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Energy harvesting is a promising solution for the realization of self-powered wireless sensor nodes (WSNs),
minimizing battery waste and environmental impact. The harvesting devices studied in this paper are gravi-
tational vibration-based energy harvesters (GVEHSs), converting the ultra-low-frequency ambient vibrations of
structures or vehicles into electric power. The main efficiency losses are related to the AC/DC rectification
and battery storage processes. Experimental tests confirm the optimized layout of negative voltage converter
(NVC) using MOSFETs and a schottky diode with a 1000 pF smoothing capacitor, achieving power rectification
efficiency of 65%. The rectified and smoothed power is stored in a Li-Ion 3.6 V 40 mAh coin cell and supplied to
the load, consisting of a 3.3 V micro-controller unit, temperature sensor and sub-GHz wireless communication
module. A nano power boost charger with buck converter manages power between the battery and the load.
Experimental battery charge tests are performed for charging power evaluation at different external excitation
amplitudes and frequencies. WSN average power consumption is analyzed with master-slave communication
tests at different signal strengths and relative distances between the nodes. Finally, a duty cycle between active
and sleep phase is defined to guarantee continuous activity of the WSN and net positive charge to the battery.

Introduction wind energy [10,11] or ocean wave motion [12,13] for structural

monitoring applications. Transportations field applications are also rel-

Energy harvesters (EHs) are renewable energy generators that can
harness various ambient energy sources to generate an amount of
power ranging from micro-Watts up to Watts, depending on the harvest-
ing technique, conversion methodology and size [1]. These generators
can be a suitable power supply for Internet of Things (IoT) devices. A
major challenge hindering the full realization of IoT’s potential lies in
providing sufficient energy to devices in a self-sustaining manner. Due
to factors like cost, convenience, and deployment in remote locations,
most devices rely on batteries. As IoT market is forecasted to grow
from 17 billion nodes in 2024 to 29 billion nodes in 2030 [2], the
large-scale extensive use of batteries carries significant environmental
consequences. The recent advancements in energy harvesting and stor-
age technologies can address the aforementioned issue. The application
of energy harvesters in the context of wireless sensor networks (WSNs)
for remote monitoring is of great interest for scientific research [3].
WSNs powered by energy harvesters (EH-WSNs) with super-capacitors
or rechargeable batteries are fully autonomous systems, having ide-
ally infinite lifespan, requiring minimum maintenance and reducing
environmental impact. The application fields of EH-WSN range from
wearable devices [4,5] to smart homes and agriculture using photo-
voltaic cells [6,7] as well as industrial [8,9]. Other applications exploit
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evant [14,15], where vibrational energy harvesters (VEHs) are the most
suited solutions [16]. Our research group has been studying energy
harvesting solutions for monitoring applications in industrial vehicles
and trains for several years [17,18].

VEHs exploit different conversion methodologies such as piezoelec-
tric materials [19,20], electromagnetic induction [21-23], triboelectric
effect [24] and hybrid configurations [25-27]. Our GVEHs belong
to the electromagnetic energy harvester (EMEH) category, inducing
voltage due to the relative motion of a permanent magnet respect
to a coil [28]. An interesting application branch is the use of VEH-
WSN for remote monitoring of railroads, both onboard and at tracks
level [29,30]. These self-powered devices are implemented on trains
or tracks and use RF or GSM communication for structural monitoring
of vital parameters [31-33]. Researchers are focusing on the imple-
mentation of EMEHs onboard of freight wagons, since the supply of
electricity is not guaranteed as opposed to passenger trains [34,35]. Wu
et al. [36] propose a self-powered energy harvester exploiting trackside
vertical vibrations to power a wireless sensor node. The device conver-
sion efficiency achieves the value of 48.3% with an output power of
0.928 W. Liu et al. [37] propose a novel seesaw-inspired bistable energy
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harvester for self-powered rail train condition monitoring, having a
bandwidth of 18-39 Hz and generating a maximum value of 7.4 mW
at 39 Hz and 6 g excitation. Gao et al. [38] propose a energy harvester
capable of collecting vibration energy in both lateral and vertical
directions. The energy conversion circuit has a conversion efficiency
ranging from 40% to 65%, being able to supply power to an integrated
pressure sensor unit.

