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Abstract : This paper investigates the applicability of an electromagnetic generator with
repulsively stacked magnets for harvesting energy from traffic induced bridge vibrations.
First, the governing equation for electromechanical coupling is presented. The magnetic
field for repulsive pole arrangements is discussed and the model is validated from
magnet falling test. The detailed design, fabrication, and test results of a prototype
device are presented in the paper. Experimental vibration shaker test is conducted to
assess the performance of the energy harvester. Field test and numerical simulation at the
3" Nongro Bridge in South Korea shows that the device can generate an average power
of 0.12mW from input rms acceleration of 0.25m/s” at 4.10Hz. With further frequency
tuning and design improvement, an average power of 0.98mW could be potentially

harvested from the ambient vibration of the bridge.
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1. Introduction

Wireless sensors are now broadly used for structural health monitoring application
to remotely and continuously assess the conditions of civil structures [1]. Although
wireless sensors are free from wires to send or receive signal, the sensors still need
batteries to power. The maintenance cost for replacing batteries in wireless sensor
applications can exceed the sensor’s cost due to laboring fees [2]. Therefore, there has
been a strong interest in developing small energy harvesting devices for powering
electronic apparatus for civil infrastructure applications.

Bridges are prime candidates for application of wireless sensor based structural
health monitoring system [3]. Most bridges, however, exhibit low frequency and low
amplitude ambient vibration caused by either wind or traffic. Fundamental frequency of
short or medium span bridges typically ranges from 2Hz to 8Hz [4], and the
accelerations are generally less than 1m/s”. On the other hand, many vibration based
energy harvesters operate with frequency over 60Hz, and they utilize harmonic
oscillations induced from machinery systems [5-7].

Very few studies have been reported on energy harvesters utilizing structural
ambient vibration with low frequency. Linear generator has been studied for wave
energy converter which has very low frequency and high amplitude [8]. Similar concept
has been applied to ambient vibration of bridges [9,10]. Two repulsively attached
magnets have been used in electromagnetic oscillators to harvest energy [11,12].
Another effort has been reported using electromagnetic inertial power generator and a
prototype device has been developed and applied to a medium span T-beam bridge and a
long span suspension bridge [13]. However, the performance reported is quite low. The

electromagnetic inertial power generator provides an average power of 0.05mW at 3.1Hz



[9] and 2.3uW at 2Hz [13].

This paper investigates the applicability of an electromagnetic generator with
repulsively stacked magnets for harvesting energy from traffic induced bridge vibrations.
Stacking repulsively slices of magnets can be advantageous for input vibration source
with low frequency since the oscillating frequency of magnetic flux density is
proportional to the number of sliced magnets. This paper is organized as follows: First,
the configuration of the energy harvester with multilayers of repulsively stacked magnets
and the governing equation for electrical coupling are presented. Then, the magnetic
field for repulsive pole arrangements is discussed and the model is validated from
magnet falling tests. The detailed design, fabrication, and experimental shaker test
results of a prototype device are presented. Additionally, numerical simulation based on
the prior measured bridge accelerations under ambient traffics is reported. Finally a
feasibility of the proposed energy harvester concept is investigated by conducting a field

test on a bridge exhibiting low frequency vibration.

2. Repulsively stacked multilayer electromagnetic energy harvester

2.1. Description of the energy harvester

Fig. 1(a) shows the configuration of a conventional vibration based energy harvester
consisting of a single permanent magnet and a solenoid coil. Fig. 1(b) shows the
configuration of repulsively stacked multilayered magnets and coils in the proposed
energy harvester concept. The key idea of the multilayer device, as shown in Fig. 1(b), is
that the poles of magnets are arranged to produce repellent forces of each other. The pole
arrangement increases the radial component of magnetic flux density that induces

inductive current in the coil, and hence the power generated.



