friried applied
e sciences

Article

Design and Optimization of a Boost Interface for
Magnetostrictive Energy Harvesting

Carmine Stefano Clemente *

check for
updates

Citation: Clemente, C.S.; Iannone, I.;
Loschiavo, V.P.; Davino, D. Design
and Optimization of a Boost Interface
for Magnetostrictive Energy
Harvesting. Appl. Sci. 2023, 13, 1606.
https://doi.org/10.3390/app13031606

Academic Editor: Alessandro

Lo Schiavo

Received: 8 December 2022
Revised: 23 January 2023
Accepted: 23 January 2023
Published: 27 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Immacolato Iannone “/, Vincenzo Paolo Loschiavo ' and Daniele Davino *

Department of Engineering, University of Sannio, 82100 Benevento, Italy
* Correspondence: carmine.clemente@unisannio.it (C.S.C.); davino@unisannio.it (D.D.)

Abstract: Magnetostrictive alloys are very promising for Vibration Energy Harvesting applications to
supply power to Wireless Sensor Network (WSN) and Internet of Things (IoT) devices, especially
because of their intrinsic robustness. Typically, vibration energy sources are random in nature,
usually providing exploitable voltages much lower than the electronic standards 1.6, 3.3 and 5 V.
Therefore, a Power Electronic Interface (PEI) is needed to improve the conversion to DC output
voltage from AC input over a wide range of frequencies and amplitudes. Very few or no conversion
techniques are available for magnetostrictive devices, although several have been presented over the
years for other smart materials, such as piezoelectrics. For example, hybrid buck-boost converters
for piezoelectrics use one or more external inductors with a high-frequency switching technique.
However, because of the intrinsic nature of harvesters based on magnetostrictive materials, such
energy conversion techniques are proved to be neither efficient nor applicable. An improved AC-DC
boost converter seems very promising for our purpose instead. The key feature is represented by
the direct exploitation of the active harvester coil as a storage element of the boost circuit, without
using other passive inductors as in other switching methods. Experimental tests of such a converter,
driven with a real-time operating Arduino controller to detect the polarity of the input voltage, are
presented with the aim to assess the potentiality of the scheme with both sinusoidal and impulse-like
inputs. Simulations have been performed with LTspice, and the performance and efficiency have
been compared with other energy conversion techniques.

Keywords: energy harvesting; AC-DC boost; magnetostrictive materials; Arduino

1. Introduction

Energy Harvesting (EH) techniques mainly consist of recovering a bit of environmental
energy, either due to natural sources or human activities, that would normally be wasted.
While renewable energies are being exploited everywhere at large scale, EH is usually
performed in remote places where a power grid is unavailable or expensive to connect to
but some strategic electronic circuits need to be supplied. In particular, EH could be used
to supply relevant low-power consumption electronics, such as Wireless Sensor Networks
(WSN), that can be used, for example, in Structural Health Monitoring (SHM) of bridges
or viaducts [1,2]. More generally, these techniques are valid candidates to supply power
to electronic devices or sensors that strongly interconnected and which constitute the
Internet of Things (IoT) [3,4] in such a way that avoids the need for batteries, which require
recharging or substitution and are not eco-friendly. Indeed, the main advantages of EH
techniques is the capability to harvest and convert ambient energy into electricity in a
location that is very close to the end-user [5].

Among all the different EH devices, we will focus on the Vibration Energy Harvesters
(VEHSs) which convert environmental vibrations into electric energy by using electromag-
netic generators [6] or smart materials, such as piezoelectrics or magnetostrictives [7,8].
VEHs can be installed as active dampers for internal combustion engines or, more effec-
tively, in common remote places such as roads and bridges. Vibrations and stresses caused
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by the ongoing vehicle traffic on such roadways certainly represent one of the less exploited
sources of anthropic energy [9].

