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ABSTRACT

This letter proposes a dual electromagnetic array to transform low frequency rectilinear vibrations into electricity with
frequency up-conversion. The free of mechanical contact harvester consists of a rectilinear oscillator (R;O) and an array of two
identical rotary oscillators (RtO). The RtO includes a rotor and a stator. The rotor has eight cubic magnets distributed centrosym-
metrically, and the stator has eight coils. Under rectilinear vibrational excitations, the R; O drives the rotor of the RO to rotate
through magnetic torque acting on the rotors. A slight fluctuation of the rectilinear motion can lead to a great change of torque,
which converts the low frequency vibrations into high frequency rotational motions. By adopting the frequency up-conversion
mechanism, a high instantaneous output voltage is produced and maintained from 3.0 Hz to 9.5 Hz. Experiments show that with
the dual rotor array, the output power is improved and the R; O is able to oscillate at its resonance even if the input frequency is
greater than its resonant frequency, which implies a potential solution to suppress and harvest vibration energy during an earth-
quake if properly arraying multiple rotors. Under the excitation of 0.5 ¢ and 4.0 Hz, the harvester can provide a stable DC power

of 3.1 mW after AC-DC conversion.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083910

Vibrational energy harvesting has been regarded as a prom-
ising power solution, especially for sensors mounted on vibrat-
ing structures.” Millions of earthquakes occur every year
worldwide,” which usually throw off a vast amount of vibrational
energy at frequencies of 1-20Hz.” With the development of
earthquake prediction science, simultaneous energy harvesting
and vibration suppression during an earthquake become possi-
ble.® A number of studies have been carried out to provide elec-
tricity for sensing systems or structural control systems by
harvesting the vibrational energy of buildings subjected to the
seismic ground motion.”® The concept of metamaterials origi-
nating from electromagnetism”’ has expanded to new applica-
tions of acoustics and elasticity. Metamaterials, which are
usually made from assemblies of multiple control units, such as
periodic I-shaped pillars,” arrays of cylindrical systems,” and
chains of mass-in-mass systems,” have been developed and
provided a new way to protect new and/or existing buildings by
deviating or trapping the propagation of surface seismic waves

away from the structure. Although metamaterials can also be a
good choice for energy harvesting,” the energy produced by
earthquakes is rarely directly absorbed and harvested.

This letter looks into a potential metamaterial solution for
simultaneous energy harvesting and vibration suppression dur-
ing earthquakes.

Among the variety of mechanisms for converting mechani-
cal energy into electricity, electromagnetic transduction has
many advantages over other coupling mechanisms, such as
larger power density and high current output'” However, there
are still some challenges in using this technology. First, the out-
put power and efficiency of electromagnetic harvesters largely
rely on excitation frequencies which may result in ineffective
and rather low power generation in harvesting low frequency
vibrations.”” Also, rotary oscillation-based harvesters can
respond in a wide frequency range but limit their applications to
rotary vibrations. Thus, the idea of converting low frequency
rectilinear into high frequency rotary motion by applying
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frequency up-conversion strategies*'

to overcome the disadvantages from both cases.

This letter proposes a dual electromagnetic generator array
with the intrinsic frequency up-conversion mechanism as illus-
trated in Fig. 1(a). It consists of two baseline mechanical struc-
tures: a rectilinear oscillator (R O) and an array of two identical
rotary oscillators (RrO). The R O includes two moving magnets
(MMs) and two fixed magnets (FMs). The RtO includes a rotor
and a stator. The rotor has eight cube magnets distributed cen-
trosymmetrically with opposite poles arrayed adjacently. The
stator has eight coils connected in series. Unlike our previous
design,"” the magnetic coupling between the R; O and the R;O is
weak without ferromagnetic screws inserted into the coils. In
addition, the R; O stands on one side of the RyO rather than in a
face-to-face position, making it easier to array periodic pat-
terns. A finite element study via COMSOL Multiphysics is con-
ducted to select the optimal rotor configuration, and the details
are shown in Figs. S1-S3 in the supplementary material. The
repulsive magnetic force is produced by the MM due to the
interactions between the MM and the FM and the magnets of
the rotors (MR). In addition, the magnetic coupling between the

is a promising solution
16,17

Holder
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Magnet (MG)

