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Abstract Energy Harvesting is a promising solution for powering Structural Health Monitoring (SHM) systems since
various mechanical energy sources are generated by aircraft. Today, the main technique to harvest energy consists of using
a specific conversion device to provide power to the SHM system. In this paper however, a novel technique to obtain a
self-powered SHM system for acronautical structures is proposed. This SHM systemaims to have a double functionality: it
will carry out classical SHM tasks using piezoelectric transducers bonded onto the aircraft structure and will also be fully
autonomous since the same transducers will convert the mechanical vibrations of the structure into electrical power. Using
a bonded piezoelectric transducer to harvest energy will also bring wideband frequency energy harvesting capability. This
autonomous system using a unique transducer being particularly innovative, the objective of this paper is to provide a
complete Bond Graph model of the energy harvesting process in order to allow the optimisation of its performances. This
approach is well-suited to monitor the power and energy transfer carried out during the process since it takes into account
the interaction between multiphysics systems, here the electrical and mechanical domains in terms of power and energy
variables. Consequently, each part of the energy harvesting, i.e. the mechanical vibration of the host structure, the vibration
within the SHM energy harvester volume, the piezoelectric electromechanical conversion and the terminal electric load
have been modelled analytically using this Bond Graph approach. Then, each submodel has been verified with a baseline
Finite Element model. Good agreements have been found and it has been possible to carry out an estimation of the power
harvested by the SHM energy harvester for a given mechanical excitation using this innovative complete analytical Bond
Graph model.

Keywords SHM, Energy Harvesting, FEM, Mechanical Vibrations, Analytical Modelling, Bond Graph, Power
Estimation, Aeronautical Structures

To ensure a good efficiency of the SHM system, a sensor
1. Introduction network covering the structure has to be designed. These
SHM transducers will have to be integrated and/or spread out
overlarge areas like wings and fuselage to monitor the health
of the structure. Integrating these transducers within the
aircraft in hard access areas implies the need of wireless
communication capabilities as well as energy autonomy to
minimize the wire clutter.The autonomy capability is also
required to avoid the use of batteries which have to be
re-placed over the time and cause issues with their recycling
process. Moreover, with the trend to the all-electric aircraft,
more and more equipments need power. That is why the
energy management of SHM devices is a very strategic topic
as they must be designed as autonomous systems. Several
energy harvesting solutions are available and many authors
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Nowadays, Structural Health Monitoring (SHM) systems
have become a part of new avionic systems which will form
future aircraft. Their objectives are to detect and locate
damages occurring within the aircraft structure. They also
have to be able to characterize the nature and the gravity of
the damage as well as to estimate the remaining lifespan of
the structure. The place of such systems is rapidly evolving.
They are currently used duringdevelopment test campaigns.
However, a technological gap must be overtaken as a major
objective is to use them on production line and also to
implement them on-board aircraft.
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can be used in SHM systems. This work provided the trend
for further studies. The conversion from mechanical
vibration into electrical energy, the thermal gradient and the
Radio Frequency (RF) energy conversion have been more
particularly investigated subsequently. Samson et al.[4]
presented a systembased on the thermal conversion using an
independent energy source combined with a wireless sensor
unit. In[5], Roundy et al. investigated the potential of
electro-magnetic, electrostatic and piezoelectric vibration
conversion. Following this work, Roundy et al.[6] continued
to study the voltage response of piezoelectric cantilever
beams used as energy harvester. Many other contributions
can be found on the study of piezoelectric cantilever beams.
One can cite the works from Lefeuvre et al.[7] and Lallart et
al.[8-9] who more specifically focused on the optimization
of'the loading circuit using non-linear techniques to increase
the power harvested level. Farinholt et al.[10] proposed an
autonomous SHM system for civilian structures harvesting
energy from multiple environment sources, or periodically
delivered by a RF energy source. In[11], Ferrari et al. used
several piezoelectric cantilever beams on which different
masses have been bonded to convert energy over an
extended frequency range. All these prior works
demonstrated the possibility of using cantilever beams to
carry out energy harvesting with a level of power harvested
ranging from the hundreds of microwatt to the milliwatt.
These results make this technique a particularly promising
candidate for energy harvesting.Another contribution of
these works is that a complete analytical response can be
derived from the natural vibration of the beam.