The induced electro-motive voltage in a coil is proportional to the magnetic flux
density, total coil length, and moving velocity. The use of multiple magnets, which are
compactly stacked, increases the oscillating frequency of magnetic flux density as well
as the flux linkage gradient. Furthermore, the oscillating frequency is proportional to the
number of stacked magnets. As shown in Fig. 1(a), the sign of the magnetic flux density
in a conventional single layered energy harvester changes only one time during a half
cycle of oscillation. For the multilayer device, however, the sign of the magnetic flux
density alternates as many times as the number of stacked magnets during the same time
duration of the oscillation. As an electromagnetic energy harvester is analogous to an AC
generator, the increased oscillating frequency of magnetic flux makes the multilayer
system producing electrical energy more efficiently. In addition, the short axial
bandwidth of the magnetic flux enables the harvester to produce electrical energy even

for low amplitude vibration.

7
S )
=7

-4

(a) Conventional single magnet and coil
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(b) Repulsively stacked multilayer magnets and independent coils
Fig. 1 Magnet structures and radial magnetic flux density of electromagnetic energy

harvesters.

2.2. Governing equation

The governing equation describing the relative movement of a magnet with
respective to a coil caused by base excitation can be derived from the forces acting on a
system as [14,15]:

mz(t)+cz(t)+kz(t)=F, _ +F, (1)
where z denotes the relative axial displacement between the magnet and the coil, m;, ¢
and k; are, respectively, mechanical mass, damping and stiffness. The excitation force
F.\ 1s given by

Foy=-mi,(t) 2
where X, denotes the base acceleration. The axial component of the electro-motive force

F., opposing the motion along the coil axis can be described as a function of the induced

current /() in the coil as

F, =p()1() 3



where ¢ is the electro-mechanical coupling coefficient related to the magnetic field
which will be discussed in the next section.

For each coil j, the relationship between the current rate / ; » the current [, , and the
relative axial speed z; between the coil and the magnet can be written in terms of an

electro-mechanical coupling coefficient ¢, , the total electric resistance R;, and the

inductance of the winding coil L.; [16] as:

¢j(z)
L. .

c,]

: R.
1,(1)= zj(t)—flj(t) “

Substituting Egs. (2) and (3) into Eq. (1), and combining it with Eq. (4), the equation of
motion can be derived in a state-space form as [17]:
y(t) = A(2)y(t) +£(7) ®)

where y=[z z I - I In]randf=[0 -X¥, 0 -« 0 - O]T. In its
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expanded form, Eq. (5) can be expressed as:
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Eq. (6) is a nonlinear system of equation because the electro-mechanical coupling

coefficient ¢, is a function of spatially varying magnetic field surrounding the coils.

3. Magnetic fields

3.1. Magnet moving through coil



Considering a permanent magnet moving within a hallow circular coil as shown in
Fig. 2, the mathematical representation between the motion of a magnet and the induced

electro-motive voltage in a coil can be written as [18]:
v =j; B.(z,r)dlz (7)

where v is the induced voltage, Z is the relative axial velocity between the magnet and
the coil, z is the relative axial distance from the center of the coil to the magnet, 7 is the
radial distance from the center of the magnet, B, is the radial component of the magnetic
flux density, and /,, is the total length of the coil wire inside the magnetic field. Using
cylindrical coordinates, the radial component of the magnetic flux density surrounding a

coil can be written as [19] :

3u,m ozr
B.(z,r) ="
r( ) A [(Ca)z + r2J5/2

®)

where, u, is the permeability (= 41x10”" N/A®) of a vacuum, my is the magnetic dipole
moment of the magnet, and « is a shape adjustable factor.
The axial component of an electro-motive force opposing the motion along the coil

axis follows Faraday’s law of induction as [19]:

F, = ﬁBr(z,r)dl-I ©)

The magnitude of the electro-mechanical coupling coefficient ¢(z,7) between the induced

force and the electric current can be expressed as:
d(z,r) =j; B, (z,r)dl (10)

Preliminary analysis results reveal that the coupling coefficient computed using the
average radius and the average axial distance is almost identical to that estimated by the

integration over the coil length. Consequently, the following approximation is used to



evaluate the average coupling coefficient of a thin coil as:
¢zBr(Zc’ra)lw (11)
where 7, is the average radius of the coil, z. is the distance between the center of the

magnet and the coil.
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Fig. 2 Pole arrangement and magnetic fields of permanent magnet moving through a coil

