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Featured Application: Gravitational energy harvesters can be destined to freight railcars moni-
toring applications as a power supply for sensorized wireless nodes, thus creating Autonomous
Internet of Things (AIoT) devices.

Abstract: Energy harvesting is a promising technique for supplying low-power devices as an al-
ternative to conventional batteries. Energy harvesters can be integrated into Autonomous Internet
of Things (AloT) systems to create a wireless network of sensor nodes for real-time monitoring of
assets. This paper shows a design and optimization methodology for gravitational vibration-based
electromagnetic energy harvesters (GVEHSs) of different sizes considering the design constraints
of its real application. The configuration, analytical model, and electro-mechanical coupling of
these devices are described in detail. A numerical model is developed in the Ansys Maxwell FEM
environment to derive the non-linear stiffness and damping of the asymmetric magnetic suspension.
Experimental laboratory tests on three harvester prototypes are compared to numerical results of
dynamic simulations in MATLAB/Simulink for the validation of the proposed model through error
estimation. The fully-parametric validated model is used to perform sensitivity analyses on the
device’s mechanical characteristics of natural frequency and magnet equilibrium position by varying
the fixed and moving magnets dimensions. The set of magnets composing the magnetic spring is
chosen complying with the application design constraints of size and resonance frequency tuning.
Coil parameters of length and number of turns are optimized for maximum output power generation.
The optimized device simulated performances are compared to other devices in the literature in
terms of NPD, a significant index that evaluates power density under different excitation amplitudes.
The optimized harvester presents the highest NPD value of 2.61, achieving an improvement of 52%
with respect to the best harvester amongst the three tested prototypes.

Keywords: vibrational energy harvesting; magnetic spring; numerical model; experimental tests;
optimization; Autonomous Internet of Things

1. Introduction

Energy harvesting is an emerging solution for the conversion of ambient energy into
electric energy. The recent trend in the research field is the use of energy harvesters to
power Internet of Things (IoT) devices, in particular wireless sensor nodes (WSN). The
main goal is finding an alternative sustainable, reliable and cost-effective power source
to replace batteries for remote monitoring applications [1]. These devices can be used in
different sectors, from industrial to transportation, healthcare and smart homes [2]. Energy
harvesters are classified by the type of energy source (thermal, wind, solar, waves, vibra-
tions) and the conversion methodologies. The amount of generated power is usually from
tens of micro-Watt to milli-Watt, depending on the conversion methodology, efficiency,
and environmental conditions [3]. In the industrial and vehicle fields the most promising
energy harvesting methodology is the exploitation of mechanical energy coming from
ambient vibrations. These can be easily harvested as kinetic energy and converted into
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electric power [4]. Vibrational electromagnetic energy harvesters (VEHSs) can be classified
by the transduction mechanism in piezoelectric (refs. [5-7]), electromagnetic, and tribo-
electric harvesters [8]. The electromagnetic energy harvester working principle relies on
Faraday’s law of voltage induction thanks to a variable magnetic flux generated by the
relative motion between a magnet and a coil [9]. The most common configurations for
electromagnetic energy harvesters are spring-mass-damper 1DOF (one degree-of-freedom)
systems. The maximum power conversion happens at the resonance frequency of the sys-
tem. Consequently, one of the relevant design issues is the correct tuning of the resonance
frequency with the fundamental excitation frequencies of the ambient vibrations of the
specific monitored system on which the harvester is installed. Linear generators using
traditional mechanical springs show limited bandwidths for effective power generation,
hence solutions to improve the conversion efficiency should be studied [10,11]. An effective
solution can be the introduction of non-linearities in the system dynamics, more specifically
using non-linear magnetic springs. Magnetic suspensions have significant advantages with
respect to the use of mechanical springs. The absence of mechanical systems leads to an
improvement in durability and maintenance reduction. Magnetic springs show resonance
conditions at a low-frequency range, thus being compatible with harvesting applications in
industrial vehicles [4,12].

In recent years, many researchers have studied different configurations of magnetically-
suspended VEHs (MVEHs) to maximize generated power. Foisal et al. [13] have studied a
multi-frequency MVEH consisting of an array of four generators to enhance power density
and broaden the frequency band. Zhao et al. [14] developed a small-sized MVEH to harvest
human body mechanical motion with an optimized design to maximize output power.
Cronin et al. [15] investigated the exploitation of in-plane vibrations realizing two planar
MVEHs to easily integrate printed circuit boards in the design. Vidal et al. [16] designed
an MVEH with a self-adaptive structure, capable of coil switching with active feedback
control to improve conversion efficiency at different excitation frequencies and amplitudes.
Hossain et al. [17] developed a device capable of stiffness tuning using magnetic rotors.
Our research group has carried out previous works regarding MVEHSs applications in the
railway and biomechanical fields [18,19]. Both numerical and experimental approaches
were adopted to investigate the dynamics of the magnetic suspension and its conversion
efficiency [20,21]. The peculiarity of our devices is the use of an asymmetric magnetic
suspension with only one fixed magnet at the bottom. These devices are called gravitational
vibrational energy harvesters (GVEHSs) since they exploit gravity actions as the restoring
force due to the absence of the top fixed magnet. This configuration shows a non-linear
“softening” behavior that reduces the system’s natural frequency as the excitation amplitude
increases. The realization of a two-degrees-of-freedom system has led to a performance
improvement in terms of frequency broadening and power generation [22].