VEHs based on magnetostrictive materials mainly exploit the so-called “Villari effect”
(or inverse magnetostrictive effect) and the Faraday’s law [10]. Magnetostrictive mate-
rials, such as Galfenol, show good mechanical characteristics, high energy density and
low temperature response dependence [11,12], without being affected by cracking and
depolarization phenomena as piezoelectrics are [13]. Nevertheless, they have peculiar
characteristics such as strong non-linearity and hysteretic behavior, and the harvested
energy depends on magnetic bias and mechanical pre-stress, so suitable modeling must be
adopted [14-16]. These characteristics lead to the need for a careful modeling in order to
exploit them to the fullest, as reported in [17].

Figure 1 shows a 2D sketch of a force-driven harvester device based on magnetostric-
tive material. By means of the Villari effect, time-varying mechanical stress applied to the
top creates a flux density variation into the material. Then, by exploiting Faraday’s law,
the device produces an output voltage (V1) across an electric load through a coil wounded
around the magnetostrictive material [18]. Permanent magnets and an iron path provide
the magnetic bias to increase the converted energy. Moreover, the iron is exploited also as a
structural frame.

magneto- ]

strictive i,
material e 4
M iron path N, I:IV
1

permanent
u magnets

generic
O electric o+
load N, v

/7 rigid base

Figure 1. Sketch of the elements composing a VEH with magnetostrictive material. The iron frame
and permanent magnets provide a magnetic bias, and one or more coils can be wounded around the
active material. Further details about a magnetostrictive VEH can be found in [2,10,15].

PEIs play a key role in EH systems, in particular for Vibration Energy Harvesting ones.
Indeed, the total power amounts recovered in energy harvesting conversion mechanisms
are typically low, even below mW, while output voltages can be far below 1 V [19-21].
Furthermore, the energy source for the EH (vibrations in this case) is typically quite random
in nature, and therefore, the need for a custom PEI is often compulsory [22]. The latter aims
to increase the harvested energy and the available voltage output [23], with a consequent
efficiency improvement. Indeed, depending on the nature of the energy source, the output
voltage of the magnetostrictive EH device could be impulsive or, more generally, non-
periodic. Consequently, the purpose of any PEI should not only be the rectification and
boosting of the voltage, but also self-adaptability with respect to the input voltage, aiming
at an optimal conversion efficiency. Then, the system should be able to measure the positive
and negative pulses independently and suitably trigger the circuit. This could be easily
obtained by winding a secondary coil to the material (as shown in Figure 1), which provides
the voltage V e¢. This latter metric can be used to detect the output trend and to trigger a
Power Management Electronic circuit, adopted to better couple the VEH with the proper
load, similarly to what is carried out in [24]. Scientific literature offers a significant number
of papers on power electronic interfaces for piezoelectric EH (e.g., [25-29]), whereas there
is still room for magnetostrictive VEHS, also because it is a young technology.
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A novel use of the AC-DC boost converter can be beneficial in this case, as schema-
tized in Figure 2. Indeed, as previously described, the inductor is already present in the
harvester, and this represents an economical advantage reducing, at the same time, losses.
Several hybrid buck-boost converters, typically exploiting one or more external induc-
tors with high frequency switching technique, have been proposed for VEHs based on
electromagnetic mechanism or piezoelectric materials [30-34], whereas very few or no
conversion techniques are available for magnetostrictive devices. Indeed, because of the
intrinsic nature of harvesters based on magnetostrictive materials, such types of energy
conversion methods have not been successfully applicable, and a suitable control technique
must be applied.

AC-DC BOOST POWER
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JF® SYSTEM
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HARVESTER ' F
; E
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Figure 2. Block scheme of a VEH based on a magnetostrictive material with an AC-DC boost converter.

In this paper, we propose a tailored switching technique for an AC-DC boost that
is capable to self-adapt to the input voltage frequency in order to optimize the harvested
power. As proof of concept, the switching technique is implemented in a digital low-cost
controller as an Arduino board. This allows one to easily change the control parameters and
find optimum working points. It is worth underlining that, in order to study the AC-DC
boost behavior, it is not necessary to use a real magnetostrictive VEH as input to the boost.
A particular toroidal transformer has been used in this case, as described in more detail
in the next sections. One of the aims of this work is to exploit and investigate the circuit
through a programmable board in order to have a versatile tool. Finally, the circuit has been
experimentally tested, and results have been compared with simulations of an equivalent
circuitin a LTspice environment [35].

