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ABSTRACT: The recent proliferation of microscale devices has raised the issue of energy
harvesting for replacing batteries that present maintenance and recycling problems.
Particularly, piezoelectric seismic microgenerators offer the advantages of easy maintenance
and high power output, but are very sensitive to frequency drifts that can dramatically de-
crease their performance. The purpose of the present article is to expose a technique to ensure
that the harvester resonance frequency matches the base motion frequency, without any ex-
ternal intervention. The principles of the proposed method rely on ultralow-cost frequency
sensing combined with an energy-efficient stiffness tuning, through the use of an additional
actuator. Experimental results carried out to validate the model show that such an approach
permits increasing the effective bandwidth of the structure by a factor of 4 in terms of me-
chanical vibrations and having a 100% frequency band gain in terms of total power output of
the device (i.e., taking into account the energy spent by the actuation). The total energy
produced by the harvesting device, taking into account the actuation cost, is discussed as well.
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INTRODUCTION

T
HE recent development of low-power devices com-
bined with the increasing interest in terms of

self-powered sensors and sensor networks has created
a demand for supplying low-power electronic devices
(Lallart et al., 2008a). In order to overcome the draw-
backs of batteries that present limited lifespan, mainte-
nance issues and recycling problems, using the ambient
environment as an energy source has been proposed
(Krikke, 2005). Various sources can be considered for
energy harvesting, for instance solar (Hamakawa, 2003),
magnetic (Shearwood and Yates, 1997), wind (Priya,
2005), but a particular emphasis has been placed on
vibration energy harvesting for supplying energy to
small-scale devices (Roundy et al., 2003). In this
domain, piezoelectric elements are commonly used
thanks to their relatively high conversion abilities and
integration potentials (Glynne-Jones et al., 2001;
Sodano et al., 2004; Badel et al., 2005; Guyomar et al.,
2005; Lefeuvre et al., 2006; Anton and Sodano, 2007;
Lallart and Guyomar, 2008; Lallart et al., 2008b).

When dealing with piezoelectric energy harvesting,
several configurations are possible. First, the piezoelec-
tric element can be used either in a static or a dynamic
fashion, as exposed by Keawboonchuay and Engel
(2003), the latter case being the most favorable as it
provides much higher power outputs. Hence, much
work has been focused on driving a microgenerator
near one of its resonance frequencies in order to opti-
mize the energy extraction. Two types of configurations
can be considered in such an arrangement. Either the
active material is directly bonded on the host structure
near high stress locations, directly converting the strain,
or an additional structure (e.g., cantilever beam) can be
used to host the active material. This latter configura-
tion, sensitive to the base acceleration, allows reduced
maintenance, but requires a fine tuning of the resonance
frequency to the base motion. In particular, the base
motion can see its frequency contents changing due to
external conditions such as temperature or pressure
effects as well as aging. Hence, new approaches have
to be considered to ensure the robustness of the harvest-
er in order to guarantee that its resonance frequency
matches with the host structure motion (Roundy and
Zhang, 2005; Leland and Wright, 2006; Challa et al.,
2008). Nevertheless, only a few researchers have de-
scribed a self-tuneable system, combining both frequency
detection and self-actuation (most studies on frequency
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tuning consider passive tuning, which requires an ex-
ternal operator).
One of the most important problems when consider-

