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Abstract. Power extraction from ambient vibrations is currently needed or the technology, and
the amount of energy in ambient vibration is low and is sufficient to operate small devices. In the
present article a methodology is proposed to extract the maximum amount of power from these
sources. This paper includes the method to increase the output voltage in a vibration energy
harvesting device. The vibration amplitude depends on stiffness, mass damping, vibrating source
amplitude and frequency. Various methods are developed to increase the voltage output from these
devices. An induced voltage can be further increased by changing the initial relative position
between the magnet and coil. Magnetic flux density is found to be maximum in the vicinity of the
coil. When the top magnet side matches with the coil centre, then the induced voltage is found to
be maximum as compared to other relative positions between the coil and magnet. The
multi-magnet arrangement has been used to enhance the total output of the device by keeping
appropriate relative position of magnet with respect to the coil. A theoretical and experiment
investigation is conducted on these methods, and a theoretical simulation is carried out using a
FEA tool, and the experimental results closely match with the theoretical results. Four magnet
coils have been considered in this study which gives the maximum output of 1.937 V, 1.426 V,
2.01 V and 2.27 V at 14 Hz frequency. With the help of a multi-magnet arrangement, maximum
7.64 V and 11.44 mW is reached. It observed that the multi-magnet arrangement is the best and
gives the maximum voltage output as compared to other methods.

Keywords: electromagnetic, multi-magnet, micro-electro mechanical system, modal analysis,
resonance, Ansys, Maxwell, magnet position, waveform.

Nomenclature

B Magnetic flux density v Relative velocity of magnet
¢, Electromagnetic damping coefficient W Excitation frequency

¢m Mechanical damping coefficient Y Amplitude

m  Mass of magnet ¢ Damping factor

k  Stiffness R}, Load resistance

n  Number of turns R.  Coil resistance

V  Voltage induced VEH Vibrational energy harvesting
z  Relative amplitude between magnet and coil EMF Electro-magnetic force

1. Introduction

All over the world, day by day the energy becomes more expensive and is found to be rarer
and rarer. Hence, it is necessary to harvest the energy. In the past years, a wide variety of materials,
such as piezoelectric materials [1-3] and dielectric elastomers [4-6], and a broad range of
mechanisms, such as electrostatic [7-9] and electromagnetic generators [10-12], were developed.
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These techniques or materials enable to exploit energy sources which are not usually applied, then
to increase the energy efficiency. Concerned to vehicles, it is possible to extract, for example,
repetitive movements of car dampers [13-15]. These movements are due to roads irregularities
and driving conditions such as acceleration, braking and curves.

When an external force is exerted upon the system, the produced oscillations are called as
forced vibration. The system vibrates at the excitation frequency due to oscillatory excitation. At
an instant when the excitation frequency coincides with the natural system frequency, dangerously
large oscillations may occur, and this condition is said to be resonance.

General energy harvesting devices taken into consideration are mechanical motion rectifiers
[16-19], piezoelectric shock absorbers [20, 21] and electromagnetic regenerative shock absorbers
[15,22-24].

Vibration energy harvesting (VEH) is an important source of energy specifically where the
conventional energy source is not available. Alkaline batteries may be used for portable devices
but if the power requirement is continuous, it leads to its frequent changes. Also, alkaline batteries’
recycling becomes difficult [25] and pollutes the environment. The VEH devices have one major
limitation of low efficiency resulting in the low-voltage generation at a low frequency [26, 27].
Different devices and sensors require a higher voltage power source [28] which the VEH device
does not provide. Also, the produced voltage is of the AC type which may require to be converted
to DC voltage. This AC/DC conversion has also low efficiency.

Depending on the excitation amplitude, frequency and spring stiffness, the amplitude of
vibration varies [29]. But the initial position of magnet affects the output voltage generated with
the same amplitude of vibration [30, 31]. In the first part of this article, a simulated and
experimental analysis of different relative positions of magnet and coil is studied.

To store the harvested power in chemical batteries, it requires having a higher voltage [32, 33].
The second part of this paper covers the use of multi-magnet arrangement to enhance a voltage
generated in the VEH device.