The paper is organized as described below. In Section 2, the AC-DC boost switching
converter is introduced, and its operation is analyzed. Section 3 is devoted to the description
of the experimental setup, while in Section 4, the experimental results are compared with
the simulations and discussed with some figures of merit. Conclusions end the paper.

2. Proposed Boost Architecture for Magnetostrictive Energy Harvesters

Battery-powered mobile electronics, such as IoT devices, smartphones, smartwatches,
fitness bracelets, etc., make use of several switching converters stages. For example, alter-
nate to direct current (AC-to-DC) rectification, DC-DC boosting output voltage, filtering,
etc. The AC-to-DC stage is typically composed of a passive diode bridge followed by a
DC-DC buck or boost converter [36,37]. However, using a passive full bridge rectifier
entails energy losses, thus reducing the power efficiency. With the aim to reduce the energy
conversion losses, the solution of a direct AC-DC boost converter (active full bridge) can
be adopted [38,39].

These converters are based on the “on-off " capability of transistors, exploited as
switches. When the switches are closed, the inductor charges and then magnetic energy is
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stored in it. Then, if one switch is open, this energy is transferred to the output stage. The
timing of switching, with respect to the input voltage changes, is matter of optimization, as
is explained in the following.

2.1. Circuit Implementation

Figure 3 shows the electrical circuit of the full-wave AC-DC boost converter considered
in this work, while Figure 4 shows qualitative trends of the most interesting electrical
quantities involved. Vi, is an AC voltage source (T is its period), and it represents the
generic output voltage of a magnetostrictive EH device, while L and R represent the
inductor and its internal resistance. The two MOSFETs behave as controlled switches where
the opening and closing times depend on the voltages applied to the gates. In particular,
when the switches are both closed, the AC voltage source is directly connected to the
inductor. The latter charges, as represented in magenta color in Figure 4, and their energy
WL, can be expressed as:

W= Li M

where iy is the inductor current. The energy is then released through the diodes D1 and
D2, respectively, when each MOSFET alternately opens, as represented in green color in
Figure 4. Here, the output load is simplified to a capacitor C and a load resistor Royt. In
more detail, for the circuit of Figure 3, three operating conditions can be identified with
respect to the input signal period:

*  Both MOSFETs are closed: the inductor L is positively or negatively charged by the
AC source and capacitor C discharges over the output resistor Royt;

*  MOSFET1 closed and MOSFET?2 open: the positively charged inductor L discharges
over the output capacitor-resistor loop through diode D1;

¢  MOSFET1 open and MOSFET?2 closed: the negatively charged inductor L discharges
over the output capacitor-resistor loop through diode D2.

The output voltage (Vout) then increases at each inductor current commutation until a
steady-state condition is reached.

Rt L i D1

Figure 3. Electrical schematic of the proposed AC-DC boost Converter.

With respect to the inductor current trend, three operating modes can be considered:
the Discontinuous current Conduction Mode (DCM), the Continuous current Conduction
Mode (CCM) and the “Critical” Boundary current Conduction Mode (BCM). The DCM
and CCM operating modes refer to whether the inductor fully discharges and the current
goes to zero or not during each switching period [40,41]. The BCM mode is the critical
condition where the inductor current goes to zero right at the end of each switching period.
With the aim to reduce the electromagnetic interference and to increase the efficiency, it
is convenient to use the Boost converter in the DCM operating mode. Indeed, in DCM
mode, the dissipation switching transition decreases because the switch current always
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starts from zero [42,43]. Moreover, at each cycle, the whole energy stored in the inductor is
delivered to the output, contrary to what happens in CCM.
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Figure 4. Qualitative trends of main electrical quantities involved in a AC-DC boost converter in
Discontinuous current Conduction Mode (DCM). Magenta color represents the positive or negative
inductor charging phase, while the green one is the discharging phase on the output load.

