
Eur. Phys. J. Spec. Top. (2022) 231:1517–1528
https://doi.org/10.1140/epjs/s11734-022-00498-6

THE EUROPEAN
PHYSICAL JOURNAL
SPECIAL TOPICS

Regular Article

Design study of a nonlinear electromagnetic converter
using magnetic spring
Slim Naifara , Sonia Bradai, and Olfa Kanoun

Chair for Measurement and Sensor Technology, Technische Universität Chemnitz, Reichenhainer Straße 70,
09126 Chemnitz, Germany

Received 25 July 2021 / Accepted 20 February 2022 / Published online: 8 March 2022
© The Author(s) 2022, corrected publication 2022

Abstract In this paper, an experimental and theoretical study for designing a nonlinear electromagnetic
converter-based magnetic spring is performed. The governing equation of the converter is investigated. A
special focus is given to the magnetic force acting on the moving magnet in dependence of its volume
and the geometry of the two fixed magnets, i.e., disc or ring. For the developed analytical and numeri-
cal model, the same converter volume has been used for all conducted investigations. Several parameters
have been studied that can be used to tune the nonlinearity behavior. Further, the coil axial position
was investigated analytically and experimentally. An energy harvesting prototype consisting of an oscil-
lating cylindrical magnet levitated between two stationary magnets is fabricated and evaluated through
experiments. The open-circuit voltage obtained through the analytical model has been compared to the
experiment and solutions to tune the harvester resonant frequency while maintaining its output power
density were proposed.

1 Introduction

Small portable devices and wireless sensors have been
receiving more and more attention in a large range of
applications such as track-health monitoring systems
and wireless communication devices [1]. To solve the
challenging task of developing a self or longer-lasting
power supply of portable electronic devices, harvest-
ing energy from the ambient presents a good and reli-
able alternative. Different ambient sources can be used
such as vibration [2], solar [3], and thermal gradient
[4]. Though, due to its availability and its relatively
high energy density compared to other sources, vibra-
tion source is a promising solution to harvest energy.
To convert ambient vibration to electrical energy, two
principles are mainly used which consist of the piezo-
electric and the electromagnetic. However, electromag-
netic energy converters are specifically interesting for
some applications due to their larger current output
compared to piezoelectric ones [5].
Because of the narrow frequency bandwidth of linear
electromagnetic energy harvesters, introducing nonlin-
earity in the converter design has gained increasing
interest. The challenge for the design of electromagnetic
converters is especially the ability to tune its resonant
frequency while maintaining a high power density. This
makes the compactness of electromagnetic converter in
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several studies not possible due to the required bulky
size for the used coil or magnets.
For an efficient vibration converter design, character-
ization of the dynamic response of the converter is
required. This is specifically challenging in the case
of levitation-based converters, which exploit magnetic
repulsion to keep a moving magnet oscillating between
two fixed ones at the end of a cylindrical cavity. Con-
sequently, recent research efforts have shifted towards
introducing nonlinearities into the energy harvesting
system and exploiting them to broaden the frequency
response to be able to harvest energy when ambient
vibrations’ frequencies shift. For instance, the benefits
of using a nonlinear stiffness [5,6] or nonlinear damp-
ing [7] has been found to be relevant in the dynamics
of mechanical resonators. Compared to a linear har-
vester, the frequency response of an electromagnetic
levitation-based converter has a wider frequency band-
width response and is mainly dependent on the nonlin-
ear magnetic spring force [8].
Besides, a variety of electromagnetic converters based
on the magnetic spring principle have been reported
in the literature. In [5], the design and modeling of a
magnetic spring-based energy harvesting from human
motions were reported. The proposed design consists of
two-disc magnets fixed to both ends of a hollow tube
where a magnetic stack moves inside. The system can
generate up to 10.66 mW average output power from
the swing motion of the leg at a speed of 8 km/h. A
novel magnetoelectric harvester device that uses mag-
netic forces to levitate an oscillating center magnet
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was proposed in [9]. The authors have investigated
the potential of system nonlinearities to improve the
energy harvesting capability using two outer disc mag-
nets mechanically attached to threaded support while
tuning the device resonant frequency by simply chang-
ing the spacing between the upper and lower magnets.
In [10], a detailed study of vibration energy harvesting
using the magnetic spring principle has been presented.
Here, a similar structure was used to implement the
magnetic spring nonlinear oscillators but based on two
stationary ring magnets. The effect of several structure
parameters to tune the harvester resonant frequency
was evaluated and discussed. In another effort, in [11],
the authors presented an enhanced magnetic spring-
based vibration energy harvester which consists of a
levitated magnet, a spring-guided magnet, and coils and
is able to generate 1.97 mW/cm3 g2 at 0.4 g.

