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ABSTRACT

Magnetic springs are widely investigated as energy converters alternative and energy harvesters by converting
mechanical vibrations into electricity at low frequencies. In this article, the design methodology of novel mag-
netic spring was proposed to improve the dynamic performance and electrical power. The magnetic spring system
is composed of a floating magnet and two cylindrical neodymium fixed magnets located on the top and bottom
within a cylindrical casing. The external magnets repel the middle (floating) magnet that causes the spring force
between them. The advanced magnetic spring system includes a new case with two interior chambers positioned
on upper and bottom around the fixed permanent magnets. The chambers are filled with magnetorheological fluid
that ensures higher electrical power in comparison to the previous invention in absence of magnetorheological
fluid. The general purpose of the realized energy harvester is to provide a novel design of magnetic system with
magnetorheological fluid that has the advantages to achieve electrical power in a larger range of frequencies. Ad-
ditionally, measurements of the displacements and magnetic flux densities have been conducted within a dedicated

experimental setup to validate the prototype and its electrical performance.
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INTRODUCTION

The production, conversion and storage of
energy from environment in the natural form of
sunlight, wind, waves, tidal and vibrations have
been used to power electronic devices, commu-
nication systems and IoT (Internet of Things)
devices that are characterized with low power
consumption [1, 2]. Therefore, the creation of
systems that allow accumulating energy are es-
sential for their functioning. The ability to collect
the energy necessary to power the electronics of
the embedded system from the environment is
truly a revolution [3]. However, the technology in
production processes is now increasingly orient-
ed towards low-consumption devices and elec-
tronic components capable of self-powering from
minimum energy achieved by energy harvesters,
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such as ultralow-power inverter or compact all-
MOSFET [4-6]. Various types of transducers,
including electromagnetic, piezoelectric, elec-
trostatic, triboelectric and magnetostrictive, are
utilized in mechanical energy harvesters [7, 8].
Mechanical energy harvesters with electromag-
netic transducer convert the mechanical motions
and vibrations into electrical energy to drive the
load through electro-mechanical coupling [9].
Electromagnetic harvesting systems based on
magnetic spring are suitable for self-powered
technology due to their high efficiency for low-
frequency and high-amplitude vibrations, simple
design, long-term operation, low production and
maintenance costs [10]. These energy harvesting
devices consist of fixed and moving magnets as
well as coils in magnetic spring [11]. An electro-
motive force is produced in the coils, according to
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Lenz’s law, as result of relative motion between
the coil and the magnet, depending on the mag-
netic flux density and the coil parameters [12].
The increase of magnetic flux density is achieved
by using more magnets, increasing their size or
using other materials. The magnetic spring has
a magnetic levitation structure with the basic el-
ements comprising a levitated magnet repelled
by fixed magnets. Nevertheless, a more complex
design of technological structure can increase
energy and power efficiency from the harvester.
The physical structure of the hand-held rolling
magnetic-spring electromagnetic harvester with
configuration of two circular magnets, a cylin-
drical magnet, three coils, a non-magnetic hous-
ing, and a cover is proposed in [13]. Permanent
magnets are widely used in vibration harvesters
and sensors. Utilization of the negative magnetic
spring prototype of energy harvester in order to
realize low-frequency vibration energy harvest-
ing and to reduce the resonant frequency of a vi-
bration energy harvester (VEH) was proposed in
[14]. The optimal design of magnetic levitation
structure in electromagnetic energy harvester for
chosen resonance was is developed by algorithm
in [15]. An enhanced bandwidth nonlinear en-
ergy harvester using magnetic spring and mag-
netic liquid to harvest energy from the vibration
environment for energy storage of a low-power
device was studied in [16]. To widen the work
frequency and enhance output power, the hybrid
energy harvester based on flapping wing made of
piezoelectric sheet and levitation magnet struc-
ture was presented in [17]. To achieve the desired
frequency, the electromagnetic energy harvester
with adjusting distance between magnets in a
Halbach magnet array was designed in [18]. The
change of the magnetic spring behavior in energy
harvester is achieved by usage of SMART ma-
terials. In [19],electromagnetic energy harvester
systems were composed of magnets and magnet-
ic fluid that served as damper at high frequencies
and as a lubricant at low frequencies. In order
to widen the frequency band and improve har-
vesting efficiency, the ferrofluid around perma-
nent magnets stack acts as its bearing system to
minimize any friction during its movement [20].
Smart materials, such as electro- and magneto-
rheological (MR) fluids, piezoelectric, shape
memory and magnetostrictive materials, are of-
ten used in the mechatronic devices due to the
controllable properties under the electric or mag-
netic field and for self-sufficiency of the system