2. Theory

The vibration energy harvesting device consists of a mass (magnet), spring and a damper
system. In response to an external vibration source, the mass vibrates. The relative amplitude of
vibration [34, 35] is given by:

mY w?

eja)t_ (1)

2 k= mw? +jw(c, + )

This vibrating magnet and coil fixed to the device structure will have a relative displacement,
which produces EMF in the coil whose magnitude obeys the Faraday’s law.

Vibration Vibration of Relative Displacem?:nl EMF indu@d Output
SHire Magnet of Magnet and Coil in the coil Voltage

VEH Device

Fig. 1. Schematic diagram for vibrational energy harvesting device

The Faraday’s law of electromagnetic induction states that, when an electric conductor is
moved through a magnetic field, a potential difference is induced between the conductor ends. He
proposed the principle that the electromotive force, induced in a conductor, is proportional to the
time rate of change of the magnetic flux of that conductor. The magnetic flux B from the magnet
assembly radially penetrates each coil section over the magnet height. Therefore, the EMF, V
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(volt) generated by the conductor of length, L in the form of coils with ‘n‘ turns, moving in the
constant magnetic field, B, at the constant velocity, v according to the above law:

V = nBvlL. 2
Voltage induced in the system is given by:
V =nBLz, 3)
here Z is the instantaneous velocity. The VEH device energy is the energy consumed for the
electromagnetic damping.
Instantaneous power generated is given by Eq. (4):
Py, = c.2%, 4

where c, is the electrical induced damping coefficient.
Instantaneous magnitude of generated power Py, is given by Eq. (5):

mYw? 2
P, = 5
in = Ce (k —mw?) + jw3c ®)
At resonance, power is maximum and is given by Eq. (6):
D2y 2?2 _ (nLB)?Y?w? ©)

P = SR, + RO BR2(R, + Ro)

where R; is the load resistance, and R is the coil resistance

Therefore, it can be concluded that power, P, is directly proportional to the square of flux
density, B. A double increase in the flux density results in a quadratic power increase. So, the
energy harvester is designed to have a higher magnetic flux by using permanent magnets and using
good electric conductors [8, 36-38]. Fig. 1 shows the schematic diagram for the vibrational energy
harvesting device.

Researchers have developed different methods to extract the maximum energy from vibration
at a low frequency. Rao [39] and Bower [40] constructed a low-frequency, non-resonating
arrangement in which a ball magnet moves freely in a spherical cavity, and a copper coil is
wrapped on the cavity. Lee and Chung [41] developed a harvester which consists of a thin flame
resister planer spring, copper coil and a NdFeB permanent magnet which resonates at 8 Hz. Jung
and Yun [42] designed a harvester which consists of a proof mass attached to the bulk slender
bridge, and of a proof mass cantilever beam attached to it. Lee [43] converted the low frequency
resonating mode to the high frequency one with a micro slider and cantilever biomorph. Kulal and
Najafi [44] converted low frequency (25 Hz) to high frequency (11.4 kHz) through an
electro-mechanical up-converter. Gulchev [45] also used the parametric frequency up-generator
to convert low frequency vibration to high frequency. Pillatsch [46] used an inertial device which
combines the rotating proof mass and plucking of piezoelectric beam through magnetic coupling.

Some other methods are also developed for low frequency vibration energy harvesting by
different researchers. Naruse [7] developed a micro power generator which consists of a stripe
masked electret operating at 2 Hz frequency. Jo and Kim [47] proposed to harvest energy from
human body motions. It consists of a magnetic spring and inductive components. The device
works within the frequency range of 1 to 15 Hz. Zhang [48] used laminated plates which are
magnetically forced vibrations with piezomagnetic and piezoelectric layers. Xianzhi Dai [49] used
electromagnetic transducers of multiple laminates to convert ambient mechanical vibration to
electrical energy. Jin Yang [50] has improved the performance of the energy harvesting device by
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using one fixed magnet and one movable magnet mounted on the cantilever beam. This nonlinear
rod motion leads to a double power peak with the increased frequency bandwidth. Jin Yang [51]
designed an energy harvester which can operate in two-directional motions using a
magneto-electric transducer. Due to the magnetic interaction between the ME transducer and
magnets, nonlinear rod oscillations increased the device bandwidth.