The GVEH presented in this paper is destined to scavenge ultra-low
frequency vibrations of freight trains to supply power to a WSN for
remote monitoring. The AC/DC rectification circuit must be carefully
designed to maximize conversion efficiency and provide a sufficient
charge to the battery powering the WSN. Researchers have carried
out optimization studies on different rectification architectures for
low-power energy harvesters, using passive [39-44] or active compo-
nents [45-47]. However, these works lack of actual correlation between
the real working conditions of the harvester and the management
circuit efficiency. This paper aims at giving a novel design approach
of the power management system by evaluating the rectification and
storage efficiencies related to the resonance conditions of the GVEH.
As a result, the rectification efficiency Frequency Response Functions in
terms of RMS power are integrated respect to the vibration frequencies
to compute a single index value, considering the high variability of the
ambient input on the freight train. Moreover, the smoothing capacitor
should be optimized performing a trade-off between DC voltage mean
value and ripple. Battery charge tests at GVEH resonance frequencies
are performed for charge time estimation. Finally, the node power
draw is analyzed, comparing RX-TX consumption at different signal
strengths of the RF communication module. A duty cycle between sleep
and active phases of the node is defined for different GVEH working
conditions, ideally guaranteeing long-lasting performance [48,49].

This paper is structured as follows: Section “Materials and Meth-
ods” regards the overview and working principle of the GVEH, the
description of the WSN components and the experimental setup for
the laboratory tests. Section “Results” shows the experimental results
of the optimization analysis of the AC/DC rectification circuit, battery
charge tests, master—slave RF communication tests at different signal
strengths and relative distances. At last, the WSN duty cycle is defined
according to the GVEH generated power under different excitations.
Section “Conclusions” discusses the above-mentioned results and draws
final conclusions.

Materials and methods

This section regards a detailed description of the EH-WSN system.
Firstly, in Section “Gravitational Energy Harvester overview” the GVEH
architecture and main characteristics are outlined. Secondly, the WSN
components and respective functions are defined in Section “Wireless
sensor node description”. Finally, Section “Experimental setup” reports
the experimental setup for the dynamic laboratory tests.

Gravitational energy harvester overview

A gravitational vibration-based energy harvester (or GVEH) is a
subcategory of electromagnetic energy harvesters exploiting the vari-
ation of a permanent magnet magnetic flux due to its relative motion
respect to a coil under an external excitation, according to Faraday—
Lenz law. The main components of a VEH are a permanent magnet
(proof mass), spring (traditional helicoidal or different types) and coils.
VEHs can be modeled as simple one-degree-of-freedom mass-spring—
damper systems [28]. Numerous related research regard VEH using
mechanical helicoidal springs [50,51] or innovative designs [52]. The
peculiarity of a GVEH is the use of a magnetic spring that suspends
the permanent magnet thanks to a repulsive force arising from its
interaction with another permanent magnet [53-55]. The latter is fixed
at the bottom end of a tube inside which the permanent magnet oscil-
lates. The absence of another fixed magnet at the top end of the tube
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results in an asymmetric non-linear spring having softening behavior.
This characteristic shows four advantages for the EH-WSN destined
application. Firstly, magnetic springs have low natural frequencies
compatible with the fundamental frequencies of the vibrating struc-
tures/vehicles, maximizing the power generation (2-10 Hz for freight
wagons) [34,38,56,57]. Secondly, the spring non-linearity leads to the
broadening of the generator frequency response and thus increases the
conversion efficiency of the ambient vibrations [58]. Moreover, the
softening behavior is characterized by the reduction of the GVEH natu-
ral frequency with increasing excitation, further increasing the system
suitability for the destined application [53,54]. Finally, the absence
of mechanical components increases the system durability [55]. The
GVEH damping characteristic results from the combination of a viscous-
type component related to air friction and a non-linear electromagnetic
component related to the induction of parasitic currents inside the
coils [53]. The pick-up coils are wrapped around the outer diameter
of the tube, having height, number of turns, cross-section diameter and
location along the tube length carefully designed for maximization of
generated power. The GVEH used for the EH-WSN system is the result
of a detailed numerical and experimentally-validated design procedure
that starts from the dimensions of the two permanent magnets forming
the spring [53]. The magnets size influences the GVEH natural frequen-
cies, the moving magnet equilibrium position, the power generation
and the coil optimum number of turns, axial length and location. Sup-
plementary material includes representation of the GVEH highlighting
its components, main characteristics and their respective values.