Based on the state of the art, only specific parameters
are optimized such as the number of coil turns, mag-
net position, and output voltage. Nevertheless, several
parameters are not well investigated in other research
works, which influence the dynamic behavior of the con-
verter, hence its energy outcome.

In particular, this work aims to investigate all param-
eters of the electromagnetic converter and study their
influence at the level of the converter behavior. The
study of the friction effect on the moving mass is cru-
cial and affects the converter behavior. This includes
the contact between the moving mass and the fixed
part of the converter, which is investigated in this work.
As well, the geometry of the magnet itself (ring or
disc geometry) and its size are studied. The conducted
investigations in this work include numerical, analyt-
ical, and experimental evaluation aiming to study an
efficient and generic methodology for the optimization
of the design of an electromagnetic converter with high
power density. The paper aims to provide a detailed
analysis of several design parameters, including even
the size and the geometry of the used magnets due to
their direct effect on the harvester performance. This
work concerns also the possibility to operate in different
oscillating environments such as automotive vibrating
devices and industrial equipment characterized by low
vibration amplitudes and frequencies. Specifically, the
conceived harvester can be employed to harvest energy
from vibration induced by passing trains [12].

This paper is organized as follows; in Sect. 2, the
proposed harvester structure is presented. Section 3 is
devoted to the analytical models of magnetic spring
force and the coil-induced voltage. In Sect. 4, the influ-
ence of the magnet geometry and volume are studied
through finite-element analysis. In Sect. 5, obtained
results and experimental validation are presented and
evaluated.

2 Harvester design

This work investigates the design of a vibration elec-
tromagnetic converter. Figure 1a shows the converter

structure, which is implemented in a cavity of a M14 ×
98 mm screw and has a total volume of 12 cm3. To
ensure that the harvester has good robustness, the mov-
ing part is the inner magnet and the coil wires are
placed away from that moving part. In particular, the
coil wires are passing through a hole ending up to the
screw head, where they are directly connected to the
energy management circuit placed on the screw head.
The electromagnetic vibration converter is based on the
magnetic spring principle, i.e., three magnets arrange-
ment, as depicted in Fig. 1b, c. It consists of a disc mag-
net levitating between two fixed rings or discs magnets
due to an applied vibration source. The size of magnets
and their effects on the converter response are subject of
numerical and analytical investigation in this work. The
levitated magnet is surrounded by a coil fixed on a thin
aluminum foil. The aim of including the aluminum foil
is to reduce the friction between the magnet and coil,
which has an important role in the magnet dynamic
behavior, hence on the converter response. The size of
the levitated magnet and its position are as well investi-
gated. For the magnet and the coil, NdFeB42 and cop-
per are used as materials, respectively. Upon external
vibration, the moving magnet moves relative to the ver-
tical axis in the air gap between the two fixed magnets,
and its kinetic energy is converted into electric energy
through the coil based on Faraday’s law of induction.
The system parameters are given in Table 1.

3 Analytical modeling

3.1 Governing equation

The magnetic spring-based energy harvester can be
modeled as a mass–spring–damping system subjected
to base point excitation as shown in Fig. 2. M , C, K,
z(t) and y(t) are the moving mass, the damping coeffi-
cient, the spring stiffness coefficient, the displacement of
the moving mass, and the applied excitation to the sys-
tem, respectively. The equation of motion is expressed
by the following equation:

Mẍ − Fc − Fm = −F (t), (1)

where x, Fc, Fm and F (t) present the absolute displace-
ment of the moving mass, the damping force, the mag-
netic force of the spring, and the external force due
to the applied excitation, respectively. The relative dis-
placement of the moving mass relative to the applied
displacement y is defined by z = x − y. Equation 1 can
be expressed as follows:

z̈ + 2ζωż +
Fm

M
= −ÿ, (2)

where ζ is the damping ratio, ω is the angular natural
frequency, and y is the applied displacement.
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Fig. 1 Converter
structure. a Prototype, b
schematic with fixed disc
magnets, c schematic for
fixed ring magnets