[21]. In particular, MR devices have several ap-
plications in the automotive industry, as well as
medical and engineering fields for remote control
and autonomy [22-24]. MR fluids are mixtures of
neutral carrier liquid and ferromagnetic particles.

The MR fluid properties can be controlled by
changing the magnetic field [25, 26]. In the ab-
sence of an external magnetic field, the magnetic
moments associated with each fluid particle, are
oriented randomly, and the resulting magnetic
force vector is zero. The MR fluid has a constant
viscosity coefficient independent of the strain
rate. When an external magnetic field is applied,
the magnetic moments of the particles align along
the magnetic field lines, forming chains. The pos-
sibility to control the viscosity of the MR fluid
makes it a suitable material for the suspension
systems in damping technology, controlling robot
movements or receiving the feedback from a ma-
nipulator [27-29]. Additionally, the MR fluid is
used in the valves, pumps, clutches, brakes and
batteries to provide control, lubrication, cooling
or energy storage [30-33]. The testing and analy-
sis of MR fluid-filled spring in static and dynamic
loading cases have demonstrated that the tor-
sional stiffness of MR fluid inside the spring is
dominantly produced due to cross-sectional tor-
sion [34]. The MR fluid-based devices could be
considered promising for future application in the
energy harvester technology.

The performance of novel devices through
design optimization is essential for the engineer-
ing application. The new model design suggests
the increase of electric power due to the MR fluid
effect. A multi-stable magnetic mechanism with a
movable permanent magnet and two fixed perma-
nent magnets placed symmetrically on two sides
has been used to develop a pendulum vibration
energy harvester [35, 36].

The model-based prediction of the magnetic
flux density can support the characterization and
optimization of the magnetic spring using the de-
sign, analysis and measurements [37]. To confirm
the usefulness of the magnetic spring, the calcu-
lation of the magnetic flux density in a 2D axis-
symmetric model has been carried out by simu-
lation analysis and laboratory measurement tests
[38, 39]. In addition, the electric circuit has been
calculated theoretically using an Finite Element
Method (FEM) simulation in ANSYS Maxwell.
The measurements of the amplitude of the mag-
netic spring and vibration generator movement in
relation to the frequency were conducted including
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the 2-DoF kinematic chain mathematical model of

the magnetic spring with spring force and torque,

calculated in by the FEM program [40].

This work is focused on a new design con-
cept of magnetic spring with internal chambers
containing magnetorheological fluid (MR). The
performances of magnetic spring with chambers
containing MR fluid strongly depend on frequen-
cy range and voltage, providing a great advan-
tage to achieve electric power in an extensive and
widespread range of frequencies.

More particularly, the main contributions are
summarized as follows:

e The paper proposed a new design and charac-
terization of the magnetic spring with internal
chambers containing MR.

e The characterization of magnetic spring was
conducted using the experimental set-up, in-
cluding Hall effect sensors and laser displace-
ment sensors

e The measurements of the magnetic flux den-
sity and levitated middle magnet displacement
have been conducted in the absence and in
the presence of MR fluid contained within the
chamber of magnetic spring.

e Electric power was estimated and compared
between the new prototypes of magnetic
spring in absence and in presence of MR fluid.