Wireless sensor node description

EH-WSN systems are energetically and operatively autonomous,
thus being able to provide long-lasting reliable data with minimum
maintenance and in harsh environments overcoming installation con-
straints [3,59]. The GVEH generates AC power that must be correctly
managed to be effectively supplied to the WSN. Hence, the WSN design
involves the implementation of specific components and circuitry as
follows.

. AC/DC Rectification Circuit (ADRC)
. Smoothing Capacitor (SC)

Battery charging module (BCM)
Buck-boost DC-DC converter (BBDC)
. Storage Unit (STU)

. Micro-controller Unit (MCU)

. Sensor Unit (SU)

Communication Unit (CU)

© N YA WN R

The ADRC uses four MOSFETs (two PFETs and two NFETSs) in
a negative voltage converter configuration and a schottky diode to
block reverse current flow from the electrolytic smoothing capacitor
of 1000 uF. This configuration is the result of a rectification efficiency
optimization procedure that is accurately described is Section “AC/DC
rectification circuit optimization”. DC power can be used to power
the load (MCU, SU and CM) and charge a STU. Therefore, the Texas
Instruments BQ25570 power management integrated circuit (PMIC)
is introduced, featuring both boosted BCM and BBDC. This device is
specifically designed for energy harvesting applications, being able to
efficiently extract microwatts to milliwatts. The battery management
features ensure overcharge/discharge protection and voltage boost to
a rechargeable battery. Moreover, the BQ25570 integrates a highly
efficient, nano-power buck converter for providing a second power rail
to the load with 3.3 V fixed voltage output [60]. STU is a rechargeable
Li-Ion 3.6 V 40 mAh coin cell. MCU is an Arduino Pro Mini 3.3 V
(Arduino srl, Italy) having ultra-low power consumption both in active
and sleep modes, acting as a control unit for both SU and CU. SU
is a MCP9808 temperature sensor breakout board (Microchip, 200
pA operating current) [61]. CU is a Sub-GHz RFM69HCW transceiver
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Fig. 1. Experimental setup scheme.

module operating in the license-free ISM (Industry Scientific and Med-
ical) frequency bands [62]. Sub-GHz signals can propagate better with
reduced blocking effects due to their long wavelengths, with extended
communication range and low power consumption, thus implementing
a solid communication solution for WSN applications [63]. Moreover,
their low frequencies show the best potential also in metallic environ-
ments, such as industrial vehicles or freight trains, since the free-space
path loss is directly proportional to the signal frequency [59]. Supple-
mentary material includes a schematic representation of the EH-WSN
circuit and components.

Experimental setup

Experimental tests giving the results reported in Section “Results”
are performed on a laboratory testing workbench, which is schematized
in Fig. 1. The EH generator is placed on a vibration exciter (TIRAvib
52110) operated by an analog power amplifier (TIRA BAA120) having
variable gain control (TIRA GmbH, Schalkau, Germany). LabView (Na-
tional Instruments, Austin, TX, USA) on a DAQ system supplies a pre-set
sinusoidal voltage signal to the moving base of the shaker to excite
the EH on a controlled acceleration amplitude and frequency. A IMI
608A11 piezoelectric accelerometer provides the closed-loop feedback
signal (PCB Piezotronics, Depew, NY, USA). The DAQ allows to measure
and visualize the AC voltage, current and power signals generated
by the EH. This generated power is also fed into the WSN printed
circuit board (PCB) designed by the authors. The DC rectified voltage
signal after the ADRC and the charging voltage to the battery after the
BCM/BBDC are measured and connected to a INA219 breakout board
each (Adafruit Industries LLC, NY, USA) for current/power monitoring.
The resulting values of voltage, current and power for the two DC
and battery lines are stored on a datalogger controlled by an Arduino
Mega (Arduino srl, Italy) for the rectification and storage efficiency
evaluation.

