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Abstract. Current work presents the findings of a research project, which objective is the design
of an autonomous piezoelectric energy harvesting setup for the uninterrupted power supply of
a data acquisition and transmission unit. This system is designed to operate in wind turbine
blades providing critical structural condition data. Wind turbine blades are subjected to
aerodynamic loads generating oscillations with frequency content below 15Hz. To succeed in
such an operational environment, the design of a special nonlinear piezoelectric energy
harvester (PEH) is required, based on the post-buckling response of a composite beam with
piezoelectric patches connected to harvesting circuits. The components of the PEH system are
described and their electromechanical performance is simulated using continuous solid FE. All
the required components are manufactured and tested in laboratory conditions to validate
simulations and quantify the proposed system energy production performance. Additionally, a
laboratory scale demonstrator is built and tested in laboratory environment simulating realistic
operational conditions aiming to quantify the overall performance and power autonomy.
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1 INTRODUCTION

Nonlinear piezoelectric energy harvesters (PEH) attract major attention in the emerging field
of self-powered systems in the context of the Internet of Things era. Their superiority compared
to linear harvesters is attributed to being highly effective in terms of power output in a much
wider frequency range, including low excitation frequencies of 0-20 Hz [1]. Since in typical
operation conditions the excitation vibrational energy is distributed over a wide spectrum and
may change in spectral density over time, nonlinear energy harvesters provide large
deformation in response to a relatively small vibrational energy input [2], [3]. In the present
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configuration, the power harvested through an appropriately tuned circuit is in the mW range
and can thus feed batteries to provide energy to transmitters of sensor network data to the cloud.
To that end, numerous multi-stable devices have been designed for harvesting energy from
vibrations in several application sectors, such as infrastructure [4], [5], medical, wearables to
mention a few, while extensive literature reviews provide a detailed overview of the reported
research and development in the field [3], [6]. The functional principle of a large part of these
nonlinear devices is based on electromagnetic forces acting on a cantilever beam carrying
piezoelectric transducers [7] connected to harvesting circuits [8]. Another popular relevant
physical concept is the exploitation of the bistable response of a post-buckled piezoelectric
beam subjected to base excitation [9]. The PEH presented in this work is based on the latter
concept, while designed for powering-up wireless data transfer systems in wind turbine blades
[10], as shown in Figure 1.
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Figure 1 Schematic representation of the potentially autonomous monitoring system[10].

The coupled electromechanical nonlinear dynamic response of a piezoelectric beam
subjected to prestress up to post-buckling regime may be tuned in order to achieve maximum
harvested power. Various studies have been performed for predicting the response of such
beams ([11] - [12]). In most of these works, a resistive electric load has been used to indicate
the power harvesting capability of post-buckled piezoelectric beam configurations and its
superiority compared to linear devices. Additional effort has been put on the design of the
harvesting circuit [13], [14]. Various in-depth studies of the circuit-structure interaction in the
case of bistable mechanical vibrations have been reported in the last decade [15], [16], which
provide quantitative estimations of harvested power, based on lumped-parameter modeling of
the coupled nonlinear electromechanical dynamic system. Finite element-based methodologies
have also been used for the design of such systems [17].

The current work presents the findings of a research project, which objective is the design of
an autonomous piezoelectric energy harvesting setup for the uninterrupted power supply of a
data acquisition and transmission unit to be implemented in wind turbine blades. The more
challenging part of the application is the low frequency excitation, which dictates the design of
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a special nonlinear PEH based on the post-buckling response of a composite beam with
piezoelectric patches connected to harvesting circuits. All the required components are
manufactured and tested in laboratory conditions to validate simulations and quantify the
proposed system energy production performance.

2. SPECIFICATIONS OF THE PEH AND TRANSMISSION SETUP

The PEH setup presented in this work was designed and manufactured for operation in a low
frequency oscillation environment i.e., a wind turbine blade. Thus, specific requirements arise
from such an implementation perspective with which the developed setup must be harmonized.
Wind turbine blades vibrate during operation in a low-frequency excitation range induced by
aerodynamic and inertia loads. Depending on the blade configuration, the base excitation of the
harvester during operation is expected to lie in a frequency range up to 15 Hz. Consideration of
locally added weight constraints should be also considered in the design process, aiming at
achieving minimum effect on the response of the blade and preserving safe operation. The
objective of applying a PEH in a wind turbine blade is to supply with power an auxiliary unit,
which measures the generated dynamic strain from the blade and transmit it to the base
acquisition station. To that end, the operational power requirements of the auxiliary unit should
be minimum, thus eliminating the need to replace batteries in electronic devices installed in the
blade. In this context, the PEH unit should be capable of producing at least ImW electrical
power.