DESIGN OF THE MAGNETIC SPRING

The novel magnetic spring structure was de-
signed for energy harvesting system at the labora-
tory of Mechatronic Department. The new proto-
type has involved technical sketches and draw-
ings in Autodesk Inventor Professional 2020 for
the 3D construction information. The electrical

and magnetic properties of the 3D printed device
in presence and absence of MR fluid as a function
of the magnetic field density were investigated.
The magnetic structure of a magnetic spring is
composed of three neodymium cylindrical mag-
nets enclosed in a casing made of polyactic acid
(PLA) material, as shown in Fig. 1d. The Magnet-
ic Spring casing architecture was inspired by the
impressive rock-cut of tomb Ramses located at the
remote valley known as the Valley of the Kings,
in Luxor Egypt (Fig. 1a). The plan of the burial
chamber is telescoping from larger to smaller
chambers along a central axis with the sanctuary
at the end of the sequence. The entrance and cor-
ridor of the burial chamber have been designed in
the plan of the magnetic spring (Fig. 1b and Fig
Ic). The corridor has simple structure and does
not have additional branches. On both sides of the
corridor there are niches with the reliefs on the
walls separated by pillars. The magnetic spring
also has a simple, straight structure with similar
configuration of niches, as seen in the cross-sec-
tion of the magnetic spring (Fig. 2a).

In particular, the realized magnetic spring
casing has two-chamber housing located in op-
posite side. The cylindrical housing containing
the chambers of the magnetic spring has height
of 8 mm, external D_ and internal D . diameter
of 15 mm and 9 mm, respectively (Fig. 2a,b). The
height H__and the outer diameter D__ of the cas-
ing is 31 mm and 17 mm. The assumed dimen-
sions are based on a harvester studied in the ear-
lier work (e.g. in [37-41]). The general size of
the device is suited to supply microsensors and
MEMS. While the proposed dimensions of the
MR magnetic spring might not provide an op-
timal power production, it is assumed that they
are valid enough to ensure proper operation of a

d)

Figure 1. (a) Entrance to the tomb of Ramses IV in The Valley of the Kings, also known as the Valley of the
Gates of the Kings, in Egypt, (b) Inside a tomb in the Valley of the Kings, (c) 3D models of Magnetic spring
casing in Autodesk Inventor Professional, (d) 3D printed model in PLA of magnetic spring casing
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Figure 2. Sketch of (a) casing design of magnetic spring with all dimensions expressed in mm
and (b) magnetic spring filled of MR fluid

harvester in the presence and absence of MR fluid
to explore difference between them.

The chambers (Fig. 3 n. 6) were filled with
magnetorheological fluid and sealed using by lids
made of PLA material. Casing with chambers and
lids (Fig. 3 n. 7, 1 and 4) were printed by means
of a Prusa MK3S 3D Printer using grey Filament
Noctuo Ultra PLA 1.75 mm with the tempera-
ture of the printer bed and the temperature of the
filament melting set to 60 °C and 215 °C, respec-
tively. The highest acceleration that acts on the
magnetic spring during the test is around 6.8 mm/
s? with the mass of the magnetic spring of 17.3 g,
therefore, force is around 1.18 x 10*N. Durabil-
ity of the magnetic spring casing was sufficient
for the purposes of this test. The magnetic springs
in energy harvesters usually work in the lower
frequency range, up to 200 Hz; therefore, the risk
of layer delamination under higher frequency ex-
citations was not examined. Two identical exter-
nal permanent magnets with 5 mm of diameters
are located on the lids. The lids are designed with
a toroidal container (Fig. 3 n. 1 and n. 4 marked

Table 1. Magnetic and geometrical properties of magnet

1. Lid with screw 4. Lid
2. Lower magnet 5. Upper magnet
3. Levitated middle 6. Chamber
magnet 7. Casing a—

Figure 3. Some components as casing, lids, magnets
and chambers of the designed MR magnetic spring

in purple) and fixed magnets located as shown in
Fig. 3 n. 2 and n. 5. The properties of the magnets
are shown in Table 1. Inside the casing, the neo-
dymium disc middle magnet (10 mm of diameter)
is placed in repelling configuration with the two
fixed magnets. Hence, the middle magnet levi-
tates (Fig. 3 n. 3) between the external magnets
and moves provoked by inertial force. This force
is caused by the external vibration produced by
vibration generator as reported in [41].