ing frequency identification in resonant structures lies in
detecting whether the frequency or the magnitude is
changing. Additionally, a drop or a rise in the magni-
tude can be caused by both an increasing or a decreasing
frequency when the device is tuned, or an excitation
magnitude change. Hence, frequency tuning based only
on the deflection magnitude cannot be properly
achieved. A possible method for frequency detection
relies on zero crossing, but in the case of seismic micro-
generators, both base and harvester frequencies need to
be detected, leading to a complex and costly method. In
Zhu et al. (2008), the resonance frequency matching is
achieved using a magnet that applies a supplementary
spring force on the harvester, while the sensing princi-
ples rely on the voltage maximization. This method,
therefore, suffers from the previously exposed draw-
back, that is, the frequency change direction cannot be
detected efficiently. The use of magnets also induces a
supplementary damping effect that reduces the harvester
power output as well. A particularly interesting property
for a fine self-tuning at the resonance frequency with
respect to the base motion consists of using the phase
information between the two signals (i.e., driving force –
or acceleration – and deflection), as the phase shift
equals p/2 when the piezogenerator is tuned. In this
domain, Peters et al. (2009) have proposed a very
simple and efficient way for tuning the resonance fre-
quency of a harvester based on the signum of the dis-
placement sensors’ signals, while the actuation is done
by applying a pre-stress on a piezoactuator, hence alter-
ing the stiffness. Unfortunately, neither a theoretical
model of the behavior of the complete system nor the
total energy produced, taking into account the actuation
energy, are presented in this work.
The purpose of this article lies in proposing a

low-cost self-tuning technique (i.e., both automatic fre-
quency detection and actuation) based on the proper-
ties of systems driven at their resonance frequency and
on a non-linear, low-cost stiffness tuning scheme de-
scribed by Guyomar et al. (2008) for the actuation. In
addition, a theoretical model of the proposed
self-tuning technique is presented. The proposed detec-
tion method consists of using the averaged product of
the beam deflection and base acceleration, directly
giving the phase between the two signals, and in par-
ticular yielding 0 when the phase equals p/2 (i.e.,
matched resonance frequency). Then from this infor-
mation the frequency can be adjusted accordingly by
properly tuning the value of a switching voltage
source. This article also provides the derivation of
the total energy of the system, giving the output
power of the microgenerator taking into account the
cost of actuation.

The article is organized as follows: the section
‘Principles’ explains the basics of the proposed
self-tuning method, whose theoretical development is
presented in the section ‘Modeling’, as well as the ex-
pected power output of the microgenerator (taking into
account the total energy flows, that is, harvested energy
and required energy for actuation). The section
‘Experimental Validation’ aims at validating the concept
and predicted results through experimental measure-
ments using a structure featuring three piezoelectric
layers: one for energy harvesting, one for frequency
tuning, and one for deflection sensing.1 Finally, the
last section briefly concludes the article.

PRINCIPLES

The purpose of this section consists of exposing the
general principles of the resonance frequency self-tuning
scheme. For the sake of simplicity, the harvesting cir-
cuitry considered here will be made only of a bridge
rectifier connected to a smoothing capacitance CS and
a load RL (Figure 1), although more efficient energy
interfaces can be considered (Badel et al., 2005;
Guyomar et al., 2005, 2009; Lefeuvre et al., 2006;
Lallart and Guyomar, 2008; Lallart et al., 2008b). The
time constant CSRL is assumed far greater than the
vibration time period, so that the rectified voltage VDC

can be considered as constant. The operations of this
circuit are as follows. When the absolute value of the
piezoelectric voltage reaches the rectified voltage, the
piezoelectric element is connected to the harvesting
stage made of the capacitor CS and the load RL through
the rectifier. Hence, a current flow appears from the
active device to the smoothing capacitor and load,
thus extracting energy. This energy harvesting process
stops when the current becomes null, which actually
occurs when the deflection reaches either a maximum
or a minimum value. Then the piezoelectric element is
left in open circuit (null current), so that its voltage
varies with the deflection, until it reaches the rectified
voltage value.

Frequency Sensing Principles

An efficient frequency sensing technique for resonant
systems has to fulfill two major requirements: indepen-
dence from a magnitude change caused by an excitation
magnitude decrease (or increase) and differentiation of
frequencies lower or higher than the resonance frequency.
In this article, such a method is proposed, based on the
simple observation that the product of two sine

1Although it may be thought that the additional transducer used as actuator for
frequency tuning would rather be used as harvester, it can be shown that for
highly coupled, weakly damped structures, the addition of an active layer does
not increase the power output due to damping effect (Guyomar et al., 2005). In
addition, the third layer (sensor) can be small as no significant energy has to be
converted (only the signal is important).
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functions of the same frequency ! gives information
about their respective phase  :

sinð!tÞ sinð!tþ  Þ ¼
1

2

�
cosð Þ � cosð2!tþ  Þ

�
: ð1Þ

As the resonance frequency is obtained for a phase of
p/2 between the base motion and active structure deflec-
tion, the first term of the previous expression (obtained
from Equation (1) using a low-pass filter) would be 0
when the structure is tuned and positive (respectively
negative) if the resonance frequency is too low (respec-
tively high) compared to the excitation frequency. Then
from this information, it is possible to finely tune the
following actuation technique for an efficient
self-sensing microgenerator.

