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Abstract

The demand for sustainable energy generation and storage methods has become inevitable. As a
result, numerous sectors are investing in research focused on energy harvesting (EH) techniques. In
this context, a promising area involves integrating piezoelectric materials into unmanned aerial
vehicles (UAVs) — an application that enables electrical energy generation from the kinetic energies
produced during flight. This article aims to use polyvinylidene fluoride (PVDF) piezoelectric
transducers coupled to an EH power management unit (LTC3588-1) to convert and store electrical
energy generated by wind from the propellers and motor vibration. Methodologically, the motor and
transducers are characterized, a model is developed using LTSpice®, and experimental validation of
the performance of this coupling is carried out for output voltages (Vou) of 1.8 V, 2.5V, 3.3V, and 3.6
V. With a motor rotation speed of 3975 rpm, the transducers generated a voltage amplitude of 17.3
V, enabling the capacitor coupled to the EH power management unit — adjusted to the highest Vout —
to be charged in approximately 162 s. Thus, this study demonstrated the feasibility of using PVDF as
a piezoelectric nanogenerator in UAVs, enabling onboard electronic circuits and sensors to be
powered while reserving the battery solely for propulsion, thereby increasing flight autonomy.

Keywords: Energy Harvesting; Piezoelectricity; PVDF; Unmanned Aircraft System; Vibration
Energy; Wind Energy; Aerial Systems; Drones

1. Introduction

Since the advent of electrical machines and electronic devices, the demand for energy has
increased substantially, stimulated by technological advancements and its increasing presence in
society.

Many of these devices depend on a continuous power supply to operate, whether connected to
the power grid via wires or through storage systems such as batteries. However, both during the
generation and distribution processes and in the operation of these machines, significant energy
losses occur, often dissipated in the form of heat, vibration, or electromagnetic radiation.

Given this scenario, the concept of EH emerges as an innovative solution to capture and convert
small amounts of energy, commonly wasted, into electrical energy. This process can occur through
different mechanisms, such as the conversion of residual thermal energy [1-4], the utilization of
mechanical energy [5-9], or the capture of dispersed electromagnetic fields [7,10,11]. Additionally,
the technology seeks ways to generate energy from its own environment, harnessing natural sources
and human activities to power small devices.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The concept of low-power energy harvesting opens a vast field of research, encouraging the
development of new technologies to increase energy efficiency and to broaden the applicability of
this technique across different sectors. Researchers around the world are exploring ways to integrate
energy harvesting into areas such as wearable electronics [12-15], biomedical devices [16-19], and
engineering systems [20-31], with the goal of enhancing the autonomy of electronic devices while
reducing their reliance on conventional energy sources.

In this context, there are EH applications focused on unmanned aerial vehicles (UAVs), which
are aircraft that operate without an onboard pilot and fly either autonomously or remotely, such as
drones. In addition, according to the Drone Market Report 2025-2030 [32], the global drone market
generated nearly USD 33.7 billion in revenue in 2023. Furthermore, revenue is expected to reach USD
40.6 billion by 2025 and USD 57.8 billion by 2030.

Thus, the versatility of drones, combined with high levels of investment, has attracted a wide
range of sectors, contributing to significant growth in strategic domains such as the military, where
UAVs are used for reconnaissance of hard-to-access areas [33,34], as well as in the delivery sector,
replacing human drivers in delivery operations [35-37], wireless communication systems [38],
maritime communication [39], animal [40—-44] and fire [45,46] monitoring, and in agriculture, where
they assist in crop surveillance and the application of pesticides and fertilizers [47-51].

On the other hand, the flight efficiency of UAVs is directly dependent on their energy
consumption. Consequently, some studies have explored viable strategies to reduce power
consumption and extend flight autonomy, such as minimizing the mass and size of the drone [52,53].

Therefore, due to their advantages in power density, the use of batteries is increasingly
noteworthy in this scenario. Therefore, due to their advantages in power density, the use of batteries
stands out more in this scenario. However, the drone’s potential performance is strongly tied to its
autonomy, which is limited by the battery’s capacity. Moreover, drone flight control systems depend
on onboard electronic circuits and sensors that also require electrical power, thereby contributing to
battery consumption and reducing flight duration. As a consequence, there is a constant need for
recharging, which imposes unwanted time costs and limits UAVs operational autonomy.

So, it is necessary to find a balance to increase battery life without significantly affecting the
drone's mass. In this sense, energy harvesting is opening a promising approach to overcome these
adversities and make UAVs more self-sufficient while also being a sustainable strategy due to the
energy source used.

