a road and si-mulations are in good keeping with these proposed experimental tests. In view of an energy balance, small power but with a long duration harvesting 
has been obtained. Therefore, energy harvester may be interesting for a punctual use with a large period of electrical loading.

1. Introduction

With the increasing use of remote sensors embedded in vehicles, one

of the primary challenges is to propose potential clean sources for

powering them. At present, it is established that the piezoelectric ma-

terial performances follow an intrinsic growing roadmap, and that the

energy harvesting management strategy increases due to the develop-

ment of new electrical power storage and restitution circuits. At the

same time, the energy consumption of electrical components and cir-

cuits decreases which induces the interest for a new generation of en-

ergy harvesters.

As ambient vibrations energy are dissipated in the mechanical parts

of automotive, the global aim of this work is to design piezoelectric

vibrations harvesters located in a vehicle suspension. Those devices

could be used for powering standalone systems, such as wireless sensors

[1], or a microcontroller able to perform health monitoring of the en-

gine by controlling the major frequencies of the rotating noise of the

mechanical components of the engine [2]. Considering the wireless

character of the sensors, it is not recommended to supply them with the

car battery. The main advantage of using vibration energy converted by

piezoelectric materials instead of batteries is to decrease the system

installation price due to wiring cost for example.

In the literature, piezoelectric energy harvesters are embedded to

the wheels for powering sensors and transmitting sensors data.

Piezoelectric energy harvesters are bonded to the inner surface of the

tire [3–7] or mounted inside [8, 9]. Others devices are also encased

wholly or partially in the acoustic chamber [10], in the center face of

the wheel [11] or on the rim [12].

The energy harvesting in the car could cover a wide range of natural

frequencies [13–16]. In our case of study, the vibration range included

from 0 to 150 Hz has a significant interest (Fig. 1) [17]. Gonçalves et al.

[18] show that around 50 Hz, there are several eigenfrequencies well-

known and usable.

In this paper, the authors have focused on the harvesting of the

vibrations generated according to the range of frequencies between 0.5

and 150 Hz (Fig. 1-b) however due to technology limitation [19], low

frequencies harvesting is difficult to realize.

Although, electro-mechanical conversion may be realized using

different kinds of harvesters: electromagnetic, electrostatic, piezo-

electric and so on, the authors have chosen for cost and simplicity as-

pects, a resonating cantilever beam made of piezoelectric material such

as hard ceramic (PZT27) from Ferroperm piezoceramics.
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To simulate the energy harvesting cantilever system, the authors

have decided to adapt and extend existing models published in the

literature [20–22] and translate them in terms of Bond Graph (BG)

language. Although the pure circuit method [23] or block diagrams

[24] would lead to equivalent results than with the Bond Graph method

for this case, the BG method was chosen due to its graphical and explicit

representation of power exchanges and causality relations. Moreover,

the BG method is usually more attractive and less restrictive than pure

circuit models and block diagrams which consider only signal flows as

indicated in reference [25]. Consequently, BG gives us an opportunity

to simulate the power exchanges in the whole system. Because of its

multiphysics approach it is especially suitable to optimize and forecast

the whole power stored into the power storage and restitution circuit. It

has already proved its use in piezoelectric energy conversion modeling

[26–28] and BG model for piezoelectric beam has been developed in a

recent paper [29]. Moreover, this method could also deal with non-

linear phenomena as demonstrated in reference [30]. Therefore, an-

other advantage to use this method is that this formulation could be

also easily adapted with nonlinear energy harvesters. In the literature,

several overall vehicle BG models more or less complex are done with

the basic structure of the suspension (wheels, suspension and chassis)

and add components such as brake and steering [31] or transmission

and (simplified) engine [32]. Silva et al. proposed an electric vehicle

model [33] with induction motors and electromechanical interaction

(ABS, regenerative brake and so on) with the possibility of variables

evolution during risky situations [34]. Active suspension models are

implemented with the interconnection and damping assignment-pas-

sivity based control (IDA PBC) approach [35] or quadratic form (LQR)

law [36]. However, none of these BG suspension models integrated an

energy harvesting cantilever system.

Moreover, the bond graph modeling approach was initially designed

for the creation of lumped parameter models for a wide variety of

physical and biological systems. Therefore bond graph modeling of a

continuous system requires both modification and extension of the

basic bond graph elements, or modification of the continuum model

since without such a modification bond graph models become mean-

ingless or useless. Hence, it is for example either possible to introduce

new bond graph elements to get a continuous system [37], or to de-

scribe distribute parameters using a great number of infinitesimal

lumped parameter systems such as in [38].

