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Abstract: Levitation based energy harvester (LBEH) is an
energy harvesting technology which is used to convert the
existing kinetic energy into electrical energy. The tech-
nique utilizes a levitating magnet which in a closed
container vibrate or moves for the subjected vibrations. An
outer coil which will extract energy into electrical voltage is
carefully selected or designed or the rating. In this research
work, a conventional LBEH is designed, simulated, and
studied for a particular vibration data. The same is carried
out in the FEM analysis software. The system is also
mathematically derived and analyzed in the numerical
tool. The results obtained from the numerical and FEM tool
are compared. At the end of the research work, a para-
metric study is carried out for the variations in the input
characteristics such as frequency, nature of vibrations and
other parameters. Results obtained indicate that the power
developed is maximum with a value of 0.7 V and 10 mW for
the designed natural frequency of 10 Hz and decreases on
either side as the bandwidth varies from 5 to 15 Hz.

Keywords: electromagnetic; electrostatic; energy harvesting;
levitation based energy harvester; piezoelectric; vibration.

Introduction

Energy harvesting is a method of extracting electrical en-
ergy from other sources of energy such as heat, light, vi-
bration, and motion. The amount of electrical energy
extracted depends on the type and of the input available.
The conversion technique employed also is dependent on
the amount of energy harvested.
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Energy harvesting technology is widely popular in the
recent past as the need for a small amount of power is
increasing day by day with the advent of small-scale power
electronics like wearables and other wireless sensor net-
works (Gros et al. 2017). The energy requirements of these
small-scale electronics and portable devices are usually
satisfied by a battery using piezoelectric technology and
electromagnetism (Khaligh, Zeng, and Zheng 2009). But
due to the increasing carbon footprint, the United Nations
(UN) promotes the use of renewables. Hence the concept of
energy harvesting as a small-scale renewable energy came
into light in 1996 (Williams and Yates 1996).

The advantage of energy harvesting is that the need for
frequent replacement of the batteries is reduced. This helps
in the increase continuous usage of wireless sensor net-
works which are in an environment which is exceedingly
difficult to access/neither accessible (Guruacharya and
Hossain 2017). The use of vibration-based energy harvest-
ing is gaining popularity as vibrations are present every-
where in the environment and it can be extracted from the
human body motion. The vibration energy harvesting also
known as kinetic energy harvesting can be modified for any
level of power extraction based on the design of the energy
harvester (Kulah and Najafi 2008; Yen and Lang 2006).

The concept of energy harvesting was first conceptual-
ized by Williams and Yates in literature. In literature, the free
body diagram of the generalized energy harvester is devel-
oped and a mathematical model for the same is also derived.

As seen from Figure 1, any vibrating energy harvester
device can be modelled as mass — spring — damper system.
The equivalent mass is the amount of the mass of the
magnet. The damper system is equivalent to the electro-
magnetic force that is experienced by the electromagnetic
system (Cannarella et al. 2011). Spring stiffness is also the
stiffness of the system that is experienced by the magnetic
system. This spring stiffness constant depends on the type
of electromagnetic energy harvesting system. Spring stiff-
ness depends on the force of the magnetic field produced
by the two magnets. This is discussed in detail in the up-
coming sections.

The literature suggests that there is no preliminary
design for the energy harvesting design. The design depends
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Figure 1: Schematic diagram of the energy harvesting device
(Williams and Yates 1996).

on the type of device that the energy harvesting device tends
to be like a primarily a current or a voltage device. The input
to such a type of harvester is always assumed to be sinusoidal
vibration input. The energy harvesting device is subject to a
vibration which initiates the movement of the magnet as
represented by the mass in Figure 1. If the coils are repre-
sented by the dashpot, due to the relative displacement be-
tween the coil and the magnet an emf will be induced in the
coil which can be stored or consumed as required.

The system described in Figure 1 is an inertial device
which needs to be anchored mechanically to any one point
as in the literature (Khan and Igbal 2018). This is different
from the rotational electromechanical system like the dy-
namo that needs to be anchored to more than one point. An
inertial generator can simply be attached to any moving
body to generate electricity. Similar approach can be seen
in Lee and Chung (2016).