The purpose of this study is to provide a design and optimization procedure for
GVEHs, performing sensitivity analyses based on both numerical simulations and experi-
mental validation on multi-scaled prototypes. The purpose of the proposed procedure is
to design the best-performing device suited for a specific application, having compatible
size and resonance conditions tuned to the fundamental frequencies range of the random
vibrations carrying the highest energy content. Some authors have investigated the design
strategies for MVEHs with symmetric springs through numerical simulations only without
experimental comparison on real prototypes [23]. Others performed design optimization of
MVEHs both experimentally and numerically but do not consider specific application con-
straints for the design process, [24]. Most of the authors focus only on the maximization of
the prototype output power in laboratory tests but do not follow a proper design approach
since the real application constraints are not considered [25,26]. The magnet’s dimensions
should not be chosen based only on power criterion, as they affect the dynamics in terms of
resonance frequency, equilibrium position and overall system size. These factors are often
design constraints in the real application system on which the VEH should be installed,
having its own fundamental frequencies during vibration and installation limits. A numer-
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ical modeling technique for GVEHs is proposed using a combination of Ansys Maxwell
FEM environment and MATLAB/Simulink. The numerical model is necessary to derive
non-linear stiffness and damping characteristics and to simulate the system’s dynamic
behavior. The proposed modeling approach is applied to three GVEH prototypes having
different sizes. Numerical results of dynamic simulations are compared to experimental
data from laboratory tests on the prototypes for validation of the modeling technique.
The validated model is then used to perform sensitivity analyses of the system resonance
frequency and equilibrium position by varying both fixed and moving magnet dimensions.
These analyses allow us to evaluate the two magnet volumes of the asymmetric magnetic
suspension that comply with the design constraints of the destined application and gener-
ate the maximum possible power. Coil length and the number of turns optimization is the
final step of the design process for maximizing the device performance.

Section 2 shows the materials and methods used in the paper. Firstly, the configura-
tions of the tested harvesters and their main design parameters are displayed. Secondly,
the analytical model of the GVEH is described along with its equation of motion and
electro-mechanical coupling of the transducing mechanism. Then, the derivation method
of the stiffness and damping non-linear characteristics from Ansys Maxwell numerical
simulations is presented. Moreover, it features a description of the experimental apparatus
used for laboratory tests on prototypes in order to validate the numerical model. Section 3
reports and compares the results of numerical dynamic simulations in MATLAB/Simulink
and experimental tests on prototypes. Consequently, the validated model is used to per-
form the sensitivity analyses for the optimization procedure of the set of magnets and the
coil parameters. The simulated performances and characteristics of the resulting optimized
device are compared to the three tested prototypes and other similar devices in the liter-
ature. Section 4 reports final conclusions on the proposed optimization procedure and
future works.

2. Materials and Methods

The devices analyzed in this work are cylindrical IDOF GVEHs. The main components
of these systems include a suspended moving magnet, a fixed magnet at the bottom and
coils wrapped around a tube. Three different configurations are studied, varying the
magnets, the tube dimensions, the presence of the internal guide, the number of turns, and
the axial location of the coils. For sake of simplicity, the configurations are referred to as
EH1, EH2, and EH3 with increasing sizes. A schematic representation of the three energy
harvesters can be seen in Figure 1. The values of the highlighted main dimensions are
reported in Table 1. These devices have magnets sizes that are chosen to tune the resonance
frequency in the range of 3-6 Hz. The configurations have different stiffness tuning and
global dimensions, in order to experimentally evaluate different dynamics and power
generations, thus having a deeper knowledge of the design optimization procedure. To
achieve this purpose, the configurations present moving and fixed magnets with different
dimensions, thus changing the system resonance frequency and the magnetic flux linkage
with the coils. All the magnets in the three configurations are made of NdFeB42. The
dimensions of moving and fixed magnets for all configurations are reported in Table 2.

Table 1. Main dimensions of the energy harvesters.

Configuration Dyt (mm) H;ot (mm) Dg (mm) zo (mm)
EH1 31 90 8 20
EH2 36 170 - 37

EH3 56 220 5 46
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Table 2. Main dimensions of the magnets.

EH1 EH2 EH3

H00 =30 mm H00 = 30 mm H00 =30 mm
Moving magnet Dinov,ext =20 mm Dinov,ext =30 mm Dinov,ext = 50 mm
Dmov,int =10 mm Dmov,int =/ Dmov,int =5mm

Hf,fx=6mm HﬂX:lme Hfix=18mm
Fixed magnet Dfixext =20 mm Dixext =20 mm Dix,ext =20 mm
Dfix,int =10 mm Dfix,int =10 mm Dfix,int =10 mm

Dext
. Dg

Internal guide

Moving magnet

—
Htot

coit I -
Fixed magnet 1
valin iyl
EH1 EH2 EH3

Figure 1. Schematic representation of the harvesters.

Different tube lengths are adopted in order to enable adequate strokes compatible
with the specific configuration stiffness. Each device has coils with different dimensions,
number of turns, and resistance, but has the same material (enameled copper) and the
same cross-section diameter of 0.1 mm. The coils in each configuration are placed along the
tube at different heights to find the axial location of the coil that optimizes the generated
power. This phenomenon is linked to the variation of the magnetic flux linkage of the coils
during the motion of the suspended mass. Further details on this behavior can be found in
Section 2.1. Table 3 shows the main characteristics of the coils for EH1, EH2, and EH3.