Actuation principles

When designing systems aiming at magnifying the
performance of a harvester, it is crucial to keep in
mind that the available energy is limited. Indeed, using
an actuation scheme that requires more power than the

harvester abilities would be useless. In this article, a
simple, low cost but efficient approach for stiffness con-
trol described in Guyomar et al. (2008) is used. This
technique consists of switching the piezoelectric element
on an electrical network for a brief time period each time
the deflection crosses a zero value (Figure 2).

The electrical circuit is made of an inductance L
(whose losses are modeled by a resistor r) in series
with a tuneable voltage source VS and a digital switch
S. Hence, when the piezoelectric element is connected to
this circuit, it shapes a resonant electrical network and
the piezoelectric voltage starts oscillating with respect
to VS. Particularly, if the switching time period is
chosen to be equal to half an electrical oscillation
period te given as2:

te ¼ 2�
ffiffiffiffiffiffiffiffiffi
LC0

p
, ð2Þ

this leads to a voltage inversion around VS. However,
due to internal losses in the switching circuit, this
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Figure 2. Frequency tuning circuitry and typical waveforms.
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Figure 1. Standard energy harvesting schematics and waveforms.

2The inversion can actually be stopped automatically by the use of diodes.
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inversion is not perfect and characterized by the inver-
sion coefficient � (0� � � 1).
Such a treatment, therefore, shapes a piezoelectric

voltage that can be decomposed into two voltages: one
voltage proportional to the deflection, and one piecewise
constant voltage that is in phase with the deflection. This
last voltage, whose amplitude can be tuned through the
voltage source VS (which varies with time), applies a
pre-stress on the piezoelectric element which, therefore,
allows the control of the stiffness over a range bypassing
the short and open-circuit stiffnesses, for a typical power
requirement 10 times less than a classical proportional
control (Guyomar et al., 2008).

Overview of the Self-tuning System

Hence, the basic concept of the self-tuning system,
depicted in Figure 3, relies on the low-pass filtered prod-
uct of the base acceleration with the cantilever deflection
signal of the piezoelectric sensor, that gives the phase
between the two signals (Equation (1)). Then, from
this information, the voltage source for frequency
tuning can be chosen in order to ensure that the excita-
tion frequency matches the resonance frequency using
the previously exposed scheme.

MODELING

This section aims at investigating the power output
that can be expected from the self-tuned piezoelectric
generator and comparing the performance of the pro-
posed system with the classical implementation.
For simplicity, the electromechanical structure will be

modeled by a rough but effective electromechanically
coupled single degree of freedom (SDOF) model such
as a spring-mass-damper system (Badel et al., 2007;
Erturk and Inman, 2008):

M €uþ C _uþ KEu ¼ ��1Ma� �V
I ¼ � _u� C0

_V

�
ð3Þ

where u, a, V, and I refer to the beam deflection,
base acceleration, piezoelectric voltage and current,

respectively. M, C, and KE denote the dynamic mass,
structural damping coefficient and short-circuit stiffness,
respectively, while � and C0 are defined as the force
factor and piezoelectric clamped capacitance. �1 is the
excitation correction factor due to the mass of the beam
without tip mass.

Energy Harvesting Interface

Although a realistic energy harvesting interface for
powering electronic devices relies on AC/DC conversion
(Figure 1), it is proposed here, for the sake of simplicity,
to consider that such an interface can be linearized so
that the rectifying stage can be considered as a pure
resistive load as depicted in Figure 4.