In this paper, the MOSFET’s gates are driven by two different Pulse Width Modulation
(PWM) signals that are defined by a Time Delay (Tp) and a Duty Cycle (D) with respect to
the sign changes of the input voltage, as sketched in Figure 4. In the following, the Time
Delay and the Duty Cycle are defined in percentages with respect to the input voltage period
(T), and the two PWM signals are simply T/2 out of phase with each other. Nevertheless,
the choice of Tp and D can be regulated and optimized in order to maximize the output
voltage and then the harvested power.

The circuit parameters and the model of the electronic components adopted are
reported in Table 1.

Table 1. Electrical Parameter Values of the Circuit shown in Figure 3.

Circuit Element Value Model

Vin 220 mVpeax custom secondary winding of the transformer
Reoil 700 mQ) -

L 1 mH -

D1, D2 - BAT 46 (Vishay Semiconductors)

MOSFET 1,2 - IRF 1404 (Interational Rectifier—Infineon)

C 100 uF -

Rout 2.2k -

Arduino - Mega 2560 board

The proposed AC-DC boost scheme is shown in Figure 2. Two switching elements
as MOSFETs are controlled by a block reading zero crossing of the voltage of the energy
harvester. As for the classic AC-DC boost, two diodes are connected to the next energy
management stage, which can be as simple as a capacitor. The control block, described in
the next subsection, has the task to drive the MOSFETs in order to boost the voltage and
maximize the power transfer. The coil of the harvester is exploited as an energy storing
element when the two switches are closed. Contrary to a buck-boost converter based on
electromagnetic or piezoelectric materials, where double or multi-stages are developed,
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an AC-DC boost coupled with VEH based on magnetostrictive materials has the great
potential advantage of using a single-stage with one only switching inductor, namely, the
same pickup coil used for energy conversion, as reported in [44]. The possibility to use the
output inductor of the VEH as the boost inductor allows for the number of components
(switching capacitors, inductors and transistors)—and thus stages—in the circuit to be
reduced, as well as the bulkiness of the whole Boost + VEH device.

2.2. The Control Scheme: Arduino Code Design

The control unit of the entire setup is the Arduino Mega 2560 board that has been
chosen for its versatility. It is powered by an external standard 5 V power supply. Future
practical implementations based on the proposed technique should resort to a simpler
circuit able to reduce the amount of energy self-consumption.

A schematized algorithm is represented in Figure 5. The reference signal (Figure 2,
purple line) drives a digital input that is used as an interrupt activated by any input binary
change. These interrupts are aimed to set a reference timing and thus allow one to calculate
the signal’s two positive and negative periods. Then, the two parameters “D” and “Tp” are
expressed in percentages of the time period T and are real-time, translated into effective
timing for the PWM signals. This part is the heart of the code, since it allows for dealing
with non-deterministic, non-periodic input voltage signals, as is expected in any practical
application of EH. Furthermore, as shown in Figure 5, in the main Arduino loop block,
the two PWM digital outputs are generated as logical combinations of the status of the
interrupt change (high or low) and timing parts by means of suitable “if-then” commands.
The code requires a low computational burden, allowing it to control and manage accurate
PWM signals in the scale of hundreds of Hz of the input voltage frequency, thus covering
the majority of VEH applications.

An example of the Arduino code is available in the Supplementary Materials of
this paper.

Interrupt management - periods computing Main loop
— if int is high then compute pos timing
Digital input if int is low then compute neg timing
interrupt

if t > Td then set PWM1 high

Store absolute

timing if t > (Td+D) then set PWM1 Low
l if t > (Td+T/2) then set PWM2 High
no .
l Compute pos if t > (Td+D+T/2) then set PWM2 Low
Store absolute semi-period .
timing .
—

Compute neg .

semi-period end

Figure 5. Simplified scheme of the real-time code for Arduino. The interrupt is driven by the Schmitt
trigger output signal (Figure 6).