Table 3. Main characteristics of the coils.

Configuration H_,i; (mm) D_yi; (mm) Nturns Reoir ()
EH1 5 30 480 100
EH2 10 38 280 70
EH3 15 58 710 270

2.1. Analytical Model

The analytical model of the generator consists of a 1IDOF non-linear mass-spring-
damper system [27]. The seismic mass m of the system is the moving magnet which is
suspended thanks to the repulsive force of the fixed magnet at the bottom. The stiffness k is
related to the magnetic suspension. The damping characteristic derives from two compo-
nents: mechanical due to the viscous action of the air and friction (c,;s), electromagnetic
due to the induction of parasitic currents in the coils (c.n;) [28]. External inputs on the
system generate out-of-phase oscillation motions of the moving magnet. The transducing
mechanism consists of the time variation of the magnetic flux linkage of the coils due to
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the relative motion of the mass inside the tube, thus inducing an electromotive force. A

representation of the system analytical model is shown in Figure 2a. The equation of motion

of the system (1) is a second-order differential equation expressed in the variable z, which

is the relative motion coordinate of the moving magnet with origin in the equilibrium

position [20].

_ o@D, KB Ly sin(on) )
m m

where:

*  zis the relative motion coordinate of the moving magnet;

*  m is the seismic mass of the moving magnet;

® ot is the sum of viscous damping c,;s and electromagnetic damping ce;
¢ kis the non-linear stiffness of the magnetic spring;

* YY) is the external acceleration amplitude of sinusoidal input;

* () is the pulsation of the external excitation.

The device configuration is characterized by an electro-mechanical coupling. The
induced electromotive force and the generated power depend on the moving magnet speed
and displacement. Therefore, the electromagnetic subsystem needs to be studied separately
and coupled with the mechanical subsystem to correctly analyze the system behavior. The
electromagnetic subsystem is modeled as a purely resistive circuit where the harvester is
the AC source, having an internal resistance R,;;, connected to the external resistance R,,4
that needs to be properly optimized for maximum power generation in each configuration.
The scheme of the electromagnetic circuit of the harvester is reported in Figure 2b.

@ 2]

@ @ Reoil

@ @ A

o @ ’ . -
m Z( ) I Veail

Veh Viead %le
k Cc%{};ﬁ_‘l TYo S ) (

D

(a) (b)

Figure 2. (a) Scheme of harvester mechanical subsystem. (b) Scheme of harvester electric circuit.

The electromagnetic coupling coefficient ke, (z) derives from the variation of the
magnetic flux during the moving magnet oscillation (2). The coefficient directly links the
voltage to the moving magnet speed (3) and defines the electromagnetic damping force
acting on the moving mass (4)—(5).

dd

kem(z) = Tz ()
dd Add dz .
Ven = 7R e kemZ(t) @)
(1)

Fem—kem t:kz L:em (¢ 4
(2) (1) = Ken(2)% g — = can(2)x2(1) @

ke (2)

=0 @)
Rcoil + Rload
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EXCITATION

Coils dimensions and location along the tube need to be properly designed in order to
extract the maximum amount of power from the system. Coil resistance is depending on
the cross-section area and material of the wires (copper resistivity pc,), number of turns,
and mean diameter of the coil (6).

Reoit = f;z)& X dcoil,mean X Nturns (6)
wire

An increasing number of turns results in a higher coupling coefficient but also greater
damping, thus modifying the moving magnet speed and the variation of flux linkage
in time. The coil axial length and location along the tube play a critical role in power
generation because they affect the flux linkage variation during the magnet oscillation.
The optimum load resistance value depends not only on the coil resistance but also on the
electromagnetic coupling coefficient and viscous damping, hence on the moving magnet
dimensions [29].

2
Rload,opt = Reoit + ktﬂ 7)
CUlS

Equations (1)—(5) are implemented in a MATLAB/Simulink model for dynamic simu-
lations of the system to obtain the moving magnet position, speed, acceleration, induced
voltage, current, and generated power on the load for each time step. The Simulink block
scheme is shown in Figure 3 and needs the stiffness and damping characteristics to be
defined for each harvester configuration. Ansys Maxwell software for FEM analyses is
essential for this study as it allows us to numerically evaluate the characteristics mentioned
above. The stiffness and damping data obtained from Ansys simulations are thus inserted

in the Simulink model as 1D Look-up Table blocks.

1 )
POSITION Las Votmaae

2 »
SPEED CURRENT
2
»( 3 > D|
ACCELERATION POWER

¥

MECHANICAL SUBSYSTEM ELECTROMAGNETIC SUBSYSTEM

Figure 3. Simulink block scheme.