Furthermore, Bond graphs have proved less useful when it is desired

to use control volume methods and a variable amount of matter is

enclosed by the volume. To solve such a problem, a pseudo bond graph

class [39] has been introduced as an extension to the bond graph

method. It handles control volume problems in a natural way and re-

tains most of the advantages of true bond graphs.

In the Section 2, this paper presents the BG modeling of a car sus-

pension. This model is composed of several subsystems: the car sus-

pension, the piezoelectric cantilever beam and the power storage and

restitution circuits for which the equations are reminded. Then, the

output power of the energy harvester subsystem is evaluated with the

BG model and validated experimentally in a laboratory environment in

Section 3. In Section 4, simulations of the whole system are done in

order to get closer to a real study and are then compared with experi-

mental tests performed on road.

2. Bond Graph model of the piezoelectric cantilever beam

integrated on the car suspension

2.1. System description

Fig. 2-a presents the main parts of a suspension like the tire, the car

damper with the sprung mass (car chassis) and the un-sprung mass

(steering knuckle, tie rod, ball joint, control arm, …). For simplicity

aspects, the car suspension could be represented by the quarter car

system (see Fig. 2-b and -c).

It can be divided in three subsystems: the suspension, the piezo-

electric cantilever beam and the storage/restitution of electrical power

(see Fig. 3). In the modeling development, the piezoelectric beam is

attached to the un-sprung mass.

2.2. Word Bond Graph

The Word Bond Graph (Fig. 3) is deduced from Fig. 2 and represents

the global system divided into subsystems helping to have a general

overview of the topic.

The input and output of each subsystem define power variables

represented by a conjugated pair of force-flow variables represented by

a half arrow. Power variables used for this studied system are: (force,

linear velocity)= (F, ẏ) and (voltage, current)= (V,i). These BG vari-

ables are associated with mechanical and electrical harvested power

respectively.

2.3. Bond Graph submodels

In this part, each word from each subsystem described in Fig. 3 is

detailed and discussed.

a. Road – Suspension system

To model a vehicle suspension, the mechanical reference is the

quarter car modeled by a dual-mass (Fig. 4). This model is a lumped

parameters one [40]. For this reason, all the elements that compose it

can be modeled as an equivalent mass, an equivalent stiffness and an

equivalent damping.

Fig. 1. The following figure shows the different and major resonances available

on a car during the drive. [17] (1-a) Rigid body vibration on suspension systems

and wheels, (1-b) ring mode vibration of the passenger compartment and

bending vibration of driveline, and (1-c) acoustic resonance of the cavity space

in the passenger compartment.
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The parameters are deduced from the golden car suspension system

[41]. The model consists of a sprung mass of msm, and an un-sprung

mass ofmusm connected in series. The suspension is a combination of a

stiffness of Kspring and a damper with a damping coefficient of Cfluid. The

wheel is modeled with a stiffness coefficient Ktirefor the suspension

spring. The solicitation depends on the random rough road with a

motion function y(t) as seen in Fig. 4-a.

The governing differential equations of a dual-mass system are ex-

pressed below in (1) according to the Newton second law [42], where

y y y y y y, , ˙ , ˙ , ¨ , ¨1 2 1 2 1 2 denote the displacement, speed and acceleration of

the un-sprung mass and sprung mass respectively, and y(t), y t˙ ( ) cor-

respond to the transverse motion and speed function of the road surface

respectively. From (1), the frequency response and the resonances of

the system could be deduced.

⎧
⎨
⎪

⎩⎪

+ − + − =
+ − + − +
− =

m y t K y t y t C y t y t

m y t K y t y t K y t y t

C y t y t

¨ ( ) ( ( ) ( )) ( ˙ ( ) ˙ ( )) 0

¨ ( ) ( ( ) ( )) ( ( ) ( ))

( ˙ ( ) ˙ ( )) 0

sm spring fluid

usm tire spring

fluid

2 2 1 2 1

1 1 1 2

1 2 (1)

This couple of equation is translated in BG approach (see Fig. 4-b).

BG model of this subsystem reflects the sprung and un-sprung mo-

tions and power exchanges between mechanical elements. In this case,

Fig. 2. Car suspension with piezoelectric cantilever beam (2-a) and quarter car system (2-b and 2-c).