Table 1. Summary of VEH devices developed and their output

Sr. No. Research group Frequency (Hz) | Voltage (mV) | Power (uW)
1 Bowers et al. [40] 15 700
2 Yuan Rao et al. [39] 20 1.2x10° 45
3 Lee et al. [43] 8 720 65.33
4 Jung et al. [44] 30 27.1x10° 131
5 Kulah et al. [46] 10 150 2.5
6 Galchev et al. [7] 2 — 57
7 Pillatsch et al. [47] 2 10 43
8 Jo et al. [49] 8 430
9 Jin Yang et al. [53] 4.4 590
10 Proposed device 14 8.1 12.86x103

Waveform of induced voltage depends on the relative position of magnet and coil. Fig. 2(a)
shows different relative position of magnet and coil, and Fig. 2(b) shows a simulated voltage
waveform generated for the amplitude of 5 mm at 9 Hz.
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Fig. 2. Induced voltage waveform generated: a) different relative position
of magnet and coil; b) its simulated induced waveform

From Fig. 2(b) it is clear that the induced waveform depends on the initial relative position of
magnet and coil. The maximum voltage is induced in the system when the offset is 15 mm as
shown in Fig. 2(a). From Fig. 2(b) it is clear that for inducing the maximum voltage, the top side
of the magnet should match with the coil center line. This is mainly due to the magnetic flux
distribution and direction of flux lines. At the S and N poles, the flux density is maximum, and
the flux lines are normal relative to the coil. So, when the S or N pole is in the coil centre, the
contacting flux density is maximum so the induced EMF is maximum too. Also for one cycle
vibration motion of magnet, there will be one sinusoidal form of the output voltage.

To increase the output voltage, a number of magnet and coil pairs can be used. When the ends
of all coils are connected in series, the total output waveform is the summation of instantaneous
voltages in all coils. To ensure the total voltage developed to be maximum, the induced waveform
should be same for all coils. This can be achieved by keeping the same relative position of all
magnets [3, 52, 53]. When the top of magnets coincides with the coil centre, the induced voltage
is maximum for the same amplitude and frequency of magnet.

1723

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA



2886. VOLTAGE ENHANCING USING MULTI-MAGNETIC ARRANGEMENT FOR LOW FREQUENCY VIBRATIONAL ENERGY HARVESTING.
ARUN BHOSALE, ARUL ANDERSON, P. SUHAS DESHMUKH

3. Construction of vibrational energy harvesting device

This device consists of four magnets and four coils shown in Fig. 3(b). All the magnets are
connected rigidly. Aluminum spacers are chosen and used to keep the required spacing between
the magnets as this material is non-magnetic in nature. This device has a unique resonant
frequency due to the presence of rigid connection between all the magnets. If the relative positions
of magnet and coil are different, the developed waveform is different. To get the maximum output
voltage, the top of magnet coincides with the centre of coil. To have a uniform waveform, all the
relative positions of magnets and coils are the same.

The maximum amplitude is obtained at the natural frequency of device. The generated
waveform depends on the initial relative position of magnet with coil. The same waveform results
in the summation of instantaneous voltages induced in each coil. To get the maximum voltage
output, all the magnets in the static condition are arranged such that the top magnet coincides with
the centre of coil.

Aluminium
spacer

Magnet

b)
Fig. 3. VEH device construction: a) pro-e model; b) coil and magnet relative position

By using a vibration exciter, we can give excitation of the known amplitude (0-6 mm) and
frequency (0-50 Hz). The VEH device is excited by the frequency of 0 to 16 Hz, and the 3 mm
displacement is given to the magnet. In the vibration energy harvesting device, the 3 mm
displacement is given to the magnet within the frequency spectrum of 0 to 16 Hz to generate the
energy in the form of voltage.

4. FEA analysis
4.1. Modal analysis

The Modal Analysis is performed in ANSYS Workbench R14.5, to find out the natural
frequency values and its corresponding mode shapes. Fig. 4 shows the first three natural
frequencies by a modal analysis.

The Modal Analysis shows that the first mode occurs at 13.97 Hz, and the mode shape shows
that the displacement is along the longitudinal direction (i.e. Z direction). This mode is important
because the displacement in this mode is responsible for the EMF generation. The second and
third modes occur at 84.409 Hz and 84.904 Hz correspondingly. The mode shape shows the
direction of these modes is along rotational X and Y directions respectively. In the second and
third modes, the magnet is almost stagnant but the spring vibrates, what shows that the EMF
induced is almost negligible. Hence, these modes are not considered during the experiment.