2.2. Numerical Model

Ansys Maxwell software allows us to perform magnetostatic and transient electromag-
netic simulations to evaluate the force of the magnetic springs and the magnetic flux linkage
through the coils. Models for the three harvesters are built in 2D cylindrical coordinates
given the axisymmetry of the configurations. Figure 4a,b show the magnetic field resulting
from the magnetostatic analysis (a) and the flux linkage from the transient electromagnetic
analysis (b) for EH3 configuration with the moving magnet in its equilibrium position. The
magnitude of the magnetic repulsive force and of the magnetic flux linkage both depend
on the position of the moving magnet inside the tube. This dependence introduces non-
linearities in both stiffness and damping characteristics, as the moving magnet position
varies in time under external excitation. A numerical approach is necessary to derive the
system characteristics which determine the dynamics behavior of the energy harvesters.

The main mechanical characteristics of the harvesters are the stiffness of the magnetic
spring k and the viscous damping c,;;. Magnetostatic analyses in Ansys Maxwell need to
be performed for the definition of the stiffness characteristic. The moving magnet position
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is swept from the bottom of the tube, ideally touching the fixed magnet, to the top. The
simulations enable the evaluation of the distribution of magnetic field vectors created by
the two opposing magnets for each step of the moving magnet position, as Figure 4 shows.

Bteslal | | / A [Weber]

[kl g o
08000| || /7. "‘\\\ %ol 0.00E+00 —
. o 4
} ."'l: v N
orao| [/ /NN LHED5
f ] A B T T L V|
Rt L IE B 2
0.6400 it e NN \ gk 17 4 52605
05600 || | i-’ | §T7E05
o4s00| | | 803605

0.4000 -113E-04

135204

03201] § %\ x
¥

0.2401 -158E-04

0.1601 -181E-04
|

0.0801| | -203E04

0.0001 -2 Z6E-04

(b)

Figure 4. (a) Magnetic field vectors for EH3. (b) Magnetic flux linkage for EH3.

For every position of the moving magnet, Ansys Maxwell computes the corresponding
repulsive force between the two magnets of the system Fy,0(z). As stated in [30], the
magnetic force acting between two magnetic dipoles having the same magnetic moment
and their axes aligned is proportional to 1/z*. Even though the magnets in the three
configurations have significantly different magnetic moments, the proposed function fits
the simulation data quite precisely. The expression of the function is the following:

)= P
Fnag fit(2) = 21 112% + 222 + 32+ 4 ®)

The coefficients are determined in the MATLAB environment for each harvester config-
uration. Figure 5 shows the plots of the magnetic force fitting curves for EH1, EH2, and
EH3 compared to the simulation data. The stiffness characteristic can be easily obtained by
deriving again the magnetic force fitting function with respect to z.

k(z) = %'Zf”(z) )

The computation of the magnet equilibrium position can be done by finding the coordinate
zo at which the magnetic force function equals the moving magnet weight.

Funag,fit(20) = Fo = mg (10)

The system can be linearized by evaluating the stiffness in the equilibrium position and the
corresponding linear resonance frequency.

1 [k(zo) 1 [2g
fn—ﬁ T_E\/; (11)

Table 4 summarizes the main results of static simulations on the three harvesters.
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Table 4. Static simulations results.

Configuration zo (mm) ko (N/m) fn (Hz)
EH1 25 52 5.0
EH2 35 102 3.8
EH3 42 213 3.4
EH1
40 . ; ; ; . ; . ;
= x  Maxwell data ‘
Rl —— Fitting function | |
ke
o 20F 1
% X
= 10F =
& \
> R
Ok I B— L ¥ - - 1
0 5 10 15 20 25 30 35 40 45 50
Moving magnet position (mm)
EH2
A4D T T T T T T T T
< x  Maxwell data
g 30T —— Fitting function | |
u‘é 3
S 20t 1
g0
S 10 1
1] b
= 0 T— g |
0 5 10 15 20 25 30 35 40 45 50
Moving magnet position (mm)
EH3
40 ; ; ; , : ; :
Z 7 x  Maxwell data
® 30T —— Fitting function | |
ke
5 20F 1
2 \
Sor x 1
s \“\K—g._‘-_
E 8] 1 i i i i i ¢ i } =<
0 5 10 15 20 25 30 35 40 45 50

Moving magnet position (mm)
Figure 5. Magnetic force curves for EH1, EH2, and EH3.

Another mechanical characteristic of the system is the viscous damping due to air
action and surface friction of the moving magnet. The damping coefficient is considered
a constant and is defined through experimental tests on the devices. Free-fall tests of the
moving magnet are carried out on the experimental apparatus (described in Section 2.3).
The harvester time response of output voltage signal is processed to extract the damping
value. As can be seen in Figure 6 the peaks of the output signal are interpolated with an

exponential function of time:

y= ae b

(12)

where b is the exponential decay constant that allows us to evaluate the viscous damp-

ing [31].
Cpis = 2mb

(13)

Table 5 shows the obtained values of viscous damping for the three configurations and the

corresponding damping factor computed following this formula:

R Cois __ Cois
gvzs =

Cois,crit 24/ kom

(14)
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The results show that EH1 and EH3 configurations, both having an internal guide, have an
almost identical viscous damping factor that is slightly higher than EH2. Therefore, the
internal guide may increase the mechanical damping factor. However, the internal guide
may be useful in real applications where the excitations are not perfectly aligned with the
moving magnet axis, allowing us to reduce undesired transversal motions and rotations
that may arise.

10 ' - I
e, — Voltage signal

™ ——y = aexp(-bt)

Voltage (V)
=

0 0.5 1 1.5 2 25 3
Time (s)

Figure 6. Exponential decay of viscous damping for EH1.