3.2. Magnets with repulsive pole arrangements

The magnetic field of repulsively stacked magnets shown in Fig. 2(b) has not been
extensively studied. Yonnet el al. [20] computed the axial levitational stiffness of
repellent magnets for a passive magnetic bearing. Coey [21] introduced a microwave
power tube consisting of repulsively stacked magnets that create a periodic flux along
the axis to keep the electrons moving in a narrow beam through the tube. Blache and
Lemarquand [22] revealed from experiment and analysis of two repulsively stacked ring
magnets that the shape of the radial component of the magnetic flux gradually changes

from peak profile to triangular profile, and to sinusoidal profile as the gap width



becomes larger.
Based on the literature review, it appears reasonable to assume that for the
repulsively stacked magnets, the radial component of the magnetic flux density along the

magnet axis can be expressed by the superposition of each component magnet as:

-
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B (z,r,) =

otherwise

(12)

where z, =z + (tm +1, )[/ —-(n+1)/ 2], t, is the thickness of each core (spacer), #, is the

thickness of each magnet, # is the number of magnets, and S is the core factor which is
zero for air core. Ferromagnetic metal core is generally used to prevent the magnetic flux
from diverging in the radial direction; a metal core makes the magnetic flux concentrated
in a narrow area. The effect of a metal core on the magnetic field depends on various
parameters such as the core material, the geometry of core, the magnet size, etc. The
usual values for the core factor is less than a quarter of magnet’s diameter. The influence
of the core factor and the validity of Eq. (12) will be examined from magnet falling tests

to be discussed next.

3.3. Magnet falling tests

Experiments of magnet falling through a coil have been performed to verify the
analytical model of magnetic fields described in Eq. (12). The experimental apparatus is
shown in Fig. 3. A total number of five Neodymium magnets (NdFeB) are used in the

tests. The influence of the gaps between each magnet on the inductive voltage is being



investigated by varying the gap from Imm to 1lmm. Polystyrene straw and steel
washers are respectively used for an air core and a steel core to allow gaps between the
ring magnets. The magnets and the cores are skewered and glued on a non-magnetic
stainless steel shaft. The outer and the inner diameters of each magnet are, respectively,
9.53mm and 3.18mm, and the magnet thickness is 1.52mm. The parameters for the two
different coils with different thickness used in the experiments are summarized in Table
1.

In the experiments, the magnet is simply dropped down through the coil, and the
induced voltage in the coil is then measured using a data acquisition system, NI USB-
6009 driver. As the magnet drops slowly, the sampling rate of 20 KHz for measuring the
transient voltage is sufficient for the experimental test. The measured voltages are then
normalized by the associated falling velocities by measuring the distance between
magnets and the time intervals when the sign of the voltage changes. The normalized
voltage based on the falling velocity is equivalent to the average electro-mechanical

coupling coefficient as seen in Egs. (7), (10) and (11).

Table 1. Coil parameters

Coil-A Coil-B )
Parameter (Thin) (Thick) Unit
Wire diameter 90 90 um
Outer diameter 22 22 mm
Inner diameter 12 12 mm
Thickness 2 4 mm
Number of turns 980 1960
Resistance 145 290 Q
Inductance 18.3 73.2 mH




Fig. 3 Magnet falling tests

Fig. 4 shows the measured voltage from the falling tests of a single magnet and the
computed voltage using Eq. (6). To understand how the induced voltage varies with the
properties and the geometry of the coil, we compare the measured voltages of the two
coils. Eq. (8) is applied to fit the measurements as shown in Fig. 4. It can be seen from
Fig. 4 that Eq. (8) can be used to model the magnetic field of a single magnet. For coil-A
(thin) and coil-B (thick), the magnetic dipole moments m are determined respectively as
0.137 and 0.126, and the shape adjustable factors « are set respectively as 1.4 and 1.3 on
the basis of the amplitudes and the shapes of the normalized voltage measurements. Note

that the shape factors are within the range of 1.2 ~ 1.5 as reported by Donoso et al. [19].
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Fig. 4 Normalized induced voltages obtained from a single magnet falling through a coil