Here, the technology retained by the authors forthe energy
harvesting is not based on cantilever beams. The overall aim
of their technology is to build an innovative SHM system
having a double functionality. This systemhas to be able to
carry out, only with the piezoelectric transducers bonded
onto the structure, the classical SHM tasks like damage
detection and/or location, and also harvest energy to be fully
autonomous. This system, compared to cantilever beams,
will not be centered around a single frequency but will work
over an extended frequency range. Moreover, having a
unique transducer for SHM and energy harvesting purposes
reduces the number of devices required for the system. This
is particularly interesting when, on-board aircraft, one tends
to implement systems in hard access areas with wireless
connection. According to these requirements and to the
previous literature, the mechanical vibration conversion
seems to be an appropriate technology. Sodano et al.[12]
presented such a configuration, showing the possibility of
harvesting energy with a bonded piezoelectric sensor.
In[13-15], the authors presented their SHM autonomous
systemand checked the feasibility of harvesting energy with
the piezoelectric SHM energy harvester.

However, the configuration of a SHM energy harvester
bonded onto the vibrating structure differs drastically
compared to the use of a piezoelectric cantileverbeamand an
analytical model has to be created to obtain a fundamental
understanding ofthe piezoelectric energy harvesting process.

To do so, using the Thevenin equivalent circuit, the
piezoelectric energy harvester is represented as a voltage
source connected in serial with its internal output impedance
Z, as shown in Figure 1. With this representation, and to
evaluate its power harvesting capabilities, one has to
determine both its voltage response and the current delivered
to the load.

Several models of the voltage response of bonded
transducers have been developed. Prior works have been
proposed by Di Scalea et al.[16], Raghavan et al.[17] and
Chapuis[18], who have used a plane-stress model to obtain
the voltage response of a thin piezoelectric transducer
subjected to a Lamb wave excitation. However, the study of
the power transferred to a load by the piezoelectric
transducer was beyond the scope of these articles and
consequently not carried out.

In this paper, an innovative model of the complete energy
harvesting process will be proposed using the Bond Graph
approach to carry out the evaluation of the energy harvesting
capabilities of the SHM energy harvester as shown in Figure
1. It will allow the determination of the power harvested by a
SHM energy harvester due to mechanical vibrations since
the Bond Graph technique is well-suited to study the power
exchanges in multiphysics systems, ie. between the
mechanical and the electrical domains[19, 20]. In this
representation, the inputs and outputs of each subsystemare
defined by power variables represented by a conjugated pair
of effort / flow variables ie. the pair F,v for the mechanical
domain (force and velocity) and V, i for the electrical domain
(voltage and current).

The configuration retained herein consists of a set of
piezoelectric SHM energy harvesters bonded onto an
aluminium plate simply supported on its four edges and
associated with a terminal electric load. The SHM energy
harvesters were primarily used to monitor the health of the
structure with classical SHM techniques such as the
electromechanical impedance technique[21], the Selective
Lamb Mode Technique[22], Acoustic Emission Monitoring
[23, 24] and Lamb waves interaction[25, 26]. In this study,
the structure is excited by an electromechanical shaker at its
resonant frequencies. When vibrating at these resonant
frequencies, the structure provides displacements to the
bonded energy harvesters which exhibit a voltage and
subsequently provide power to the terminal electrical load.

For each subsystem of the Bond Graph model, shown in
Figure 1, representing each step of the energy harvesting
process, the phenomena will be analytically described to
allow the determination of the required data. The subscript
irefers to the three space directions. The superscript P refers
to the Piezoelectric energy harvester while the superscript S
stands for the Structure.