Table 5. Viscous damping values of the energy harvesters.

Configuration Cypis (Ns/m) Cois,crit (Ns/m) Cois
EH1 0.16 3.29 0.049
EH2 0.27 8.08 0.034
EH3 0.96 19.0 0.05

The harvester electromechanical coupling depends on two key characteristics, which
are the electromagnetic damping and coupling coefficient. These characteristics are non-
linear since they depend on the time variation of the magnetic flux linkage across the coils
during the magnet oscillation. The induced electromotive force is directly dependent on
the moving magnet speed, hence the generated power. Transient simulations in Ansys
Maxwell are performed for the evaluation of the magnetic flux linkage across the harvester
windings. The output of the numerical simulations is the curves of the magnetic flux
for different positions of the moving magnet inside the tube, as can be seen in Figure 4b.
Each simulation is carried out by connecting only one coil at a time and for all three
configurations. Afterward, the electromagnetic coupling coefficient and damping can be
easily determined following Equations (2) and (5). The obtained curves are reported in
Figure 7 for each harvester.
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EH1 EH2 EH3
40 40 40
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Figure 7. Electromagnetic coupling coefficient and damping curves.

2.3. Experimental Setup

The experimental tests on the harvester prototypes, whose results are reported and
discussed in Section 3.1, are performed on a dynamic workbench for evaluation of their
performances and for load optimization. The experimental setup and its logic flow are
schematized in Figure 8. A picture of the real experimental setup is shown in Figure 9.

Visual Interface

Voltage

DAQ

Amplifier Shaker

Figure 8. Experimental setup logic flow.
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EROMETER

SHAKER

Figure 9. Experimental setup picture.

The energy harvester prototypes are mounted on the moving base of a shaker (TIRA
TV51120) that imposes the ideal sinusoidal acceleration input. The shaker is supplied by a
DAQ with LabView software (National Instruments, Austin, TX, USA) and an amplifier
(BAA 500) with variable gain control (TIRA GmbH, Schalkau, Germany). The closed-loop
feedback signal for the computation of the gain is performed by a piezoelectric accelerome-
ter (PCB Piezotronics, Depew, NY, USA), which is fixed on the prototype base. The energy
harvester output voltage signal is measured across a resistive load. The resistance can be
freely changed during load tests for optimization of the generated power.

3. Results and Discussions

The purpose of this work is to create a parametrized model for the three different-
scaled harvesters in order to study the influence of the magnetic suspensions and the coils
on the dynamics and performance via sensitivity analyses. The model needs to be validated
by comparison with the experimental results of the prototypes on the dynamic workbench.

3.1. Experimental and Numerical Results

The dynamic behavior of the harvester system can be studied through the evaluation
of the Frequency Response Functions (FRFs). These curves show the harvester perfor-
mances when different excitation amplitudes and frequencies are applied to the system.
The non-linear softening behavior of the device can be highlighted by analyzing the FRFs.
The non-linearities cause the resonance frequency of the system to decrease as the exter-
nal excitation amplitude increases. The FRFs evaluation is performed both numerically
and experimentally for model validation. FRFs are reported in terms of the root mean
square value of the generated power on the load. Numerical dynamic simulations are
performed in MATLAB/Simulink environment by introducing the non-linear stiffness
and electromagnetic characteristics resulting from Ansys Maxwell numerical simulations.
Experimental FRFs are obtained by testing harvester prototypes on the dynamic workbench
described in Section 2.3. Results are computed using the optimum resistive load described
in Section 2.1 and connecting only the coil that maximizes the output power. Table 6 shows
the values of the variables used to compute the FRFs both for the numerical model and
experimental setup. The number of turns and R.,; values at this stage are not optimized
for the three harvesters.
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Table 6. Electric quantities used for tests.
Configuration Coil Number Rpi1 () Rioad,opt (V)
EH1 2 70 100
EH2 4 100 150
EH3 3 270 570

Simulation results need to be compared to experimental results of tests on harvester
prototypes. A satisfactory superimposition of experimental and numerical FRFs leads to the
validation of the proposed model. Figure 10 reports the comparison between numerical and
experimental RMS power FRFs of EH1, EH2, and EH3 for different excitation amplitudes
from 0.1 g to 0.3 g. For the purpose of quantifying the preciseness of these models, an error
between the numerical and the experimental results in terms of power should be computed.
A comparison method can be the evaluation of the relative error in terms of RMS peak
power and resonance frequency between the model and the experimental ones:

Pyeak,model — Ppeak experimental
err peak /o = P peenerp %100 (15)
Ppeuk,experimental
Woyeak,model — Wyeak,experimental
erT freq%o = P P P %100 (16)
Wpeak experimental

Table 7 shows the errors obtained for EH1, EH2, and EH3. The peak errors between the
model and experimental results are negligible for all the harvesters and different excitation
amplitudes. The errors on the resonance frequencies are definitely low, confirming the
ability of this model to identify correctly the resonance conditions. This quality is relevant
considering the key role of tuning the resonance frequency to the external excitation
fundamental frequencies for maximum power generation. The superimposition of the
curves leads to overall fine results for all the harvesters. This positive outcome of the
study allows confirming the validity of the proposed model to describe the dynamics
and transducing mechanism of different-scaled GVEHSs. The following step is to perform
sensitivity analyses on the fully-parametrized model to define the optimization process of
the devices.