Results
AC/DC rectification circuit optimization

Four full-wave passive AC/DC rectification circuits are tested:

1. Schottky diode bridge rectifier (SDBR)

2. Gate cross-coupled rectifier (GCCR)

3. Negative voltage converter (NVC)

4. Negative voltage converter with schottky diode (NVCd)

These configurations are the most commonly studied passive recti-
fiers for low-power applications as energy harvesting [40,64-66]. The
rectification efficiency index is evaluated as the ratio between out-
put DC voltage, measured by INA219 sensor, and input AC voltage
for each ADRC. SDBR configuration uses a component having four
schottky diodes (D4SBS4-7000, Shindengen, forward voltage drop =
550 mV) to rectify the full wave of the signal. GCCR and NVC both use
four MOSFETs, two P-FETs (DMG2301LK-7, Diodes Incorporated, gate—
source voltage threshold = 300 mV) and two N-FETs (DMG2302UK-7,
Diodes Incorporated, gate-source voltage threshold = 300 mV), but
their terminals have different connections in the respective configu-
ration. The main losses in the voltage rectification process are due to
the forward voltage drop in schottky diodes and gate-source voltage
threshold in MOSFETs. Hence, the choice of the components is aimed
at minimizing these variables to improve the efficiency. The rectified
output is connected to a resistor (R,,,,;) and the smoothing capacitor
(SC). NVC configuration is tested with and without a schottky diode
(NVCd) on the positive DC branch blocking reverse current flows that
may occur when the output is not a pure resistive load. When SC is
also connected, if the output voltage is greater than the input voltage,
the MOSFETs allow bidirectional current flow, drastically reducing the
efficiency [40]. Supplementary material includes the circuit diagrams
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Fig. 2. Voltage rectification efficiency curves with pure resistive load of 600 Q.

of the four tested ADRC configurations, where D, P, N are respectively
schottky diodes, PFETs, NFETs.

For the first set of tests, the three ADRCs are connected to a pure
resistive load of 600 Q, being the optimum value evaluated through
AC load tests reported in Fig. 5. Fig. 2 shows the fitted experimental
voltage rectification efficiency curves with different input AC voltages
for all the configurations. Voltage rectification efficiency (1y,..) is
defined as the ratio between mean output DC voltage and input RMS
AC voltage.

VDC ,mean

(€Y

Ny rect =
VAC RMS

NVC has the best performance among all the other configurations,
reaching almost 90% of efficiency already at low voltages around 1
V. The addition of the schottky diode to the NVC configuration (NVCd)
slightly reduces the efficiency, but still outperforming GCCR and SDBR
at almost every input voltages. GCCR and SDBR have close-to-identical
efficiency curves. However, SDBR shows higher efficiency than GCCR
and NVCd for high voltages.

Thereupon, the ADRCs are tested connecting the smoothing capaci-
tor SC at the rectified DC output. Frequency Response Functions (FRFs)
curves are derived by sweeping the excitation input frequencies from
3 to 10 Hz, with a fixed step of 0.1 Hz between 4 and 4.5 Hz for a
greater resolution around the resonance frequency and a step of 0.5 Hz
for the remaining values in the range, keeping the amplitude fixed at
0.4 g, and changing different SC sizes. FRFs are evaluated using NVCd
configuration, which overall showed the most adequate performance
with the pure resistive load, excluding the NVC since the connection of
a reactive load strongly worsens the efficiency. R,,,, is kept constant
at 600 Q, being the power optimum value derived from load tests in
AC conditions reported in Fig. 5. SC is necessary to reduce the ripple
of the rectified voltage signal. Hence, DC voltage and power signals
are considered in terms of both mean values and ripple values. Fig. 3
reports the mean DC power FRFs (Ppc .,,) in the first plot and the
ratio between DC voltage ripple and mean values (1) at different
excitation frequencies in the second plot, connecting different SC sizes.