Fig. 3. Word Bond Graph of the complete system.

Fig. 4. Suspension representation (4-a) and road – suspension system Bond Graph model (4-b).
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the BG storage elements C and I, the dissipative element R and the

modulated flow source (MSf) represent the elasticity, the mass, the

mechanical damping and the speed input of the road surface respec-

tively. The 1 junction results directly from the Newton-Euler equations

whereas the 0 junction reflects the velocity difference.

In the next section, the BG subsystem of the piezoelectric energy

harvesting generator is presented. Several location choices of the can-

tilever beam are possible like the sprung mass or the un-sprung mass. In

the first approach, the piezoelectric cantilever beam is placed on the un-

sprung mass because the value of its acceleration is the highest as

shown in Fig. 18. The information about effort and flux variables in the

un-sprung mass provided by road-suspension BG are used as the inputs

of this energy harvesting subsystem. Thereby, the un-sprung mass is

considered like a vibration source and is at the origin of the base motion

of the cantilever beam.

b. Piezoelectric cantilever beam

In order to represent the piezoelectric cantilever beam conversion,

the authors have chosen to rely on the work done by Erturk et al.

[20–22]. Even if the starting equations of energy conversion use a

distributed approach [20], thanks to the modal superposition method,

the lumped approach could be used to solve the equations. Regarding

the excitation frequency range, it has been decided to operate with only

the first piezoelectric cantilever beam resonance for practical purpose

[22] although the BG model is also able to deal with multiple modes if

necessary. Thereby, the representation of the system with lumped ele-

ments in Fig. 5 is appropriate.

Compared to PVDF polymer [43], the PZT material is easily

breakable with large deformation, especially in energy harvesting ap-

plication, but in return the polymer mechanical impedance compared

to those of PZT is not well adapted to the mechanical structure of the

suspension and the vibration coupling of the energy harvester should be

too low for our application. The maximum stress endured by the pie-

zoelectric material is around 5MPa what represents 20% of the mean

literature yield stress [44]. For this ratio, it is generally assumed that

the fatigue is not leading to the rupture initiation. In addition, it has

been shown experimentally that different beams could run during

several hours. Therefore, the piezoelectric cantilever beam used to

generate electricity is composed of two PZT27 layers with an inert

center layer and an attached mass M as shown in Fig. 5. The cantilever

beam is located on un-sprung mass musm (see Fig. 2). To simulate the

power conversion across the piezoelectric element behavior, the can-

tilever beam is represented by a stiffness Kbeam and a damper Cbeam.

The total distributed mass Mtotal is the sum of distributed mass per

length L of the beam meff and a punctual mass M applied at the end of

the beam ( = +m ρ S ρ Seff p p s s, where ρp, ρs, Sp and Ss are the mass

density of the PZT and the substructure and, the surface of the PZT and

the substructure respectively). The electrical circuit could be re-

presented in a first approach by a resistive load (Rload used in this part)

and later by an electrical power storage and restitution circuit. For

more detailed information, we invite the readers to refer to Erturk and

co-workers [20,45].

The Eqs. (2) and (5) are the distributed parameter electro-

mechanical equations for a cantilevered piezoelectric energy harvesting

in transverse vibration.

Hence, the modal equation of motion given by the general equation

[20] can be reduced to the canonical Eq. (2).

∫
+ + +

= − +
=η t ξ ω η t ω η t υ v t

m ϕ x dx Mϕ L

¨ ( ) 2 ˙ ( ) ( ) ( )

( ( ) ( ))

r r r r r r
dϕ x

dx x L

eff
L

r r

d y t

dt

2 ( )

0

( )

r

p
2

2 (2)

where,

=ω λ
YI

m L
r r

t

eff

2
2

(3)

and

=
=

χ υ
dϕ x

dx

( )
r

r

x L (4)

The electrical equation [20] could be reduced to the modal Eq. (5).

+ =C
v t

v t

R
i t

2
˙ ( )

( )
( )

load

0

(5)

The effects of strain rate csIt and viscous air damping ca are sub-

stituted by the mechanical damping ratio ξr. ξr is specific to the mode

and is determined experimentally.

Fig. 5. A schematic diagram of the generator prototype with a load resistance (5-a) and spring-mass representation of the system (5-b).
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= +ξ
c I ω

YI

c

m ω2 2r
s t r

t

a

eff r (6)

In the following section, the authors have chosen to study only the

first natural frequency of the beam ( =r 1). Thus, the damper coefficient

is written ξ1. The output voltage across the load resistor Rload at the first

natural frequency (7) is given by the Eqs. (2) and (5). The other re-

sonance frequencies could be taken into account later using modal su-

perposition to know the general behavior of the system.