The voltage induced from the interaction between the coil and the multilayered,
repulsively stacked magnets differ significantly from the case of a single magnet. In
particular, the voltage wave form is affected by the core thickness (the gap distance
between each magnet). Fig. 5 shows the induced voltages normalized by the speed of the
falling magnet versus the air core thickness, which is adjusted using Polystyrene straw
that has no influence on the magnetic flux, when five repulsively stacked magnets fall
through coil-B. As noted by Blache and Lemarquand [22], the shape of magnetic flux
gradually changes from a triangular profile to a sinusoidal profile and then to a saw

profile as the core thickness increases.
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Fig. 5 Induced voltages normalized with the magnet falling speed versus thickness of air

core when five repulsively stacked magnets fall through coil-B.

Steel rings are used as a spacer between the magnets, and its influence is
investigated. As shown in Fig. 6(a), the coil with the steel core produces much higher
voltages than the coil with air core. For the case of steel core, the voltages increase by
1.4 times when the thickness ratio between the core and the magnet is less than 2. The
magnification ratio gradually increases up to 1.8 as the thickness ratio increases. The
increase in voltages due to the steel core can be accounted for by adjusting the core

factor £ in Eq. (12). Using a curve fitting on the measured data, as shown in Fig. 6(b),

the empirical equation for the core factor when the thickness ratio between the core and

the magnet is less than 7 can be expressed in terms of a flexible sigmoid function as:

0.72

= 1+3506_1-4(tg/[m) +O.84 (13)

B

where 1, is the thickness of each core, and 7, is the thickness of each magnet.
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Fig. 6 The effect of cores on induced voltages.

The proposed magnetic flux density equation for the stacked repulsive magnets is
validated through the falling magnet tests. We first plot the five independent magnetic
flux density curves and then superimposed them using Eq. (12). The superimposed
magnetic density is converted into normalized voltage and the results are compared to
the measured voltage as shown in Fig. 7(a). Note that even though the five different

magnetic flux density curves have different phases, the superimposed density curve,

13



labeled as Eq. (12), has the phase and the amplitude nearly identical to the measured
magnetic density flux. The experiments have consequentially concluded that Eq. (12)
can be effectively used for modeling the magnetic flux density for the multilayered,
repulsively stacked magnets configuration. As noted earlier, the proposed equation for
the empirical core factor is incorporated into Eq. (12) for the case of a steel core. As
shown Fig. 7(b), the normalized voltage on superimposing the measured magnetic
density curves with steel core also compare favorably with Eq. (12) with the core factor
B =1. It can be seen that the voltage increase of the proposed multilayered system
compared to the single magnet is quite noticeable. Furthermore, the interface with
electrical circuits using the multi-layered devise as proposed is easier than the single

magnet system due to its higher voltage output.
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Fig. 7 Combination of five individual magnetic densities to produce repulsive magnetic

structure around coil-B

4. Energy harvesting from low frequency vibrations-Laboratory experiments

Fig. 8 shows the prototype of an energy harvesting device consisting of coils and
repulsively stacked magnets. The two coils in the device are the same as coil-B whose
parameters are tabulated in Table 1. There are eight Neodymium (NdFeB) ring magnets
and seven steel cores which are skewered and glued on the stainless steel shaft. The
thickness of each steel core is Smm. Therefore, the distance between the centers of a pair
of magnets is 6.52mm. The dimensions and the parameters of the coils and the magnets
are the same as those used at the falling magnet tests described earlier.