Among the possible energy sources for EH in UAVs, solar [54-59], mechanical [60-63], and
electromagnetic radiation [64,65] stand out. Notably, the most developed and well-established
approach is solar energy, with its first recorded implementation dating back to 1974 [54,55], when
Roland Boucher demonstrated the feasibility of powering the Sunrise aircraft solely through solar
energy. In contrast, the use of mechanical vibration as a source of energy harvesting in UAVs was
reported only in 2008 [66], highlighting the growing interest in alternative and sustainable solutions
for powering such systems.

In the context of mechanical EH, the conversion of kinetic energy into electrical energy is carried
out through piezoelectric, electromagnetic, or triboelectric transducers, each relying on distinct
physical principles to capture and convert the energy generated by motion or vibration.

Regarding the piezoelectricity-based transducer, its operating principle is motivated by the
intrinsic polarization of piezoelectric materials. That is, when subjected to mechanical stresses, they
present an asymmetric displacement of charge of positive and negative ions [67,68].

Considering these aspects, several studies have investigated the aerodynamic behavior of wings
and hydrofoils constructed from or integrated with piezoelectric materials, aiming to convert
structural vibrations and deformations into electrical energy. Commonly, perovskite ceramics such
as lead zirconate titanate (PZT), known for their high piezoelectric coefficient [67], are the most
widely explored materials [60,66,69-76]. However, due to their low density and flexible nature,
polymers like PVDF are gaining increasing attention in UAV energy harvesting applications.
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Liu et al. [63] designed and fabricated a wing composed of carbon fiber and a PVDF membrane
measuring 124 mm in length, capable of withstanding high flapping frequencies without breaking
and generating a power output and voltage of 21 uW and 6V, respectively, at a flapping frequency
of 12 Hz - sufficient to power 14 LEDs.

Sharma et al. [77] proposed a sensor named Hermes to simultaneously measure the angle of
attack and wind speed in UAVs. Additionally, the sensor is composed of five PVDF piezoelectric
films from TE Connectivity, which generate voltage signals in response to aerodynamic vibrations in
the airflow. The system can produce an average power output of 440 uW, thus enabling Hermes to
operate as a self-powered device.

Astan et al. [78] developed a transducer based on a piezoelectric composite consisting of a
polymeric matrix (PVDF) and zinc oxide-reduced graphene oxide (ZnO-rGO) nanoparticles,
designed to harvest vibrational energy from the arm of a multirotor UAV. To achieve this, the
transducer was bonded to the drone’s arm and tested during a 30 s flight, generating a maximum
voltage of 64mV at frequencies of 3.54 Hz, 49.8Hz, and 0.48 Hz along the x-, y-, and z-axes,
respectively.

Wei et al. [61] demonstrated the feasibility of fabricating a wing-shaped energy harvester by
combining PVDF-based piezoelectric generators with triboelectric generators to power
microelectronic devices. Regarding the piezoelectric device, the active area measured 15.4 cm? and
produced a maximum open-circuit voltage of 3.2 V and a short-circuit current of 2.8 nA at a flapping
frequency of 14 Hz.

Gunasekaran and Ross [52], aiming to enable flight control and power onboard sensors, explored
the dual use of a flexible inverted piezo-embedded PVDF structure as both a wake sensor and an
energy harvester, generating an average voltage amplitude of 20 V at a distance of 5.08 c¢m
downstream of the NACA 0012 airfoil.

In this context, the present research aims to contribute to the advancement of polymer-based
energy harvesting in UAVs. To this end, it is proposed to use PVDF transducers attached to the drone
arm to convert the wind energy generated by the propellers, and the vibration caused by the engine,
into electrical energy. Furthermore, in order to efficiently harness the energy generated by the
piezoelectric material and convert it into a format compatible with the devices to be powered, the
feasibility of using the LTC3588-1 energy management integrated circuit (IC) was demonstrated. This
approach allows the direct conversion of the mechanical energy present in the system into electricity,
thereby enhancing UAV autonomy.

This article is structured to clearly and thoroughly present each stage of the study. Following
this introduction, Section 2 describes the materials and methods used in the simulations and
experiments, detailing the components and techniques employed. Next, Section 3 presents the results
obtained through both computational simulations and experimental tests, allowing for a comparative
analysis between theory and practice and discussing the project’s development. Finally, Section 4
outlines the study’s conclusions and provides suggestions for future work, indicating possible
improvements and applications of this technology in further research.

2. Materials and Methods

2.1. PVDF Transducers

PVDF is a polymer composed of ordered regions, where the chains are aligned (crystalline
phase), and disordered regions, where the chains are entangled (amorphous phase).
Morphologically, the crystalline regions of this material can present five distinct crystalline phases —
a, B, Y, 0 e e —which differ in their molecular conformations [79].

