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Abstract. This paper reports on the design, fabrication and testing of an innovative 33-mode
piezoelectric vibration energy harvester (VEH). This system is able to change its resonant
frequency in real time to follow the main frequency of a vibration source. The system proposed
in this paper enables to adapt VEH characteristics (resonant frequency, electrical damping) to
vibration parameters variations (frequency and amplitude) in order to optimize the extraction of
energy and then the output power at any time. This solution allows up to 40% of resonant
frequency tuning ratio; moreover, the adaptation is made in real time and the consumption of
the regulation electronic is less than 10% of the VEH output power (480uW@0.1g-276Hz).

1. Introduction
During the last decades, a large attention has been given to micro-energy harvesters. This is mainly
due to the increasing number of implemented low power sensors in different fields such as health,
buildings, transportation.... These sensors are in most cases powered by batteries. The main drawback
of batteries is the need for a continuous control of their state of charge, their recharge and their
replacement that may become tedious and expensive. Thus, in order to overcome these limitations, one
of the most promising solutions is to harvest the surrounding energy. In our environment, we can find
many types of harvestable energy, for example: mechanical energy, thermal energy and radiant energy
(solar, infrared, radiofrequency). This paper is dedicated to the harvesting of mechanical vibrations
produced by cars, trains, variable speed engines and so on.
Theoretical models show two important points to improve VEH efficiencies [1]: (i) equality between
vibration frequency and resonant frequency, and (i) equality between mechanical damping and
electrical damping.

For the first point, many works have been carried out (most of them are summarized in [2]):

e Increasing the bandwidth by increasing the mechanical damping. This solution induces an
output power always lower than a less damped system.

e Increasing the bandwidth by increasing the electrical damping (part of mechanical energy
stored in the mechanical spring turned into useful electrical energy) [3]. This solution
induces a higher output power outside of the resonant frequency and less power on the
resonant frequency unless adjusting in real time the electrical damping (the optimal
electrical load from a highly coupled system).

e Increasing the bandwidth by adding a non-linear effect [4-5]. This solution induces in
many cases a relative displacement saturation effect, reducing the maximum power peak.
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Yet, it does not really increase the output power outside of the resonant frequency unless in
some specific cases [6].

e Increasing the bandwidth by dynamically adjusting the resonant frequency to the input
frequency [7-10]. This solution enables to get the maximum output power even if the input
vibration frequency changes over time. Nevertheless it requires a feedback loop that
consumes one part of the output power and is not appropriate for random vibrations.

From measurements we made in different environments, it appears that the vibration source has its
energy concentrated on one frequency that may change over time. The main vibration frequency can
change for example if the system has a mobile part moving at variable speeds (i.e. car engines,
variable speed processing machines...). Finally, at a given time, the energy is mainly present at only
one frequency; it is then interested to make the harvester able to resonate on that frequency to get the
maximum output power. A suitable solution is a system able to adapt its resonant frequency in real
time, without compromising neither the operating frequency bandwidth nor the power density. The
aim of the work presented in this paper is to show that it is possible to make a system able to follow in
real time the main vibration frequency of the vibration source on a quite large frequency band (up to
40% of frequency variation), with a power consumption that does not exceed 10% of the harvested
power.

For the second point, that is to say, adapting in real time the electrical damping forces in order to
maintain an optimum point of electrical energy extraction, only one study has been carried out [11].

The system we propose in this paper is based on an active method for tuning the resonant frequency
and the electrical damping at the same time in order to keep, in real time, the best working conditions
for the VEH, maximizing its efficiency and its output power.

2. Resonant frequency change mechanism

Piezoelectric materials are characterized by an elastic compliance s which is dependent on the applied
electrical conditions. The piezoelectric bulk stiffness is lower when the material is placed in short
circuit (s") than in open circuit (s”). s” and s" are linked by equation (1) where d is the piezoelectric

coefficient, ¢ the dielectric permittivity and & the electromechanical coupling coefficient.
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Then, the piezoelectric material's stiffness can be adjusted between 1/s" and 1/s” by connecting it to an
adjustable electrical load.