Table 7. Peak and frequency relative errors for EH1, EH2, and EH3.

Excitation Amplitude (g) ertpeak (%) ertfreq (%)
EH1 =1.64 EH1 =1.64

0.1 EH2 =3.84 EH2=0
EH3=2.13 EH3 =294

EH1 =1.96 EH1 =0

0.2 EH2 =5.25 EH2=0

EH3 =4.04 EH3 =0
EH1 =1.30 EH1=1.70
0.3 EH2 =3.16 EH2 =3.03

EH3=7.13 EH3 =333
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Figure 10. Experimental and model FRFs comparison for EH1, EH2, and EH3.

3.2. Design Optimization

The validated model can be used for the numerical optimization of the harvester
size and performance. The optimization phase is based on a design approach considering
the application of the harvester and its constraints. The main design issue for a VEH is
to tune its natural resonance frequency to the fundamental excitation frequency of the
harvested vibrations. For this reason, the optimization of the generated power is not
sufficient and should be performed along with the sizing and tuning process. This paper
studies the influence of the magnet’s dimensions on the GVEH asymmetric magnetic
suspension characteristics of resonance frequency and equilibrium position. Sensitivity
analyses on the diameter and height of both moving and fixed magnets allow us to evaluate
the configuration of the suspension that has the target natural frequency of the destined
application. Moreover, the study on the equilibrium position is linked to the tube length
to give a proper stroke to the moving magnet in the asymmetric suspension. Once the
target frequency and equilibrium position are matched, a study on the optimization of
the generated power can be performed to maximize the efficiency of the device already
complying with the design constraints of the application.

As mentioned in Section 2.1, the asymmetric magnetic suspension consists of only one
fixed magnet at the bottom end of the tube and a moving magnet that oscillates under the
action of the magnetic repulsive and gravitational restoring forces. Ring-shaped magnets
are used in this study due to the use of the internal guide in the tube. Consequently,
the magnets parameters that are studied in the design stage are the external diameter,
internal diameter, and the height along the axial direction. Table 8 reports the details of the
configurations adopted in the numerical model for the sensitivity analyses.
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Table 8. Sensitivity analyses descriptions.

Sensitivity Analysis Fixed Magnet Moving Magnet
Dfix,ext =12-40 mm ! Diov,ext =30 mm
Fixed magnet external diameter Dfixint = 10 mm Do, int=/
Hfix =12 mm Hj00=30 mm

Dfix,ext =20 mm
Dfix,int = 0-14 mm
Hfiy =12mm

Dmov,ext =30 mm
Dmov,int =/
Hioo = 30 mm

Fixed magnet radial thickness

Dfix,ext =20 mm
Dfix,int =10 mm
Hyg;y = 6-30 mm

Dmov,ext =30 mm
Dmov,int =/
Hiy00 =30 mm

Fixed magnet height

Dyixext =20 mm
Moving magnet external diameter and height 2 Dyiy,int = 10 mm
Hyix = 6/12/18 > mm

Dinov,ext = 15-40 mm
Dmov,int =/
H,,00 = 15-40 mm

Dmov,ext =30 mm
Diov,int = 0-16 mm
H00 =30 mm

Drixext =20 mm
Dfix,int =10 mm
Hpjy =12mm

Moving magnet internal diameter

1 Bold characters represent the variable dimensions of the corresponding sensitivity analysis. 2 Diameter and
height vary together with a fixed ratio equal to 1. 3 The analyses are performed for the three fixed magnet
dimensions of EH1, EH2, and EH3, respectively.

The first sensitivity analysis is performed on the fixed magnet. The external diameter,
radial thickness, and height variables are changed one at a time, keeping the others at
a constant value. The moving magnet has the dimensions of EH2 configuration for all
the sensitivity analyses of the fixed magnet, in order to have a comparison between the
simulations and experimental results. Figure 11 reports the outcome of the study on the
fixed magnet dimensions. The equilibrium position is referred to the air gap between the
upper face of the fixed magnet and the lower face of the moving one. The curves show that
increasing the volume of the moving magnet, whether via diameter or height, the resonance
frequency decreases and the air gap increases. In particular, the most sensitive parameter
is the external diameter as it generates the highest variation in terms of frequency and air
gap. This result can be related to the formulation of the resonance frequency of the GVEH
linearized system [32]:

mg

wr — |28 — - 17
! 20 ,uOHmovaix {17)
Hmov - Hc,monAmov (18)

Hfix = c,fifoix 19)

where:

*  m is the seismic mass of the moving magnet;

*  g¢is the gravitational acceleration;

* 7z is the equilibrium air gap;

* 1 is the vacuum permeability;

*  Hpoo, Hyiy are the magnetic field intensities of moving and fixed magnet, respectively;
*  Hemov, He fix are the coercive forces of moving and fixed magnet, respectively;

e Ao A fix are the pole surface areas of moving and fixed magnet, respectively;

Since the field intensity depends on the polar surface area, the greater influence of the
diameter parameter with respect to the height is justified. Moreover, increasing the fixed
magnet height results in a low increase in the air gap, which is the relative distance between
the magnet. However, the absolute position of the moving magnet increases strongly as
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it is the sum of the air gap and the fixed magnet height, hence the tube length needs to
grow to allow a proper stroke to the proof mass. The radial thickness of the fixed magnet
influences the tuning of the stiffness in a similar way to the external diameter parameter. In
the end, for the purpose of tuning the resonance frequency, it is better to variate the internal
or external diameters of the fixed magnet, keeping the height at the minimum possible
value in order to reduce the tube length and volume.
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Figure 11. Fixed magnet sensitivity analysis.