Table 1 Parameters used for the converter design

Parameter Designation Value

L Distance between the center of the fixed magnets 94 mm
D Screw diameter M14
din Fixed magnet inner diameter 5 mm
dout Fixed magnet outer diameter 10 mm
d Disc fixed magnet diameter 10 mm
h1 Fixed magnet height 4 mm
d Moving magnet diameter 8 mm
h Moving magnet height 8 mm
Vm Moving magnet volume 4.02 × 10−7 m3

N Number of coil turns 400 turns
wd Coil wire diameter 0.1 mm
lc Coil length 8 mm
dc Coil diameter 11 mm
Bf

r Remnant flux of each of the fixed magnets 1.32 T
Bm

r Remnant flux of the moving magnet 1.32 T
C Mechanical damping 0.037 kg s−1

Fig. 2 Vibration energy
harvesting model as
mass–spring system K

M

C

y(t)

z(t)

3.2 Open-circuit voltage evaluation

The aim of this section is to evaluate the open-circuit
voltage of the harvester, which is based on the pre-
sented approach in [11,13], the magnetic vector field,
Bv caused by the moving magnet is similar to that of a
point magnetic dipole. The magnetic flux, φf , through
the coil can be expressed as presented in the following
equation:

φf (t) =
N

lc

∫∫∫
Bvψ dψ dθ dκ, (3)

where (ψ, θ, κ) are the vector positions of the point of
evaluation. The open-circuit voltage induced in the coil
can be expressed as a function of the magnetic flux, φf

as follows:

Voc = −∂φf (t)
∂t

= −ż
∂φf

∂z
. (4)

Consequently, for the system under consideration pre-
sented in Fig. 1, the open-circuit voltage is given as
shown in the following equation:

Voc =
Nd2

cB
m
r Vmż

lc

(
1

([lc − 2(z − α)]2 + d2c)3/2

− 1
([lc + 2(z − α)]2 + d2c)3/2

)
,

(5)

where α is the coil axial position and Bm
r is the remnant

flux of the moving magnet.
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3.3 Nonlinear magnetic spring

To determine the analytical expression of the magnetic
spring force, the following assumptions have to be con-
sidered: (1) both the top and bottom magnets have
uniform magnetization, and (2) the moving magnet is
in repulsion to both fixed magnets (see Fig. 1b). The
scalar magnetic potential generated by the top fixed
magnet can be expressed in the form of [11,14]

χ(z) =
Bf

r

4μ0

(√
dout

2 + (2z + h − L)2 +
√

din
2

+ (2z − h − L)2

−
√

dout
2 + (2z − h − L)2 +

√
din

2 + (2z + h − L)2
)

,

(6)

where Bf
r is the remnant flux of each of the fixed mag-

nets. The relation between the z -component of the mag-
netic flux density and the scalar magnetic field potential
is given by

B(z) = − μ0
dχ(z)

dz
. (7)

Then, the z-component of the magnetic flux density
generated by the top fixed magnet, Bt(z), and the bot-
tom one, Bb(z), can be calculated as

Bt(z) =
Bf

r

2

(
2z − h − L√

dout
2 + (2z − h − H)2

+
2z + h − L√

din
2 + (2z + h − L)2

− 2z + h − L√
dout

2 + (2z + h − L)2

+
2z − h − L√

din
2 + (2z − h − L)2

)
,

(8)

Bb(z) =
Bf

r

2

(
2z − h + L√

dout
2 + (2z − h + L)2

+
2z + h + L√

din
2 + (2z + h + L)2

− 2z + h + L√
dout

2 + (2z + h + L)2

+
2z − h + L√

din
2 + (2z − h + L)2

)
.

(9)

The total magnetic flux density from the two station-
ary magnets can be given by

B = Bt + Bb. (10)

The z-component of the magnetic spring force acting
on the moving magnet is given by

Fm(z) = Υ∂zB(z), (11)

where Υ = Bm
r V/μ0, Bm

r , and V are the magnetic
dipole moment, the remnant flux density of the moving
magnet and the volume of the moving magnet, respec-
tively. Consequently, the magnetic spring force along

the harvester longitudinal axis z, Fm(z), can be cal-
culated based on the following equation for ring fixed
magnets and the next following equation when consid-
ering disc fixed magnets:

Fm,ring = − Bf
r Bm

r Vm

μ0

(
dout

2

(dout2 + (2z + h − L)2)3/2

+
dout

2

(dout2 + (2z + h + L)2)3/2

+
din

2

(din2 + (2z − h − L)2)3/2

+
din

2

(din2 + (2z − h + L)2)3/2

− din
2

(din2 + (2z + h − L)2)3/2

− din
2

(din2 + (2z + h + L)2)3/2

− dout
2

(dout2 + (2z − h − L)2)3/2

− b2

(dout2 + (2z − h + L)2)3/2

)
,

(12)

Fm,disc = − Bf
rB

m
r Vm

μ0

(
dout

2

(dout2 + (2z + h − L)2)3/2

+
dout

2

(dout2 + (2z + h + L)2)3/2

− dout
2

(dout2 + (2z − h − L)2)3/2

− b2

(dout2 + (2z − h + L)2)3/2

)
.

(13)
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Fig. 3 Magnetic flux density norm. a Disc fixed magnets,
b ring fixed magnets

4 Finite-element modeling

In this section, the electromagnetic converter is mod-
eled by COMSOL Multiphysics simulation platform to
investigate the magnetic force acting on the moving
magnet for different configurations. In particular, the
length of the moving magnets and the shape of the fixed
magnets (Disc or ring) are studied and results are eval-
uated and compared to the developed analytical model.

Figure 3a, b shows the magnetic flux density norm
and contour for the two different configurations. It can
be seen that the magnetic strength is relatively much
stronger in the case of disc magnets, which will result in
a higher magnetic force amplitude acting on the moving
magnet.

To further investigate the two proposed configura-
tions, a parametric sweep study is performed by vary-
ing the position of the moving magnets in the air gap
between the two fixed magnets. The effect of chang-
ing the height of the moving magnet, h, and the inner
diameter of the fixed magnets, din are investigated. The
corresponding parameters of the magnets are given in
Table 2.

Finite-element simulation results are shown in Fig.
4. Figure 4a, b shows the nonlinear magnetic spring
force obtained for the two configurations, disc and ring
magnet (din = 5 mm), respectively, in function of the
position of the moving magnet in the air gap and for
different moving magnet height h = 4, 8 or 12 mm.

5 Results and discussion

5.1 Magnetic force evaluation

For electromagnetic converter, especially based on mag-
netic spring, the magnetic spring behavior is crucial and
plays an important role in the converter response. In
fact, it defines the distance between the magnets to
consider during the converter design. As well, it is deci-
sive for the definition of the resonant frequency of the
converter.
To this end, this section is devoted to investigating
the magnetic spring force relative to several parame-
ters. This includes the variation of the magnetic force
relative to the magnet’s size, geometry, and position.
This is achieved by finite-element modeling as well as
compared to the analytical model. The force is calcu-
lated analytically through Eqs. 10 and 11 and based on
finite-element model for a static position of the moving
magnet.
The developed model is based on an axisymmetric 2D
geometry comprising an air domain, 2 fixed magnets
and a moving magnet. The mesh consists of triangular
elements having a maximum size of 1 mm. Further, a
refined mesh is defined around the moving magnet to
obtain more accurate results. The number of degrees of
freedom is between 3738 and 2504, depending on the
position of the moving magnet.
In this study, the effect of the moving magnet thickness
for 4 mm, 8 mm, and 12 mm on the magnetic force and
for disc fixed magnets is studied (Fig. 4a). The results
confirm the nonlinear behavior of the magnetic force,
especially at high displacement. Figure 4b shows the
case of using ring fixed magnets with the same varia-
tion for the moving magnet size. Figure 4c shows the
comparison between both ring and discs magnets for
the fixed magnets for moving magnets with a size of 8
mm of diameter and 8 mm of thickness. As it is pre-
sented, the use of ring fixed magnets instead of discs
magnets leads to reducing the magnetic force level and
this depends as well on the inner diameter size of the
ring magnet. The numerical results obtained through
the developed finite-element model are compared to the
analytical model for the magnetic force evaluation.
The results show a good correlation between the numer-
ical developed model and the analytical model espe-
cially at small displacement as shown in Fig. 5a.
The deviation between the results obtained based on
the analytical and the simulated models increases for
smaller separation distances between the levitated and
one of the stationary magnets as shown in Fig. 5b.
This means that at a high applied acceleration, the
numerical model presents an error for the prediction
of the dynamic behavior of the converter and in this
case the analytical model shows more adequate results.
This phenomena is present for both converter model
using ring or disc fixed magnets.
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Fig. 4 Nonlinear magnetic spring force–displacement
obtained using finite-element analysis a for disc fixed mag-
nets (diameter = 10 mm, height = 4 mm) and a cylindrical
moving magnet (diameter = 8 mm, variable h), b for ring
fixed magnets (dout = 10 mm, din = 5 mm, height = 4 mm)

and a cylindrical moving magnet (diameter = 8 mm, vari-
able h), and c for a cylindrical moving magnet (diameter =
8 mm, h = 8 mm) and for 4 mm height fixed disc or ring
magnets