In this case, the electrical equation of Equation (3)
turns to:

V

RL
¼ � _u� C0

_V, ð4Þ

yielding the harvested power P as a function of the
angular vibration frequency !:

P ¼
V:V�

2
¼

1

2

RL �!
2

� �
1þ RLC0!ð Þ

2
uM

2, ð5Þ

where * denotes the complex conjugate and uM refers to
the displacement magnitude.

However, harvesting electrical energy also modifies
the mechanical behavior of the system. According to

V C0 RL

Figure 4. AC standard energy harvesting schematics.
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Figure 3. Self-tuned energy harvester schematic.

900 M. LALLART ET AL.



the equation of motion of Equation 3, the transfer func-
tion giving the displacement magnitude yields:

uM ¼
�1MaM

�M!2 þ j! Cþ RL�2

1þ RLC0!ð Þ
2

� �
þ KE þ

RL
2�2C0!2

1þ RLC0!ð Þ
2

� � ,
ð6Þ

with aM being the acceleration magnitude. For weakly
damped systems, this expression can be approximated
around the resonance frequency by:

uM ¼ uMð Þressinð’Þ, ð7Þ

where (uM)res denotes the resonance frequency displace-
ment magnitude:

uMð Þres¼
�1MaM

! Cþ RL�2

1þ RLC0!ð Þ
2

� � , ð8Þ

and ’ is the phase angle between the base acceleration
and beam deflection, which not only depends on the me-
chanical parameters of the structure, but also on the con-
nected load (when the load corresponds to the optimal
load so that the harvested power is maximal, or for low
coupled piezoelectric materials, however, the impact of
the load on the phase angle ’ is weak however).

Self-tuned Resonator

From a given frequency and load, it can be seen from
Equation (7) that the phase angle that maximizes the
deflection magnitude and therefore the maximum
power output is equal to p/2, meaning that the system
is excited at its resonance frequency. In this subsection,
the analysis of the self-tuning mechanism that ensures the
excitation at this frequency is proposed and developed.
For simplicity reasons, only themechanical aspect of the

self-tuned resonator will be investigated in this subsection
(i.e., the energy harvesting effect will not be taken into
account). In this case, the electromechanical equation of
motion is still given by Equation (3), but the electrical and
electromechanical quantities (i.e., V, I, �, and C0) refer to
the actuator parameters. Using the previously described
system, the actuation voltage source VS is given by:

VS ¼ ��
�

C0
Vbase :Vcant
� 	

, ð9Þ

where hVbase . Vcanti is the mean value of the product of
the base accelerometer and beamdeflection sensor signals
and � is a user-defined tuning factor. It can be noted that
� needs to be negative for a proper tuning, as for a fre-
quency lesser (respectively higher) than the vibration fre-
quency, sin(’) is positive (respectively negative), while the

stiffness has to be decreased (respectively increased),
meaning that the switching voltage VS has to be negative
(respectively positive). The ± sign is negative (respec-
tively positive) for a falling (respectively rising) switching
process. Considering that the sensitivities of the acceler-
ometer and beam deflection sensor are respectively given
by Sacc and Sdefl and defining �0 such as:

�0 ¼ �SaccSdefl
�

aM
, � � 0, ð10Þ

the voltage source expression turns to:

VS ¼ �
1

2
�0

�

C0
uM cos ’: ð11Þ

Hence, assuming that the deflection remains sinusoi-
dal (i.e., only the first harmonic of the actuator voltage
has an effect on the structure), the equation of motion
turns to (Guyomar et al., 2008):

M €uþC _uþKEu ¼ ��1Ma�
�2

C0
1� �0

2

�

1þ �

1� �
cos’


 �
u,

ð12Þ

yielding the transfer function:

Uð!Þ
Að!Þ

¼
��1M

�M!2 þ jC!þ KD �
�2

C0

2

�

1þ �

1� �
�0 cosð’Þ

with ’ ¼ � arctan C!