The second sensitivity analysis is performed on the moving magnet. External diameter
and height vary together keeping their ratio at a fixed value equal to 1. This study is carried
out three times using the fixed magnet of each of the three configurations EH1, EH2, and
EH3 in order to insert the experimental results and compare them with the simulation data.
The results of the analysis are reported in Figure 12. The trend linear curves for the three
configurations interpolate quite well with the experimental results of the real devices. With
increasing fixed magnet height, the slope of the trend curve decreases, hence the influence
of the moving magnet volume on the resonance frequency and air gap reduces. In all three
cases, increasing the moving magnet volume causes the resonance frequency to grow and
consequently the air gap to reduce. The influence of the moving magnet on the resonance
frequency formulation (17) is not only in terms of magnet field intensity, as happens for
the fixed magnet, but also in terms of the mass at the numerator. A sensitivity analysis is
performed also on the internal diameter of the moving magnet since an internal guide is
used for the reasons explained in Section 2.1. The outcome is not particularly relevant as
the influence on the studied variables of natural frequency and air gap is negligible.
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Figure 12. Moving magnet sensitivity analysis.

Moreover, the moving magnet sensitivity analysis should not be based only on the
mechanical characteristics but also on the electromagnetic ones, as it influences the gener-
ated power. The expression of the linearized electrical power in resonance condition is the
following [32]:
ngngg

P, =
4€%ot

(20)

where:

* (. is the electromagnetic damping factor;
® (ot is the sum of electromagnetic and viscous damping factors;

The moving magnet volume influences power in terms of mass and damping factors,
both electromagnetic and viscous as it changes the magnetic flux linkage and the friction
values. Increasing the moving magnet volume results in increasing power generation,
hence the moving magnet should be as big as possible considering the design constraints
of the device application. The fixed magnet is chosen for resonance frequency tuning and
reducing tube length. The application of these devices is the power supply of wireless IoT
sensor nodes in freight trains for structural monitoring. The vertical harvested vibrations on
the wagon coaches using Y25 bogies have fundamental frequencies around 4 Hz resulting
from Multibody simulations, depending on the train speed [19]. The installation constraints
impose that the maximum diameter of the device should not be greater than 20 mm, while
the maximum height should be 100 mm. Figure 10 shows that the fixed magnet should
have an external diameter of 20 mm for having the targeted resonance frequency of 4 Hz.
The internal diameter of 5 mm is chosen for the requirement of an internal guide. The
height value is 5 mm in order to minimize the air gap and reduce the tube length. The
moving magnet diameter is set as 20 mm in order to have the maximum possible value
to increase the generated power. The internal diameter is chosen as small as possible for
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the same power conversion reason, setting the value at 5 mm as the fixed magnet. The
moving magnet height is chosen after a sensitivity analysis on the maximum generated
power at resonance condition, reported in Figure 13. The external excitation amplitude is
0.5 g, using the optimized fixed magnet and a coil of 500 turns and an axial length of 10 mm.
The chosen moving magnet height is 30 mm as a compromise between power enhancement
and tube length for the application.
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Figure 13. Moving magnet sensitivity analysis.

Once the two optimized magnets characterizing the magnetic suspension are defined,
the optimization of the coil parameters can be performed. The two main variables are the
axial length of the coil and the number of turns, both influencing the resistance value and the
magnetic flux linkage distribution (2)—(6). This study allows us to define the combination
of the two parameters that maximize the power, as it depends on the electromagnetic
damping factor (20). The generated power is evaluated using the optimum resistive load
for each coil configuration based on Equation (7). The results of the analyses are reported
in Figure 14. The coil axial length analysis is carried out by testing values from 5 to 20 mm,
keeping the coil diameter and number of radial turns constant at 500, and applying an
external excitation of 0.5 g. The optimum value is between 11 and 12 mm, but a value of
10 mm is chosen to simplify the design and prototyping processes with a negligible loss of
performance. Then, the number of turns analysis is performed keeping the axial length
fixed at 10 mm, and applying an external excitation of 0.5 g. The resulting optimum value is
about 1500 turns with a significant improvement of generated power from about 20 mW to
about 32 mW. All the optimized parameters and performances of the final energy harvester
are summarised in Table 9.
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Figure 14. Coil axial length and number of turns sensitivity analyses.
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Table 9. Parameters and performances of the optimized energy harvester.
Component Parameters Output Variable Value
Dfix,ext =20 mm
Fixed magnet Dy int =5 mm Natural frequency 4Hz
H fix =5mm
Dinov,ext =20 mm Air gap 30 mm
Moving magnet Dyo0,int =5 mm Tube ext. diameter 25 mm
H00 = 30 mm Tube length 100 mm
Hcoil =10 mm
Coil Niyrns = 1500 Maximum power 32mW@4Hz 05¢g
Reoi1 =280 Q2

