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ARTICLE INFO ABSTRACT

Keywords: An elliptically shaped electromagnetic vibration energy harvester is presented for two- and one-dimensional
Electromagnetic vibration energy harvester motions with the easy tuning of the resonance frequency. The harvester consists of a free-to-move ring-shaped
Electromagnetic transducer permanent magnet with radial magnetization, a set of cube magnets distributed elliptically in a fixed holder,

Two-dimensional motion and two coil windings located above and below the harvester. When the device is exposed to vibrations, the

free-to-move ring magnet moves until the magnetic restoring force from the fixed cube magnets pushes it back
while inducing an electromagnetic force on the fixed coils. The performance of the device is characterized using
an XY-shaker, whose frequency is swept from 1 Hz to 10 Hz with motion amplitudes of 2 mm and 4 mm on
both axes simultaneously. Unlike 1-D harvesters, the resulting output power shows two resonant frequencies
at 4.5 Hz and 7 Hz, at which the harvester can generate around 1.5 mW. The device also displays a nonlinear
hardening resonator behaviour. Finally, 1D vibration experimental results show that the output power of the
prototype depends on its angular position with respect to the motion direction of the vibration source, reaching
a maximum at an angular position of 45°.

1. Introduction which requires that one or two direction(s) of motion have to be
restricted. As a result, almost all EMVEHs harvest energy from one-
Interest in energy harvesting for low power and Internet-of-Things dimensional motion [6] with the inherent limitations of device design
(IoT) devices has increased substantially to save on battery replacement and functionality that this results in [7].
and also reduce the use of non-regulated contaminants in currently- A typical one-dimensional EMVEH is designed with three co-axial
used batteries as some of these can be environmentally problematic [1]. magnets with opposite polarities, such that the middle magnet is float-
Fortunately, due to advances in electronic technologies, the power ing and free to move relative to a set of coils [8-14]. The magnet
requirement of 10T devices has been reduced to a point where ex- force in this configuration is a spring-like restoring force on the middle
tracting energy from the surroundings could supply enough power  magnet [11]. This is superior to mechanical springs etc., which can

for such units [2]. Energy can be harvested from several different
environmental sources [3], but one all-around source is vibrational
energy. Piezoelectric, electrostatic or electromagnetic energy harvesters
are transducer mechanisms that use this energy source. For electromag-
netic vibration energy harvesters (EMVEH), different approaches and
topologies have been studied, with an overview of devices presented in
Ref. [4], with prototypes classified in terms of boundary conditions,
magnetic and mechanical design, manufacturing aspects, excitation
type and direction of excitation.

The problem with existing EMVEHSs is that the harvested power
is limited to a relatively narrow bandwidth around their resonant
frequency [5]. Thus such devices need to be designed precisely to
match the vibration frequency of the structure to which they will be
attached. This limitation of bandwidth is a consequence of the overall
design of EMVEHS, namely their limitation by Earnshaw’s theorem, of the EMVEH, with a potentially broad frequency range as a result.

wear out with extended use. Current devices are in the centimetre
range and produce a voltage in the mV-V range and power in the
pW-mW range [6], although this depends on the exact way that the
device is operated as EMVEH devices can have a quite complex phase
space [15,16]. It should also be mentioned that less conventional de-
signs exists, such as magnet-on-a-spring [17], rolling magnets [18,19],
soft magnetic composites [20], roly-poly-like devices [21], magnetic
pendulums [22,23] and Halbach devices [24].

This work hypothesizes that a broader and more easily tuneable
bandwidth can be realized by allowing an EMVEH to vibrate in more
than one direction. Such an EMVEH could harvest both vibrations from
true two-dimensional vibrations or be designed such that even one-
dimensional vibrations can result in internal two-dimensional motion
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At present only a few EMVEH designs have considered two-
dimensional motion, here called 2D-EMVEHs. In the 2D-EMVEH the
movement of the free magnet will not be along a line, as for traditional
1D-EMVEHS, but rather on a plane. However, the free magnet will
still have to be confined by surfaces above and below the place of
movement to prevent the free magnet from flipping over. A number
of devices that have 2D movement of the free-to-move magnet but
where the device was only tested with one-dimensional vibrations
exists. One is the device presented in Ref. [25] which considers two-
dimensional movement, however with the sole purpose of mitigating
the known friction issues in EMVEHS, but not to harvest energy from
actual two-dimensional motion and the device is only tested for one-
dimensional vibrations. Likewise, Ref. [26] presents a design where
a floating magnet can move in two dimensions, but the device was
only tested with one-dimensional vibrations. Another harvesting system
that can have internal rotary 2D motion is presented in Ref. [27] that
demonstrates a spherical magnet system with said magnet inside a
capsule wound with two coils. However, as there is no repulsive force in
the capsule, this harvester needs stoppers on its inner walls to prevent
the spherical magnet from breaking. Another 2D harvesting system is
the design presented in Ref. [28], where a eccentric mass in oscillatory
motion can under certain conditions be made to rotate in a 2D pattern.
Finally, in a recent publication, the authors of this work presented
a two-dimensional electromagnetic vibration harvester with variable
magnetic stiffness and electromagnetic damping [29]. This device has
a free-to-move cylindrical magnetic structure with a set of bearings
located on top and bottom, a couple of coils located on top and bottom
of the device and finally a fixed system of disc-shaped magnets placed
inside a ring holder. However, contrary to the device presented in this
work, the harvester in Ref. [29] is round and does not have any shape
asymmetries that results in different internal resonance frequencies.