0'(ay, B1,v1)

z
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0000}
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Magnet

y

FIG. 1. (a) 3D model of the electromagnetic oscillator and (b) magnetic coupling
configuration. (The black arrows show the magnetization direction in the magnet
pieces, the radius of the turbine rotor is 30 mm, the distance between the center
of the MM and the rotor is 73.65 mm, the vertical distance between the center of
the FM and the rotor is 59.5mm, and the length of the cubic magnet is
12.7mm.)
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MM and MR also generates a driving torque applied to the rotor
of the RrO. As the MM moves up and down in response to the
excited linear motion, which breaks the equilibrium positions,
the driving torque acting on the rotors is produced, and thus,
the rectilinear vibrations could be converted to rotational
motions. Voltage is induced by changing the rate of magnetic
flux passing through the coil via the rotational motion.

Despite its simple mechanism, the dynamics of the oscilla-
tor is complicated. At each instance, the MM interacts with all
eight MRs, and the position of the MM as well as the rotation of
the MR changes. Figure 1(b) shows the schematic of the mag-
netic configuration of the electromagnetic harvester. The mag-
netic repulsive force and torque of cuboidal magnets can be
calculated numerically according to the theory by Akoun and
Allag]&lg

g i+j+k+H+p+q

F= = TEEEEE(-1) & (U, Via, Wpq, R), 1)
7 ijtktlptq

T = Imig IEYTEE(-1) ‘L'(Uij, Vi, Wog, R) . (2)

The repulsive force in the z axis F, and the magnetic torque
in the x axis Tx induced by the relative motion between the MM
and the MR and acting on the rotor can be expressed as

F,(0,h) = F;(0,h)sin 0 + F.,(0, h)cos 0, (3)
Tx(0,h) = Tx(0,h)sin 0 4+ T (0, h)cos 0, “)

where || and L represent that the two magnets are in parallel
and perpendicular polarizations, respectively. J, J', and J” are the
magnetic polarizations for each cubic magnet of length L, yo is
the permeability of the medium, 6 is the rotation angle, h is the
distance between the MM and the FM, and O, O/, and O are the
center position of the FM, the MM, and the MR, respectively.
The detailed definitions and expressions of ¢, ¢ ,, T|x, T1x, U,
Vit, Wpq, and R can be found in the supplementary material [Egs.
(S1)~(S13)].

The repulsive force in the z axis F, is generated by the MM
and the FM, in which two magnets are in parallel polarization,
and can be simply calculated based on Eq. (1).

Therefore, the comprehensive repulsive force in the z axis
of RLO F(0,h) and the total torque T(0,h) acting on the rotor
become

F(0,h) :FZ(07h)+FZ(9+g7h) +Fz(e+g,h)
3 5
+Fz<0+{,h) +FZ(0+n,h)+Fz(0+7",h)
3n n
+Fz(0+7,h) +Fz(0+;,h) +F2(h), ®)

T(0,h) :Tx(o,h)wx(wgh) +Tx(0+g7h)

3 5
+Tx(0+f,h) +Tx(0+n,h)+Tx(0+Zn,h)
cn(oeTon) om0+ 7). ©)
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FIG. 2. Analytical results of (a) the repulsive force on the moving magnet, (b) mag-
netic torque on the rotor, (c) torque when the displacement of the moving magnet is
0mm, and (d) when the rotation angle is 0°.

Figure 2 shows the analytical result of the repulsive force
F(0,h) acting on the R; O and the torque T(0,h) acting on the
rotors. One can see that a slight motion of the MM can cause
a noticeable change in torque, and thus, the rotor can be eas-
ily plucked and rotated in high-speed. However, the MM can-
not always generate the driving torque to the rotary motion.
In some occasions as shown in Fig. 2(d), for h ~ 41mm,
T~ -2Nmm; for h ~ 44mm, T ~ 1.8 Nmm, and the small
change of MM provides the opposite torque and will retard
the rotation.

The governing equations of the coupled electromechanical
system become
mz+ciz = Fmput + F(@7 h) —mg, 7
10 + c20 = T(0,h). @

Here, a dot over a symbol means the time derivative, z(t) indi-
cates the translational displacement of the R; O, m and ¢, are the
mass and damping coefficient of the R; O, respectively, I and c;
are the angular mass and damping coefficient of the RO,
respectively, and Fiy,y is the input force.