Regarding the a phase, its conformation is of the TGTG  type (trans-gauche), providing
characteristics such as thermodynamic stability at ambient temperature and pressure. Furthermore,
the packing of the chains within the unit cell is such that the molecular dipoles cancel each other out;
that is, this phase does not exhibit piezoelectricity [79,80].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In turn, the f and vy phases are polar and exhibit piezoelectric properties; however, when
compared, the piezoelectric effect of the y phase is weaker than that of the  phase, due to the
presence of one gauche (G) conformer in every fourth repeat unit along its chain conformation [81].

On the other hand, the 3 phase features chains that follow an all-trans planar zig-zag (TTT)
conformation, allowing the induction of a significant dipole moment and consequently displaying
the better piezoelectric, ferroelectric and pyroelectric properties among the five PVDF polymorphs
[79,81].

Considering the above-mentioned, it becomes clear that, for piezoelectric energy harvesting
applications, the 3 phase must be predominant in PVDF. For this reason, the present study employed
the LDTO0-028K transducer (Figure 1), which is a thin-film transducer optimized for piezoelectric
applications — manufactured by TE Connectivity [82].
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Figure 1. Piezoelectric transducer based on PVDF - LDT0-028K model.

The transducer in focus consists of a 28 um thick PVDF polymer film on which silver ink
electrodes are deposited using the screen printing technique on a 125 um thick polyester (mylar)
substrate. The device also has two crimped contacts. Additionally, when configured as a cantilever
beam - with one end fixed and the other free — the thin-film transducer functions as an accelerometer
or vibration sensor. Thus, the mechanical deformation of the piezoelectric film, due to the deflection
of the free end, generates an electrical charge in the PVDF material, which can be detected through
an appropriate electronic circuit.

Moreover, this transducer is valued for its high sensitivity, flexibility, and low density, making
it ideal for applications requiring lightweight and adaptable sensors. In addition, its polymeric
composition allows it to withstand mechanical stress without fracturing, justifying its suitability for
the proposed system.

Therefore, the main objective of using this transducer in the present research is to convert the
mechanical energy generated by the drone during flight into electrical energy capable of powering
some of its onboard sensors, such as cameras, distance sensors, and motion detectors, thus creating a
self-sustaining energy source. This process allows the battery to be used solely for drone propulsion,
consequently reducing the need for frequent recharging and extending the potential operational time
of the vehicles.

2.2. Integrated Circuit For Energy Storage

In general, the electrical energy produced by piezoelectric materials is not immediately suitable
for powering most electronic devices. It is necessary to use integrated circuits to properly condition
the generated energy. In the case of vibrational energy harvesting, for example, the produced energy
is in the form of alternating voltage or current, which needs to be rectified and then stored in a
capacitor or battery.

With the development of research on energy harvesting from diverse forms and sources, albeit
in smaller quantities — i.e., relatively low power levels (in the range of microwatts to milliwatts) —
more complete and versatile techniques have been created for integrated circuits that condition the
generated energy to achieve maximum energy transfer. This enables the charging of a battery or
capacitor to extend the device's autonomy or power an auxiliary component.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Typically, the techniques used in these ICs include rectifier circuits (such as a bridge rectifiers),
the addition of a switched inductor in series — or in parallel — with the transducer (Synchronized
Switch Harvesting on Inductor, SSHI), and interface circuits such as Synchronous Electric Charge
Extraction (SECE) and Pulsed Synchronous Charge Extractor (PSCE) [83].

In addition, boost, buck, and buck-boost converters are used for power management in ICs
[84,85]. The Boost converter improves the input voltage to a higher output voltage. For that, an
inductor stores energy while the switch is closed, and upon opening, the energy stored in the inductor
is transferred to the load and the output capacitor, boosting the voltage above the input level.

In turn, the Buck converter works by reducing the input voltage to a lower output voltage, and
its operating principle is the rapid switching of a switch that connects and disconnects the voltage to
an inductor. The energy stored in the inductor is then transferred to the load, resulting in an output
voltage lower than the input voltage. Regarding the Buck-Boost converter, it can either increase or
decrease the input voltage to provide an output voltage, which can be higher or lower than the input
voltage [84,85].

It is worth noting that, in all cases, the power is conserved between the input and output of the
chip. However, some energy generated by the transducer is inevitably lost to the IC’s internal
consumption. For this reason, a detailed study is necessary of which EH power management to use
according to the needs of each project, based on the type of energy generation, input voltage
magnitudes and limits, and the desired output voltage.