Levitation based energy harvesting (LBEH)

This method of energy harvesting is widely used in the
extraction of electrical energy from the vibrations. In this
method, three magnets, two stationary magnets and one
levitating magnet is used to convert the mechanical energy
into the electrical energy. The advantage of this method is
that the friction is reduced as there is no spring/mechanical
system involved. Due to this, large amounts of electrical
energy can be extracted from the system. The system is as
described in Figure 2.
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Figure 2: Schematic diagram of the LBEH (RADU OLARU ET.ALL).

As seen from Figure 2, there are two magnets, each one
stationary at the ends of the harvester. There is a levitating
magnet in the middle, in the opposite polar direction as that
of the fixed magnet at the top and bottom of the harvester.
These fixed magnets provide a magnetic repulsive force
for the magnet at the middle which is also called the levitating
magnet. There is a coil around the levitating magnet which is
helpful in extracting the electrical energy from the vibrations
which are subjected to the base of the energy harvester.

The design of such LBEH system requires the design of
the following based on the input vibrations that are sub-
jected to the energy harvester and the output as required
from the LBEH systems:

1. Design of the magnetic circuits
2. Design of the coil

This design is usually carried out in any FEM software and the
quantities are optimised based on the output that is required
from the system (Bernal and Garcia 2012; Li et al. 2019).

In this model as seen in Figure 2, there exists a mag-
netic restoring force which is equivalent to the restoring
force of the spring if it would have been as seen in Figure 1.
In the design of such magnetic levitation-based energy
harvester, the restoring force is calculated. The total
restoring force is the sum of the individual restoring forces
from each of the top magnet and the bottom magnets.
These values of the restoring forces are usually obtained
from the numerical simulations.

The practice of design of the energy harvester is that
the restoring force should always be made equal to the
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input force that is given as a vibration input. Hence if these
forces are made equal, the system will vibrate at resonant
frequencies. This helps to extract more energy/power from
the energy harvesting system.

The advantage of LBEH system is that electrical energy
can be generated from lower amounts of vibrations as well.
This can be used to power up electrical devices which are
consuming less energy. The applications include wireless
powered sensors, smart watches, flow meters which are
remotely monitored.

There are also few disadvantages with this system. The
main disadvantage is that this energy harvester is very much
dependent on the frequency of the input vibrations. If the
system is designed for a particular resonant frequency and
then if the vibration frequencies is varied widely, the system
will not be generating required amount of power.

The optimisation of the LBEH is also challenging as
there are too many parameters to vary (Sun et al. 2012).
Hence for the optimisation of the LBEH it is always prefer-
able to have more than one constraint in the optimisation
process. Usually, in the literature, the optimisation is the
separate topic of interest that is carried out by the re-
searchers using many sophisticated or complex algorithms
or tools (Williams and Yates 1996).

Modelling and analysis of the
levitation based energy harvesting
(LBEH)

The levitation-based energy harvester used to generate elec-
tricity from the vibration is shown in the previous section. In
this section, a detailed review of the technical aspects related
to the design of the energy harvester is discussed. A mathe-
matical model is derived from the set up. The same model is
simulated using MATLAB and the results are analysed.

Structure of levitation based energy
harvester (LBEH)

Saha et al. (2008) suggested the LBEH for extracting the
electrical energy from the human body motion. The system
consists of two stationary magnets and a repulsive levi-
tating magnet as shown in Figure 2.

As seen from Figure 3, a moving magnet is surrounded by
the stationary coil. The movement of the magnet is used to
generate electricity using a simple induction principle. The
movement of the magnet is caused by the vibrations which
are subjected to the base of the energy harvester.
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Figure 3: Exploded view of LBEH (Saha et al. 2008).

The same concept of the LBEH is also discussed in the
(Williams and Yates 1996). The equivalent model of such
energy harvester is discussed in the paper. From the
equivalent model, a mathematical analysis is performed to
understand the characteristics of the LBEH.

The mass-spring system consists of a seismic mass, a
spring and a frame as shown in Figure 4.

The significance of each parameter is as follows,

m — Mass of vibrating block

y(t) — The vibration displacement of the system with
time.

z(t) — Displacement of mass caused by y(f).

k — Spring constant.

cm — Mechanical damping coefficient.

ce — Electrical induced damping coefficient.

¢ — Damping coefficient of the system (c = ce + cm).