First, the piezoelectric electro-mechanical conversion will
be presented in section 2. This subsystem has for input the
mechanical force EF and velocities v/ applied to the
energy harvester. They are multibond graph elements as they
take into account the three space directions. It has for outputs
the voltage V¥ and current i” due to the electromechanical
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conversion. Then, the structural mechanical vibrations will
be treated in section 3. The displacements of the plate due to
the external mechanical excitation noted F¥"%¢ will be
determined. FSh9*€T s the input signal of the block diagram
representing the energy harvesting process. These
displacements will allow the determination of the velocities
v’ applied to the SHM energy harvester. The modelling of
the terminal electric load will be carried out in section 4. The
output i’ and V! will lead to the power harvested and
transferred to a resistive load. In section 5, the results of the
simulation using this model will be presented. A Finite
Element Method (FEM) model will be used to validate and
discuss the accuracy of the model.

SHM energy —
harvester \

electrical
load

Structural vibrations

Piezoelectric electro-
mechanical conversion
FP(lvF i# |ve
Structural mechanical T inal electric load
vibrations erminal electric loa
i L
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Figure 1. Energy harvesting process and associated Word Bond Graph

2. PiezoelectricElectro-Mechanical
Conversion

In this part, the electro-mechanical conversion carried out
by the SHM energy harvester is studied. This subsystem is
the key part of the global energy harvesting system since it
depends on the mechanical excitation fromthe structure it is
bonded onto, and also provides the harvested power to a
terminal electric load.

The analytical voltage response of the SHM energy
harvester is obtained by coupling the direct piezoelectric
effect to the strain field applied to the energy harvester. The
major feature of the analytical model is its ability to provide
an easily computable voltage response for any kind of
deformation. Although Di Scalea et al.[16], Raghavan and
Cesnik[17] and Chapuis[18] only considered plane stress
case for the transducer response to mechanical vibration,
Ali[27,28] developed a more accurate model taking into
account the stress distribution throughout the thickness ofthe
transducer. Here, a three dimensional (3D) model of the
transducer response, i.e. taking into account the three space
directions is proposed. The piezoelectric SHM transducers
used herein are PZT (Lead Zirconate Titanate) Pz 27 from
FerropermPiezoceramicsS/A, i.e. having a 6mm hexagonal
crystal system.
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Using the PZT transducer as a SHM energy harvester, the
following set of equations is more appropriate compared to
the other sets of piezoelectric constitutive equations ([18]).

T = —hy Df + CluSi
P P SpP (1)
ES = —hg S + Bi Dy
with 1,j,k,1 €[ 1, 3].

EP is the electric field, D the electrical displacement,
TP the mechanical stress applied to the piezoelectric energy
harvester, S* the mechanical strain, h the piezoelectric
matrix, CP the stiffness matrix measured with open circuit
and B° the impermittivity matrix at constant strains. All
these variables are listed in the Nomenclature.

For the piezoelectric SHM energy harvester considered in
this study, electric charges are only present on the electrodes.
Moreover, only the electric field and electrical displacement
components parallel to the polarization direction are non-null
ie. D'=D'=0 and E} =E} =0. As its voltage
response would be measured using a high impedance device,
one can consider the energy harvester being in open circuit
conditions[16-18], i.e.:

JI DY dxdy =0 @)

One also has

EF = —grad (V") (3)
with 7* the voltage exhibited by the SHM energy harvester.

The mechanical strain being defined as follows:

55' — 3(%4_ ﬁ)
2 \dx; dx;
the voltage response can be written as:
VP = Mop lhay (ST, + SB) + hypSE1dQ” (5)
Q" and I" are the volume and the surface of the
piezoelectric SHM energy harvester.
The current flowed into the piezoelectric static

capacitance is derived from equation (5) as shown in
equation (6).