H g [KA/m] H_, [KA/m] BHmax [kJ/ . Diameter
Type m[g] BT (min.) (min.) m] (min.) | Height[mm] [mm]
External N38 0.74 1.21-1.25 899 955 26 5 5
Middle N38 177 1.21-1.25 899 955 26 3 10
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Figure 4. The cylindrical housing of magnetic spring: a) in absence of MR fluid b) during the filling stage-
injection of MR fluid c) at the final stage of the chamber filled by MR fluid

In the magnetic spring, the chambers were de-
signed to investigate the behavior of controllable
MR fluids. The MR fluid was injected inside the
chambers using a pre-filled syringe, as shown in
the Fig. 4a, b and c. Each chamber was filled with
3 drops (~ 0.68 ml) of MR fluid.

BASIC CONCEPT OF MR FLUIDS IN
ENERGY HARVESTER MAGNETIC SPRING

A new design of the realized magnetic spring
housing and MR fluid located on containers
(chambers) is provided for enhancement of the
electric power in energy harvesting system. The
two permanent magnets are included in the cham-
bers containing the MR exhibiting an air gap.

Usually, a MR fluid is used in various appli-
cations utilizing the relation between its viscos-
ity and the magnetic flux density present in the
fluid. This allows for controlling its mechanical
interaction between certain parts of the machine
by means of changing the magnetic flux, usu-
ally generated by a coil supplied with a current
of controlled value, which is leveraged in the
construction of magnetically controlled clutches
and dampers. It is worth noting that the process
of changing the viscosity in the wide range takes
usually a few milliseconds. Another property of
MR fluid that is important in the context of a
proposed harvester is its magnetic permeability
which is approximately equal to 4 and is greater
compared to the permeability of PLA or mag-
nets (which is approximately equal to 1). Taking
the above into consideration, the assumed influ-
ence on the harvester with MR fluid is twofold.
First, the addition of MR fluid around the mag-
net should strengthen and enhance the magnetic
flux generated by the magnets. With a careful
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coil arrangement, the expected result could be
larger amplitude of the voltage induced in the
winding and greater power generated by the de-
vice. The side effect of such a field amplification
should also be the increase of the force acting on
a levitated magnet, which in effect increases the
stiffness of the magnetic spring and modifies its
frequency characteristic by increasing the value
of harvester’s resonance frequency. The effect of
strengthening the magnetic field could also be
achieved by using other materials to construct
the case of a harvester, either classically used
ferromagnetic steels or polymers with ferromag-
netic particles. However, in the design process
it was decided that the easiest to machine and
control option to include ferromagnetic path in
the harvester construction is to use the chambers
filled with MR fluid.

Such a solution has also one more advantage
which brings the second potential benefit of a pro-
posed prototype. During the movement of a har-
vester, a fluid is allowed to slightly move in the
chamber, which increases the overall damping co-
efficient of the system and extends the amplitude-
frequency characteristic of the harvester. For this
reason, the harvester can operate and generate en-
ergy for vibrations in the wider frequency interval.

Figure 5a shows the SEM image of com-
mercial MR fluid type Lord MRF-132DG (Lord
Corporation, Cary, NC, USA) under Digital Mi-
croscope Keyence VHX-7000 4K. The MR fluid
presents small particles of steel, cobalt, carbon,
iron oxide and iron hydroxide (87.3%) wrapped
in the organic compound. The micro magnet
particles are dispersed in the liquid carrier in
the absence of an external magnetic field; their
magnetic moments are randomly oriented, and
the resultant magnetic force vector is zero. How-
ever, when the MR fluid is subjected to external
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magnetic field, the particles become magnetized
with the moments arranged along the magnetic
field force lines (Fig. 5b).