The housing containing the two coils and a proof mass is made of acrylonitrile-
butadiene-styrene (ABS) copolymer. Three strips of polytetrafluoroethylene (PTFE)
sheet are glued to the magnet stack to reduce friction loss. Lead nuggets are added at the

top of the coil to adjust the mass. The total mass of the moving part is 56g.
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Fig. 8 Experimental setup with prototype

Shaker tests have been carried out to verify the dynamics and performance of the
prototype device, and to validate the numerical model. Fig. 8 depicts the experimental
setup. In the experiment, the base excitation is provided by a vibration shaker (Modal
Shop, K2007EO01) and the response is measured by an accelerometer (Crossbow,
CXLO2LF1). The induced voltages are measured by the data acquisition device
(National Instrument USB-6009). In the test, the electric load resistance R; was changed
from 0Q to 5000Q2 in order to vary the total resistance of the system and to dissipate the
harvested electric power with a closed circuit.

To evaluate the dynamic properties of the prototype harvester, the rms voltage is
measured by varying the periodic excitation frequency using the shaker. The constructed
transfer function showing the relationships between the rms voltage and the excitation
frequency reveals that the natural frequency and the damping ratio of the prototype
harvester are 3.65 Hz and 2.3 %, respectively. Note that the voltage is measured using

USB-6009 whose internal resistance is 144 KQ.The rms voltage is measured by
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changing the load resistance R; The results show that the generated power reaches its
maximum when the R; is 680 Q.

Given the natural frequency of the harvester and the optimal load resistance, the
power performance curve can be constructed as a function of the excitation frequency
(fixing R;= 680 Q)and as a function of the load resistance (fixing the excitation
frequency at 3.65 Hz with a rms acceleration of 0.53m/s) as shown in Figs. 9a and 9b,
respectively. Fig. 9a shows that the voltage increases with the load resistance and
reaches its maximum near the load resistance of 680€2. This value is comparable to the
optimal resistance of 660€2 obtained from electric resistance matching (maximum power

is produced when the coil resistance R¢ is equal to the load resistance Ry) [24].
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(a) RMS voltage and average power per coil at 3.65Hz frequency
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(b) Average power per coil with 680<Q load resistance
Fig. 9 Measured voltage and power across load resistance at single coil for the rms

acceleration of 0.53m/s’.

In order to compare the measured and simulated voltages, Eq. (5) is solved
numerically by using the measured base acceleration of the shaker as shown in Fig.
10(a). As shown in the figure, due to the limitation of the shaker in exciting pure wave
form at low frequency range, signal noises are inherent in the measurements.
Nevertheless, as shown in Figs. 10(b) and 10(c), the simulated voltage shows good
agreement with the measured results. Note that the wave form of the measured voltages
for the coil 2 is slightly different from that for the coil 1. The difference is due to the
their positions: the coil 2 is located on the top of the coil 1, leading the coil 2 to
experience less magnetic flux than the coil 1 when they oscillate vertically.

The average powers obtained from the measured and the simulated results are,
respectively, 0.156mW and 0.144mW. The results demonstrate the effectiveness of the
proposed models for magnetic field and electro-mechanical coupling as discussed

earlier.
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Fig. 10 Wave forms obtained with shaker tests.

5. Energy harvesting from low frequency vibrations-Numerical simulations

To investigate the feasibility of power generation from low frequency vibrations,
numerical simulation is conducted to estimate the power generated using the prototype
device. Specifically, the recorded vertical girder acceleration at the 5™ Nongro Bridge in
Korea shown in Fig. 11 is used in the simulation [25]. The bridge was located in a rural

area with relatively low traffic. Figs. 12(a) and 12(b) show the measured acceleration

19



over a period of 10 minutes. The acceleration signals indicate there were 25 vehicles
crossing the bridge during the 10 minutes period. The peak acceleration measured is
about 1.33 m/s®, and the standard deviation on the 10 minute acceleration is 0.144 m/s’.
As shown in the power spectrum plot in Fig. 12(b), the estimated fundamental
frequencies of the vertical and the torsional modes are 2.39Hz and 3.17Hz, respectively.
Numerical simulation is conducted by solving Eq. (5) using the parameters of the
prototype device as described in Table 1 and the acceleration record. It was assumed that
the natural frequency of the device is tuned to the first-mode fundamental frequency of
the bridge (2.17Hz) and, furthermore, the damping ratio is reduced to 1% for the
numerical simulations to represent the ideal case. Figs. 13(a) and 13(b) show the
numerically simulated results on the voltages and the powers. As shown in Table 2, the
peak and the average power obtained from bridge vibration are respectively 5.07mW and
0.12mW over the 10-minute period. The numerical simulation shows the feasibility in
extracting power from low frequency bridge vibrations. In general, the power produced
by the device depends on traffic flows, and the device should be able to generate more

power with the increase in traffics and vehicle speed.