3. DETAILED DESCRIPTION OF THE DEVELOPED PEH, DAQ AND
TRANSMISSION SETUP

Current setup is analyzed into four subassemblies: a mechanical part providing the required
structural support, an electromechanical for energy conversion, an electrical for the energy
harvesting and finally the external unit performing the data acquisition, preprocessing and data
transmission. The first three parts, illustrated in Figure 2(a), interact between each other, and
their operational scope is to provide the required power for the external unit to operate
autonomously.
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Figure 2 (a) Schematic illustration of the mechanical subassembly (illustrated deformed under axial loading, and (b) the

electrical subassembly, which is characterized as the In-house harvesting circuit, and includes a capacitor with Cp=111
ul’, a resistor R=100 Q and a MOSFET [18].

Mechanical subassembly

The mechanical subassembly includes the compression mechanism and its supporting frame.
It is critical for the mechanical part to have minimal deformation when the applied axial load to
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the specimen varies in the range of hundreds of N.

Electromechanical subassembly

The electromechanical subassembly consists of a composite beam, axially loaded in
compression up to post buckling, and two piezoelectric transducers, symmetrically placed at
center. The used piezoelectric device was the DuraAct P876.A11 and the composite beam
dimensions were 368x35x2.5mm?>. Composite material was selected, since it ensures optimal
stiffness/weight ratio and linear elastic behavior.

Electric subassembly

The electric subassembly comprises an in-house harvesting circuit (cc-ih), illustrated in
Figure 2 (b). This one was selected among other commercial harvesting circuits [19] as the
parameters of each individual component were provided by the manufacturers. It includes three
main parts: a rectifier, a charging capacitor, and a discharging switch (MOSFET), all connected
to the piezoelectric current sources. A resistive load is connected to the MOSFET for ease of
harvested power measurement, whereas different kinds of loads, including batteries, can be
powered. To simulate the electromechanical response, the piezoelectric composite beam was
modeled in COMSOL using layerwise shell finite elements and the analysis was performed in
two successive steps: 1) A static axial compression by an applied displacement at the free end,
and ii) a time-domain solution under a constant base acceleration. Additional details are
provided by Plagianakos et.al.[20].

DAQ and Wireless Transmission Unit

The external unit for the acquisition and the wireless data transmission is capable for the
simultaneous acquisition of the dynamic strain from four piezopolymer sensors. The custom-
made system acquires the data with 16bit resolution, performs a preprocessing, and using a low
energy Bluetooth transmits the data to the base unit. It is expected that the results provide critical
information for the blade structural condition. Due to the nature of the piezopolymer sensors, a
charge amplifier is required to measure the voltage. Also, in order to improve the measuring
quality, the external unit is equipped with high pass filter and an antenna to transmit the data.
Architecture of this unit is illustrated in Figure 3.

Charge Amplifier
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Figure 3 External data acquisition and digitalization unit; schematic illustration for a single input channel.
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4. OPERATION OF THE ELECTROMECHANICAL UNIT

The electromechanical unit is illustrated in Figure 4. The GI/Epoxy beam equipped with a pair
of piezoelectrics and the additional mass bonded at the center are placed in the mechanical
frame. The mechanical frame for laboratory testing conditions is mounted on a laterally
oscillated base plate, which is excited via an electromechanical shaker.
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Figure 4 Electromechanical unit and harvesting circuit during laboratory testing

The electromechanical system was equipped with the following sensors for the performance
study in laboratory environment; (1) a load cell between the shaker and the base plate, (2) an
accelerometer bonded on the specimen to measure the lateral acceleration (3) an accelerometer
bonded on the aluminum plate and (4) a non-contact LVDT to measure the static lateral
displacement of the beam. As the electromechanical subsystem is operating in the post buckling
regime the testing procedure is performed in two steps, based on previous laboratory
investigations[21].

. First, the post-buckling regime of the beam was determined by studying its modal
frequency, which is affected by the axial compressive load applied. At buckling, the modal
frequency is minimal and rises at higher load (post- buckling). The modal frequency was
extracted from the measured FRF, where the stimulus signal was the applied force from the
shaker on the base plate and the response was the measured acceleration on the specimen. The
applied actuation signal was white noise in the frequency range 0-200 Hz. Since no axial
displacement or force is measured, the prestress level was measured via an non-contact laser
LVDT

. At a second step, which is the step of dynamic response and harvesting, the beam was
subjected to a sinusoidal base excitation at 8 Hz and 1g. The values of frequency and
acceleration considered are typical for the excitation induced on wind turbine blades in
operation.