A commercial MR fluid type Lord MRF-
132DG (Lord Corporation, Cary, NC, USA) was
used In the study. The MR fluid contains small
particles of steel, cobalt, carbon, iron oxide and
iron hydroxide (87.3%) wrapped in the organic
compound. Figure 5a shows the SEM image of
this fluid under Digital Microscope Keyence
VHX-7000 4K. The behavior of the fluid in an
externally induced magnetic field is shown in
Figure 5b, where the “spikes” of microparticles
formed along the flux lines are visible.

SIMULATION MODEL

The 2D model of the magnetic spring was
designed in Ansys Electronics. Magnetostatic
Solver was used to simulate a static magnetic
field resulting from the permanent magnets. The

dimensions of the magnets are given in Table 1.
The levitated middle magnet is located 4 mm
from the upper magnet and from the lower mag-
net, the magnetic spring is in equilibrium state.
The boundary is set to Balloon, which means the
region of the model is considered infinitely large.
The magnetic coercivity of the magnets is 800
kA/m and relative permeability is 1.0535. The
levitated middle magnet is magnetized in z-axis
in opposite direction to the upper and lower mag-
net. The average magnetization characteristic of
the MR fluid is nonlinear, and its B-H curve is
shown in Figure 6.

The magnetic field distribution in the absence
and in the presence of MR fluid is shown in Fig-
ures 7 and 8, respectively.

The MR fluid enhances the magnetic flux
density B from maximum of 0.824 T to 0.847 T. It
also enhances the area of the significant magnetic
flux density value around the magnetic spring.
This is useful in terms of the coil placement in the
magnetic spring.

Figure 5. The basic performance characterization of MR fluid under the digital microscope:
(a) nanoparticles of MR fluid (100 um), (b) MR particles

L L 1

0 1 L 1

0 100 200 300
H, kA/m

400 500 600 700

Figure 6. B-H curve of the MR fluid
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Figure 8. Magnetic field distribution in the presence of MR fluid

MEASUREMENTS OF MAGNETIC FLUX
DENSITY AND DISPLACEMENTS OF
MAGNETIC SPRING

The laboratory stand for measurement and
analysis of the magnetic and mechanical proper-
ties of the designed device is presented in Figure
9 and it comprised a vibration generator to excite
the magnetic spring located on top, the function
generator, power amplifier, laser heads with panel
display, oscilloscopes, power supply, probes and
Hall-Effects sensors.

The sinusoidal voltage signal generated by
Function Generator Agilent Keysight 33120A is
amplified by am FPA200-30W Power Amplifier
and supplies the vibration generator. The vibra-
tion generator provides external vibrations to
the magnetic spring. The Hall-Effects sensors
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are located on external casing of the magnetic
spring. The structure of the magnetic spring is
shown in Figure 10a. Hall-Effect sensors are
powered by a Twintex TP-30102 Power Sup-
ply with the voltage of 3.3 V. The output mag-
netic flux density signals are detected by the
Hall-Effect sensors placed on the upper, middle
and lower part of magnetic spring (Fig. 10b).
An LK-G32 Laser Head and an LK-G152 La-
ser Head controlled by an LK-GD500 display
panel collect the signals of the displacements
of the magnetic spring and levitated magnet.
The output signals were displayed on Tektronix
MDO3012 oscilloscopes. The same phases of
the signals are achieved by application of the
trigger button.

The input voltages were set in the range from
1 V to 6 V due to the mechanical limitation of the
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Figure 10. (a) Magnetic spring prototype and description of single parts, (b) magnetic spring prototype on
vibration generator during the measurements conducted at the laboratory

vibration generator and the membranes. In par-
ticular, the vibrations cause an oscillating motion
of the diaphragms made of elastic membrane that
under tension can support maximum voltage of
6 V. The frequencies were selected in the range
from 5 to 200 Hz. When the magnetic spring is
supplied by vibration generator, the levitated
magnet generates a magnetic flux that is a com-
bination of the magnetic flux of the permanent
magnets and MR fluids magnetic field.