VDC ripple

(2)

nVripple = VDC
,mean

As can be seen in the first plot, the presence of SC highly dampens
the resonance peak to a value of about 40%-50% respect to the peak
without SC, worsening the performance with increasing capacities.
Outside of the resonance frequency range of 3.8-5.2 Hz, SC size has
a negligible effect on the mean generated power. However, as can
be seen on the second plot, the absence of SC produces a voltage
ripple of around 200% of the mean DC voltage value, resulting in

high magnitude pulses that can be dangerous to the circuit. Increasing
SC sizes leads to the reduction of ny,;,,, up to 1% for a capacity of
2200 pF. As a result, the choice of the SC size is a trade-off between
ripple minimization and mean power reduction. The optimum SC has
a capacity of 1000 pF, guaranteeing a voltage ripple less than 10%
of mean voltage value at all excitation frequencies and leading to a
maximum power reduction of 45% at resonance frequency.
Subsequently, all the ADRC configurations with the chosen SC are
compared in terms of ny,;,,, and power efficiency (1p sc) defined as
the ratio between DC mean power with SC (Pg.) respect to the mean
power value without SC (P,,¢¢) at different excitation frequencies and
amplitude of 0.4 g.
Psc 3)

n =
p.s¢ PnuSC

As can be seen in Fig. 4, NVC configuration has a considerable drop
in efficiency when SC is connected, being a reactive load, resulting in
an almost 90% power reduction in the resonance frequency range. NVC
shows also the highest voltage ripple to mean value ratio, with a peak of
about 20% at the resonance frequency. GCCR and SDBR configurations
have almost identical and adequate behaviors at all frequencies for both
studied variables. NVCd has the overall most satisfactory performance,
following the same trend of GCCR and SDBR but with improvements
outside the resonance frequency ranges. This can be related to the
rectification efficiency curve reported in Fig. 2, where NVCd has greater
performance at lower AC voltage than GCCR and SDBR. EH generates
lower AC voltage when outside the resonance frequency following its
Frequency Response Function (FRF), so a direct relation between the
rectification efficiency and the working condition of the harvester can
be derived. Hence, NVCd configuration is validated as the optimized
ADRC, considering the EH FRF, and is chosen for the realization of the
WSN circuit.

Figs. 3—4 show that the introduction of the SC dramatically reduces
the output power in the resonance frequency range. All these curves
are obtained connecting a resistive load having the optimum value
of 600 Q derived by GVEH load tests in AC. The dampening effect
of SC may be related to the shifting of R,,,, optimum value. Fig. 5
reports the comparison between AC and DC load tests in terms of RMS
load voltage, current and power. DC tests are performed with NVCd
rectification circuit and optimum SC = 1000 pF. Both AC and DC curves
are obtained in resonance conditions imposing an external excitation of
0.4 g amplitude at 4 Hz frequency. AC curves are more sensitive to the
resistance variation than the DC curves. AC power curve has a peak
of 32 mW at 600 Q, maintaining high power values around 30 mW in
a small range between 500-1200 Q, but rapidly decreasing for higher
resistances. The DC load voltage, current and power curves have lower
values than the AC ones for R,,,,; less than 1800 Q. Nonetheless, DC
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power curve present a plateau-like behavior, maintaining an almost
constant maximum value of about 20 mW for a wide range of R, .,
from 1000 to 4500 Q, which is greater than the AC power starting
from R,,,, values of 1800 Q. As a result, the optimum resistance shifts
from 600 Q in AC to 1800 Q in DC, increasing the maximum power
generation of 57%. The smoothing capacitor size of 1000 pF is still
optimized for the new resistive value, being the voltage ripple low level
a key constraint in the circuit and the influence on the extracted power
relatively limited as can be seen in Fig. 3.