= + +
− +

− +
V t e( )

jωA F

ω ω jξ ω ω

R

jωC jωA χ

ω ω jωξ ω ω

jωt
( 2 )

1

2 2

meff

load

1

1
2 2

1 1

0 1 1

1
2 2

1 1 (7)

The recovered power is deduced from Eq. (7) at the resistive load,

Rload (8).

=P t
V t

R
( )

( )

load

2

(8)

Eqs. (7) and (8) are relatively easy to obtain when the piezoelectric

cantilever beam system is isolated. However, their resolutions become

relatively more complex when the source of the vibrations depends on

another multiphysics system like the automotive suspension. Using the

Eqs. (2) and (5), the BG model is deduced and shown on Fig. 6 for the

first resonant mode. It should be noticed that this kind of BG model

could also deal with multiple modes: for such a case, a duplication of

the mechanical part is simply needed in order to represent each r mode

of Eq. (2).

In the BG approach, the mechanical stress comes from the vibration

sources which are divided in two efforts sources: Fmeff (9) and FM (10)

respectively. It depends on distributed (meff) and localized mass (M).

∫⎜ ⎟= ⎛
⎝

⎞
⎠
=F y t m ϕ x dx A y t¨ ( )* ( ) ¨ ( )m i eff

L

m i0 1eff eff
(9)

= =F Mϕ L y t A y t( ) ¨ ( ) ¨ ( )M i M i1 (10)

The mechanical behavior of the cantilever is illustrated by a nor-

malized spring-mass system (I1 (11), R1 (12) and C1 (13)). I1, R1 and

C1represent kinetic energy, dissipative energy and potential energy

respectively.

=I 11 (11)

= =R c ξ ω2beam1 1 1 (12)

= =C
K ω

1 1

beam
1

1
2 (13)

Generally, the electromechanical coupling is modeled as a trans-

former with a turn ratio [46]. But in our case of study, the electrical

modal coupling term obtained with the electrical circuit Eq. (5) and the

mechanical modal coupling term (4) from the differential equation of

motion given by Eq. (2) are different and are represented with the

mechanical-electrical coefficients A1 (14) and A2 (15) respectively. For

this reason, the mechanical-electrical conversion that depends on the

configuration, are represented by modulated sources (ensuring the ex-

changes of energy). The mechanical-electrical conversion is made with

effort (MSe) and flux (MSf) sources according to the expression (9) and

(10) respectively.

= +
=

A e
b t t dϕ x

dx

( )

2

( )s p

x L

1 31
1

(14)

=
− +

=

( )( )
A e

b t

t

dϕ x

dx2

( )
t

p
t

p x L

2 31
4

2

2

2

1

s s

(15)

where e31 is a piezoelectric constant, ts and tp are the thickness of the

substructure and the PZT respectively. The internal capacity C0 of the

piezoelectric element is modeled with a C element (16).

=C
bL

t
ɛ

2
S

p
0 33

(16)

where ɛS33 is the permittivitypiezoelectric.

The 0 junction reflects the same voltage results and gives us directly

the voltage recovered of the energy harvester output across the elec-

trical circuit, reduced here to the resistive load with element R. The

value of Rload depends on the application and the expected results.

In reality, the power management is done according to a complex

electrical circuit with a variable resistive load.

c. Power storage and restitution

In order to store power and to restitute harvested energy by pie-

zoelectric generator, one may use a commercial component proposed

by manufacturers [47]. For this reason, an electronic circuit was in-

tegrated into our BG model (Fig. 7).

The main components of this subsystem are the diode bridge (rec-

tifying the output voltage), the buck converter (DC-to-DC power con-

vert), the storage element (condensator) and the power management.

The VPGOOD signal gives an indication if the output voltage is well

regulated, available and sufficient (Fig. 7). VPGOOD is powered during

Fig. 6. Bond graph representation of the generator prototype with an external load resistance.

Fig. 7. Word Bond Graph of power and storage subsystems.
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this period. The microcontroller enters into sleep state in which both

input and output currents are minimal (power unsufficient). The buck

converter turns on and off as needed to maintain regulation. An algo-

rithm may be implemented in order to turn on the circuit only when the

user needs to do a test over a short period, for example to control

structural health monitoring.