The experimental setup and photographic representation
of the assembled prototype are presented in Figs. 3(2) and 3(b),
respectively. Its mechanical and material properties are shown
in Table 1. The dual harvester array is fixed to an electrodynamic
long stroke shaker (APS 113, APS Dynamics Inc.), and the

scitation.org/journal/apl

TABLE I. Design parameters of the dual harvester array.

Symbol Description Value

m Mass of R.O 3009

/ Angular mass of the rotor 1.2 x 10~*kgm?

D The distance between the 73.65mm
center of the MM and the rotor

H The vertical distance between the 59.5mm
center of the FM and the rotor

J Magnetization of the magnets 148 T

L Length of the cubic magnet 12.7mm

r Radius of the turbine rotor 30mm

cq Damping of the rectilinear oscillation 3kgls

o Rotatory damping 1 % 1078 kg m%s

harmonic base excitation is provided by a signal generator
(33500B, Keysight Technologies, Inc.) in conjunction with a
power amplifier (APS 125, APS Dynamics Inc.). An accelerometer
(333B32, PCB Piezotronics, Inc.) with a charge amplifier (482C05,
PCB Piezotronics, Inc.) is attached to the shaker to acquire the
applied excitation levels. The output voltage of the oscillator is
measured by an oscilloscope (MSO1104, RIGOL Technologies
Inc.).

To better illustrate the dynamic behavior of the dual har-
vester array, linear frequency sweep experiments are performed
at 0.055Hz/s over the frequency range of 1-12Hz. Figure 4
shows the frequency response under the base excitation level of
0.1g, 0.3g, 0.5¢, and 0.7g. The results from both up and down
sweeps show a similar trend. At the excitation level of 0.1g, the
input acceleration is insufficient to obtain a snap-through
motion which results in low voltage output. For the acceleration
level of 0.3g, 0.5¢g, and 0.7g, the voltage output increases as the
acceleration level increases, while the high instantaneous out-
put voltage is obtained and maintained from 3Hz to 9.5Hz
under 0.5g and 0.7g.

The output voltage for two independent rotors is measured
individually under the base excitation of 0.5g from 1.0Hz to
12.0 Hz to investigate their harvesting capacity, as shown in Fig,
5(a). Due to the error of hand coil winding and assembling, two
rotors are not exactly the same; however, both rotors have simi-
lar peak voltages and bandwidths despite the fact that the peaks
may not appear at the same time, suggesting that larger voltage
outputs are achievable by connecting multiple rotors after

Oscillator

N : |,
Function Resistanc

Generator Power Amplifier

FIG. 3. (a) Experimental setup and (b)
photographic  representation  of  the
turbine-like harvester array.
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FIG. 4. Experimental voltages for up-sweep and down-sweep under the base accel-
eration of (a) 0.1g, (b) 0.3 g, (c) 0.5 g, and (d) 0.7 g.

circuit rectification. As shown in Fig. 5(b), the maximum Root-
Mean-Square (RMS) voltage for each rotor reaches about 3.0V
at 4.0Hz, and the harvester maintains a high voltage output
between 3.0Hz and 9.5Hz with a bandwidth increase in 50%
from our previous design due to the weak magnetic coupling.”
There are three oscillation patterns: periodic interwell, cha-
otic interwell, and intrawell oscillations that realize the intrinsic
nonlinear frequency up-conversion, the same as the single elec-
tromagnetic harvesting unit as developed by our group.”’
However, for the dual harvesting array, the rotor can be easily
plucked by small fluctuation of the rectilinear motion due to the
weak magnetic coupling between the MM and MR. This can lead
to an interwell response at high frequencies, while the single
unit cannot. Since the interwell oscillation pattern results in a
high output voltage, the harvesting efficiency could be
enhanced by the dual harvesting array. Figure 6 compares the

——Rotor1 —Rotor2
(a) 4 1Hz 2 2Hz 10 3Hz
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FIG. 5. Experimental voltage output of the turbine-like harvester array under differ-
ent frequency excitations from 1.0Hz to 12.0Hz (a) time trace of instantaneous
voltage and (b) RMS voltage versus frequency.
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FIG. 6. Measured voltage output and the displacement of R O under harmonic
excitations of (a) 2.0 Hz, (b) 4.0 Hz, and (c) 7.0 Hz.