Given these considerations, the power-management IC used in this project is the model
LTC3588-1 from Analog Devices [86]. This energy harvesting manager is designed for small-scale
applications such as piezoelectric transducers. It can convert the alternating input voltage (generated
by the transducers) to a direct voltage using a full-wave rectifier.

Figure 2 shows the printed circuit board (PCB) previously developed by our research group that
implements a test board for the LTC3588-1 chip, allowing the user to configure several of its features
via jumpers. The maximum input voltage is 20V, and the maximum current is 50 mA. Its output
voltages can be set to 1.8V, 25V, 33V, or 3.6V, depending on the DO and D1 settings. After
rectification, the energy is stored in the input capacitor (Cin), and its voltage rises until reaching a
threshold that enables the charging of the output capacitor (Cou). For the first two configurations,
charging begins when the voltage across Cin reaches a range of 3.77 V to 4.30 V, while for the last two
configurations, it occurs at a higher range of 4.73 V to 5.37 V [86]. When the voltage on the output
capacitor (Vout) reaches 92 % of the set output voltage, the output Pgood is triggered (e.g., Pgood is turned
on when the voltage at Vour reaches 1.656 V and the set output voltage is 1.8 V), indicating that the
stored energy is available to power other circuits.

C3588-1 test board
s AT P74 PGQOD GND

r extra ' &
100n = " -9

500n(~« »

PZ2  VOUT

{@) extra
CAP 2022 - mk.1

Figure 2. EH power management chip LTC3588-1.

2.3. Characterization of Motor and PVDF Transducer Performance

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to experimentally simulate the arm of a UAV, a test bench (Figure 3) was assembled
using a 35cm-long square carbon fiber profile, a motor (PROPDRIVE v2 2826s 1200kV from
HobbyKing), a propeller with a diameter of 330 mm and a pitch of 102mm (manufactured by
RCTimer), a speed controller (CCPM Servo Consistency Master from Turnigy), a power supply
(HIKARI HF 3205D), a power regulator connecting the supply to the motor (Castle Phoenix ESC 100),
a tachometer (DT-2234C* from Vectus), an oscilloscope (KEYSIGHT DSOX1204G), and LDT0-028K
piezoelectric transducers connected in series via a breadboard and interfaced with the LTC3588-1
integrated circuit through its terminals. Additionally, to secure the piezoelectric transducers to the
arm, a 15 cm-long support was designed using OnShape® software (version 1.193.50202.2394) and
fabricated using a 3D printer (GTMax3D Core H5) with polylactic acid (PLA) material.

motor protoboard LTC3588-1

propeller

‘—> DC power supply

carbon fiber

arm
speed

control
Figure 3. Schematic representation of the test bench.

Firstly, in order to understand the characteristics of the motor in relation to the power supplied
to it and those of the transducers due to flexion at different motor rotation frequencies, two
characterizations were conducted. The first focused on analyzing the motor's rotational speed
response as a function of increasing supplied power, while the second examined the electrical voltage
generated by the PVDF transducers due to excitation from the propeller-induced airflow and the
vibrations produced by the propeller/motor assembly.

The motor characterization was conducted using the previously described test bench. However,
the transducers, the support structure, and the integrated circuit were removed from the setup.
Methodologically, the current supplied by the power source was varied from 0 A to 5.2 A, while the
voltage was held constant at 12 V. As a result, the power delivered to the motor ranged from 0 W to
62.4 W. So, the motor was then activated via the ESC and the knob on the servo tester, and as the
current was gradually increased, the rotational speed data were collected using the tachometer,
establishing a relationship between the motor's rotational frequency and the supplied power. From
this relationship, a regression equation and the coefficient of determination (R?) were obtained.

In turn, the characterization of the piezoelectric transducers in series was carried out using the
test bench without the LTC3588-1 IC. The transducers were positioned on the support and fixed to
the carbon fiber rod. Then, as in the first characterization, the motor was operated within a power
range from 0 W to 624 W, and the measurement in terms of electrical signal amplitude was
performed using the oscilloscope. It is worth noting that different quantities of transducers and
various positions along the rod were tested. This characterization made it possible to evaluate which
configuration maximizes the generation of the electrical signal resulting from the deformation caused
by the propeller/motor, enabling the operation of the IC. Moreover, it allowed verification that the
maximum alternating voltage generated by the transducers did not exceed 20 V, ensuring the safe
operation of the LTC3588-1 IC, which has a Zener diode that limits the input voltage to 20 V but
whose maximum current is 50 mA.