RESULTS AND DISCUSSION

The experimental procedure and measure-
ments were conducted at the laboratory using the
electrical equipment in order to test the MR flu-
id magnetic spring device. For this purpose, the
magnetic spring prototype was analyzed in the
absence and in the presence of MR fluid within
the chambers of the device. In order to evaluate
its performance, the analysis of levitated middle
magnet displacement, magnetic flux density for
each magnet and electrical power was conducted.
The electrical power of the electromagnetic vi-
bration energy harvester depends on the magnetic

flux change during the levitated middle magnet
movement. A strong correlation between mag-
netic flux density and displacement is present in
the magnetic spring. The highest electrical power
is generated for the highest amplitude of the mag-
netic flux density and displacements corresponds
to the resonance frequency. For this purpose, it
is crucial to determine the amplitudes of the dis-
placement and magnetic flux density in function
of frequency in magnetic spring system. The in-
put parameters for the supply of vibration genera-
tor were defined from 1 to 6 V and for frequency
from 0 to 200 Hz. In particular, different range of
frequencies from 0 to 50 Hz, from 55 to 135 Hz
and from 140 to 200 Hz and voltages were in-
vestigated in order to establish the better working
operative frequencies and voltages for the MR
magnetic spring prototype.

Displacement of levitated middle magnet in
magnetic spring

The displacements of the levitated middle
magnet and magnetic spring were measured by
the laser distance sensors during the vibration.
The displacement of the levitated middle magnet
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in the magnetic spring relative to the magnetic
spring casing d_ was determined by Equation 1:

dm = dim — dps (1)
where: d

., 1s the displacement of the levitated
middle magnet relative to its initial po-
sition and d__is the displacement of the
magnetic spring relative to its initial

position.

The displacement of the levitated middle
magnet and displacement of the magnetic spring
relative to its initial position in absence and in
presence of the MR fluid are shown in Fig. 11a
and Fig. 11b, respectively, measured for voltage
amplitude of 6 V and frequency of 45 Hz. Due

in absence of MR
in presence of MR

-0.15
0 001 002 003 004 005 006 007 008 009 0.1
ts

to the stiff connection between magnetic spring
and vibration generator guide, the displacement
of the magnetic spring corresponds to the dis-
placement of the vibration generator diaphragm.
The displacement of the levitated magnet rela-
tive to its initial position is slightly higher in the
presence of the MR fluid than in the absence.
The amplitude of the levitated middle magnet
displacement was calculated by fast Fourier
transform (FFT).

Displacement of levitated middle magnet of
magnetic spring device in the absence of MR fluid

In Figure 12a, for input voltage of 6 V and
for frequency of 5 Hz, the highest displacement

b)
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Figure 11. The displacement of: (a) the levitated middle magnet relative to its initial position
and (b) the magnetic spring relative to its initial position

-
N’

0.1

Displacement, mm
o
o
o

o o

Frequency, Hz

[Jin absence of MR
[Ein presence of MR

=2
-

m *
iy
O
&

Displacement, mi
(=] N
&
b
?
phaE==
s agid=
Q3=
1o &A=
aaiﬁ
a
' [
w 99

80 100 120
Frequency, Hz

[_lin absence of MR
[ Tin presence of MR

Voltage, V

136

200 Voltage, V

Frequency, Hz

[lin absence of MR
[Ein presence of MR

in the presence and in the absence of MR fluid

Figure 12. The amplitude of the displacement of the levitated magnet in the magnetic spring prototype
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is 0.059 mm. In Figure 12b, for input voltage
of 2 V and 3 V and for frequency of 65 Hz, the
highest displacement is 0.001 mm. In Figure 12c,
for voltage of 4 V and for frequency of 160 Hz,
the highest displacement is 6.60 x 10™* mm.