This BG model (Fig. 8) is able to estimate the output voltage

Vpgood(t) according to the output voltage V(t) of the energy harvester

system. The diode bridge is illustrated by four specifics R elements

(RLED1, RLED2, RLED3 and RLED4) adapted to simulate the diode behavior.

The smoothing circuit is done with dissipative C1 and potential R1

elements. The buck converter function is realized with the combination

of the MTF element and a PWM signal. The final harvested energy is

stored in C2 element as a super capacity.

d. Global system modeling

Fig. 9 shows us the global BG model of the recovering energy me-

chanical vibration of the un-sprung mass. The interconnections appear

clearly between all subsystems represented in the word Bond Graph.

For this full model, key measurements needed are: linear velocity of the

tire ẏ and the un-sprung mass acceleration of the vehicle and the output

voltage of energy harvesting system v. The acceleration gives us the

forces Fmeff (Eq. 9) and FM (Eq. 10) of the convertor base, to inject in the

energy conversion subsystem whereas ẏp gives us the deflection speed of
the beam.

This model is able to estimate the power recovering of the cantilever

according to any surface modification of the road.To this end, the real

road profiles according to the IRI (International Roughness Index) [48]

standard must be injected across the variable y.

3. Energy harvesting validation in laboratory environment

In order to simulate the global system, the energy harvesting sub-

system model needs first to be validated on a simple case. The experi-

mental protocol is similar to the design assumptions of the BG global

model, see on previous parts. The first tests are done on a simple beam

prototype without a mass on the tip and a simple external load resistor.

Subsequently, the experimental and simulated results are compared.

The second tests are done with a mass and the results are also compared

to simulation results.

3.1. Experimental setup

By using the proposed BG model, the harvester shown in Fig. 5 is

studied. The simulation is done on 20Sim software. is the based

Fig. 8. Bond Graph representation of power storage and restitution circuit.

Fig. 9. Example of global system modeling with the convertor integrated to the un-sprung mass.
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acceleration of the cantilever and is considered like the only input

variable of the subsystem from the basic presumption. This acceleration

is imposed to the two effort sources FM and Fmeff. All the other para-

meters are dependent on the configuration choice [Table 1] or are

identified experimentally like the value of the damping ratio ξ1 of the

global beam. As the damping ratio is given by the logarithmic decre-

ment of free vibrations, it can be easily deduced by measuring the free

structures displacements induced by an applied force on the structure.

Then the final values v and i are observed at the end of the simu-

lation process. For the global power harvested at the output of the

converter dissipated on an optimal load, the voltage and power fre-

quency response are observed (for example in Figs. 13–15). To link

simulation and experience, the input acceleration is imposed through a

shaker (Tira S50018) to the beam as shown in Fig. 10 and then the

generated power is observed and compared to the simulation data. For

this purpose, a generator prototype was made from two layers of PZT27

with an inert center layer (Fig. 5).

3.2. Validation of the model on a single beam with external resistor

To validate the piezoelectric cantilever BG submodel, the frequency

voltage and power output are studied for the case of a resistive load

Rload and an excitation by the shaker (Fig. 10). Moreover the frequency

range of interest vary from 0 to 200 Hz [22] and the divergence be-

tween BG multimode model and BG single mode model has been

evaluated for this case in Fig. 11: obtained frequency divergence is

0.0212% on the first mode whereas its amplitude increases slightly with

the number r of modes: 0%, 0.3%, 0.45% and 0.6% when =r 1, 2, 3

and 4 respectively with a resistance value of 100 kΩ. As a result, only

the first mode will be studied in the following.

The generator prototype was tested by exciting it with vibrations of

1m²/s. To obtain these results, the simulated value of the first frequency

damping ratio is equal to =ξ 0.0391 , whereas the internal piezoelectric

capacitance is =C 0.225nF0 and the mass at the end of the beam is

zero ( =M 0).

The voltage and power outputs are given by the Eqs. 7 and 8 plotted

in Figs. 13–15 respectively. As expected, it can be noticed that the value

of the load resistance Rload has an important impact on the dynamic

behavior of the system i.e. on both the amplitudes of the voltage and

the power around the resonance frequency. Figs. 13–15 show that the

amplitude of the voltage increases with increasing load resistance for all

ranges of frequencies.