2.4. Computational simulation of EH electronic Circuits

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The LTspiceXVII® software (version 17.0.36.0) was used to simulate the behavior of the coupling
between the three PVDF transducers connected in series and the LTC3588-1 integrated circuit, in
order to predict the activation of the Pgood signal and the charging time of the input and output
capacitors, as well as to properly select the values of their capacitances (Figure 2). To achieve this,
two computational models were developed — one representing the piezoelectric transducer and the
other the electronic circuit of the energy storage chip (Figure 4).

R1 s Pz1 PZ2
- 9
191.1
’ o Vin swi T Veut]
15u c3 22p c2
u1
1y 50p
SINE(0 18 132.5) L cap LT Vout
- LTC3588-1
Piezo- > c4
F— Vin2 Pgood
.option fastaccess 1p
.tran 150 uic
G DO D1
GND
N

Figure 4. Representation of three transducers in series and the external components connected to the LTC3588-
1.

Regarding the modeling of the three transducers in series, the simplified equivalent circuit
method was used, which includes only an alternating voltage source (in this research, configured as
a sinusoidal function) in series with a resistor and a capacitor. Additionally, to define the voltage
source parameters, such as frequency and amplitude, the results of the characterizations described in
section 2.3 were used.

The operating frequency of the transducers was defined based on the system's dynamics.
Considering that the films are subjected to the wind action from the two propeller blades with each
complete rotation of the motor, the frequency to which the transducers were subjected in the
simulations was established as double the motor's frequency.

To ensure the accuracy of the simulations, it was necessary to consider the impact of the
instrumentation. The oscilloscope's internal resistance (10 MQ) was incorporated into the simulation
model because it acts as a voltage divider, influencing the reading of the voltage generated by the
films. Through a voltage divider simulation, the actual voltage generated by the films was
determined by adjusting the model's input voltage until the voltage measured at the simulated
oscilloscope's internal resistance terminal was equivalent to the experimental value.

Furthermore, the IC internal resistance was considered in the context of how the input voltage
is limited and stabilized, which is fundamental for safe operation.

With the previously determined operating frequency of the transducers, the simulation aimed
to identify an input voltage value that would allow for reproducing the experimentally observed Cout
charging times and Pgood pin activation times. To achieve this, some simplifications were adopted,
such as disregarding the reactive effect on the voltage observed at the oscilloscope and assuming an
ideal sinusoidal behavior for the generated voltage.

Additionally, to determine the resistance and capacitance values, a handheld LCR meter
(KEYSIGHT U1733C) was used to measure these parameters from a single transducer. Based on the
measurements, the equivalent values for three films connected in series were calculated.
Consequently, the equivalent resistance and capacitance used in the simulation were set to 54 k() and
191.1 pF, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In turn, the modeling of the EH power supply electronic circuit was based on the computational
model provided by the manufacturer, Analog Devices [86]. As shown in Figure 2, the components
DO and D1 — used as output voltage select bit — and C1 and C2 - corresponding to Cin and Cout,
respectively — can be configured for different output voltages and capacitance values.

Then, computational modeling was performed by testing the capacitance values of C1 and C2
with Vout fixed at 1.8 V, firstly, so that a large amount of energy generated by the transducers would
not be necessary for the charging process of Cin and Cou. Finally, with the values of Cin and Cout
defined, the four possible combinations of DO and D1 were tested to determine the charging time of
the input and output capacitors and subsequently compare the results with the behavior observed
during experimental validation.

2.5. Experimental Evaluation of the EH System

Finally, an experimental validation was carried out with the aim of corroborating the
simulations performed and demonstrating the applicability of the proposed system — generating
electrical energy from the mechanical energy of the propeller-motor assembly using piezoelectric
transducers and storing the harvested energy in an integrated circuit.

For this purpose, the experimental simulation was conducted using the setup shown in Figure
3, connected to an oscilloscope. Additionally, three probes were connected to the oscilloscope
channels — the hook tip of the Pgood signal was connected to the Pgood pin of the integrated circuit, while
the ground leads of the input and output capacitors, as well as that of the Pgood, were connected to the
ground (GND) of the IC.. The Cin and Cout probes were used to measure the voltage across the
capacitors. Furthermore, as in the computational simulation, the capacitance values for the input and
output capacitors were fixed according to the values defined in the tests of Section 2.4, and all four
possible output voltage configurations were tested.