(4)

LP=CS?=T1U{)+T'2U5+T3U§ (6)
with:
VP = ;—tffoP:—PSﬁdQPforlﬁiS3 @)
rn =1, = h3 Cg (8
T3 = h3%CM5} (9)
Cs= €33 PTPP (10)

LP, WP, Tp, 853 correspond to the length, width,
thickness and the permittivity coefficient at constant stress
of the piezoelectric transducer, respectively.vy, v and v’
correspond to the velocities of the transducer along its
length, width and thickness, respectively.

The Bond Graph model of the piezoelectric
electro-mechanical conversion is derived from equations (5)
and (6) to (10) and is presented Figure 2. The three space
directions are taken into account with the three branches
corresponding to vi, vi and v!. The piezoelectric
transformation is modelled by the TF elements r;, r, and
r3. The current is the sum of the three contributions at the
0-junction. The static capacitance of the energy harvester is
added using the storage C-element.

The submodel referred as

the "Piezoelectric



110 Thomas Sainthuile et al. :

Energy Harvesting Process M odelling of an Aeronautical Structural

Health M onitoring System Using a Bond-Graph Approach

electro-mechanical conversion" i now completed and
provides the voltage response VP of the SHM energy
harvester in response to the strain field applied.
Consequently, one has to obtain the required inputs coming
from the structural mechanical vibrations and applied to the
SHM energy harvester, ie. S, , S5, and S§; . The
determination of these values is presented in the next section.

¥l
vy
| > TF! > 0t v > C
";f 2 2 2 i C,
By

Figure 2. Bond Graph model of the SHM energy harvester

3. Structural Mechanical Vibrations

Figure 3 is a Bond Graph representation ofequations (6) to
(10). The inEut is the signal corresponding to the mechanical
vibration F*"* The strain field experienced by the energy
harvester, St;, S5,, SE; and subsequently the velocities v},
v}, viare determined analytically. The Bond Graph MSf
elements are Modulated Sources Flow which are the output
of the Structural Mechanical Vibrations submodel. They
represent the harmonic excitation which is applied to the
SHM energy harvester in the three space directions. u} are
the displacement components at the top surface of the
aluminium plate whileu? are the displacements components
within the energy harvester. Knowing these parameters leads
to the voltage response as shown in section 2.

* [t B
ST mﬁ | = 7;Msnﬁ
Jlaog
1
Analytic ST P
[Fshaker “JQP— a W-MSf}ﬁ
2
FEM . 5
s | = | -msf—
Jlas ot | vP
3
Figure 3. Bond Graph representation ofthe mechanical vibrations

Figure 4 presents the setup of the SHM energy harvester
bonded onto the plate and Figure 5 presents the different
displacement fields of the plate and of the SHM energy
harvester. The length, width and thickness of the plate are
noted Lg, W5, Ts, respectively. A Cartesian basis, noted
(0,%,,%;,%3) is defined as shown in Figure 5.
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Figure 4. Dimensions of the structure and ofthe SHM energy harvester
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Figure 5. Displacements transmitted by the plate to the SHM energy

harvester

To start with, it is necessary to model the vibrations
occurring within the aluminium plate. This modelling is
carried out using the plate theory.

The natural modes of a plate subjected to a mechanical
punctual force applied by the shakerat x; o3, x, jcoordinates
can be determined analytically using the bending plate
equation:

0% us (xq,x,,t)
pTS 9t2

[rshaker (t)§(x1—x1_0)6(x2 —xz'o) (11)
with p the density of the material, Tg the thickness of the
plate, D the bending stiffness, £ the Young modulus, v the
Poisson coefficient, V*= A2, the double Laplacian operator
and 6 the Dirac function. These operators are presented in
the Nomenclature.