Finally, AC and DC FRFs in optimized power configurations are
compared to evaluate the overall efficiency of the proposed circuit
and electronic components. More specifically, AC FRFs are computed
connecting R, = 600 , while DC FRFs using NVCd, SC = 1000 pF
and R;,,; = 1800 Q. The excitation input ranges from 0.2 to 0.5 g
with a frequency sweep from 3 to 7 Hz. Considering the rectification
efficiency dependence on input AC voltage, it should not be computed
for a specific excitation amplitude and frequency only, given the non-
linear response of the GVEH. The proposed rectification efficiency index
(Mprect.in)is based on the ratio between the integral of the AC and DC

FRF power curves.
/ f[u Ppcdf

/fflu Prys.acdf
Where f/ and fu are respectively lower and upper frequency of the
considered interval in Hz. This index allows to define an averaged
performance of the ADRC normalized respect to the GVEH frequency
response. As can be seen in Fig. 6 showing the comparison between AC
and DC RMS power FRFs, 7p,.,., ;,, is about 65% for 0.2-0.5 g excitation
amplitudes and 3-7 Hz frequencies, which is a noticeably strong result
considering the ultra-low-power applications.

4

rlPrect,int =

Battery charge tests

The subsequent design phase of the EH-WSN system regards the
optimization of the storage management. The use of a battery rather
than a supercapacitor is a design choice related to the destined appli-
cation of the device. Since the freight train motion is the energy source
of the system, it is mandatory to guarantee continuative power to the
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WSN even when the train stops. The small capacity of the battery is
chosen to better visualize the voltage charge/discharge in a reasonable
amount of time. For the real working conditions, greater capacities
should be used to have a stronger energy back-up. Battery charge
tests are performed to quantify the input charging current considering
the dependence of the GVEH generated power on the load. The input
excitation is a sinusoidal signal having amplitudes from 0.2 to 0.5 g

and the corresponding resonance frequency following the FRFs. The
battery charge module BQ25570 consumes some of the input power
to boost the input voltage to the charging level of 4.2 V. Moreover,
BQ25570 also activates the buck-boost DC-DC converter to set the
load output voltage at 3.3 V. Hence, the storage module efficiency
should be evaluated and aggregated with the rectification efficiency
to estimate the net charging power. The charge tests start at cut-off
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Table 1

Battery charge experimental tests results.
Excitation Vocin (V) Ipc,, (mA) Ppcip (mW) Vi (V) I, (mA) Py, (mW) yar PCE
0.2 g @ 45Hz 1.50 2.08 3.12 3.40 0.75 2.49 80% 52%
0.3 g @ 4.3 Hz 2.34 3.30 7.71 3.60 1.87 6.73 87% 57%
0.4g @41 Hz 2.83 4.19 11.85 3.60 2.89 10.4 88% 57%
05¢g @ 4.1 Hz 3.23 5.28 17.05 3.60 4.09 14.7 86% 56%

discharge voltage of 2.8 V, last one hour and are not complete to
the full charge voltage of 4.2 V. This is due to the small charging
currents and the consequent unreasonable long test durations. The
crucial information resulting from these tests is the net charging power
that must be compared to the load power consumption for a duty cycle
definition. The battery charge level reaches the nominal voltage after
one hour with excitation amplitudes from 0.3 g above, while a longer
period is necessary with lower excitations. Table 1 reports the mean
DC input voltage (Vpc;,), current (Ipc;,), power (Ppc;,) after the
ADRC and SC entering the BCM-BBDC and the effective output charging
voltage (V,,,), current (I,,), power (P,,,) to the battery after the BCM-
BBDC to evaluate the storage efficiency (#,,,) under different resonance
conditions from 0.2 g to 0.5 g excitation amplitudes following the FRF
curves in Fig. 6.
Mpar = 5 (5)
The storage efficiency is above 80% for all excitation conditions, with
better results for higher amplitudes. Finally, it is possible to compute
the total power conversion efficiency of the circuit (PCE) as the ratio
between battery charging power and AC input power in resonance
conditions.