3.3. Comparison with Devices in Literature

A consistent comparison method between energy harvesters” performances is the
computation of the normalized power density (NPD). This parameter is defined as the
ratio between output resonance power and the harvester volume, normalized by the
square of acceleration input [8]. Table 10 reports NPD values of the three configurations
analyzed in this paper, the optimized harvester and similar devices found in the literature.
The performances of the harvesters in this study are aligned with most of the generators
developed in other researchers’ works. EH2 has intermediate dimensions between the other
two configurations and shows the best NPD value among the others. EH3 has the largest
size but generates power not sufficiently higher than EH2, resulting in a low NPD value.
The smallest harvester EH1 converts the lowest power amongst the three configurations but
is better optimized than EH3 as it presents a solid NPD value. The numerical simulations
on the optimized energy harvester enlighten the performance enhancement of the design
process in Section 3.2. The new device manages to reach an NPD value of 2.608, which is
the highest amongst the devices in the comparative study, improving the EH2 NPD value
of about 52%.

Table 10. Normalized power density of different harvesters.

Ref. Resonance Max. Power (mW)  Volume (cm?) NPD
Frequency (Hz) (mWem—3 g—2)
[14] 5 639@5Hz6¢g 6.77 0.262
[32] 55 43@55Hz,05¢g 120.0 0.143
[33] 11 1.09@11Hz, 04¢g 32.76 0.133
[34] 80 722@80Hz,2g 49.18 0.040
[35] 9 1.15@9Hz 08¢ 9.16 0.196
[36] 11 61.3@11Hz,04g 194.6 1.97
[37] 4.5 29@45Hz,1g 6.00 0.480
[22] 34,671 825@34Hz 04¢g 226 0.230
EH1 5.7 46@57Hz,03¢g 67.93 0.752
EH2 3.3 268@33Hz 03¢ 173.0 1.72
EH3 3 339@3Hz 03g 541.9 0.695
EH opt 4 32@4Hz 05g 49.09 2.608

! Two-degrees-of-freedom configuration.

4. Conclusions

The aim of this paper is to define a design and optimization procedure for gravitational
electromagnetic energy harvesters (GVEHSs) based on magnetic suspensions. The proposed
optimization strategy is focused not only on maximizing the generated power but also
on respecting the device application constraints. This methodology allows us to design
the best-performing device suited for a specific application. The optimization process is
based on simulations on a proposed numerical model of the GVEHs developed in Ansys
Maxwell FEM environment and MATLAB/Simulink. The fully-parametrized model allows
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us to simulate the transducing mechanism by the definition of the system dynamics and
coupling between the mechanical and electromagnetic subsystems. A numerical model is
necessary to evaluate the non-linear stiffness and damping characteristics of the system.
The model is applied to three configurations of GVEHs having different sizes, referred
to as EH1, EH2, and EH3. Experimental tests on a dynamic workbench are performed
on the three prototypes for the definition of the Frequency Response Functions of the
devices. The satisfactory superimposition between the numerical and experimental results
leads to the validation of the proposed model. The validated model can then be used
to perform the optimization procedure. The study consists of sensitivity analyses of the
effect of the magnet’s dimensions on the mechanical variables of natural frequency and
equilibrium position. The results show that by increasing the fixed magnet volume, the
system’s natural frequency reduces and the moving magnet equilibrium position grows.
In particular, the output variables are more sensitive to the fixed magnet diameter than
the height. Consequently, the tuning process is performed only by varying the fixed
magnet diameter, keeping its height at the lowest value possible to reduce the tube height
and device size. The sensitivity analyses on the moving magnet show that by increasing
its volume, the maximum resonance power grows up to a saturated value, whereas the
mechanical variables have less sensitivity than the fixed magnet. The devices studied in
this paper are destined for freight wagon structural monitoring applications, converting the
kinetic energy coming from the ambient vibrations into electrical power for wireless sensor
nodes. The design of a GVEH for this application has two main constraints which are the
installation-compatible size and the resonance frequency to be tuned to the fundamental
excitation frequency of the ambient vibrations on the freight car. The sensitivity analysis
outputs allow us to choose the combination of fixed and moving magnets that maximizes
the power and comply with the required constraints. Once the magnetic suspension is
designed, the electromagnetic circuit needs to be optimized by choosing the coil axial length
and a number of turns that maximize the generated power. The optimized transducer
resulting from this design process generates a maximum RMS value of the power of 32 mW,
applying an external excitation of 0.5 g amplitude at the resonance frequency of 4 Hz. The
normalized power density of the optimized harvester is the best amongst the other studied
devices in the literature and is 52 % higher than the EH2 configuration. Future works will
regard the realization of the optimized prototype and the circuitry for experimental in-field
tests on its capability of supplying a wireless sensor node.
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Abbreviations

The following abbreviations are used in this manuscript:

IoT Internet of Things

AloT Autonomous Internet of Things

WSN Wireless Sensor Node

VEH Vibrational Energy Harvester

DOF Degree of Freedom

MVEH Magnetically-suspended Vibrational Energy Harvester
GVEH  Gravitational Vibrational Energy Harvester
FEM Finite Elements Method

FRF Frequency Response Function

RMS Root Mean Square

NPD Normalized Power Density
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