The differential equation of motion for the system can be
described as

mz(t) + cz(t) + kz (t) = -my (t) 0

Assume the external input to be sine excitation
vibration,

mz(t) + cz(t) + kz(t) = —-mw?Y sin (wt) )

Solving the above equation for the following assump-
tion, the mass in the harvester is nothing but a Magnet.

Resonance frequency of the EH structure should be
made equal to the natural frequency of the vibration.

Electromagnetic and mechanical damping are made
equal using the construction parameters.
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Figure 4: Equivalent mass spring damper system of an electromagnetic harvester.

The power that can be obtained by the energy
harvester is given by,
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Damping factor can be varied by varying the electrical
load resistance for the given design.

The power generated by the harvester at resonant fre-
quency is given by

P =m{w’Z: (6)

The mathematical model of the linear generator using
mass-spring-damper system is arrived at considering all
factors of the output. The assumption is made that the mass
of the vibrating source is greater than the seismic mass of
the energy harvester. This will provide an easier analysis of
the energy or power generated from the energy harvester.
First the force balance equations of the system are derived
and finally the generated power is obtained for the sinu-
soidal input vibration source.

The mathematical model reiterates that generated
power is maximum for the resonant frequencies of the
generator. It is also clear from the mathematical model that
the generated power is directly proportional to the cube of
the input vibrational frequency. Hence higher power is
generated for higher frequencies and vice versa.

MATLAB simulation and analysis of the
mathematical model

Equations (1-6) which are discussed in the section con-
sisting of LBEH is simulated in the MATLAB to understand
the characteristics of the energy harvester based on levi-
tation. The analysis is performed based on the fact that the
energy harvester is designed to an input vibration of very
low frequencies. This is done as in the literature the energy
harvester is mostly designed and developed for higher
frequencies.

As in the equations it can be seen that the power
developed is directly proportional to the cube of the input
vibration frequency, for low frequencies, it is understood
that the power developed will also be small. Hence in order
to compensate for the lower amount of the power for low
frequencies it should be noted that the amount of mass or
the maximum amount of movement of mass i.e., magnet
should be maximum.

The equations are programmed in the MATLAB and
different characteristics of the LBEH are obtained and
analysed. As it is discussed before, the energy harvester is
analysed for the low frequency applications. The frequency
of the vibration is considered as low if the frequency is in
the range of 0-20 Hz. Hence in this research work, the
energy harvester is designed and analysed for the nominal
frequency of 10 Hz.

The mathematical model addresses the necessity of
calculating the mass of the magnet for the extraction of the
energy from the harvester. Based on the preliminary cal-
culations and deliberations, the following parameters are
arrived at to be used in the MATLAB simulations:
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— Mass of the moving/levitating magnet: 50 mg
— Dominant frequency of the environment: 10 Hz
— Maximum amplitude of vibration: 20 mm

— Damping ratio: 0.3

There is always a trade-off between the maximum mass of
the magnet and the power generated. Even though from the

1.5
Figure 5: Power generated in the LBEH.

primary equations, it can be seen that the power developed
is directly proportional to the mass of the magnet, it is not
so. This is because as the increase in the mass of the magnet
the ability of the movement of the magnet decreases
thereby forcing the power developed to be less. The above
simulation parameters were used in the MATLAB and the
results were obtained as in Figures 5 and 6.
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As it can be seen from Figure 5, the maximum power
that can be generated is 10 mW. The variation in the fre-
quency that is mentioned in the x-axis indicate the change
of frequency for the designed frequency. It means that the
energy harvester which is designed for the 10 Hz can also
operate at other frequency which is indicated as 0.5 and 1.5
still, but with the limited power range generated. As it can
be seen from the figure, the power generated varies with
the variation to the input frequency. Hence it is always
desirable to operate the energy harvester with the designed
frequency so as to obtain the maximum output power.

For the analysis purpose, the resistance value is
considered to be 50Q. The voltage is also calculated and the
same is shown in Figure 5 as well. The maximum voltage
that the energy harvester can generate is 0.7 V for the 10 Hz
frequency. As the variation in the frequency is induced, the
system will also generate lower amount of voltage as in the
case of power.

The results obtained indicate that the power/voltage
generated from the energy harvester will be maximum for the
particular resonant frequency or the dominant frequency.
Hence the energy harvester needs to be operated at the same
resonant frequency/dominant frequency or at least in the near
band range of the dominant frequency so as to obtain the
desired maximum power/voltage. The results are in conjunc-
tion with the results as obtained in Williams and Yates (1996).