Fig. 11 The 5™ Nongro Bridge, located in Kimhae-si, South Korea (demolished 2006)
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Fig. 13 Simulation results
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Table 2. Simulation results

Coill Coil2
Voltage | Peak 2.096 2.093
(V) Standard deviation 0.263 0.263
p Peak 3.850 3.860
OWET " Average 0.060 | 0.060
(mW)
Total average 0.120

6. Field Tests

The numerically simulated energy harvester power production using the recorded
bridge acceleration assumes two ideal conditions in the prototype device: 1) perfect
frequency tuning and ii) lower structural damping. To verify that the prototype energy
harvester actually generates power utilizing ambient bridge vibration and that the
proposed analytical models are valid, a field experiment is being conducted at the 3rd
Nongro Bridge in Pusan, Korea, shown in Fig. 14(a). Since the bridge used for numerical
simulation has been demolished, the 3rd Nongro Bridge having a similar structural
system is used instead. The field test allows us to identify the limitations in applying
vibration-based energy harvesters to civil structures and the possible improvements
necessary for increasing the performance of the prototype device.

Figs. 14(a), 14(b), and 14(c) show, respectively, the concrete bridge deck, the
installed prototype and the data acquisition systems, and the heavy-loaded truck passing
over the bridge. The time series of the bridge acceleration and its power spectrum
density are shown, respectively, in Figs. 15(a) and 15(b). Fig. 15(a) shows the
acceleration time series measured when the heavy-loaded truck was crossing the bridge.
The measured peak acceleration is about 1 m/s*, and the standard deviation of the 10-sec

long acceleration is 0.250 m/s>. As shown in Fig 15(b), the natural frequencies of the
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bridge are identified as 2.74Hz and 4.10Hz, respectively. The natural frequency of the
prototype device is 3.65Hz and, therefore, is not tuned to the natural frequencies of the

bridge.

(a) The 3" Nongro bridge

(b) Installed prototpe device and Data acquisition

‘ ‘-(“c) Heavy load vehicle
Fig. 14 Field test

23



Acceleration (m/s?)
o —_

1
—
1

_2 T T T T
0 2 4 6 8 10
Time (sec)
(a) Slab acceleration
0.3
=)
S
(e}
o 4.10 Hz
"< 0.2 A
T
E
2011 274m2
7]
A
0 I T I I
0 2 4 6 8 10
Frequency (Hz)

(b) Power spectrum density
Fig. 15 Recorded bridge vibration

Figs. 16(a) and 16(b) show the measured and the simulated voltages and the power
time series from the coil 1 in the prototype device. The peak and the average power for
the coil 1 are 0.75mW and 59uW respectively, for the duration of 10 seconds when the
heavy loaded truck passes. For comparison, the numerical simulations are also
conducted using the measured bridge acceleration as an input to Eq. (5). The simulated
results compare favorably with the measured voltages and the powers in terms of

amplitude and phase.
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Fig. 16 Test and simulation results for coil 1

The efficiency of the prototype device can be improved by tuning the natural
frequency and by reducing the structural damping ratio. The influence of the frequency
tuning and the damping reduction on the performance of the prototype device is
investigated using numerical simulations. First, the corresponding power is estimated,
assuming that the natural frequency of the device is perfectly tuned to the fundamental
frequency of vertical vibration of the bridge. The results show that the peak and the
average power per coil increase up to 1.68mW and 0.24mW, respectively. The average

power increases by almost four times due to resonance. Furthermore, the numerical
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simulation is conducted with an additional condition that the structural damping ratio is
reduced down to 1 %. The results reveal that the peak and the average power per coil can
increase up to 3.43mW and 0.49mW, respectively. Table 3 summarizes results for the
field tests and numerical simulations. Table 4 shows a comparison of the power density
of different energy harvesters reported in the literature for low frequency vibrations
where the natural frequency is less than 10Hz. The power density is defined as the
harvested power divided by total volume of the device as a measure to compare the
efficiency of the harvesters. The device shows fairly good performance even when the
system is not tuned to the vibrational frequency of the target bridge. With fine tuning and

design improvements, the device performance is superior than those reported.