The two-dimensional electromagnetic harvesters discussed above
are first-generation devices and there are many points unexplored in
these devices. Primary of these is whether two-dimensional harvester
can potentially offer a broader frequency range that can be harvested,
by changing and tuning their internal shape to allow for multiple
resonance frequencies. This has not been explored previously in the any
of the references mentioned above. In the harvester proposed in this
work, we change the shape of the two-dimensional harvester to have
two different resonant frequencies, to realize a potentially broadband
harvester. We quantify the behaviour of such a harvester for a range of
frequencies and motion amplitudes for both one- and two-dimensional
movements to understand the frequency harvesting bandwidth of such
asymmetric two-dimensional harvesters.

2. Design of the 2D-EMVEH

As stated above, we in this work consider a geometrically asym-
metric two-dimensional harvester. A schematic and a picture of the
prototype investigated in this work are depicted in Figs. 1 and 2,
respectively. The device consists of three main parts. The first part is a
free-to-move ring-shaped permanent magnet with radial magnetization
and with bearings placed on the top and bottom. These bearing are
made of a non-magnetic material, here plastic. The second part en-
capsulates the moving magnet and consists of a set of cube magnets
distributed elliptically in a fixed structure. As a permanent magnet
in an elliptical shape is not available commercially, an elliptically-
shaped holder was 3D-printed, into which cube magnets were inserted
and distributed at equal angles. Their north poles face the inner side,
creating an elliptically-shaped magnetic structure. The third part is a
pair of coils placed above and below the harvester. The dimensions
and component specifications of the harvester are listed in Table 1.
The specific dimensions are chosen based on available dimensions of
the ring magnet, which is radially magnetized, but also based on a
principle to show a working device. Thus the design parameters for
the system could undoubtedly be optimized, i.e. we stress that the
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Winding coil

Cube magnet

Bottom plate

Elliptical holder

Free-to-move ring magnet

Semi-minor axis

Semi-mayor axis

Fig. 1. Schematic of the two-dimensional electromagnetic energy harvester in both
isometric and top view. A 280-turn coil is shown on top and a similar coil is located
below the plane of movement. The lengths of the semi major and minor axis of
the harvester are 119 mm and 95 mm respectively (the blue area). The direction
of magnetization is indicated by colour, with red corresponding to north and green
to south. The north on the outside of the free-to-move ring magnet thus faces the
north of the cube magnets in the elliptical holder, creating magnetic repulsion. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Top coil

Bottom coil

Fig. 2. The actual 2D-EMVEH prototype. The ring magnet has the bearing
BB-626TW-B180-GL fixed on top of it.

prototype demonstrated here is to explore the working principle of a
2D harvester, not to produce an optimal device.

The design was built around a commercially available radial-flux
ring magnet, here with a radius of 25 mm. Following this, the magnetic
force between this magnet and the set of cube magnets was modelled
using a finite element framework to select appropriate dimensions of
the ellipse, i.e. to ensure that the intensity of the restoring force is
sufficient for the interaction between the ring and cube magnets to
cause the system to behave as a hard spring resonator. A previous
design suggests a restoring force of around 10 N is appropriate for
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Table 1
Dimensions and component specifications.

Component Parameter Quantity
Inner radius 12 mm

Ring magnet Outer radius 25 mm

§ mag Height 14 mm

Grade NdFeB, N50
Amount 20

Cube magnets Length 7 mm
Grade NdFeB, N42
Amount 2
Inner radius 27 mm
Outer radius 40 mm

g Height 2.5 mm

Coil windings Number of turns 280
Wire gauge 0.202 mm
Resistance 16.5 Q
Inductance 3.35 mH
Semi minor axis 95 mm

Elliptical holder Semi major axis 119 mm
Height 32.75 mm

a ring magnet of the given size [12]. A stronger force would lead to
an excessively rigid system and a weaker force to an excessively loose
one, with both cases resulting in low or no power being generated. The
lengths of the semi-major and semi-minor axes, detailed in Table 1, give
a suitable restoring force of 9 N and 8.1 N, respectively, when the ring
magnet is at the proximity of the axes edges, as will be discussed in
further detail in the results section.

Likewise, the coil size depends on the dimensions of the ring mag-
net. According to Ref. [6], the inner diameter of the coil has to be a
bit larger than the outer diameter of the ring magnet. Furthermore,
the outer diameter and thickness of the coil winding are small enough
so that every turn contributes to inducing a voltage. Otherwise, the
outer and top turns would not see the rate of change of the flux, so no
induced voltage is generated, resulting in a higher coil winding internal
resistance.