3. Experimental Setup Description

The exploited experimental setup, shown in Figure 6, has been designed as a proof
of concept of the above-described AC-DC boost fed by an almost unknown AC source.
It is worth underlining that, since the aim of the paper is to focus on the behavior of the
boost converter, in the experimental setup, we considered a transformer in place of the
VEH. The iron-core transformer indeed provides a signal compatible with a VEH’s output
and shows an inductive nature similar to the magnetostrictive devices. This choice allows
one to neglect other effects, e.g., non-linearities, typically shown by EH devices based on
magnetostrictive materials. The circuit is supplied by a secondary winding of a 150 VA
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transformer with a peak voltage of 220 mV (V). The transformer output current is then
the inductor one (i) and is measured by a current clamp (model: Fluke i30s). Moreover,
the primary winding is fed by a power amplifier (model: KEPCO BOP 50-20MG), driven
by an arbitrary waveform voltage generator (model: Aim-TTi TGA12104). The Arduino
board needs a reference signal for the timing. This is obtained from a Schmitt trigger that
acts as a voltage comparator over another secondary winding referenced to ground. The
latter is needed since the AC-DC boost input is floating, see Figure 1.

AC-DC Boost

V
Toroidal out
Transformer L
Power g — R
Amplifier 1 TN C out
KEPCO BOP \ e
50-20MG =
N Current N\
V. Probe SN
Waveform ) PWM1 4 PWM2
Generator - ,,
im-TTi i Arduino P T
‘TeR1210s et MEGA 2560 =T

Trigger

\
- g
|

oT Tr,

Figure 6. Experimental setup: the two controllable parameters “D” and “Tp” are in purple; the
orange lines are signals exploited for control purposes; and the green lines are the measured signals.

o= | |

DAQ board

The boost has a 100 uF capacitor in parallel to a 2.2 k() resistor as load. The MOSFETs
are driven by the two PWM signals outputs of the Arduino board.

Finally, a DAQ board (model: National Instruments SCXI-1000 + NI 1520 board), at
30 kS/s sampling frequency, measures and acquires the input voltage (Vi,), the inductor
current (i ), the two Arduino PWMs (PWM1 and PWM2) and the voltage over the capacitor—
resistor parallel (Vout). The voltage Vi, is measured in differential mode, while all the other
voltages are single-ended. Figure 7 reports a picture of the experimental setup. It can be
noticed that the AC-DC converter circuit is mounted over a breadboard, the Arduino board
and the toroidal transformer.
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AC-DC Boost

Figure 7. Picture of the setup sketched in Figure 6 and used for the experimental measurements.

4. Measurements, Simulations and Discussion

Several measurements have been performed using the experimental setup described
in Sections 2 and 3. In particular, different sinusoidal signals have been generated by the
power amplifier and applied to the transformer. In more detail, input voltages at constant
amplitude and with three different frequencies (i.e., 20, 50 and 80 Hz) have been exploited.
Moreover, the controllable parameters D and Tp have been varied and the output voltage
measured. The experimental signals have been compared with LTspice circuit solver
simulations. The circuit of Figure 3 has been implemented, and the experimental Vj, and
PWMs signals have been used as input voltages of the circuit.

Figure 8 shows an example of a comparison in steady-state between the measured and
simulated output voltages at Tp = 1% and D = 80%, which are the optimal parameters at
fin = 50 Hz, as shown in the following. The output voltages and currents are in very good
agreement. It is noticeable that the PWMI1 (red) signal rises linearly when the input voltage
positively crosses zero and falls after about 15 ms, i.e., 0.8 T, while the PWM2 (blue) signal
follows the PWM1’s behavior after T/2, as expected. Finally, the current profiles show that
the inductor discharges on the capacitor-resistor parallel after each intersection between
the two “ON” states of the PWM signals (i.e., both MOSFETs are closed).
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Figure 8. Steady—state signals over time at Tp = 1% and D = 80%. Input voltage frequency f;;, = 50 Hz.
From the top pane to the bottom one: measured input voltage, measured PWMs signals, measured
and simulated inductor current, measured and simulated output voltage.

It is worth noting that, in order to exploit the circuit as a boost, the following working
conditions should be addressed:

¢ Duty Cycle > 50%, which means that the inductor should be short-circuited on the AC
input and then charged in a certain time interval;

e (Tp +D)<100%, i.e., Time Delay and “ON" timing of the two PWM signals should
belong to a time period T of the AC input (100% of the time period T).