Table 3. Test and simulation results for a single coil (coil 1)

Inherent property Voltage/coil Power/coil
Case frequency | damping | peak rms peak | average
(Hz) (%) V) V) (mW) | (mW)
Field test 3.65 23 0.71 0.14 0.73 0.06
Simul-A* 3.65 23 0.71 0.14 0.73 0.05
Simul-B" 4.10 23 1.07 0.30 1.68 0.24
Simul-C* 4.10 1.0 1.54 0.45 3.43 0.49

* Simul-A refers the numerical simulation using the measured bridge acceleration time
series without ideal assumptions.

® Simul-B indicates the numerical simulation with the assumption that the natural
frequency of the device is tuned to the bridge fundamental frequency.

¢ Simul-C represents the numerical simulation with the damping ratio reduced to 1%.
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Table 4. Summary of energy harvesters (natural frequency less than 10Hz)

Acceleration Total | Power
Power (W
Reference Fre(c%_lllze; N (s wer (uW) volume| density Method Test
peak | rms | peak |average (cm’) (WW/ecm?)
Tashiro [25] 6.0 36 15.0 2.42 electrostatic
Arakawa [26]] 10.0 3.95 6 0.4 15.00 electrostatic
Elvin [27] 8.7 3.10 | 0.61 0.25 | 0.101 2.47 piezoelectric earthquake
Piezoelectric+
Khaligh [28] 2.0 4.73 | 3.34 143000 electromagnetic
Jung [29] 2.8 0.75 24400 |1244.1| 19.61 | electromagnetic shaker
Sazonov [10] 3.1 3.79 | 2.68 {12000 electromagnetic
10.0 9.80 163 | 13.6 | 4.8 2.85 | electromagnetic shaker
Galchev :
[13,30], 2.0 0.54 57 2.3 68.0 0.03 | electromagnetic shaker
<1 0.7 | 68.0 0.01 | electromagnetic field
field
Proposed 3.7 1.00 | 0.25 | 1500| 118 | 18.1 6.51 |electromagnetic| (not tuned)
device field
4.1 1.00 | 0.25 | 6860| 980 | 18.1 54.05 | electromagnetic |(ideally tuned)

5. Conclusions

This paper presents the design, fabrication and validation of an electromagnetic
generator with repulsively stacked magnets for harvesting energy from traffic induced
low frequency bridge vibrations. The electromechanical coupling model is validated
from magnet falling tests and shown to be an effective model for evaluating the power
performance of electromagnetic energy harvesters. Numerical simulations have been
conducted to show the feasibility of the prototype energy harvesting device. The
prototype device has been tested in laboratory experiments and in the field to
demonstrate its potential in producing power utilizing low frequency structural
vibrations. Further fine frequency tuning to the dominant frequency of the target bridge
and lowering structural damping, for example, by reducing the friction between the steel
shaft and the coil container house in the prototype device can further improve the power

production of the multilayered repulsively stacked magnetic energy harvesting device.
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Appendix : Nomenclature

B : magnetic flux density

Fem : axial component of electro-motive force.
Fey : the excitation force.

i : the induced current in coil

l,, : total length of wire inside magnetic field

my : the magnetic dipole moment of the magnet.
ms, ¢s and k; : mechanical mass, damping and stiffness respectively
r : radial distance from magnet axis to coil

r, : average radius of coil,

to : thickness of each core

ty : thickness of each magnet

xé : base acceleration
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z : relative distance between magnet center to coil center
z. : distance from magnet to coil center

p : core factor

a : shape adjustable factor

¢ : magnetic field

u, : the permeability of vacuum (= 47110~ N/A?)
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