Figure 5 illustrates measurements of modal frequency versus lateral displacement generated
due to the applied axial prestress of the beam for determination of its post-buckling regime.
Previous tests performed on a similar composite piezoelectric beam on the same lab
configuration[21] indicated that the harvested power is maximal deep in the post-buckling
regime, whereas further prestress increase leads to its drastic decrease [20].
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Figure 5 Transverse displacement measured with the laser LVDT versus modal frequency at each loading step.

Dynamic tests were performed on the PEH at the prestress levels identified from the calibration
process. At each dynamic test, a sinusoidal base acceleration was applied at a constant excitation
frequency below 20 Hz. In Figure 6 typical dynamic response of the harvester is shown by
means of deflection and velocity at center, and voltage at piezoelectric patch terminals and
circuit capacitor. In the latter case predicted results are compared with measurements.
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Figure 6 Typical bistable dynamic response of the PEH at a high-power post-buckling regime [20].
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The harvested power from the PEH circuit is calculated using the energy guided to the output
of the discharging subcircuit between two timestamps as,

“V(H)I1(t)dt
P (t) — L (1)
t,—t
where V and I indicate voltage and current in the capacitor discharging subcircuit [19]. Figure
7 illustrates measured and FE predicted power for a time range of 0-2s, indicating a similar
increasing trend with increasing prestress in simulation and test up to a certain prestress level,
where there is a sudden drop in harvested power as well as the beam oscillatory stroke.

Measurements Comsol Simulation
1.5 T 1.5 -
= =
E 1 E 1t
) o)
= 2
[} [
o o
® ®
0 hS)
505" 505"
@ o
w w
0 : ; 0 : :
15 20 25 30 15 20 25 30
Modal Frequnecy (Hz) (a) Modal Frequnecy (Hz) (b)

Figure 7 Produced electrical power as a function of the electromechanical subassembly 1st bending modal frequency (a)
Measured data and (b) COMSOL simulations

6 CONCLUSIONS

A potentially power autonomous setup for the uninterrupted structural monitoring of a wind
turbine blade was presented. The system is composed from a PEH unit, which power supplied
the external dynamic strain data acquisition and transmission unit. Investigation of the
performance of the PEH unit indicated that prestress calibration by means of modal frequency
is essential, providing the appropriate post buckling condition and thus maximizing power
harvesting. At post-buckling, the harvested power increases with prestress up to a transition
point and after this point the power drops off drastically. The FE model accurately captures the
gradual increase of the harvested power; however, it overestimates the transition point due to
deviations with respect to the physical boundary conditions.

AKNOWLEDGEMENT

This research has been co-financed by the European Regional Development Fund of the
European Union and Greek national funds through the Operational Program Competitiveness,
Entrepreneurship, and Innovation, under the call RESEARCH — CREATE — INNOVATE
(project code: TIEDK-01533).

2077



Theofanis S. Plagianakos et. al.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

M. F. Daqaq, R. Masana, A. Erturk, and D. Dane Quinn, “On the Role of Nonlinearities
in Vibratory Energy Harvesting: A Critical Review and Discussion,” App! Mech Rev,
vol. 66, no. 4, May 2014, doi: 10.1115/1.4026278.

R. L. Harne and K. W. Wang, “A review of the recent research on vibration energy
harvesting via bistable systems,” Smart Mater Struct, vol. 22, no. 2, p. 023001, Feb.
2013, doi: 10.1088/0964-1726/22/2/023001.

S. A. Emam and D. J. Inman, “A Review on Bistable Composite Laminates for Morphing
and Energy Harvesting,” Appl Mech Rev, vol. 67, no. 6, Nov. 2015, doi:
10.1115/1.4032037.

J. Wang, D. Yurchenko, G. Hu, L. Zhao, L. Tang, and Y. Yang, “Perspectives in flow-
induced vibration energy harvesting,” Appl Phys Lett, vol. 119, no. 10, p. 100502, Sep.
2021, doi: 10.1063/5.0063488.

H. Zhang, W. Qin, Z. Zhou, P. Zhu, and W. Du, “Piezomagnetoelastic energy harvesting
from bridge vibrations using bi-stable characteristics,” Energy, vol. 263, p. 125859, Jan.
2023, doi: 10.1016/j.energy.2022.125859.

S. Fang, S. Zhou, D. Yurchenko, T. Yang, and W.-H. Liao, “Multistability phenomenon
in signal processing, energy harvesting, composite structures, and metamaterials: A
review,” Mech Syst Signal Process, vol. 166, p. 108419, Mar. 2022, doi:
10.1016/j.ymssp.2021.108419.