�M!2 þ KD �
�2

C0

2

�

1þ �

1� �
�0 cosð’Þ

0
BB@

1
CCA,
ð13Þ

where KD refers to the open-circuit stiffness:

KD ¼ KE þ
�2

C0
: ð14Þ

Although the second equation of (13) (giving the value
of ’) is not transcendental and can be resolved in the
range [�p/2; p/2] using:

cosð’Þ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
C!

�M!2 þ KD �
�2

C0

2

�

1þ �

1� �
�0 cosð’Þ

0
BB@

1
CCA

2

vuuuuuut

,

ð15Þ

the obtained expression of ’ remains extremely long,
while being relatively straightforward to obtain.
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Theoretical Comparison

The previous expressions, therefore, demonstrate the
self-tuning process through the closed-loop form of the
actuation effect. In this section, a comparative analysis
between the deflection obtained with or without the use
of the self-tuned actuator is given. In order to make the
following charts as independent as possible from the
model parameters, the frequency is normalized so that 0
corresponds to the open-circuit resonance frequency and
±0.5 to the cut-off frequencies (frequencies correspond-
ing to a 3 dB decrease of the deflection) when no control is
applied. The axis corresponding to the tuning parameter
is referenced to the value of the figure of merits defined as
the product of the squared coupling coefficient k2 by the
mechanical quality factor QM, multiplied by �0. The
value of the inversion coefficient � is set to 0.75 (which
is a typical value in case of autonomous systems).
The obtained deflection magnitude normalized with

respect to its maximal value is depicted in Figure 5.
This chart clearly shows the bandwidth enhancement
offered by the proposed technique, compared to the
case where no tuning is done (�0k

2QM¼ 0). Figure 6
shows the value of the tuning angle ’, also as a function
of the normalized frequency and tuning factor.
From Figures 5 and 6, it can be seen that ideal operation

of the device (i.e., flat deflection response) is achieved for a
linear angle variation with the frequency. The robustness of
the closed-loop control is therefore strongly related to the
maximum voltage source value, and hence the tuning coef-
ficient �0. Although one may think that the value of the
tuning coefficient, therefore, has to be set as high as possi-
ble, a careful energy analysis should be carried out in order
to determine the total energy produced by the harvester.

Energy analysis

The purpose of this subsection is to investigate the feasi-
bility of the proposed self-tuning method, regarding the
power constraints of self-powered microgenerators. A par-
ticular emphasiswill be placed on the energy required versus
the energy harvested, which will be compared with the har-
vesting abilities of the standard approach (i.e., no tuning).
Considering both the harvesting and frequency

self-tuning stages, the global electromechanical equation
is given by:

M €uþC _uþKEu¼��1Ma� �actVact� �harvVharv
Vharv
RL

¼ �harv _u� C0ð Þharv
_Vharv

(

with �actVact ¼

0 (uncontrolled system)

�act
2

C0ð Þact
1� �0

2
�
1þ�
1�� cos’

� �
(controlled system)

8>>><
>>>:

,

ð16Þ

where Vact and Vharv refer to the actuator and harvester
voltages, respectively, and �act and �harv to the actuator
and harvester force factors. (C0)harv and (C0)act respec-
tively denote the harvester and actuator clamped
capacitance.

Without any actuation (actuator left in short circuit),
the expression of the frequency domain deflection yields:

Uð!Þ

Að!Þ
¼

��1M

�M!2 þ j! Cþ
�harv

2RL

1þ j C0ð ÞharvRL!

 !
þ KE

ð17Þ

with the power output power given as:

Pð!Þ ¼
1

2

RL!
2�harv

2

1þ RL C0ð Þharv!
� �2 uM2 ð18Þ
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When using the self-tuning approach, the power
expression remains the same, but the global deflection
is given by:

where (C0)act refers to the actuator clamped capacitance.
Hence, this expression allows assessing the power output
of the microgenerator. However, in order to have a com-
prehensive view of the self-tuned harvester performance,
the required energy for the actuation also needs to be
estimated.