Mesh parameters are also taken into account by using the Tetrahedron mesh and Hexahedron
mesh elements. In the Tetrahedron element mesh, the average mesh quality of 86 % was used (that
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seems to be good as per industry standards). In the Hexahedron element, the results were almost
the same as tetrahedron elements. In addition to the Element quality, the Jacobian ratio was also
taken into consideration to avoid the negative Jacobian ratio in elements. The first modal
frequency is the same as obtained during the experiment.

A: Modal A: Modal

Total Deformation 1 Total Defarmation 2
Tyne: Total Defarmation Tyne: Total Defarmation
Frequency: 13.971 Hz Frequency: 84.408 He

A Modal
Total Deformation 3
Type: Total Deformation
Frequency 84804 Hz
it mm Unit: mm Unit mm
41942016 511 PM 41972016 5:12 PM 49r2016 512 PM
870.66 Max
77382
677.18
680.44
4837
386.96
290.22
193.48
96.74
OMin

83.634 Max
74.341
65.049
55.756
46.483
7471
27.878

1040.5 Max

809.24
60264
576.03
45243
346,82
231.21
11661
0 Min

18.685
92827
0 Min

00 (mm)

a) b) 50.00 C)

Fig. 4. Modal analysis of device: a) first mode; b) second mode; c) third mode

4.2. Electromagnet energy generation simulation

The VEH device arrangement is simulated in the ANSOFT Maxwell software which is set to
2D DESIGN. The model is cylindrical about the Z-axis. The solution type was selected as
‘transient type’. The model was drawn with pre-selected values. Different drawn components were
named accordingly like a magnet, coil, band, region, etc. The material selected for the magnet is
NdFeB 35 (neodymium) and, for the coil, it is copper. The coordinates for the geometry are set in
the option ‘create rectangle’. An air gap of 1 mm is set between the coil and the magnet. A
rectangle called as ‘band’ was drawn around the magnets with greater dimensions. A ‘region’ with
a percentage offset was created. The magnets are assigned for motion with positive and negative
translation limits. The coil was assigned as a winding with the set parameters like a number of
turns, reluctance, inductance, voltage, etc. Lengthwise mesh operations were selected for the setup
in the ‘analysis’ section with linear steps. Figs. 5(a) and (b) show the magnetic flux density and
flux lines distribution. The plots of induced voltage, flux linkage, velocity versus time were
obtained in the ‘results’ section by selecting the type of plot as the X-Y plot. The solutions were

obtained.
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Fig. 5. Maxwell simulation of VEH device for: a) magnetic flux density, b) flux lines of magnet 1 and 2

Fig. 6(a) and (b) shows the simulated EMF generated in coils. As a representative EMF
generated in two coils is shown, the actual output is obtained from four coils. Fig. 6(c) shows EMF
generated in four coils on a common time scale which shows that EMF in all coils gives the peak
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voltage at the same time. This allows connecting the output of all coils in series to get the enhanced
output voltage.
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Fig. 6. FEA Simulated EMF generated in coils
5. Experimental set

Experimental set consists of a multi-magnet electromagnetic harvesting device with a set of
four coils and magnets. This device consists of an outer frame made up of aluminum
(non-magnetic material), 3 beryllium copper flexural springs, 4 permanent magnets and 4 copper
wound coils. Fig. 7 shows the architecture of Magnet in-line coil, it carries a coil, magnet and
spacer. The springs are spiral-shaped with 4 numbers of starts. It is suspended between two spacers
with the help of bolted joints. The outer frame is the main mass system made up of aluminum with
a hollow body. Holes are provided on the outer periphery of the frame to accommodate the bolts.