Moreover, because of the intrinsic rising and falling time of the PWM signals and the
MOSFET’s switching time, Tp cannot be null; rather, it needs to start from a minimum
value of 1% of the period T. Then, the RMS output voltages are represented as triangular
matrices with respect to Tp and D.

Figure 9 shows the RMS voltage surfaces with respect to different values of Time
Delay, Duty Cycle and input voltage frequency. The surfaces have similar shapes and
show a maximum in the region where the circuit acts as boost, while it decreases near the
above-mentioned boundary working condition. The RMS voltage maximums increase with
the input frequency because of the related switching frequency that is dependent on f;;,.
Indeed, the peak RMS voltage increases from 1.6 V at fj, =20 Hz up t0 2.94 V at f;, = 80 Hz,
with a gain of about 10.3 and 19, respectively. Furthermore, the Tp — D parameters that
maximize the voltage are placed on a almost straight line. Finally, maximum RMS voltages
are achieved at D = 75% and Tp = 1% for fj,= 20 Hz (see Figure 9a) and at D = 80% and Tp
= 1% for f;, equal to 50 and 80 Hz, respectively (see Figure 9b,c). The corresponding peaks
of the RMS powers are about 1.2, 3 and 4 mW, respectively.
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Figure 9. Mapping of the RMS output voltages with respect to the Duty Cycle (D) and Time Delay
(Tp), at different frequencies (fi,) of the input voltage. The insets show the top view of each surface,
while the red dots point out the maximums.

Figure 10 reports the RMS output voltage relative errors between measured and
simulated data, with respect to Time Delay and Duty Cycle, at three different input voltage
frequencies. The relative error EE{)IOS has been computed as follows:

|VRMS o VRMS |
ERMS o out, meas out, sim 100 2
rel% VRMS X ( )
out, meas
RMS RMS 3
where Vgieas and Ve, are the measured and simulated RMS output voltage, re-

spectively. The relative error peaks are limited to 5.25% at fj, = 20 Hz, 3% at f;, = 50 Hz
and 5.35% at f;, = 80 Hz. Moreover, the total average relative errors are 2.98%, 1.26% and
1.36% at 20, 50 and 80 Hz, respectively. Furthermore, the relative error peaks are located in
working regions where the AC-DC converter should not work as a voltage booster. Then,
the goodness of simulations results compared with experimental data show the possibility
to use LTspice circuital model for further comparing simulations of this technique with
respect to a standard switching technique, reported in the Appendix A.

PEERPLRE S P
D (%)

ERNS [%]

(b) f;n, =50 Hz (c) fin =80 Hz

Figure 10. Mapping of the relative errors between measured RMS output voltages and simulated
data with respect to Duty Cycle (D) and Time Delay (Tp) at different frequencies (fi,) of the input
voltage. The insets show the top view of each surface, while the red dots point out the maximums.

One of the main figures of merit in the design of an electronic interface is the conversion
efficiency. The efficiency (17) has been computed as:

P
n= P‘f‘“ x 100 @)
m

where Pj, and Poy; are the measured RMS input and output power of the boost converter.
The discrepancy between Pj, and Poy is represented by the Power losses (Pyogs), which is
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PRELRLDP® P
D (%)

manly due to the switching, conduction and passive devices losses [40]. Figure 11 shows
the efficiencies of the considered AC-DC boost, with respect to Time Delay and Duty Cycle,
at three different input voltage frequencies. As expected, it is observable that the efficiency
increases within the fi, because of the related increase in switching frequency. Furthermore,
it seems that the efficiency peak is located in low D and medium Tp, value regions at 20 Hz,
while it moves towards higher D and lower T by increasing the input frequency.
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Figure 11. Mapping of the RMS power efficiencies with respect to Duty Cycle (D) and Time Delay
(Tp) at different input voltage frequencies (f;,). The insets show the top view of each surface, while
the red dots point out the maximums.