Fig. 5 a Nonlinear magnetic spring force–displacement
obtained using finite-element analysis and using the ana-
lytical model for a cylindrical moving magnet (diameter =

8 mm, height = 8 mm) and for different fixed magnets; ring
(din = 5 mm, dout = 10 mm, height = 4 mm) and disc (dout

= 10 mm, height = 4 mm), b zoom view
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Table 2 Parameters used in the numerical and analytical analyses

Parameter Designation Value

α Coil axial position From − 24 mm to 24 mm
– Moving magnet position From − 4.2 cm to 4.2 cm
din Fixed magnet inner diameter 2 mm, 5 mm and 2 cm
h Moving magnet height 4, 8 and 12 mm
Bf

r Remnant flux density of the fixed magnets 1.32 T
Bm

r Remnant flux density of the moving magnet 1.32 T
L Distance between the center of the fixed magnets 94 mm and 47 mm

Fig. 6 Effect of the levitated magnet height on the con-
verter output for 1 g of acceleration

5.2 Influence of geometric parameters

In the following, the effect of the levitated magnet size
on the voltage output (peak to peak/2) and on the
resonant frequency of the converter is investigated. As
shown in Fig. 6, an evaluation for a magnet height equal
to 4 mm, 8 mm, and 12 mm is conducted for 1 g of
acceleration and for a frequency range from 5 to 25 Hz.

This has a direct effect on the decision for the res-
onant frequency of the system. In fact, increasing the
moving mass does not lead to reduce systematically the
resonant frequency of the system. This is especially in

the case of a nonlinear converter where the stiffness has
an important role, which is well shown here. As it can
be seen, doubling the magnet’s height leads to shift-
ing the resonant frequency of the harvester from 9 to
12 Hz, which presents an increase of around 30% of the
resonant frequency of the system. The same for increas-
ing three times the magnet size to 12 mm leads to an
increase by 60% of the resonant frequency level of the
converter. The model shows that the magnet size has
an influence on the resonant frequency and this is due
to its effect on the nonlinear stiffness of the converter.
Further, results show an increase at the level of the out-
put voltage, which is expected due to the constant size
and coil position used for the three cases.
Furthermore, the effect of the fixed magnet size is inves-
tigated. In particular, the effect of the inner ring magnet
diameter, which is illustrated in Fig. 7a. The increase of
the inner diameter for the ring magnet leads to reduce
the stiffness strength at the level of the magnetic spring,
hence shifting the frequency to a lower frequency. This
is demonstrated through Fig. 7a, where doubling the
inner diameter of the ring magnet leads to a 2 Hz shift.
Figure 7b presents the effect of the fixed magnet size
as well. In this case, the fixed magnet is evaluated as
a disc magnet. As it is shown, here the stiffness has a
larger effect on shifting the frequency. This is due to
the effect of the magnetic force strength variation in
the case of disc magnet diameter variation. In particu-

Fig. 7 Investigation of the fixed magnets size on the converter output at 1 g of acceleration for a ring magnets with
dout = 10 mm and for different inner diameter size, b disc magnets with different dout
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Fig. 8 Linear and nonlinear stiffness coefficients k1 and k3 relative to the outer diameter of the fixed magnet, dout; a, b
for L = 9.4 cm and din = 0; c), d for L = 9.4 cm and din = 2 cm; e, f for L = 4.7 cm and din = 0 cm
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Fig. 9 Open-circuit output voltage in function of the outer diameter of the fixed magnet, dout; a for L = 9.4 cm, d = 1
cm and din = 0; b for L = 9.4 cm and d = 1 cm; c for L = 4.7 cm and d = 1 cm

Fig. 10 a 3D design of
the realized prototype, b
printed prototype for the
electromagnetic converter

123



1526 Eur. Phys. J. Spec. Top. (2022) 231:1517–1528

lar, the increase of the magnet size leads to an increase
in the resonant frequency. Doubling the diameter size
of the fixed magnet leads to a shift of the frequency by
50 %. For example, for a fixed disc magnet diameter
equal to 5 mm, the resonant frequency is equal to ∼ 7
Hz, which can be shifted to ∼ 13 Hz by increasing the
disc magnet size to 10 mm.