The total equation of displacement of a plate simply
supported on its four edges is determined analytically as
presented in[28]:

+ DV*us (x,x,,t) =

w3 (g, 25,8) = X0 X2 @, (€) o (x1,%2) (12)
with ¢,,,, the modal deformation:
O (x1,%,) = sin (%xl)sin (%xz) (13)

With equations (12) and (13), the vertical component of
displacement is completely determined analytically. The
variable @, (t) corresponds to the amplitude of
displacement for the mode (m,n) considered.Taking into
account the mechanical damping &, the modal decomposition
presented in equation (14) provides the vertical displacement
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u3 in response to an harmonic excitation FShaker gjot aq

shown in equation (15).
. . 2 FTS;lfrllaker ®
amn (t) + ngn wmn amn (t) + wmn amn (t) = M—

mn

(14)

with ® ,;, the natural pulsation of the mode (m,n) considered,
E&m the damping factor, M,, the generalized mass,
Fshaker the modal force. These variables are also presented in
the Nomenc lature.
ug(xl’xz’t)lw - Zz Z;o Mmn [wwznn —w?+j2 @WWmn gmn] (15)
Using the Kirchhoff-Love plate theory, the in-plane
displacements at the surface of the plate are derived from
us | - For a specific natural mode (m,n) one has:

hak
Frsrma er

s _ 4 99(x1x) ¢
us (x1,%5,0)l = A, Te“"mn

Wmn
] § .
ug(xl'xZ't)lwmn —_ A2 %elwmn t (16)
w3 (o, %2, ), = Az (xq,x5)e/mn
with
T Fshaker
A] =A2 — Smn
2 Mypn wrznn Emn (17)
Frsn}rllaker
Ay =

2 Mmn a’rzrm Emn

The displacements field of the plate beingnow determined,
one has to obtain the displacement field in the SHM
transducer.

A first hypothesis is to consider a plane stress state for the
energy harvester. In that case, the thickness of the energy
harvester being small compared to its in-plane dimension, it
is assumed that the stresses within the thickness are smaller
than the in-plane stresses and consequently negligible. In
that case, S£; = 0 and S}, S5, are not varying within the
thickness. In this configuration, only uf and uf, the
tangential displacements, have to be determined and one has
equation (18). This model is referred as a 2 dimensions (2D)
model.

uf Cep,xp) = ufey,x,)
P Cry,xy) = 1l ey, x,) (1
Uz X1,X7 2\ X1, X

A second configuration has been developed. It
correspondsto a 3D configuration, where all directions are
taken into account. The SHM transducer being thin, the
influence of the thickness on the tangential components u?
and ub remains negligible. However, the vertical
displacement is not necessarily constant along the thickness
as shown by[27, 28].

uj and uS applied to the energy harvester will generate a
variation of the vertical component of displacement u§. To
determine the average displacement variation, represented
by the tilde symbol, equation (19) is used.

5’-7 _ shasta st (ﬂ_l_i) _ ﬂ
33 — E 2 E 2 -
(sT,) (1) 2 2 Tp

The displacement field experienced by the SHM energy
harvester is subsequently obtained by summing the
displacement components applied at the structure/transducer
interface and the vertical displacement within the thickness
as shown in equation (20). In section 5, this model will be
tested and verified using a FEM baseline model.

(19)

3¢ (x1,
ul Gep,xp,x3) =uf(xy,x,) = A4, %
1
d¢ (x1,x2)
uh (ey,x0,%3) = w3 (x,x,) = 4, #

—p 20)
Bl Geyxey) (
uf Grq,x00,23) = uf(y,x,) + = TX1XZ X3 =

P

s
Az +? X3 | (xq,%7)

4. Terminal Electric Load

In order to evaluate the power provided by the
piezoelectric SHM energy harvester, a terminal electric load
represented by a pure resistor noted R;p has been
incorporated,[5].