The coils are made up of a copper wiring wound on a plastic bobbin. The number of turns is
2679 with the gauge diameter of 47 pum. The resistance and inductance of copper wiring is 1342 Q
and 67.91 mH respectively. The natural frequency of system is 14 Hz. Neodymium Iron Boron
cylindrical magnets are used to serve the purpose of permanent magnets because they exhibit the
highest magnetic properties among all the magnetic materials. When the magnets oscillate towards
the coils, according to the Faraday’s law of electromagnetic induction, voltage will be induced in
these coils.
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il
H\\Spacer

W // Coil
\\S“/—\Magnet

Fig. 7. Magnet in-line coil architecture

The experimental set (Fig. 8) also contains a vibration exciter which is used to excite the
harvesting device and has the capacity to be excited at the known amplitude (0 to £6 mm) and
known frequency within range of 0 to 50 Hz. The exciter is actuated by a signal controller from a
dSPACE DS1104 R&D controller through a Linear Current Amplifier (LCAM). The LCAM
amplifies low-voltage signals from the DAC which are insufficient for driving the exciter. The
energy harvesting device assembly is mounted on the exciter so that, due to excitation, the desired
amplitude and frequency can be given. Due to a relative displacement between coil and magnet,
the EMF is induced. These induced EMF signals are given to a suitable circuitry and feedback
signal given to the data acquisition system (dSPACE) through an ADC port. Also, a relative
displacement of magnet and coil can be measured and give feedback to the acquisition system
(dSPACE) through an ADC port.

[ Induced ]
Voltage
l o/p of coil I

Magnet

Compute SPACE Vibration and coil
4iid LCAM lati
(DAQ) Exciter Dewce relative
Matlab

motion

Displacement feedback

| LVDT [
a) Block diagram

]

b) Actul setup
Fig. 8. Experimental set

6. Result and discussion

Experiments are conducted within the frequency range of 1-16 Hz by using a vibration energy
harvesting device to get the energy in the form of voltage. Through an experimental study, it is
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observed that, as frequency increases, then the induced voltage in the coil also increases, and at
14 Hz frequency, the induced voltage is found to be the highest. The induced voltages in the coils
i.e. from coil 1 to coil 4 are 1.937 V, 1.426 V, 2.01 V and 2.27 V respectively across 5.1 kQ. The
magnitude of the induced voltages gets reduced at higher frequencies. From Fig. 9, it is found that,
even though the magnet displacement of disturbance, it is controlled but still there is a change in
the input frequency. If the output waveforms of all four coils are superimposed on the same real
time scale, it is observed that the induced voltage reaches to its maximum and zero value
simultaneously. The series connection of all four coils leads to giving a high voltage in the system.
This high voltage is approximately the arithmetic summation of individual voltages.

S EEE =

B

Fraquenc:

|l
=]

1.787
1.045

Fig. 9. Graphical user interface of data acquisition system

Fig. 10 shows the voltage induced in each coil within the frequency spectrum of 11 to 16 Hz.
It also shows the total voltage in the system which is obtained by the theoretical and experimental
methods. The series connection is considered for the magnets to obtain the total voltage obtained
in the system. Fig. 10 shows a theoretical summation of the total voltage, and the actual total
voltage generated is almost the same. This clearly establishes that, if the waveform of induced
voltage is the same for all coils, its addition is possible.

8 T T T
AL , /\ -
/ —>— Induced Voltage In Coill
/ ¥ Induced Voltage In Coil2
6 : : —+— Induced Voltage In Coil3
/ —=— Induced Voltage In Coil4
s A —&— Expetimental Total Voltage Generated
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s 4 o - e
>4 \ _
i Ay “~.
S
B3 g
2L - i
-
R
1 s \azt\t.’-\‘b
RN T
b e - 4
Il Il 1 L 1 Il L L
11 115 12 125 13 135 145 15 155 16
Frequency(Hz)

Fig. 10. Induced voltage for individual coils and total voltage at different frequencies

Fig. 11 shows a simulated induced voltage in each coil, the simulated total voltage and actual
total voltage in the system at different frequencies. It is also found that the actual total voltage is
slightly moved towards the lower side than the simulated voltage in the system due to the existence
of flux leakage and air gap.
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Fig. 11. Simulated voltage for individual coils and actual total voltage at different frequencies

7. Conclusions

From this study, it is observed that the output of vibration energy harvesting device depends
on the relative displacement of the magnet with respect to the coil, flux density of the magnet and
also on the frequency of vibrating cycle. The maximum voltage is induced in the system when the
top side of magnet comes in the vicinity of the coil centre. The concept of Multi-magnet
arrangement in the system enhances the output voltage of the vibration energy harvesting device.
By using a multi-magnet arrangement with four magnets up to 7.64 V, and 11.44 mW output is
reached.
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