Methodologically, for the first three configurations (Vou = 1.8V and 2.5V), the probe was
touched to the Vin and Vou pins every 5 s and every 10 s for the last two configurations (Vour=3.3 V
and 3.6 V). It is worth noting that, due to the oscilloscope's input resistance being 10 M), which is
very close to the equivalent capacitive reactance of the PVDF films (approximately 6.3 M(2); the probe
contacts for voltage visualization were made quickly to prevent energy dissipation and possible
alterations in the circuit charging time.

3. Results and Discussion

In this section, we present the motor behavior under variations of the power supplied by the
source (motor characterization), the transducers' behavior when subjected to variations in the motor's
rotation frequency (series transducers characterization), and, finally, a simulation in LTSpice®
software aiming to predict the performance of the integrated circuit (LTC3588-1), along with
experimental validation to corroborate the simulations and demonstrate the system's applicability.

3.1. Results of the Motor and PVDF transducer characterizations

Figure 5 illustrates the relationship between the motor's rotational frequency and the power
supplied to it by the source. We can observe that the higher the speed, the more difficult it becomes
to increase it further. Beyond manufacturing considerations, one reason for this is that with a fixed
voltage of 12 V, the current is responsible for increasing the power supplied to the motor, and higher
current leads to greater losses. To establish a trend line from the collected data, a polynomial equation
was generated:v = —0.001476p* + 0.21316p% — 10.924p2 + 266.08p + 404.78, with a coefficient of
determination (R?) of 0.9865.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Motor rotational frequency as a function of power supplied by the source.

The transducers were subjected to bench tests, and it was observed that the voltage they
generated, measured as amplitude, grew until it reached a peak of 11.8 V when the motor's rotational
frequency was 2400 rpm, which identifies the first vibration frequency of the bench structure.
Immediately after this point, the generated voltage decreased from 11.8 V at 2400 rpm to 5.2 V at 2500
rpm and then gradually increased to 19.2 V at 3990 rpm, as can be seen in Figure 6. At speeds close
to 4000 rpm, the films become very sensitive to increases in speed, thus exhibiting even higher growth
rates than in the range of speeds around the natural vibration frequency.
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Figure 6. Voltage generated by films as a function of motor rotational frequency.

Throughout the project, the motor was characterized based on its speed as a function of
increased power supply, which helped us understand its dynamic behavior. Following this
characterization, various tests were conducted with piezoelectric films in different configurations and
quantities to assess their efficiency in converting mechanical energy into electrical energy.

It was observed that new films exhibited greater resistance to the wind force generated by the
motor's propellers. However, with continuous use, the films became more pliable, indicating that
their initial stiffness progressively decreased due to accumulated deformations during testing.

One of the primary analyses involved measuring the voltage generated by three films connected
in series in the middle of the support when subjected to a rotational frequency of 3975 rpm, resulting
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in a voltage of 17.3 V. This value was crucial for selecting the power management integrated circuit,
considering its maximum supported input voltage limits (20 V), without accounting for the IC's
internal resistance, and a maximum input current of 50 mA.

Another relevant point was identifying the primary sources of transducer deformation.
Although the vibration generated by the test bench is significant when the motor operates at 2400
rpm, tests demonstrated that the predominant factor in film deformation is the wind force generated
by the propellers.

Finally, when testing the same three films in parallel in the middle of the support, a significant
reduction in generated voltage was observed, accompanied by an increase in current. This behavior
aligns with the electrical characteristics of parallel connections, highlighting the need for an
appropriate balance between voltage and current when choosing the connection topology to optimize
energy harvesting.

3.2. Simulation and Experimental Results of the EH Electronic Circuits

As mentioned earlier, based on the results obtained from the motor and series transducers'
characterization, it was possible to determine the frequency and amplitude used in both the
computational simulation and experimental validation.

First, for both tests, a power of 57 W was selected, resulting in a rotational frequency of 3975
rpm (calculated using the regression equation derived from the motor characterization) and an
output voltage of 17.3 V. However, regarding the adjustments of the computational simulation
parameters, it was necessary to specify certain conditions.

Regarding frequency, the transducers coupled to the rod are subjected to the action of the wind
from the propeller’s two blades with each full rotation of the motor. This means the frequency to
which the transducers are exposed is twice the motor’s frequency — 66.25 Hz — resulting in 132.5 Hz.

Additionally, it's important to note that the oscilloscope's internal resistance of 10 MQ) acts as a
voltage divider. This means the voltage read by the oscilloscope isn't the actual voltage generated by
the films. To find the true generated voltage, a voltage divider was simulated, and the film-generated
voltage was increased until the voltage measured at the oscilloscope's internal resistance's first
terminal equaled 17.3 V. This process yielded a result of 21 V. Although this value of 21 V exceeds
the chip’s safety parameter of 20 V, the integrated circuit’s input resistance limits and stabilizes the
voltage at the circuit input below 15 V, ensuring operational safety.