The SHM energy harvester generates an AC voltage while
classical electronic equipments need a stabilized DC voltage.
Consequently, a full wave rectifier bridge is required. A
capacitance may also be used to smooth the rectified voltage
leading to a classical circuit for rectifying and s moothing an
alternating voltage[8],[30], as represented in Figure 6. In[14],
the authors used a Linear Technology component integrating
a full-wave rectifier as well as a storage capacitance.

7 I:Z C J_
sm;r

mn

Figure 6. SHM energy harvester and terminal electric load

In the following modelling, it has been assumed that the
power is directly transmitted to the resistive load. As a result,
the diodes and the smoothing capacitance have not been

represented. Only the efficiency of this rectifier bridge,

n= ?;C with Ppcthe DC output powerand P5cthe AC input
DC

power, has been taken into account. Consequently, the Bond

Graph model of the complete energy harvesting process is

readily obtained as shown in Figure 7.

S?w 7 R:R
. jjh— i
Analytic . — PP Wi
S 0
shaker __| | =23 = 0
F I L | NS
FEM P 5] VA
Sss 4 / l'
R — = MSf— TR B
".J.sz i V;f 3 C:Cg
Figure 7. Complete Bond Graph model of the SHM energy harvester

At this stage, the energy harvesting process is completely
modelled using the Bond Graph approach.

Running this model provides the harvested power for each
given mechanical excitation.

5. Results and Models Validation
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In this section, the Bond Graph submodels presented in the
previous parts are computed using the software 20-sim 4.1.

A FEM model of the set-up has been built to check the
accuracy of the models. Some part of the modelling aspects
have been already checked in[14] by comparing the FEM
model with experimental results.

5.1. Structural Mechanical Vibration

The aluminium p late (Ls=500mm, W s=300mm, Ts=3mm)
simply supported on its edges and instrumented with the
SHM piezoelectric energy harvester has been modelled by
FEM using the software ComsolMultiphysics 4.2. The SHM
energy harvester is a square shape PZT Pz 27 from
Piezoceramics A/S. Its dimensions are Lp=25mm,
Wp=25mm, Tp=0.5mm. The adding of the piezoelectric
SHM energy harvester is assumed to not modify the
deformation of the plate. However, the presence of the
energy harvester implied the need of a refinement of the
meshing in the vicinity of the bonding location as shown in
Figure 8. In order to improve the efficiency of the computing,
the meshing size has been increased in others areas to
counterbalance the previous refinement. The total meshing is
composed of 14520 tetrahedral elements. The boundaries
conditions are the four simply supported edges, modelled by
constraining the vertical displacements of these edges. A
modal analysis has been conducted to determine the plate's
natural frequencies. Then, at each natural frequency, an
harmonic analysis has been performed to obtain the
displacement field within the SHM energy harvester.

Figure 8. Meshingofthe plate instrumented with a SHM energy harvester

The resonance frequencies correspond between the FEM
simulation and the analytical modelling. The displacement
fields obtained from the analytical plate theory have been
also compared with the displacements obtained by the FEM
simulation for the first ten natural modes of the structure.As
an example, Figures 9 and 10 present the total displacement
obtained from the plate theory, i.e. the sum of in-plane and
out-of-plane components of the plate at 441Hz and 550Hz,
respectively. The theoretical results are close to the results
obtained using the FEM model, with, for every case, less
than 5% of difference.

The modelling of the mechanical vibrations using plate
theory provided accurate results compared to the FEM
simu lation, which allowed the validation of the models of the
subsystem referred as "Structural mechanical vibrations".
Moreover, the SHM energy harvester was not taken into
account in the plate theory equations but was integrated in

the FEM model. No difference in terms of displacement
around the SHM energy harvester area has been noticed.
This confirms that the presence of the SHM energy harvester
does not modify significantly the displacement field of the
structure at these low frequencies.
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5.2. Piezoelectric Electr o-Mechanical Conversion

This electro-mechanical conversion and the subsequent
voltage across the piezoelectric energy harvester static
capacitance are obtained running the Bond Graph model for
the two configurations used in this paper ie. the 2D plane
stress case and the 3D configuration. As explained in section
2, the voltage response corresponds to an open circuit
configuration.