To conclude, the geometry and size of the fixed and
levitated magnets have an important and decisive role
in the dynamic behavior of the converter. Therefore, it
is quite important to know and understand the influ-
ence of each of these parameters. This can be summa-
rized in three main points. First, the increase of the lev-
itated magnet height leads to the increase of the reso-
nant frequency and has as well an effect on the converter
level output. In the case of the variation of the disc fixed
magnet size, the resonant frequency can be shifted and
is proportional to the disc magnet size variation without
varying the converter output level, since it has an influ-
ence only on the converter stiffness. Using ring fixed
magnet enables to shift the resonant frequency of the
converter but has limited effect in comparison to the
disc fixed magnet size or the levitated magnet diame-
ter.

Further, the effect of the geometric parameters design
on the harvester behavior is investigated. In fact, the
magnetic force can be defined based on curve fitting
method of the results shown in the following equation:

Fm = −(k1x + k3x
3), (14)

where k1 and k3 are the linear and the nonlinear stiff-
ness coefficients resulting from the polynomial expan-
sion of the magnetic force.

Consequently, the resonant frequency can be obtained
as function of k1 and the mass M of the moving magnet
as given in the following equation:

f =

√
k1
M

. (15)

In the following, the linear and nonlinear stiffness
coefficients k1 and k3, respectively, are investigated.
This includes the effect of outer and inner fixed mag-
net diameters dout and din, respectively, as well as the
distance L separating the two stationary magnets on
k1 and k3. Figure 8 shows the variation of the linear
and nonlinear stiffness coefficients in function of dout
(the diameter of the fixed magnet) for three different
configurations:

– Disc fixed magnets where L = 9.4 cm (Fig. 8a, b)
– Ring fixed magnets where L = 9.4 cm (Fig. 8c, d)
– Disc fixed magnets where L = 4.7 cm (Fig. 8e, f)

It is worth mentioning that the same moving magnet
dimensions are considered for the three configurations.
Figure 9 shows the open-circuit voltage for specific val-
ues of dout shown in Fig. 8. It is clear that through
the variation of only the outer diameter of the fixed

Fig. 11 Experimental setup for the prototype validation

magnet, three typical responses for the harvester are
exhibited: the linear nonlinear (hardening) and nonlin-
ear (softening) response at dout = 6.03 cm, dout = 5 cm,
dout = 8 cm, respectively (Fig. 9a). The frequency
response is shifted due to the variation in the outer
diameter. This can be explained by Fig. 9b, where for
the critical value of the diameter dout = 6.03 cm, k3
becomes 0 resulting in a linear response. Moreover,
once the outer diameter dout is less than this critical
value, k3 is positive, which leads to have a hardening
magnetic spring. In case the outer diameter exceeds
the critical value, k3 exhibits a negative value, while
k1 remains positive and hence the nonlinear softening
behavior appears.

Furthermore, Fig. 9b shows the effect of the inner
diameter size of the fixed magnet on the critical outer
diameter value. In this case, by increasing the inner
diameter of the magnet, the critical diameter value is
decreasing from 6 cm to 3.61 cm where the linear behav-
ior is present. Further, the resonant frequency of the
harvester is shifted and decreased from 25 to 18 Hz.
The same investigation is conducted to study the influ-
ence of the length L, the distance separating both fixed
magnets, which have shown a shift of the critical outer
diameter size as well where beyond or under it the non-
linear behavior is appearing. In fact, decreasing the L
by 50% leads to a decrease of the critical outer diam-
eter of the magnet by 50% (Fig. 9c) as well to a shift
of the resonance frequency from 25 to 72 Hz. To con-
clude, the geometric parameters are highly decisive for
the harvester response and plays a decisive role on the
resonance frequency of the harvester.

5.3 Experimental model validation

The converter structure is realized based on mainly
two parts. This includes the coil housing, which can be
fixed in different positions aiming to investigate the coil
position. Further, the second part is designed to con-
tain the fixed magnets with free space for the moving
magnet. The system design proposed in this work aims
mainly to investigate most of the parameters that can
influence an electromagnetic vibration converter perfor-
mance including, the coil position, the magnet size, the
mechanical damping for different acceleration and fre-
quencies level. Figure 10 illustrates the proposed design
for the converter.