However, the amplitude of the power is maximum for an excitation

at the first resonance with a certain value of load resistance (Fig. 12). In

other words, the maximum power is obtained for =f 91Hz with the

optimal impedance. It requires that the impedance of the piezoelectric

beam matches to the output impedance of the external load to max-

imize the power transfer. In our configuration, the impedance matching

is obtained when the resistance value is around =R 122kΩload . This

resistance value is considered optimal for the first vibration mode. This

first resonant =f 91Hz of the beam is high but as the PZT material is

easily breakable with large deformation, the low-frequency resonant is

difficult to reach. To reduce the frequency resonant, a tip mass is added

to the piezoelectric beam in the next subsection.

For =R 22kΩload (Fig. 13) and =R 222kΩload (Fig. 15), as expected

these power amplitudes are lower. The power amplitude is equal to

1mW and 1.4mW respectively. The maximum voltage and power

amplitude are around 13 V and 1.4 mW for the optimal load resistor

respectively.

Only one mode (first resonance frequency) is obtained experimen-

tally and is visible on the three curves with difference values of load

resistance. The presence of this unique mode validates the use of the

lumped parameters in the beam BG model. As expected, the experi-

mental and simulation results are totally consistent and validate our

piezoelectric cantilever beam without massM.

3.3. Validation of the model on a beam with external resistor and mass at

the tip of the beam

To ensure that the beam resonance matches the vehicle vibration

mode, a mass equal to 10 g at the tip of the cantilever is empirically

added. Thereby, the power generation is enhanced because the me-

chanical stress is higher in this case than for the natural vibration mode.

Hence, the frequency range is respected. Likewise, the frequency could

be yet reduced to obtain a maximal amplitude power by adjusting the

geometry of the beam.

The prototype is mounted into a shaker (Fig. 16). For this new ex-

periment, the estimated beam damping ratio was =ξ 0.081 . The accel-

eration of the shaker is 0.6m2/s with the same range of frequencies as

seen above (Section 3.2). To understand and to control the dynamic

behavior of the beam, the voltage and power curves are plotted in

Fig. 17 as function of frequencies, with the same optimal load resistance

( =R 122kΩload ) but with an attached mass =M M( 10g). The matching

Table 1

Geometric, material, and electromechanical parameters of the energy harvester

system.

Parameters Values Unity

ρp Mass density of the PZT27 7700 Kg/m3

ρs Mass density of the substructure 2698.9 Kg/m3

L Length of the beam 65 mm

b Width of the beam 13 mm

tp Thickness of the PZT27 0.58 mm

ts Thickness of the substructure 0.2 mm

Yp Young's modulus of the PZT27 76.9 GPa

Ys Young's modulus of the substructure 70 GPa

d31 Piezoelectric constante −170 pm/V

ɛs33 Permittivity 3500 nF/m

Rload External resistive load – Ω

M Mass attached to end of the beam 0 kg

Fig. 10. Tests equipment: power generator, shaker with piezoelectric cantilever

beam and scope.

Fig. 11. Simulated voltages for value of load resistance of 50 kΩ, 100 kΩ,

550 kΩ and 10 MΩ respectively.
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impedance is still 122 kΩ because the tip mass does not have a high

impact on the impedance of the piezoelectric structure of the beam. The

first natural frequency is close to 43.5 Hz as well as one of the vehicle's

eigenfrequencies. It is within the expected range. Again, the gap be-

tween measurement and simulation data is less than 10%. The obtained

maximum voltage and power amplitude are around 12 V and 1.1mW

respectively.

In the next section, this new beam BG configuration is integrated

into the global BG model, in order to simulate the behavior of the

harvester embedded in a car suspension (Fig. 2) in view of an energy

balance in the car suspension.

4. Energy harvesting with the whole system: simulation and

measurements

The global simulation is now developed using simultaneously the

piezoelectric cantilever beam submodel, the suspension car submodel

and the electrical circuit submodel (Fig. 9). The values of the

parameters (Eq. 1) for the car suspension correspond to those of a Re-

nault Laguna GT [49]. In order to estimate the output power of har-

vested by the piezoelectric cantilever beam, the electrical circuit is re-

duced first to an external load. Second, a power storage and restitution

circuit is placed at the output of the energy harvester since this circuit

gives results that are more consistent with reality. The input mechanical

stresses of the whole BG model are adapted in order to get closer to a

real case of study as the passage of a car on a speed bump at 30 km/h

(Fig. 18). The mechanical input solicitation is a standard speed bump.

Finally, simulations performed on road with the whole BG model are

then compared with experimental tests.