Displacement of levitated middle magnet of
magnetic spring device in presence of MR fluid

In Figure 12a, for voltage of 6 V and for
frequency of 5 Hz, the highest displacement is
0.12 mm. In Figure 12b, for voltage of 6 V and
for frequency of 65 Hz, the highest displacement
is 0.004 mm. In Figure 12c, for voltage of 4 V and
for frequency of 160 Hz, the highest displacement
is 2.92 x 107* mm. The process of magnetization
and demagnetization of magnets affects the dis-
placement of levitated middle magnet with un-
stable performance, especially in absence of MR
fluid in the magnetic spring. However, the oppo-
site behavior is verified in presence of MR fluid
achieving the greater stability of the levitated
magnet. Thus, the highest value of levitated mag-
netic displacement is reached in the presence of
MR fluid for frequency range from 0 to 120 Hz.

Magnetic flux density of magnetic spring
prototype

The magnetic flux densities were measured us-
ing the Hall-effect sensors and described by FFT.
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All effect sensors are linear transducers of the
magnetic field and converting it into an electrical
signal based on the Hall effect. According to this
effect, when a current-carrying conductor or semi-
conductor is exposed to a perpendicular magnetic
field B, the voltage known as Hall voltage V
generated across the conductor and is primarily at-
tributed to the Lorentz force acting on the charge
carriers within the conductor. The Hall voltage is
directly proportional to the product of the current /
flowing through the conductor and the strength of
the applied magnetic field B perpendicular to the
current. Magnetic flux density B . is calculated
using Equation 2:

VHes CHes ()

where: V. is the signal voltage of Hall-effect sen-
sors and ¢, ¢ is conversion ratio of 0.43 T/V.

Bmag

Magnetic flux density from middle Hall-effect
sensor in the absence of MR fluid

In Figure 13a, for the input voltage of 6 V and
for the frequency of 35 Hz, the highest magnetic
flux density is 1.95 mT in magnetic spring. In
Figure 13b, for the input voltage of 6 V and for
the frequency of 55 Hz, the highest magnetic flux
density is 2.16 mT. In Figure 13c, for the input
voltage of 6 V and for the frequency of 150 Hz,
the highest power is 2.26 mT.
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Figure 14. The amplitude of the electrical power of the middle magnet

Magnetic flux density from middle Hall-effect
sensor in the presence of MR fluid

In Figure 13a, for the input voltage of 6V and
for the frequency of 35 Hz, the highest magnetic
flux density is 3.07 mT. In Figure 13b, for the input
voltage of 5V and for the frequency of 55 Hz, the
highest magnetic flux density is 0.87 mT. In Fig.
13c, for the input voltage of 4 V and for the frequen-
cy of 150 Hz, the highest power is 0.39 mT. For low
frequencies in range from the 0 to 55 Hz and for
voltage from 2 to 6 V, the magnetic flux density is
higher in presence of the MR fluid. However, good
results cannot be extended in the range from 60 Hz
to 200 Hz. The maximum magnetic flux density of
magnetic spring prototype obtained in the presence
of MR fluid is 3.07 mT for the input voltage of 6V
and for the frequency of 35 Hz much higher value
than 2.26 mT for the input voltage of 6V and for
the frequency of 150 Hz in the absence of MR. The
MR fluid can positively and successfully affect the
magnetic energy efficiency of the prototype useful
for future engineering application, especially in the
range of frequency from 0 to 60 Hz

Electrical power of magnetic spring
prototype

The maximum electrical power is obtained
by magnetic flux density of the magnets and
displacement of the levitated magnet in mag-
netic spring. To calculate the maximum electrical
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power, the magnetic spring with single winding
turn coil was considered. The single winding turn
coil has radius r_, of 10 mm wound in the cop-
per wire with area S, of 1.57 x 10™* mm’. The
resistance of the load equals the resistance of the
coil R_, 0.0680 Q in order to maximize power
transferred to the load. The electrical power was
calculated in Equation 3:

ddmag\?
p= Vi%lduced _ (Ncml 21T coil Bradius T) (3)
4Rcoil 4Rcoil
where: V. is the voltage induced in the coil,
induced

R, is the resistance of the coil, N is the
number of coil turns, r__ is the coil radius,
B is the magnetic flux density along

radius

the radius axis of magnetic spring, d _is
mag

the displacement of the levitated magnet
in the magnetic spring.