The analytical model is validated through experi-
ments by the realization of a prototype of the magnetic
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Fig. 12 Experimental and analytical results for the output voltage of the converter for an acceleration equal to a 0.25 g,
b 0.5 g, c 0.75 g, d 1 g

spring vibration converter. 3D printer (Form Lab 2) is
used for the fabrication of the different parts for the
converter including the coil housing and the converter
housing using Clear V4 as material.

The prototype is realized in a way that the coil posi-
tion can be varied to estimate the mechanical damping
of the system. Disc NdFeB42 magnets of 10 mm diam-
eter and 4 mm height are implemented to the top and
bottom of the converter housing. A disc magnet of 8 mm
diameter and 8 mm height is placed in the air gap in
repulsive direction to the top and bottom magnet. Aim-
ing to reduce friction for the moving magnet, an alu-
minum housing is added surrounding the magnet sepa-
rating the magnet from the coil housing. This leads to
improve the magnet movement and reduce the mechan-
ical damping. Figure 10 shows the realized prototype
for the electromagnetic nonlinear magnetic spring con-
verter.
The experimental setup (see Fig. 11) used for experi-
mental investigations is composed of an electrodynamic
shaker (VebRobotron Type 11077), which is used to
reproduce the applied harmonic vibration (Sinusoidal
signals with frequencies between 8 and 25 Hz). The
applied excitation is monitored using a LASER USB

Shaker control system, a linear Power Amplifier (LDS
LPA 100), and an acceleration sensor (ADXL 326)
mounted on the moving part of the shaker. In addi-
tion, the output signal is acquired through a digital
oscilloscope (LeCroyWaveRunner� 6050A). The con-
verter is tested under harmonic signal with defined fre-
quency and acceleration level varying between 8 to 24
Hz and 0.25 to 1g, respectively. The measurements of
open-circuit voltage were conducted for different fre-
quencies and accelerations.

Figure 12 shows the evaluation of the open-circuit
voltage determined through the analytical model (Eq.
5), as well it presents the experimental results achieved
under the same condition in terms of acceleration and
frequencies. Results confirm that the behavior obtained
through the analytical model using Eq. 5 are in good
agreement with the realized experimental measure-
ments. Further, as evaluation for the converter perfor-
mance, a maximum open-circuit voltage of 0.3 V, 0.6
V, 1 V, and 1.2 V can be reached for an acceleration
equal to 0.25 g, 0.5 g, 0.75 g, and 1 g with a resonant
frequency at 12 Hz for a coil resistance equal to 40 Ω,
respectively. The converter presents a bandwidth fre-
quency of 6 Hz.
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Fig. 13 Experimental and analytical results for the coil
position effect on the converter output for 0.5 g at 12 Hz

As discussed before, one of the parameters to evaluate
and investigate is the coil position. This is presented in
Fig. 13 where the analytical and experimental results
are compared for an acceleration equal to 0.5 g at a
resonant frequency equal to 12 Hz. As it is shown, an
excellent agreement between the developed analytical
model and experimental results is achieved. the behav-
ior shows that two optima can be reached for the con-
verter outcome, which is at α= − 0.004 or 0.004 m. As
it can be seen, at a coil position equal to 0 m, a drop
of voltage is identified. This is due to the fact of mag-
netic flux lines cancellation passing through the coil and
which needs to be avoided.

6 Conclusion

The present paper explores a methodology for the
design study for a nonlinear magnetic spring-based elec-
tromagnetic converter. The magnetic spring behavior
is analyzed theoretically and based on finite-element
analysis for different fixed magnets’ geometry. Further,
the analytical model is developed to determine the
harvester-induced voltage in a function of the magnet’s
geometry and relative to the coil axial position. A 3D-
printed prototype is fabricated for the validation of the
developed model. In the system under consideration,
the levitated magnet is oscillating inside an aluminum
foil to minimize friction. The influence of the coil axial
position was investigated experimentally, and results
are evaluated and compared to the analytical model.
The developed harvester shows a resonant frequency of
about 12 Hz. Solutions to tune the harvester resonance
were proposed by mainly changing magnet geometry

while maintaining the same device dimension and its
output level.
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