REQUIRED ENERGY FOR TUNING
The energy necessary to achieve the tuning can be

decomposed into two parts. The first part corresponds to
the power required for processing the frequency detection.
This power corresponds to the requirements for computing
the product of the sensors’ signals. The typical consump-
tion of such devices are within the range of a few tens to
hundreds of microwatts (Vilchcs et al., 2003; Chong et al.,
2005), and the power requirement can be considered as
constant. Considering realistic applications (i.e., for pow-
ering up electronic devices), the harvester should be de-
signed for supplying a few milliwatts under the
considered excitation levels. Moreover, the power required
for the computation strongly depends on the kind of digital
circuit used. Actually, the energy required for processing
would be theoretically limited (and becoming lower and
lower due to the progresses in microelectronics, as demon-
strated by the Phoenix processor that consumes only 30
pW in sleep mode (Seok et al., 2008), or the commercially
available PIC16F688 from Microchip� featuring
Nanowatt technology), as it only consists of signal process-
ing, and therefore no energy is explicitly required (contrary
to actuation where an energy conversion stage appears).
Hence, it will be considered here that the most critical

part remains the power required for actuation. In order
to apply the proposed non-linear stiffness tuning, it can
be shown that the required power is given by (Guyomar
et al., 2008):

Pact ¼
!

2�

1þ �

1� �

�act
2

C0ð Þact
�0

2 cosð’Þ2uM
2: ð20Þ

This power is, therefore, varying with the phase
between the natural (uncontrolled) frequency of the
harvester and the base acceleration. Particularly, as the

frequency is shifting away from the natural frequency of
the harvester, the power required for tuning the device
becomes more significant.

COMPARISON OF THE ENERGY HARVESTING
ABILITIES

The power outputs of the unmatched and self-tuning
harvesters, as well as the total energy produced by the
self-tuning harvester (taking into account the actuation
power requirements) are depicted in Figure 7, where the
tuning coefficient �0 is set to 1 and the inversion factor
to � ¼ 0.75. These charts are normalized with respect to

Uð!Þ
Að!Þ

¼
��1M

�M!2 þ j! Cþ
�harv

2RL

1þ j C0ð ÞharvRL!

 !
þ KE þ

�act
2

C0ð Þact
1�

2

�

1þ �

1� �
�0 cosð’Þ


 �

with ’ ¼ � arctan

! Cþ
�harv

2RL

1þ C0ð ÞharvRL!

� �2

0
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�M!2 þ KE þ
�harv
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2
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2

�

1þ �
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0
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the maximal output power of the untuned harvester
along the z-axis, and are indexed according to the
figure of merits given by the product of the mechanical
quality factor by the squared coupling coefficient. The
frequencies are normalized as previous. This figure
demonstrates the ability of the proposed control law
for magnifying the bandwidth, even when taking into
account the power required for the actuation. Hence,
especially for large values of k2QM, the proposed tech-
nique leads to an increase of the bandwith of more than
100%, making the harvester much less sensitive to fre-
quency drifts.

EXPERIMENTAL VALIDATION

This section aims at experimentally validating the pre-
viously exposed approach for increasing the bandwitdh
of an energy harvesting system, with a particular empha-
sis placed on the deflection magnitude of the considered
structure and harvested power.

Experimental Set-up

The experimental set-up consists of a piezoeletric
bimorph, equipped with an additional piezoelectric
disk for sensing the deflection of the beam, excited at
0.5 g using a shaker driven by a function generator
through a power amplifier, as depicted in Figure 8.
One layer of the piezoelectric bimorph is used as an ac-
tuator for applying the stiffness control, while the other
one is connected to a resistor of 18 k�,3 which is close to
the optimal load value, for energy harvesting purposes.
The piezoelectric materials used to create the bimorph
are QP16n manufactured by Midé�, whose dimensions
are 5� 2.5� 0.025 cm3. The supplementary piezoelectric
material (made from a piezoelectric buzzer) bonded on
the bimorph aims at sensing the beam deflection for
deriving the value of the switching voltage VS (together

with an accelerometer giving the base acceleration).
Both the displacement sensor and accelerometer are con-
nected to a digital signal processor (DSP) (dSpaceTM

system), which also computes the value of the switching
voltage VS, and controls a digital switch for applying the
non-linear stiffness control.