4.1. Simulation of the global model on a single beam with external resistor

The piezoelectric cantilever beam is mounted into un-sprung and

the sprung masses of the car suspension with at the end an external

load. In the same way as in the previous section, the optimal load re-

sistance is =R 122kΩload and the empirical chosen mass M is 10g.

Fig. 12. Measured powers and voltages for several values of external load (first vibration mode, =f 91Hz0 ).

Fig. 13. Simulated and measured powers and voltages for value of load re-

sistance of 22 kΩ.
Fig. 14. Simulated and measured powers and voltages for value of load re-

sistance of 122 kΩ.
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Results are presented in the Fig. 18. As expected, the harvested energy

is higher when the harvester is attached to the un-sprung mass. In fact,

the amplitude of the movement of the un-sprung mass is greater than on

the sprung mass.The maximal output voltage range obtained is close to

2 V with a maximal output power of 0.02W during the speed bump

solicitation when the mass is attached to the un-sprung mass.

4.2. Simulation of the global model on a single beam with the power storage

and restitution circuit

In the next section, a power storage and restitution circuit (Fig. 7) is

placed at the tip of the piezoelectric cantilever.

The Fig. 19 represents the input voltage of the storage circuit (V(t)),

the rectified and smoothed voltage (Va(t)) and the output voltage of the

energy harvester (Vpgood(t)). The maximal input voltage is around 12 V

whereas the maximum rectified and smoothed voltage is close to 8 V. It

can be noticed that the output power of this circuit is sufficient to

supply a LED or any other circuit with low consumption ( =P 0.33Wmax

for DC voltage) during 0.3 s (Fig. 19).

To know energy distribution in the global system, it is relevant to

study its evolution in all the subsystems (Figs. 20 and 21). The injected

Fig. 15. Simulated and measured powers and voltages for value of load re-

sistance of 222 kΩ.

Fig. 16. A generator prototype made from PZT27 mounted into a shaker used

for testing with a mass M.

Fig. 17. Simulated and measured powers and voltages for value of load re-

sistance of 122 kΩ and mass (M=10 g).

Fig. 18. Simulated voltages and powers with an optimal external load in our

case of study.
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energy to the suspension parts by the road is 812 J computed by the

model. This energy is decomposed in three different energies. The main

part is dissipated through friction in the car damper (Cfluid) and in the

cantilever beam (Cbeam and Rload). In parallel, less quantity is stored in

potential energy (Ktire, Kspring and Kbeam) and in kinetic energy

( −Mun sprung , Msprung and I1). Fig. 20 illustrated the total energy, i.e. the

injected, dissipated and stored (potential and kinetic) energy as

function of the time, in the mechanical parts of the suspension. The

obtained responses reflect the behavior of a dual-mass for the me-

chanical domain. Between 0 s and 0.1 s, the car goes up to the speed

bump and goes down from 0.1 s to 0.2 s. After 0.2 s, there is no variation

of the road height. Indeed Fig. 20 shows that the Ktire stored energy

increases first between 0 s and 0.1167 s which means that the injected

energy is stored in the first mechanical part closest to the road, then the

Kspring stored energy in second time between 0.036 s and 0.17 s. The

energy begins to dissipate in Cfluid at 0 s. As the injected energy is

stopped to increase at 0.26 s and that all this energy is transferred to all

mechanical elements, the stored and dissipated energy tend towards

zero. Finally when the injected energy is constant, the system comes to

the stable state. The kinetic energy ( −Mun sprung and Msprung) are lower

compared to the other energies.

It was also possible to determine the injected, dissipated and stored

energy in the piezoelectric cantilever beam for mechanical and elec-

trical domain (see Fig. 21). The injected energy to the beam by the

suspension is 0.065 mJ computed by the model. The obtained responses

reflect the behavior to a spring-mass-damper system for the mechanical

domain and to electrical circuit (Rload) for the electrical domain. Fig. 20

shows that the mechanical energy behaves the same way. The dis-

sipative mechanical energy in Rload is really low and is 1.42 μJ com-

puted by the model. From these curves, it was also possible to de-

termine the piezoelectric energy efficiency = −η 8. 10piezo
8.