Another important figure of merit to take into account in the design of an AC-DC
converter is the Ripple Factor (RF). Indeed, in order to reduce the size of converters, it is
necessary to use small inductors and capacitors, with a corresponding increase in ripple
value. An estimation of the signal shape is the Form Factor (FF), which is defined as [45]:

Ve

— ou

FF = = e @)
ou

where VEMS 41d VAVYG are the RMS and average output voltage computed in a certain time
out out g p g p

interval, respectively. A measure of the ripple content of the output is then the Ripple
Factor, defined as [45]:

RF = ,/(FF)2 — 1 (5)

Figure 12 shows the Ripple Factor of the considered AC-DC boost, with respect to
Time Delay and Duty Cycle, at three different input voltage frequencies. It can be seen
that the RF is very low (about 3% at 20 Hz), and it decreases around zero by increasing the
input frequency, without a clear dependency with respect to D and Tp. The lower the RF
is, the lower the discrepancy between RMS and average output voltages. Consequently,
the designed boost converter seems to have a low harmonic content in the output voltage,
which is a desiderable property.

Previous measurements have pointed out that, given controllable parameters Tp and
D, the programmed Arduino board is capable of self-adapting in order to generate the
suitable PWM signals with respect to the AC input voltage frequency. Figure 13 shows the
AC-DC converter’s output voltage with a linear sweeping of the input voltage frequency
from 10 up to 100 Hz, in a time-window of 15 s. The input voltage amplitude remains
constant at 220 mVpeqx. The controllable parameters have been fixed at D = 75% and
Tp = 1%. The colored rectangular boxes represent three different time spans that have been
analyzed in the corresponding top panes (same axes colors), where the output voltage and
PWM signals are shown. It is noticeable that the output voltage (second pane from the top)
is continuously increasing over time, up to about 3 V when the input frequency approaches
100 Hz. Furthermore, the Arduino board correctly measures the input frequency and
properly drives the switching signals to the MOSFET’s gates in a self-adapting fashion.
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This measurement is representative of a generic AC source behavior, which is typical of an
EH device that exploits an engine vibration during its transient phases.

0
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D 104
(a) fi, =20 Hz (b) fin =50 Hz (c) fin =80 Hz
Figure 12. Ripple Factor (RF) values with respect to Duty Cycle (D) and Time Delay (Tp) at different

input voltage frequencies (fi,). The insets show the top view of each surfaces, while red dots identify
the maximum values.
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Figure 13. Measured signals of a linear swept—frequency input voltage over 15 s time interval, at

D =75% and Tp = 1%. Colored boxes represent three different time spans, where the input frequency

is varying around about 25 Hz ( green), 55 ( orange) and 85 Hz ( purple), respectively. Top panes show

the output voltage and PWM signals for each analyzed time span.

With the aim to explore the operating conditions and behaviors, a randomic impulse-
like voltage has been given as input to the AC-DC boost converter, thanks to the arbitrary
waveform generator. The signal is designed as shown in Figure 14b, where two heartbeat-
like pulses, with peaks equal to about 200 mV and 20 ms time period, are shifted by
20 ms. This signal is representative of a typical output voltage coming from an EH device
based on magnetostrictive materials, installed under the asphalt on a viaduct or bridge,
that recovers energy from the passing vehicles [46].
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Measure
value
status

In Figure 14a, a screenshot of the oscilloscope (model: LeCroy WaveRunner 6030A)
showing the measurements of output and PWM voltages together with the randomic
impulse-like input voltages, at D = 75% and Tp = 1%, over a 1 M() resistor is shown. The
yellow line is the output voltage, the magenta line is the input voltage while the green
and blue lines are PWM1 and PWM2 signals, respectively. The output voltage increases at
each impulse because of the energy stored by the inductor and transferred to the capacitor.
The considered load is representative of a possible configuration where a super-capacitor
with very low equivalent series resistance (low ESR) is adopted to store electric energy.
Figure 14b shows the output voltage when steady-state condition is reached (after about
90 s), with a periodic impulse-like input voltage. It is noticeable that in such working
conditions, the output voltage reaches a maximum value of about 9.4 V.
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-
-
la
Fy
P1:man(C1) PZmax(C2) P3:man(C4) Pa:freq(C4) P5:mean(C1) PE---
280V 144 mv 196V 32.665256 Hz
v v v i