measured output voltage of RO and the displacement of RO
under 2.0 Hz, 4.0 Hz, and 7.0 Hz. When the excitation frequency
is 2.0 Hz, the magnetic coupling between the R; O and the rotor
is not strong enough to enable the rotor to jump out of a well,
and thus, the displacement of the R; O is limited, and the rotor is
confined in an intrawell oscillation as shown in Fig. 6(2). When
the input excitation is applied at 4.0 and 7.0 Hz, the rotor oscil-
lates randomly between the intrawell oscillation and the inter-
well patterns. A high output voltage is generated when the rotor
comes across equilibrium positions for several periods, as shown
in Figs. 6(b) and 6(c). Although the performances are unstable for
both cases, the duration for the rotor to oscillate in the periodic
interwell pattern at 4.0 Hz is longer than that of the excitation of
7.0 Hz. Due to the complicated magnetic coupling between the
MM and MR, when the input excitation is strong enough to
conquer the potential barrier between the R;O and the rotor,
the MM, as a result, oscillates at its resonance (4.0 Hz) even if
the excitation frequency varies in a wide range (>4.0 Hz). The
interference between the rotation and the upcoming driving
torque due to phase mismatching causes insufficient space
and time to rotate, which results in power fluctuation. In par-
ticular, at high vibrational frequencies, the motion of the
rotor is more likely to be interfered by changing the direction
of torque, and thus, the output voltage is significantly
decreased. Future work will be aimed at addressing these
issues. For instance, increasing the electrical or mechanical
damping is one way to reduce the power fluctuation when
the next driving cycle appears.” It is also worth investigating
the dynamic response for different RO masses and gaps
between the MM and the MR.
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Due to the phase mismatch in the voltage generated by two
rotors, two bridge circuits followed by two capacitors (16 V, 100
uF) were connected in series to convert AC voltage to stable DC
voltage as shown in Fig. 7(a). The maximum DC power output at
an excitation of 0.5g and 4.0Hz is 3.1 mW at an optimal load
resistance of 3kQ as shown in Fig. 7(b), which enables the possi-
bility of fabricating multiple rotors to enhance power output
and the conversion of vibrational energy into stable power.

To demonstrate the harvester’s capability of powering elec-
tronics from small amplitudes and low frequencies, the genera-
tor was used as a direct power source for LEDs (Kingso, Forward
voltage /current: 2.8-3.6 V/20 mA) as shown in the supplemen-
tary material Movie Sl1. Three LEDs were powered with full
brightness.

In summary, this letter proposed a dual electromagnetic
harvester array that converted rectilinear motion into rotary
oscillation with intrinsic frequency-up conversion. Unlike the
conventional electromagnetic energy harvester, we used a non-
contact structural design to generate magnetic torque that
drives the rotor to oscillate independently. Two rotors were able
to work simultaneously and generated a maximum RMS voltage
of 3.0V, individually. After circuit rectification, the harvester can
provide a stable DC power of 3.1 mW with a bandwidth increase
in 50% (3.0 to 9.5 Hz) in comparison with our previous design."’
The primary advantage of the oscillator is the capability of fabri-
cating multiple rotors on a single structure to enhance power
and enabling the R; O to vibrate at its resonance even if the exci-
tation frequency varies in a wide range (>4 Hz).

Since the R; O stands by the side of the RO, it is possible to
design multiple RO connected in series to suppress vibration
while keeping rotors oscillating at high frequencies. Thus, the
dual electromagnetic array oscillator implied a basic concept that
could serve as a metamaterial structure to achieve simultaneous

ARTICLE scitation.org/journal/apl

vibration suspension and energy harvesting when properly
embedding multiple units. This oscillator can be easily imple-
mented in any structure subjected to low frequency vibration,
such as waves, wind, and earthquakes. By creating arrays of the
oscillator and connecting the entire structure to the foundation
of the existing building through the soil, it has great potential to
harvest and absorb the vibration of buildings from multiple direc-
tions when an earthquake strikes and to provide electrical energy
to control or sensing systems when power supplies are unavail-
able or unreliable. Future work will be focused on the structure
arrangement and optimization.

See supplementary material for the detailed optimization of
rotor configuration via the finite element study and the calcula-
tion of the magnetic coupling between RtO and R; O.

The authors wish to acknowledge financial support for
this work from the U.S. Office of Naval Research (No.
N000141410230) and the Department of Energy ARPA-E (Nos.
DE-AR0000531 and DE-AR0000945).
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