Actually, the choice of the electrical load type is primordial: as choosing a dissipative electrical load
(e.g. resistor) could damp the mechanical system and dissipate its energy. It is then appropriate to
connect a non dissipative load, for example an inductor or a capacitor. In order to easily reach an
impedance value close to the piezoelectric one (the optimal load effect is around the piezoelectric
impedance), we have chosen to connect a variable capacitor C; named shunt capacitance in parallel
with the piezoelectric material. This capacitor is adjustable in order to reach the required resonant
frequency between the short circuit and open circuit resonant frequencies. It can be modeled as an
increase of the effective dielectric permittivity of the piezoelectric material and then it modifies the
piezoelectric material stiffness as shown by the following equation (2).
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Parameter Definition

G, The piezoelectric capacitance of a piezoelectric layer
Cs The shunt capacitance

t, The piezoelectric thickness

>

The piezoelectric electrode surface

es!
k]

Piezoelectric Young’s modulus

To maximize the rate of the resonant frequency change, the most part of the mechanical energy has to
be stored in the piezoelectric material. To achieve this purpose, a new design has been proposed and
has already been presented in [9, 10].

3. Electrical damping change mechanism

As mentioned above, in addition to track the resonant frequency, the electronic circuit must adapt the
electrical damping to the mechanical damping. For this purpose, we propose to adjust the VEH output
current by using a second reconfigurable capacitor (C,) in series with the load (Figure 1). Hence, we
suppose that the VEH open circuit voltage is significantly higher than the output voltage on the storage
element (e.g. Vpu@3V). Finally, the electrical damping can be adjusted in real time in order to
maintain the electrical damping equal to the mechanical damping and then to maximize the VEH
efficiency.
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Figure 1. Combined electrical damping / resonant frequency adjustment mechanism

C, has also an effect on the resonant frequency, like C;. Yet, its effect is automatically compensated by
the feedback loop on Ci;.

4. Feedback loop mechanism

C, and C, are composed of a reconfigurable C, 2C, 4C.. 2"C network and are adjusted by two
feedback loops working as a Maximum Power Point Tracker (MPPT) with a significantly different
feedback time constants (Figure 2).
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Figure 2. Feedback loops mechanism

The Feedback loops controllers are digital with a clock generated by the vibration itself and with a
digital input of ‘0’ if the output power decrease and ‘1’ if it increase. The feedback loop for C, is
actuated each 8 vibrations periods while the feedback loop for C is actuated each 64 periods. The
operation principle is as follow: if the last capacitance change induces an increase of the output power,
then the capacitance is changed in the same direction; otherwise the capacitance is changed in the
opposite direction. C; and C, are directly controlled by the output bits of 4 bits digitals counters.

The current flowing through the storage is first converted into a voltage signal by using a current to
voltage converter (CVC). The resulted voltage is then filtered in order to remove all the variations
related to the periodic oscillation of the VEH and to keep only the variations due to the resonant
frequency and the electrical damping changes.

5. Experimental setup

As already mentioned in section 2, in order to maximize the interaction between the electrical
conditions and the mechanical behavior, a triangular shape structure has been chosen to homogenize
and maximize the energy stored in the piezoelectric material compared to the substrate material.
Moreover, to further increase the electromechanical coupling of the device the longitudinal
piezoelectric mode (33-mode) has been exploited (Figure 3a). The prototype is presented in figure 4b.
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Figure 3. VEH with a triangular shape structure (a) principle and (b) prototype

6. Experimental results

Figure 4 shows the harvested power between 200Hz and 300Hz in closed and open loops. The
difference between the harvested power and the net output power is the power consumed by the
control circuit to adapt in real time the resonant frequency to the vibration source frequency and to
provide at the same time the output power on a 3V-storage with an optimized current load. In closed
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loop, the output power is nearly always higher than in open loop, even by taking into account the full
electronic circuits consumption (50uW); moreover, the frequency bandwidth is multiplied by 3 and,
outside this frequency range, the output power is clearly higher in closed loop (Figure 4). These results
prove that it is possible to electrically adjust in real time the resonant frequency of a piezoelectric
harvester system with less than 10% of the harvested power (480uW@0.1g-276Hz). The resonant
frequency adjustment is performed every 64 mechanical periods (i.e. around every 350 ms; every 22s
was reached by [8] in 2011).
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Figure 4. (a) Frequency response as a function of the electrical conditions @ 0.1g and (b) Output
power as a function of the input vibration frequency in open and closed loops, with and without the
power management consumption

7. Conclusions

The approach presented in this paper allows to efficiently scavenge a vibration which has a main
frequency changing over time, and is particularly suitable for transportation systems which work at
different speeds. The resonant frequency adjustment is carried out by switching ‘on’ or ‘off” some
transistors every few periods of the mechanical vibration. The implementation of this strategy shows
that it is feasible to make a complete automatic feedback loop circuit that consumes less than 10% of
the VEH output power and able to operate over up to 40% of frequency change and maintaining at the
same time the electrical load optimal. The system produces more than 150uW of net power from
220Hz to 320Hz @ 0.1g.
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