(a) Randomic impulse-like train over 40 s time window
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(b) Steady-state conditions

Figure 14. Oscilloscope screenshots of the measurements with impulse—like input voltage. Yellow
line is the output (Vout), magenta line is the input voltage (Vi) while green and blue lines are
PWM1 and PWM2 signals, respectively. Controllable parameters are D = 75% and Tp = 1%, while
Rout =1 MQ.
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5. Conclusions

Magnetostrictive Energy Harvesting devices can be connected to a properly controlled
AC-DC boost stage in order to increase their output voltage and manage the harvested
power. This technique has the advantage to exploit these devices” internal inductors as a
storage element.

This paper discussed the experimental characterization of an AC-DC boost interface
driven with a novel strategy able to self-adapt with respect to the input voltages. Indeed,
because of typical applications of Vibration Energy Harvesters, the input source vibration
may have fundamental frequencies changing over time without a deterministic behavior.
By exploiting the Arduino code, an optimum set of control parameters has been found. A
peak output voltage of about 3 V has been obtained with a peak input voltage of 220 mV at
an input frequency of 80 Hz. The maximum achieved RMS output power is about 4 mW,
with a voltage gain factor of about 19.

Furthermore, the setup has been excited with an impulse-like random input voltage,
representing a general VEH output voltage when the device undergoes randomic force
profiles, and a 10 V open circuit output voltage has been achieved in steady-state conditions.
Experimental tests have been compared with simulations of an LTspice model, showing
a good agreement. Finally, the proposed technique has been compared in simulations
with standard switching frequency techniques, which are often adopted for other types of
VEHs. The comparison highlighted the drawbacks of such techniques when VEH based on
magnetostrictive materials are adopted.

In conclusion, this work can be considered as the proof of principle of a boost circuit
for magnetostrictive VEH. Future works will include the verification of the performances
with a real magnetostrictive VEH, which will have a dual function of input source voltage
and storage inductor. Moreover, further investigation with other output electric loads will
be addressed in future works.
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SHM Structural Health Monitoring

VEH Vibration Energy Harvester

DCM Discontinuous current Conduction Mode
CCM Continuous current Conduction Mode

BCM “Critical” Boundary current Conduction Mode
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RF Ripple Factor

FF Form Factor

ESR Equivalent Series Resistance

HFS High-Frequency Switching

ACIC Average Commutation Inductor Current
Appendix A

With the aim to compare the proposed boosting approach with other methodologies,
commonly used in boost converter coupled with other types of VEHSs, some simulations
have been carried out. In particular, in different buck-boost converters [30,31,33,34], the
PWM regulation block shows a continuous high-frequency switching (HFS) of the external
inductors. This methodology has been added within the studied boost instead of the
proposed PWM control scheme, and simulations have been compared.

In Figure A1, the average commutation inductor current (ACIC), efficiency, power and
output voltages are reported (from the top to bottom pane) between the proposed PWMs
control algorithm and the synchronous high-frequency switching one, respectively. Despite
the efficiency of the HFS method increasing with the switching frequency (up to a certain
value), it is possible to note that output voltage is always lower than the value (about 3 V)
achieved with the proposed boost. Furthermore, the larger efficiency of HFS technique is
due, for switching frequencies higher than 800 Hz, to a constantly decreasing input power,
and this represents a contradiction in the Energy Harvesting paradigm. The increasing
switching frequency would help the efficiency conversion bringing the boost circuit in a
highly DCM condition. However, when the pickup coil constitutes the switching inductor
itself, as in our case, this could lead to global performances worse than the ones achieved
with the proposed algorithm. This is mainly due to the fact that if,, representing the stored
energy determined by Equation (1), is lower than the one considered in the proposed PWM
control scheme and constantly reducing with the switching frequency.

Switching [
— — — Proposed

Switching |
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-
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Figure A1. Performance comparison between the proposed switching method based on the Arduino
board and the HFS method. From top to bottom pane: average commutation inductor current (ACIC),
efficiency, input and output power of the HFS boosting technique, output voltage.
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