PCE = % =
- P = Nprect,int * Nbat (6)
AC
The equivalent circuit resistive value can be derived from Table 1
since the DC generated power is about 12 mW at 0.4 g 4.1 Hz sinusoidal
input. Load tests at this specific excitation amplitude and frequency
in Fig. 5 show that 12 mW power is generated with a resistive load
of about 600 Q, being the optimum value in AC without the reactive
component. As a result, the introduction of the smoothing capacitor and
consequent optimum load shifting to 1800 Q worsens the conversion
efficiency. However, the smoothing capacitor of the chosen size of 1000
pF is still mandatory to have #y,;,,, lower than 10%, thus guaranteeing
a stable DC input to the BQ25570 PMIC on the harvesting side.

Master—slave communication tests and duty cycle evaluation

The last section of the EH-WSN design process is the evaluation of
the load power draw. As described in Section “Wireless sensor node
description”, the harvested energy supplies power to the MCU, SU and
CU at 3.3 V from the BBDC output port. The MCU draws about 4 mA
in active mode and 60 pA in sleep phase. During the active mode,
the MCU reads the temperature data from SU and sends the value to
a master node through the CU. The SU has a current draw of 200
pA in active mode and 0.1 pA in sleep mode. The most conspicuous
contribution to the node power consumption is related to the RX and
TX operations. The extent of drawn energy depends on power of the
RF signal emitted by the antenna (decibel per milliwatts dBm). The
higher the dBm, the higher the strength of the signal and the quality
of communication, at the cost of a higher power consumption [67].
The CU has the possibility to set the output signal power (SP) from 14
dBm to 20 dBm. A digital oscilloscope (TDS210, Tektronix Inc., Oregon)
is used for an in-depth analysis of WSN power consumption during
the activity phases for different signal power outputs. Supplementary
material shows that the WSN activity phase can be subdivided into
steps having different current draws. First, the node wakes up from
deep sleep and enters the listening phase, waiting for the reception
of a packet, consuming about 20 mA. Subsequently, the WSN enters

the RX-TX phase corresponding to the two current peaks respectively.
Finally, after the data post-processing the WSN enters deep sleep phase
again waiting for the next wake-up. The overall activity phase duration
is about 12 ms and the mean current draw depends on the CU signal
power, increasing almost linearly from 20 mA at 14 dBm to 28 mA at
20 dBm.

Experimental master-slave communication tests are performed at
different gain power and relative distance between the two nodes
for power consumption, received signal strength indicator (RSSI) and
packet loss rate (PLR) evaluation. RSSI and PLR are used as per-
formance metrics to determine the CU transmission quality. RSSI is
measured in dBm and is an indicator of the power detected at the
antenna port. PLR is the ratio between the unsuccessful and success-
ful packet transmission and should not exceed the value of 10% for
undesired communication errors between master and slave nodes [63].
Both master and slave nodes are equipped with a wire antenna 8.2 cm
long to match the Europe standard communication frequency of 868
MHz. The RSSI/PLR communication tests are performed inside a closed
footbridge having metallic structure to simulate the working condi-
tions on a train. The slave node is the WSN (MCU, CU, SU) directly
powered by the battery. The master node receives and prints the live
datastream from the slave node placed at increasing relative distance.
For each position the slave node sends 200 packet data and waits
for an acknowledgment feedback of correct communication from the
master. The tests are repeated for different SPs of the CUs ranging
from 14 to 20 dBm. The chosen relative distances for the tests are 20
and 40 m to simulate communication along one or two wagons. Table
Supplementary material reports the master—-slave communication tests
results in terms of mean RSSI for 20 and 40 m range (RSSI,,,, and
RS ST, 4) and PLR (PLR,, ,, and PLR,,,,) for SPs of 14, 16, 18 and
20 dBm. The influence of both SP and relative distance on the RSSI
and PLR is weak, resulting in an overall constant performance of the
CU. PLR is zero in all conditions except from the case of 14 dBm and
40 m range where it is only 1%, thus being negligible.