The first configuration tested is the plane-stress case. In
that case, only the first two branches of the Bond Graph
model are considered. This formulation has been tested for
the ten natural modes ofthe plate determined in section 3 and
compared with the FEM voltage response. The results
provided by the Bond Graph model are presented in Figure
11. One can note a major difference between the plane-stress
voltage response and the FEM response taken as a baseline.
To reduce this difference, and following the workofAli [16],
the influence of the SHM energy harvester thickness has
been evaluated.

The second configuration treats the 3D response of the
SHM energy harvester. With the displacements determined
analytically as presented in section 3, and the corresponding
Bond Graph parameters (equation (7) to equation (10)), the
analytical voltage responses obtained from the Bond Graph
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model have been computed and are also presented in Figure
11.

The voltage response taking into account the three
directions of the SHM energy harvester, ie. the ST, S5,
and S%; components, is close to the baseline FEM model
and brings indication of the level of voltage one can expect
from a given mechanical excitation at a given frequency.
These close voltage responses validate the 3D model that has
been developed. Moreover, this shows that the variation of
displacement within the thickness has been correctly
modelled with the approximation done in equations (19) and
(20). Moreover, this analytical approach provides the
required information to evaluate the energy harvesting
capabilities of the system. This model can be used to
determine what frequencies should be chosen to harvest
energy atapromising level and which frequencies should not
been chosen for energy harvesting purpose, here 344Hz and
588Hz It also shows the importance of the wvertical
contribution in the voltage response since taking into account
the vertical component of displacement leads to more
accurate results.

50
HFEM

40
- m Bond Graph 3D
Z 3p Analytic
[
» Bond Graph plane
%5 20 stress
>

10 I I

0 | I

110 198 344 355 441 550 588 760 790 812
frequency (Hz)

Figure 11.  Open circuit voltage response V¥ of the SHM energy harvester

5.3. Terminal Electric Load

One of the major features of the Bond Graph is also the
possibility to evaluate and monitor the power harvested and
transmitted to the terminal electric load. With equation (5) or
with the previous FEM model, the voltage response of the
SHM energy harvester is readily determined. In this case,
one considered the SHM energy harvester to be an open
circuit. However, in this configuration, there is no power
transfer. Therefore, to determine how much power this SHM
energy harvester is able to provide, a load had to be taken
into account. The Bond Graph approach allows to rapidly
and easily determine this power transfer as a load can be
readily added to the SHM energy harvester.

Running the complete model, the level of power harvested
is determined for various values of resistive load. This
provides the maximum of power that can be harvested as
well as the optimum resistive load as presented in Figure 12.
This simulation can be conducted for all the previously
determined natural modes of the vibrating structure as well
as for various locations of the SHM energy harvester. One
can note that, for this specific configuration, the optimum
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load seems to decrease with the frequency increasing. The
maximum of power also depends of the level of deformation
at the different natural frequencies. As an example, at 110Hz
and 355Hz, the maximum power that can be harvested are
6.8mW and 3.5mW, respectively.

6
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Figure 12. Optimum resistive load and maximum power forthe structure
natural modes

6. Conclusions

In this paper, a novel technical solution has been proposed
to obtain a self-powered SHM system for aeronautical
applications. This system has a double functionality since it
carries out, with a single piezoelectric SHM transducer both
the SHM tasks and the vibrational energy harvesting.