Simulation of levitation based
energy harvesting (LBEH) in Finite
Element Analysis (FEA)

The MATLAB simulations were obtained as a reference for
carrying out the simulations in the Finite Element Analysis
(FEA). The FEA was carried out to obtain the voltage from the
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input vibrations. The system to be simulated in the FEA
is carried out the COMSOL as comparable in the literature
Bernal and Garcia (2012). The LBEH with vertical type of vi-
bration is simulated in the COMSOL with the specifications as
modelled in the previous section is used (Saha et al. 2008).

As discussed in the previous sections, the energy
harvester is simulated for low frequency applications. The
low frequency applications include the vibrations which
are captured in the ship, on any vertical type of vibrating
devices on the deck of the vehicle and the machinery in the
industries (Lin et al. 2009).

As obtained through the literature, the vibrations from
the sea are of the value of 10-20 Hz with the vibration
amplitude of around 20 mm. Hence in this part of the
research a COMSOL model was developed and simulated for
the mentioned values. The detailed steps for the modelling
and analysis are discussed in the present part of the article.

The system to be modelled in COMSOL is same as
mentioned in Figure 2. The energy harvester will consist of
the two stationary magnets in the top and bottom of the
energy harvester. In the middle a levitation-based magnet
is modelled. This magnet is levitating because of the pole
direction of the stationary magnet and the levitating
magnet. The poles will be arranged so as to oppose the
magnetic faces each other to make the magnet levitate.

The energy harvester modelled in the COMSOL is the
axisymmetric model where the model is modelled only
with the half of the axis and the same will be replicated
automatically while obtaining the results. The system
developed is as shown in Figure 6.

As seen from Figure 7, there are two magnets which are
stationary at the top and bottom of the energy harvester. A
magnet is levitating at the middle of the harvester. The
power from the harvester is extracted using a coil which is
wound in the middle of the harvester. The specifications of
the LBEH designed in the COMSOL is as follows:
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10 Figure 7: LBEH designed in the COMSOL.
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1. Stationary Coil:

Width - 1 cm; Length — 8 cm; Number of turns — 800 turns,
copper wire.

2. Levitating Magnet:

Width — 1 cm; Length — 2 cm; Magnetic field strength — 1.2 T,
Permanent magnetic material: neodymium magnet
(NdFeB).

3. Stationary Magnets:

Width — 1 cm; Length — 1 cm; Magnetic field strength — 1.2 T,
Permanent magnetic material: neodymium magnet
(NdFeB).

4, Input vibration frequency: 10 Hz.

5. Input vibration amplitude: 20 mm.

In COMSOL, both the stationary and transient analysis
were performed to extract the possible energy from the
energy harvester. The output voltage from the energy
harvester was obtained for the specification as mentioned
in Section 2 of the article.

The results as obtained from the COMSOL is shown in
the following figures.

The result in Figure 8 shows the magnetic flux lines in
the meshed model of the axisymmetric model of the energy
harvester device. As it can be seen in the figure maximum
flux density is concentrated in the levitating magnet. There
is also slight magnetic flux density in the stationary magnet
as compared to the levitating magnet. As the dimension of
the stationary magnet is less compared to the levitating
magnet, the flux density is also comparatively low.

Figure 8: Magnetic flux lines in 2D Model.

The theoretical and the practical values of the flux
densities in normally not matching due to leakage flux and
remnant flux density. As it can be seen from the result
obtained, the practical values of the flux density are less
than the theoretical i.e., theoretical value given as the input
to the system was 1.2 T whereas the practical value of flux
density as seen from the graphs are only up to 0.8 T.

Figure 9 shows the same result as of Figure 8 but with a
3D view to the LBEH developed.

The results from Figures 8 and 9 indicate that the lines
of flux are originating from the north pole of the levitating
magnet and terminates at the South Pole. The same is true
for the stationary magnets which are at the top and bottom
of the energy harvester.

The flux lines in the levitating magnet cuts the sta-
tionary coil and the voltage is generated in the coil due to
Faraday’s law of induction.