After this correction and considering the adopted simplifications — such as neglecting the
reactive effect on the voltage observed in the oscilloscope, assuming an ideal sinusoidal behavior,
and including the IC’s internal resistance — the simulation with a fixed frequency of 132.5 Hz aimed
to find a voltage value that best replicated the experimentally observed charging times of Cout and
the triggering of the Pgood pin. The value that showed the closest match was 18 V. Thus, for the
computational simulation, the voltage source amplitude was set to 18 V, and the frequency to 132.5
Hz.

3.2.1. Output Voltage of 1.8 V

Figure 7 (a) shows the LTspice simulation of the circuit operation when the IC is configured for
a 1.8 V output (D0 =0 and D1 =0). In this case, Cin discharges twice to charge Cout before stabilization,
and Pgood triggers at approximately 64 seconds. It is also observed that the first charging cycle occurs
at 47.7 seconds, while the second happens close to the Pgooa triggering moment. For this first
configured output voltage, the IC begins charging Cout when Cin reaches 4.0575 V.

In bench tests with the IC set to a 1.8 V output, represented in Figure 7 (b), the charging mode is
reached at 54 seconds. Here, just as in the simulation, there are two charging cycles before the target
output voltage is achieved. Pgood triggers at around 71 s, after which the voltage at Cin continues to
rise, acting as an energy reserve for Cout.
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It is worth noting that the Pgood signal drops seen in this and subsequent graphs (which represent
experiments for each output voltage case) are caused by voltage drops in Vou, as data acquisition
losses occur during oscilloscope readings.
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Figure 7. Voltage across Cin, Cout € Pgood as function of time, with output voltage set to 1.8 V: (a) Simulation; (b)
Experimental.

3.2.2. Output Voltage of 2.5V

Figure 8 (a) shows the LTspice simulation of the circuit operation when the IC is configured for
a 2.5 V output (DO = 1 and D1 = 0). Similarly to the 1.8 V output configuration, Cou receives energy
from C;, when it reaches 4.0575 V. However, in this case, four charging cycles are required before the
voltage across Cou stabilizes. It's worth noting that during the fourth charging cycle, Ci, doesn't need
to transfer significant energy to Cou for it to reach 2.5 V, which is why Pgood only triggers near the
fourth charging event, at 97 seconds.

Consistent with the simulation, Figure 8 (b) shows bench test results with the output voltage set
to 2.5 V, demonstrating that four charging stages are required for Cou to reach the target 2.5 V. The
first charging cycle occurs at 45 seconds, the second at 69 seconds, the third at 89 seconds, and the
final one at 107 seconds - the exact moment when the Pgood pin triggers.
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Figure 8. Voltage across Cin, Cout € Pgood as function of time, with output voltage set to 2.5 V: (a) Simulation; (b)

Experimental.

3.2.3. Output Voltage of 3.3 V

Figure 9 (a) shows the LTspice simulation of the circuit operation when the IC is configured for
a 3.3 V output (DO =0 and D1 = 1). The charging of Co. occurs in 5 stages until its voltage stabilizes.
Similar to the simulation with 2.5 V output, the fifth charging process involves less energy transfer.
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Near this fifth charging event, the Pgood pin triggers at approximately 133 seconds. Unlike the 1.8 V
and 2.5 V output configurations, in this case the IC initiates the charging process when Ci, reaches
4.8319 V.

Figure 9 (b) presents bench test results with the output voltage set to 3.3 V, now with a lower
data sampling rate (every 10 seconds). As in the simulation, five charging cycles were required for
Pgood to trigger, though the actual triggering time was about 165 seconds compared to 133 seconds in
simulation. The charging cycles occurred at 60 s, 80 s, 109 s, 139 s, and 165 s.
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Figure 9. Voltage across Cin, Cout € Pgood as function of time, with output voltage set to 3.3 V: (a) Simulation; (b)

Experimental.

3.2.4. Output Voltage of 3.6 V

Figure 10 (a) displays the LTspice simulation of the circuit operation when the IC is configured
for a 3.6 V output (DO =1 and D1 = 1). In this configuration, Ci, discharges five times to charge Cou
before voltage stabilization, with each charging cycle initiated when Cin reaches 5.0428 V, as expected
for this design. Notably, while both 3.3 V and 3.6 V output settings require the same number of
charging cycles (5), the energy transfer during the fifth cycle is significantly greater for the 3.6 V
configuration. Consequently, Pgood triggers at approximately 138.6 seconds during this final charging
phase.