Although the power required to directly power a system to perform

predictive maintaining operation, for example, is not reached with our

technology, this system should work intermittently by carrying out

regular checks. The reasoning is not done in terms of power but in terms

of accumulated energy and necessary charging time. Energy and power

are linked by this equation: = =E P t P t∆ ∆1 1 2 2, with =P 0.01W1 (the

recovered power), =P 0.33W2 (the consumption of the circuit to be

supplied) and =t 2s1 (the control time). The time interval t2 between

two operations is deduced, =t 66s2 . Also, the time ratio is =t t/ 332 1 .

Thus the system which it is proposed to obtain is a unique system re-

covering energy and carrying out the operation of structural health

monitoring.

Fig. 19. Simulated voltages with power storage and restitution circuit in our

case of study.

Fig. 20. Evolution of total injected energy (in black), total kinetic energy (in

cyan), total potential energy (in blue) and total dissipated energy (in red) for

the suspension subsystemin our case of study. (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 21. Evolution of total injected energy (in black), total kinetic energy (in

cyan), total potential energy (in blue) and total dissipated energy (in red) for

the piezoelectric cantilever beam subsystem in our case of study. (For inter-

pretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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4.3. Experimental investigation in a real case

In order to demonstrate the validity of the approach in a real case,

experimental tests have been performed with the whole energy har-

vester system embedded in a car (Fig. 22). Moreover, two different

situations have been experimented: the first situation corresponds to

drive tests on a road at 10 km/h (Fig. 23) and 30 km/h (Fig. 24) re-

spectively, whereas the second situation coincides with the driving

through a tramway crossing (Fig. 25).

From the Figs. 23 and 24, it can be noticed that the power is low

whatever the speed of the vehicle. The value is in the order of

0.001mW to 0.021mW at 10 km/h (Fig. 23) and varies between

0.01mW and 0.07mW at 30 km/h (Fig. 24). However, the energy on a

long period is significant and could be used to supply sensors.

Simulations with the whole BG model have also been performed on

the same situation. The analysis of the simulated harvested power

signals with a generated artificial profile [50] based on the equation

provided by ISO 8608 standard at 10 km/h (Fig. 23) and at 30 km/h

(Fig. 24) demonstrates a good keeping with the experimental results

since the range of values is of the same order.

Fig. 25 gives the measured values when the car crosses tramway

rails with a 50 km/h speed. One can clearly see the large vibration

occurring at =t 15s providing a harvested power peak of 1.97mW. In

the future work, the whole system with the road profile of a tramway

can also be modeled and be simulated.

5. Conclusion

In this paper, a BG model which predicts the energy harvesting with

piezoelectric cantilever beam on a vehicle suspension has been pre-

sented. It is distinguished from existing modeling work on energy

harvesting system in that it is amenable to estimate the energy har-

vested through a realistic and complete system, i.e. composed of the car

suspension, the energy beam harvester and the restitution circuit while

capturing all the multi-physic domains and power exchange between all

the subsystems.

In a first, the simulated frequency responses of the energy piezo-

electric harvesting subsystem have been discussed and verified by

comparing them with experimental results performed in a laboratory

environment in order to meet the Technology Readiness Level 5 index.

In a second step, road tests have been successfully performed and

compared with simulation results. In addition, a simulation of the

complete system has been proposed with an analysis allowing ex-

tracting injected, stored and dissipated powers in both mechanical and

electrical domains and for all subsystems as function of time and for the

case of a speed bump solicitation. In view of an energy balance, small

Fig. 22. Cantilever energy harvester embedded on the un-sprung mass of the

small size vehicle (a). At several drive speeds, drive tests are conducted (b).

Fig. 23. Comparison between experiments and simulations in case of artificial

profiles with a car speed of 10 km/h.

Fig. 24. Comparison between experiments and simulations in case of artificial

profiles with a car speed of 30 km/h.

Fig. 25. Measured voltages and powers in case of driving through tramway

crossing with a car speed of 50 km/h.
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power but with a long duration harvesting is obtained. Therefore, en-

ergy harvester may be interesting for a punctual use with a large period

of electrical loading

In summary, the built model enables us thus to predict and perform

an analysis of the power harvesting efficiency through a complete and

realistic system. It is our aim that the model presented in this paper may

be used and developed further for the use and design of other energy

harvesting systems or for others kinds of applications.

Future work will be focused on two aspects. First, a low-frequency

demonstrator will be built on a real suspension system proposed by the

society SOBEN and tested on a car driven on a road. The second di-

rection of future work is the application of the modeling approach for

the use of an electromagnetic harvester. There is also a large interest to

harvest high displacement energy generated in such a suspension

system and this harvesting technique could also complete the preceding

ones.
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