Transient simulation of the LBEH

The energy harvesting device based on the LBEH is
simulated for the transient simulation to obtain the
voltage from the input vibration. The system as discussed
before is subjected to the low frequency vibrations of
10 Hz and the AC Voltage is obtained. The system when
subjected to the vibration from the base of the harvester,
vibrates and the reference frame is moved. When the
reference frame is subjected to vibration, the levitating
magnet also subjected to vibration and hence due to the
relative motion between the conductor and the levitating
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magnet, an AC voltage is induced in the energy harvester
as shown in Figure 10.

As seen from Figure 10, the maximum voltage that is
generated in the coil is 0.5 V. The voltage is the in form of
sinusoidal due to the input vibration. As the input vibration
is also in the form of sinusoidal, hence the output in the
system will also be in the form of sinusoidal.

The maximum voltage generated from the energy
harvester obtained from the FEA in COMSOL agrees with the

result obtained from the mathematical simulation as shown
in Figure 6. As seen from Figure 6, the maximum voltage
obtained from the numerical simulation/MATLAB is 0.7 V.
But the maximum voltage obtained from the FEA simulation
as in Figure 10 is 0.5 V. Therefore, a difference of 0.2 V is
present between the simulations. This is due to the leakage
flux in the energy harvester. The leakage flux and the
remnant flux density is not considered in the numerical

simulations.
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Parametric studies of LBEH in FEA

Parametric variation studies are one of the important studies
that is conducted in any research to assess the correctness of
working of the model. It is also performed to obtain the
boundary limits of the working range of any equipment to be
designed. In this research work, parametric studies are
carried out in the simulation environment to obtain the
working range of the LBEH and understanding it’s charac-
teristics in a clearer and better way.

No of turns V/s voltage generated

The primary criteria in designing any generator or harvester
is to design the number of coil that can be fixed in order to
generate the required amount of voltage. Hence this fixed
parameter, is now varied in the parametric analysis and the
voltage is varied as a function of the number of coil turns.
The results can be seen in Figure 11.

Global: Coil voltage (V)
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As seen from the below figures, the relationship be-
tween the number of turns in the coil and the output
voltage is directly proportional. This is also plotted and
depicted in Figure 12. It is also to be noted that practically,
the number of turns that can be increased has a limit that it
can fit into the dimension of the LBEH.

Displacement of the magnet V/s voltage
generated

As seen from the primary equations and general under-
standing, the levitating magnet provides more voltage if it
can travel maximum distance of the coil. Hence it is
obvious to design a LBEH with maximum movement
allowed for the levitating-based magnet. It is also
understood, that practical limitations exists for the
maximal allowable limit for the displacement of the
levitating magnet. The same is shown in the below
Figures 13 and 14.
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Figure 11: Voltage variation w.r.t. no of turns.
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Figure 15: Frequency variations V/s voltage.
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Figure 15: Continued.

Frequency of vibration V/s voltage generated

As it is seen from the mathematical model and the pre-
liminary MATLAB simulation, the voltage generated
from the LBEH is maximum only when the input fre-
quency of vibration is equal to the designed natural
frequency of the harvester. Hence voltage generated or
the power generated curve will be maximum at the
designed natural frequency of the LBEH. This is also
simulated and proved in the FEM and the same is shown
in Figures 15 and 16.
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Figure 15: Continued.

Magnetic field strength V/s voltage
generated

Practically, the amount of magnetic field strength is a
constant value for a given dimension and a material. But
for the analysis purpose, the amount of voltage generated
is varied as a function of magnetic strength and the same is
plotted as a graph in the below Figure 17.
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Conclusion and future work

The LBEH is mathematically analyzed and designed in the
FEM technique. The numerical simulations and the FEM
simulations are carried out for the existing LBEH for the
given design parameters. The simulations as obtained from

Magnetic Strength (T)

Figure 17: Parametric variations — magnetic strength V/s voltage.

the numerical and the FEM model indicates that the voltage
developed is around 0.5 V for the frequency of 10 Hz. As the
frequency varies, the voltage developed also decreases as
reported in the conventional literature. The results ob-
tained from both the numerical and the FEM analysis is
well augmented with the theoretical concepts that are
discussed and debated in the recent literature. At theend, a
parametric analysis is also carried out in FEM for the
designed LBEH and the same is verified using numerical
simulations as well. Further improvements to the model
can be carried out by optimizing the design of the energy
harvester by using complex optimization techniques. The
voltage developed can be varied using power electronic
circuits as required.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: None declared.

Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

Bernal, A. A., and L. L. Garcia. 2012. “The Modelling of an
Electromagnetic Energy Harvesting Architecture.” Applied
Mathematical Modelling 36 (10): 4728-41.

Cannarella, )., J. Selvaggi, S. Salon, J. Tichy, and D. A. Borca-Tasciuc.
2011. “Coupling Factor between the Magnetic and Mechanical
Energy Domains in Electromagnetic Power Harvesting
Applications.” IEEE Transactions on Magnetics 47 (8): 2076-80.



48 —— P. Kogodu Thirthappa and M. Krishnan: Modelling, design, parametric analysis of a LBEH

Gros, . C., D. C. Popa, P.D. Teodosescu, and M. M. Radulescu. 2017. “A
Survey on Green Energy Harvesting Applications Using Linear
Electric Generators.” In 2017 International Conference on Modern
Power Systems (MPS), 1-5. IEEE.

Guruacharya, S., and E. Hossain. 2017. “Self-Sustainability of Energy
Harvesting Systems: Concept, Analysis, and Design.” IEEE
Transactions on Green Communications and Networking 2 (1):
175-92.

Khaligh, A., P. Zeng, and C. Zheng. 2009. “Kinetic Energy Harvesting
Using Piezoelectric and Electromagnetic Technologies—State
of the Art.” IEEE Transactions on Industrial Electronics 57 (3):
850-60.

Khan, F. U., and M. Igbal. 2018. “Electromagnetic Bridge Energy
Harvester Utilizing Bridge’s Vibrations and Ambient Wind for
Wireless Sensor Node Application.” Journal of Sensors 2018:
1-9.

Kulah, H., and K. Najafi. 2008. “Energy Scavenging from Low-
Frequency Vibrations by Using Frequency Up-Conversion for
Wireless Sensor Applications.” IEEE Sensors Journal 8 (3):
261-8.

Lee, B. C.,and G. S. Chung. 2016. “Design and Analysis of a Pendulum-
Based Electromagnetic Energy Harvester Using Anti-phase

DE GRUYTER

Motion.” IET Renewable Power Generation 10 (10):
1625-30.

Li, C., S. Wu, P. C. K. Luk, M. Gu, and Z. Jiao. 2019. “Enhanced
Bandwidth Nonlinear Resonance Electromagnetic Human Motion
Energy Harvester Using Magnetic Springs and Ferrofluid.” IEEE/
ASME Transactions on Mechatronics 24 (2): 710-7.

Lin, T. R., J. Pan, P. ). O’Shea, and C. K. Mechefske. 2009. “A Study of
Vibration and Vibration Control of Ship Structures.” Marine
Structures 22 (4): 730-43.

Saha, C. R., T. O’donnell, N. Wang, and P. McCloskey. 2008.
“Electromagnetic Generator for Harvesting Energy from
Human Motion.” Sensors and Actuators A: Physical 147 (1): 248-53.

Sun, Q., S. Patil, S. Stoute, N. X. Sun, and B. Lehman. 2012. “Optimum
Design of Magnetic Inductive Energy Harvester and its AC-DC
Converter.” In 2012 IEEE Energy Conversion Congress and
Exposition (ECCE), 394-400. IEEE.

Williams, C. B., and R. B. Yates. 1996. “Analysis of a Micro-electric
Generator for Microsystems.” Sensors and Actuators A: Physical
52 (1-3): 8-11.

Yen, B. C., and ). H. Lang. 2006. “A Variable-Capacitance Vibration-to-
Electric Energy Harvester.” IEEE Transactions on Circuits and
Systems I: Regular Papers 53 (2): 288-95.



	Modelling, design and parametric analysis of a levitation based energy harvester
	Introduction
	Levitation based energy harvesting (LBEH)

	Modelling and analysis of the levitation based energy harvesting (LBEH)
	Structure of levitation based energy harvester (LBEH)
	MATLAB simulation and analysis of the mathematical model

	Simulation of levitation based energy harvesting (LBEH) in Finite Element Analysis (FEA)
	Transient simulation of the LBEH

	Parametric studies of LBEH in FEA
	No of turns V/s voltage generated
	Displacement of the magnet V/s voltage generated
	Frequency of vibration V/s voltage generated
	Magnetic field strength V/s voltage generated

	Conclusion and future work
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