Figure 10 (b) presents experimental results with the output voltage set to 3.6 V. The bench tests
required six charging cycles for Pgood activation - one more than simulated. This discrepancy arises
because the actual IC implementation experiences Co. discharging due to the oscilloscope's internal
resistance, affecting both the trigger timing and number of charging cycles.

Table 1 provides a detailed comparison between simulation and experimental results for the
different output voltage configurations of the LTC3588-1 (1.8 V, 25V, 33 V, and 3.6 V). The
parameters analyzed include the number of Cout charging cycles and charging initiation time, and the
Pgood activation time. In general, the simulated and experimental results show close alignment, with
discrepancies in timing limited to just a few seconds. For higher output voltages (3.3 V and 3.6 V),
the number of charging cycles increases, reflecting the greater energy required to stabilize the system.
The additional charging cycle observed experimentally at 3.6 V is likely due to losses caused by the
oscilloscope’s input resistance and capacitor discharge during the measurement process.
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Figure 10. Voltage across Cin, Cout € Pgood as function of time, with output voltage set to 3.6 V: (a) Simulation; (b)

Experimental.

Table 1. Summary comparing simulation and experimental validation of Coutand Pgood behavior across different

output voltages.

Cout Pgood
Output voltages (V) cycles time ()
15 simulation 2 47.7 64.1
experimental 2 54 71
95 simulation 4 47.7 97
experimental 4 45 105
13 simulation 5 60 133
experimental 5 60 165
36 simulation 5 64.5 138.6
experimental 6 60 162

Finally, it is worth highlighting that, based on the results presented, it is observed that the
internal circuit of the IC begins the charging process of Cout only when the voltage at Cin reaches a
certain value, which varies depending on the selected output voltage. As expected, for Vout set to 1.8
V and 2.5V, the values are between 3.77 V and 4.3 V, whereas for Vou of 3.3 V and 3.6 V, they range
from 4.73 V to 5.37 V [86]. Afterward, the voltage at Cin decreases in order to charge Cou, and once
the voltage at Cout reaches 92 % of the set output voltage, the Pgood pin is activated. Therefore,
considering what was mentioned, the results presented demonstrate the reliability of the
computational and experimental tests conducted and the applicability of the proposed system.

4. Conclusions

This study successfully demonstrated the feasibility of using PVDEF piezoelectric transducers
coupled with an integrated power management circuit (LTC3588-1) for energy harvesting in UAVs.
The results showed that the transducers, when exposed to the vibration and wind generated by the
drone's motor and propellers, were capable of producing a significant voltage (17.3 V at 3975 rpm).
This allowed for the efficient charging of the LTC3588-1 chip to a 3.6 V output in 162 seconds.
Furthermore, the computational modeling performed in LTspice® software corroborated the
experimental data, validating the effectiveness of the proposed system.

Integrating this technology into UAVs offers promising potential for increasing flight autonomy.
The harvested energy can power onboard sensors and electronic circuits, reducing the exclusive
reliance on the battery for energy supply. This not only contributes to energy sustainability but also
leads to reduced operational costs and expands drone applications in sectors such as agriculture,
environmental monitoring, and deliveries.
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As suggestions for future work, it is expected to optimize the positioning and quantity of
transducers to maximize energy harvesting, as well as to improve the transducer support in order to
mitigate the added mass.

Additionally, analyses focused on the piezoelectric material are suggested, aiming to increase
energy generation. For this purpose, a viable solution is to use energy harvesting devices based on
piezoelectric composite materials, which combine the advantages of both ceramics and polymers.
Therefore, a careful and detailed study of the possible materials to be used is necessary, as well as
how the piezoelectric property of the composite may be affected by characteristics of the ceramic
material, such as the presence of defects in its structure, for example, oxygen vacancies. In this
context, the replacement of PVDF-based transducers with materials composed of two different
piezoelectric phases, such as PVDF and lithium niobate (LiNbQO3), is also suggested.

Finally, further studies could focus on integrating this technology into real-world flight
conditions, considering more complex environmental and aerodynamic variations.

In summary, this research underscores the role of energy harvesting as an efficient and
sustainable solution to the limitations faced by UAVs, driving technological advancements that
combine efficiency, autonomy, and environmental sustainability.
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Abbreviations

The following abbreviations are used in this manuscript:

EH Energy harvesting
UAV Unmanned Aerial Vehicle
PVDF Polyvinylidene fluoride
IC Integrated circuit
Vin Input Voltage
Vout Regulated Output Voltage
Cin Input capacitor
Cout Output capacitor
Pgood Power good comparator
GND Ground
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