F. Cottone, H. Vocca, and L. Gammaitoni, “Nonlinear Energy Harvesting,” Phys Rev
Lett, vol. 102, no. 8, p. 080601, Feb. 2009, doi: 10.1103/PhysRevLett.102.080601.

T. Zhang, Y. Jin, Y. Xu, and X. Yue, “Dynamical response and vibrational resonance of
a tri-stable energy harvester interfaced with a standard rectifier circuit,” Chaos: An
Interdisciplinary Journal of Nonlinear Science, vol. 32, no. 9, p. 093150, Sep. 2022, doi:
10.1063/5.0105337.

A. J. Sneller, P. Cette, and B. P. Mann, “Experimental investigation of a post-buckled
piezoelectric beam with an attached central mass used to harvest energy,” Proceedings
of the Institution of Mechanical Engineers, Part I: Journal of Systems and Control
Engineering, vol. 225, no. 4, pp. 497-509, Jun. 2011, doi: 10.1177/0959651811401954.
“https://www.enausi-project.gr/en/.”

A. Haji Hosseinloo and K. Turitsyn, “Fundamental Limits to Nonlinear Energy
Harvesting,” Phys Rev Appl, vol. 4, no. 6, p. 064009, Dec. 2015, doi:
10.1103/PhysRevApplied.4.064009.

Z. Wu and Q. Xu, “Design of a structure-based bistable piezoelectric energy harvester
for scavenging vibration energy in gravity direction,” Mech Syst Signal Process, vol.
162, p. 108043, Jan. 2022, doi: 10.1016/j.ymssp.2021.108043.

D. Guyomar and M. Lallart, “Recent Progress in Piezoelectric Conversion and Energy
Harvesting Using Nonlinear Electronic Interfaces and Issues in Small Scale
Implementation,” Micromachines (Basel), vol. 2, no. 2, pp. 274-294, Jun. 2011, doi:
10.3390/mi2020274.

G. D. Szarka, B. H. Stark, and S. G. Burrow, “Review of Power Conditioning for Kinetic
Energy Harvesting Systems,” IEEE Trans Power Electron, vol. 27, no. 2, pp. 803—815,
Feb. 2012, doi: 10.1109/TPEL.2011.2161675.

T. Huguet, M. Lallart, and A. Badel, “Bistable vibration energy harvester and SECE
circuit: exploring their mutual influence,” Nonlinear Dyn, vol. 97, no. 1, pp. 485-501,
Jul. 2019, doi: 10.1007/s11071-019-04993-9.

2078



Theofanis S. Plagianakos et. al.

[16]

[17]

[18]

[19]

[20]

[21]

M. Lallart, S. Zhou, Z. Yang, L. Yan, K. Li, and Y. Chen, “Coupling mechanical and
electrical nonlinearities: The effect of synchronized discharging on tristable energy
harvesters,” Appl Energy, vol. 266, p. 114516, May 2020, doi:
10.1016/j.apenergy.2020.114516.

D. Gedeon and S. J. Rupitsch, “Finite element based system simulation for piezoelectric
vibration energy harvesting devices,” J Intell Mater Syst Struct, vol. 29, no. 7, pp. 1333—
1347, Apr. 2018, doi: 10.1177/1045389X17733328.
https://grobotronics.com/images/datasheets/irlb8743pbf.pdf, @ “HEXFET®  Power
MOSFET IRLB8743PbF PD-96232 .”

T. S. Plagianakos, N. Margelis, N. Leventakis, G. Bolanakis, P. Vartholomeos, and E. G.
Papadopoulos, “Finite element-based assessment of energy harvesting in composite
beams with piezoelectric transducers,” Proceedings of the Institution of Mechanical
Engineers, Part L: Journal of Materials: Design and Applications, p. 146442072110465,
Oct. 2021, doi: 10.1177/14644207211046585.

Plagianakos T.S. et al., “Coupled structure-circuit finite element model of bistable
piezoelectric beam energy harvesters in post-buckling.,” Journal of Intelligent Materials
Systems and Structures, 2023.

G. C. Kardarakos, N. A. Chrysochoidis, D. Varelis, and D. A. Saravanos, “Numerical
and experimental investigation of the energy harvesting performance of
electromechanically coupled piezoelectric prestressed beams subjected to nonlinear
vibrations,” Smart Mater Struct, vol. 32, no. 3, p. 035019, Mar. 2023, doi: 10.1088/1361-
665X/acb472.

2079