The energy harvesting process of this autonomous SHM
system has been completely modelled using an innovative
Bond Graph approach. The Bond Graph approach has been
chosen since it is particularly well suited to study the power
and energy transfer within a multiphysics system. The three
steps of the energy harvesting process have been modelled.
First, the structural mechanical vibrations of the plate have
been determined. Then, the piezoelectric electromechanical
conversion submodel provided the energy harvester voltage
response to the displacements applied by the vibrating
structure. Finally, thanks to the Bond Graph capabilities, the
power harvested and transferred to a resistive load has been
evaluated. A baseline FEM model has been used to verify the
accuracy of the mechanical vibration modelling as well as
the SHM energy harvester voltage response. Good
correlations have been found for both submodels.

With this complete model, the full energy harvesting
process has been represented analytically. One can know, for
a natural mode of the plate and for a mechanical excitation,
the level of power that can be harvested by a SHM
piezoelectric energy harvester. This modelling can lead to
numerous applications like comparison between different
types of piezoelectric materials, different shapes of energy
harvesters and different kinds of terminal load. One can also
determine what frequencies are potentially supposed to
provide enough mechanical energy to be harvested. This
model can consequently be used to optimize the location of
the SHM energy harvester and the material to be used.
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The future objectives are to focus on other kinds of
mechanical vibrations, not only at the structure resonant
frequencies. Other energy harvester shapes will be tested.
The work on the loading circuit will be continued to improve
the power harvested level.

Nomenclature

e OF:volume of the piezoelectric transducer,

e I'’:surface of the piezoelectric transducer,

e Ly, = Ly — L, : length ofthe piezoelectric transducer,
o W, = Wy — W,,: width of the piezoelectric transducer,
¢ Tp:thickness of the piezoelectric transducer,

e Lg: length of the mechanical structure,

e Ws: width of the mechanical structure,

o Ts:thickness of the mechanical structure,

e Fshaker . input excitation force applied on the structure

to generate vibrations,
s.

e u;:resulting displacement field at the top surface of the
structure,
e Fl: resulting force components applied to the

piezoelectric transducer,

e v’: corresponding velocity components applied to the
piezoelectric transducer,

e uf : resulting displacement field applied to the
piezoelectric transducer within its volume,

e VP:voltage exhibited by the piezoelectric transducer,

e if: corresponding current flowed by the piezoelectric
transducer,

e V!:voltage applied to a resistive load,

e il: corresponding current flowed to the resistive load,

e EP :electrical field,

o DP:¢lectrical displacement,

e TP: mechanical stress applied to the piezoelectric
transducer,

o SP: mechanical strain,

e h: piezoelectric matrix,
CP :stiffness matrix measured with open circuit,
BS :impermittivity matrix at constant strains,
e: permittivity matrix at constant stress,
Sfj : mechanical strain components,

e (g: static capacitance of the piezoelectric transducer,
e T

. © TF elements modelling the electromechanical
conversion in the i-direction,
® X;0, Xp o : coordinates of the force application,

e p:density of the mechanical structure (aluminium),

e E: Young modulus of the mechanical structure
(aluminium),
e v: Poisson coefficient of the mechanical structure
(aluminium),
e vouble Laplacian operator
i 2 o* ot o*
vi=a _E)Xf Zaxfax§+ax§
¢ Bending stiffness:

E (Tg)3
D=———
12(1—-v)
e Natural pulsation:

Ko D [ mm\?  /nm\?
o= [l
Mn pTs [\ Lg Ws

e Modal deformation:
mm

) _/nm
P (Xq,%,) = sin <¥ xl) sin (WSX2>
e Damping factor: g, , fixed at 0.01 for a standard

mechanical system

e Generalized mass:

Ls rWs T< L W,
M, = pTSJ J 2, (x4, %,)dx;dx, = Plststs 545 >
o ‘o

e Modal force:
Ls Wg
e ©= [ F O - x,0)
o Yo

8(X2 - Xz,o)q)mn (prz) dx; dx;,
= Fhaker (¢) sin (m T X1,0) sin (n T X1,0)
L W.

S s
e Efficiency of the rectifier bridge
o = he
5%

e Ppc. DC output power,
e Poc: AC input power.
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