The communication tests results need to be cross-referenced with
the power consumption analysis of the CU at different SPs. Considering
that the communication tests demonstrate an adequate transmission
quality already for the lowest output power of 14 dBm, this setting
is chosen for the WSN working conditions to minimize power con-
sumption. The load draws a mean current of 20 mA at 3.3 V resulting
in 66 mW of power during activity period of 12 ms. The power
consumption and battery charge tests lead to the definition of the
duty cycle as the number of activity phases in a certain time frame.
Considering the battery charging power under the different excitation
conditions, the duty cycle is defined so that the net battery charge level
does not decrease to guarantee ideally infinite lasting performance of
the WSN. Fig. 7 reports the WSN mean power consumption (Py, gn)
for different duty cycles ranging from 1 activity over 0.1 to 60 s of
sleep period, compared with the input charging power under GVEH
resonance conditions (P, in Table 1). For duty cycles of one activity
over periods of sleep phases longer than one second, P, exceeds Py, gy
for resonance conditions under excitations greater than 0.2 g. This
because the WSN sleeps for 99% of considered time frame consuming
only 0.2 mW. More specifically, the duty cycle could be reduced up to
about 0.5 s with the lowest excitation amplitude of 0.2 g at resonance
frequency. Further duty cycle reductions up to one activity every
0.1 s require the excitation amplitudes to be at least 0.4 g for a net
positive battery charge power. Considering the destined application of
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Fig. 7. Comparison between WSN mean power consumption for different duty cycles and mean charging power at different excitation amplitudes.

temperature monitoring, a sampling frequency of 1 Hz is common as
the temperature transient is relatively slow due to braking time lasting
several seconds and relatively low travel speeds of freight trains [68—
70]. As a result, the GVEH-WSN design is experimentally validated
to guarantee long-lasting and reliable performance even under low
excitation amplitudes.

Conclusions

A gravitational vibration-based electromagnetic energy harvester
powering a WSN for freight trains monitoring applications is presented.
The GVEH configuration, main characteristics and features resulting
from an optimization design process are described. The main focus of
this research is the rectification circuit and battery management com-
ponents optimization in relation to the GVEH output power Frequency
Response Functions. Experimental tests are performed to evaluate the
most efficient passive full-wave rectification circuit for AC ultra-low
power generated by the GVEH. Negative voltage converter configu-
ration, involving the use of two P-FETs, two N-FETs and a schottky
diode to block reverse currents, has shown the best performance with
a smoothing capacitor of 1000 pF, achieving a power rectification
efficiency of 65% for 0.2-0.5 g excitation amplitudes in the frequency
range of 3-10 Hz. The smoothing capacitor size results from a trade-
off between the dampening of the mean power peak in the FRFs and
the reduction of the voltage ripple potentially harmful to the circuit.
Experimental load tests show that the resistive load maximizing GVEH
output power shifts from 600 Q in AC to 1800 Q in DC with the
smoothing capacitor. This phenomenon results in a mismatch between
the PMIC equivalent resistive load and the optimum power extrac-
tion, worsening the conversion efficiency. Further analysis for a better
impedance match should be performed since the smoothing capacitor is
mandatory for voltage ripple reduction of the feeding DC stable input to
the BQ25570. Afterwards, the battery management circuit efficiency is
tested during charge with active DC-DC buck-boost converter to have
fixed output voltage at 3.3 V for the load. The WSN power consump-
tion is experimentally evaluated during sleep and active phases with
different RF signal output power. The choice of 14 dBm output power
minimizes power consumption but guarantees adequate transmission
quality in a metallic structure resembling the freight train working
conditions. Finally, the WSN duty cycle influence on the average power
consumption is experimentally tested. An activity phase of one data
collection and transmission every second or more requires less power
than the generated amount of the GVEH in resonance conditions for ex-
citation amplitudes of 0.2 g and above, resulting in a net positive input
charge to the battery. The power management circuit and components

design process is experimentally validated to guarantee long-lasting
and reliable performance of the device under laboratory resonance
conditions. Future works will involve the experimental in-field tests
of the GVEH to evaluate the input charge under real freight train
vibrations during working conditions. The duty cycle will be optimized
considering real extracted power on the train, exploring the possibility
of an adaptive solution for the specific monitored variables and the
train activity during the day.
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