Preliminary measurements have been carried out in
order to the identify model parameters as well, which
are given in Table 1.

Results and discussion

Experimental results as well as theoretical predictions
of the deflection amplitude are depicted in Figure 9.
Figure 10 shows the corresponding experimental and
theoretical harvested powers, whose maximal value is
0.45mW (corresponding to a power density of
2.9mW/cm3/g2 of active layers, that is, not taking into
acount the beam and sensor volumes). These results, in
good agreement with theoretical predictions, clearly
demonstrate the ability of the proposed control scheme
for efficiently increasing the �3 dB bandwidth4 of the
system by a factor up to 4 (from 4.1 to 17Hz theoreti-
cally when �0¼ 0.5), while slightly shifting the resonance
to lower frequencies (leading to a small gain in terms of

Piezoelectric
bimorph

Tip mass

Piezoelectric
displacement

sensor

Accelerometer
Electronic interface

(switching device + harvesting stage)

dSpace
interface

Shaker

Power amplifier

   Accelerometer
signal conditioner

Function generator

Oscilloscope

Figure 8. Experimental set-up.

3The optimal load is proportional to the inverse frequency. Hence, for a frequen-
cy variation of a few percent (which is a typical and realistic value for most
system), the drift in the optimal load would not lead to significant drop in the
power output when using a constant load.

4The �3 dB bandwidth is defined as the frequency range where the deflection is
greater than 1=

ffiffiffi
2
p

of its maximal value, or equivalently the frequency range
where the harvested power is greater than half its maximal value.

Table 1. System parameters.

Parameter Value

Dymanic mass M 0.95 g
Structural damping coefficient C 0.025 N s/m
Short-circuit stiffness KE 459.5 N/m
Actuator blocking capacitance (C0)act 120 nF
Actuator force factor �act 1.1 mN/V
Harvester blocking capacitance (C0)harv 128 nF
Harvester force factor �harv 1.9 mN/V
Correction factor �1 1.1
Inversion factor � 0.95
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harvested power as well), in a self-sensing fashion.
Hence, the proposed approach allows a large increase
in the bandwidth without compromising the deflection
magnitude.

Figure 11 depicts an estimation of the total harvested
power (i.e., taking into account actuation cost) from the
identified model parameters, showing the effectiveness
of the proposed technique for increasing the power
bandwidth by a factor of 2 (from 4.1 to 8.1Hz), without
compromising the maximal power that can be harvested
from the microgenerator (i.e., no damping effect is in-
duced by the control). It can be noted that, for large
values of �0, the net power becomes negative for fre-
quencies far away from the resonance frequency
(cropped to 0 in Figure 11, as this means that the micro-
generator cannot work in a self-powered fashion), the
actuation cost being higher than the harvested power in
this case.

CONCLUSIONS

This article proposed a complete, fully working
self-sensing method for ensuring the resonance excita-
tion of vibration-based seismic energy harvesters, as
well as a comprehensive analysis of the sensing and
actuation mechanisms. The total energy that can be
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Figure 11. Produced energy estimation from experimental
parameters.
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Figure 10. Experimental maximal harvested power and comparison with theoretical maximal power as the function of the frequency.
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Figure 9. Experimental measured deflection and comparison with theoretical deflection.
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harvested, taking into account the actuation cost, has
also been estimated, exhibiting a significant increase of
the harvester robustness facing a frequency drift, with-
out compromising the deflection magnitude and voltage
levels. Based on low-power frequency sensing relying on
the phase between the base acceleration and piezoele-
ment deflection, as well as a cost-effective stiffness
tuning using switched piezomaterial, it has been demon-
strated that the exposed technique allows a fine tuning
of the resonance frequency on a wide range, whatever
the excitation frequency is (i.e., higher or lower than the
uncontrolled system), while ensuring a net positive
energy output that features a wider bandwidth than
the uncontrolled system.
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