In the calculations N_ is set 1, considering the
magnetic spring with single winding turn coil. The
analysis is purely theoretical and simplified in or-
der to investigate the better solution of the presence
and absence the MR fluid in the energy harvester.

Electrical power of magnetic spring prototype for
middle magnet in the absence of MR fluid

In Fig. 14a, for the input voltage of 6 V and
for the frequency of 45 Hz, the highest power is
1.82 x 107 W. In Figure 14b, for the input volt-
age of 4 V and for the frequency of 130 Hz, the
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highest power is 1.44 x 107'* W. In Figure 14c, for
the input voltage of 4 V and for the frequency of
160 Hz, the highest power is 4.75 x 1075 W.

Electrical power of magnetic spring prototype for
middle magnet in the presence of MR fluid

In Figure 14a, for the input voltage of 6V and
for the frequency of 35 Hz, the highest power is
6.18 x 1072 W. In Figure 14 b, for the input volt-
age of 6V and for the frequency of 65 Hz, the
highest power is 1.39 x 107'* W. In Figure l4c,
for the input voltage of 4 V and for the frequency
of 150 Hz, the highest power is 1.22 x 10—18 W.

The magnetic spring in presence of MR flu-
id provides better electrical power efficiency in
frequency range from 0 to 120 Hz. For the fre-
quencies in range of 120 to 200 Hz for the input
voltages of 4, 5 and 6 V, the power generated by
the magnetic spring in the presence of the MR is
lower than in the absence of the MR.

The MR fluid in the energy magnetic spring
harvester contributes positively to the power
enhancement for resonance frequencies and fre-
quency tuning. The maximum power of magnetic
spring prototype obtained in the presence of MR
fluid for middle levitated magnet, as expected, is
9.71 x 1072 W for the input voltage of 6 V and for
the frequency of 35 Hz. The maximum power ob-
tained in the absence of MR fluid is 1.82 x 10713
W for the input voltage of 6 V and for the fre-
quency of 45 Hz.

CONCLUSIONS

In this article, a design of MR magnetic
spring prototype was proposed, and analysis of its
characteristic was investigated. In particular, the
magnetic spring harvester subjected to external
excitation of vibration generator was combined
with MR fluid.

In order to verify its performance, a prototype
was built with laboratory set-up providing the
operating conditions in terms of frequencies and
voltages that occur in environmental vibrations.

The potential of the device was estimated by
the analysis of the magnetic flux density and dis-
placements in the presence and in the absence of
MR fluid. The MR fluid enhances the displace-
ment of the levitated magnet in the range from 0 to
120 Hz with highest value of amplitude 0.12 mm.
In terms of displacement, the usage of the MR

fluid is beneficial, as it increases the amplitude of
the displacement in the wide range of frequency.
The magnetic flux density in the magnetic spring
in the presence of MR has the highest value of
3.07 mT in the range of frequency from 0 to 60
Hz. The magnetic spring in the presence of MR
fluid provides better electrical power efficiency in
frequency range from 0 to 120 Hz.

Certainly, many factors influence the prop-
erties of controllable MR fluids and magnets in
the magnetic spring due to the vibration genera-
tor operating conditions, resonance frequencies
and unstable amplitude of vibration. As a conse-
quence, this study will contribute to the optimiza-
tion of magnetic spring energy harvesting system
to achieve more electric power, enhancing the
magnetic flux density by the MR fluid and provid-
ing the wider range of working frequency.
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