According to Earnshaw’s theorem, there is no free-space point of
stable equilibrium for a paramagnet or ferromagnet in a magnetic
field [30]. Still, stability can be attained if the magnet is constrained
to move in one or two dimensions. Here, in order to allow movement
in two dimensions, the ring magnet is confined by a top and bottom
plate, which thus prevents tilting of the ring magnet. To allow for easy
movement, i.e. decrease the friction of the ring magnet on the plates,
the ends of the ring magnet are fitted with non-magnetic ball-bearings
(Thrust washers, BB-626TW-B180-GL from IGUS). In general, the lower
the friction of the ring magnet, the less power is dissipated as heat in
the device.

When the harvester is exposed to a vibrating ambient source, the rel-
ative position of the ring magnet changes until the magnetic restoring
force from the magnetic interaction between the ring and cube magnets
in the elliptical holder pushes it back. This is illustrated in the cross-
section area of the system shown in Fig. 3, where the flux lines can also
be seen inducing an EMF in the coil windings.

2.1. Physics of the 2D-EMVEH

Overall the physics of the 2D-EMVEH is similar to that of 1D-
EMVEHs devices, and the same equation of motion applies, except
that the motion now occurs in two dimensions and the magnetic force
depends on the (x, y)-position of the free-to-move magnet. Likewise, the
electromagnetic damping from the coil windings is also similar to 1D-
EMVEH models [12,31], which depends on the relative position of the
free-to-move magnet with respect to the coil winding. Thus, the 2D-
EMVEH is like the 1D-EMVEH, a magnetic spring-like system with a
damping force from the coil windings.

Sensors and Actuators: A. Physical 350 (2023) 114091

Cube Magnet

Ring Magnet

Cube Magnet

Coil Winding

Fig. 3. Schematic cross-section of the 2D-EMVEH and magnetic flux lines between the
cube magnets in the elliptical holder (left and right) and the radial-flux ring magnet
(centre). The winding coils located above and below the plane of movement of the
ring magnet are also shown.

In 1D an EMVEH harvester is governed by the following sets of
equations [16]:

Mpreel = Fogyy(z, ... 1y, )
+ Fag(2) + Fy o + Frpi(2) (€D)]
. ) d
Lydy+ Y Lyyly + Ry, +z d‘f" =0, %)
n n

where z is the position variable, m,,, is the mass of the free-to-move
magnet, F,, is the force due to the interaction of the free-to-move
magnet with the coils, F,,,, is the force due to the interaction of the
free-to-move magnet with the fixed magnets, F,  is the gravitational
force in the direction that the harvester is positioned and F,;., = —cz
is a friction force. The second equation, which determines the electrical
condition of a coil winding, is stated for the n,, coil winding, but an
equation exists for every independent coil winding. For the n,, coil
winding, a current I, is running, and where L, is the self-inductance
of each coil, L,, is the mutual inductance between the n,, and »’,,
coils, R, is the resistance connected to each coil winding, and ¢, is
the magnetic flux density through the coil. This is the most general
form of the governing equation for a 1D-EMVEH. If the coil windings
are connected in series, the system of equations reduces as only one
current and one resistance is present.

In 2D, the harvester will be able to move in both the x and y
directions. This means that the magnetic force will depend on both
the x and y coordinates, and the coil force will depend on the x and
y coordinates as well as the velocities in the two directions, i.e. v, and
v,. Regarding the changing flux through a coil in the 2D-EMVEH, as the
free-to-move magnet will now no longer pass through a coil winding,
but instead above or below it, the position variable is changed to the
distance between the free-to-move magnet and the coil winding. Calling
this distance r, the equations of motion for the 2D-EMVEH is:

mfreejé = Fcoil,x(x’ Vsevs ]n’ )

+ Frggx (3, ¥) + Fo i + Fppiq (X) 3)

mfreey = Fcoil,y(x’ Vsoen ’In’ )
+ Frggy (50 + Foy+ Frpicr () @

. . de
L1, + nZ,Ln,n’In’ +R,1, +Udir”U|| ”F: =0 %)

Again there is a differential equation for each independent coil
winding, but only the n,, equation is given. We in this work operate
the harvester horizontally, so F,, = F,, = 0. The velocity v is the
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Elliptical Harvester = = =

Fig. 4. Experimental setup showing the XY-shaker, with the energy harvester on top
and the data acquisition card aside.

velocity parallel to the position vector r connecting the free-to-move
magnet and the coil winding, i.e. the line between the free-to-move
magnet and the coil winding. The direction v;, indicates if the free-to-
move magnet is moving towards or away from the coil winding. The
parallel component of the velocity ensures that a permanent magnet
moving in a circle around a coil winding will not induce a current on
it, as the instantaneous velocity will, in this case, always be parallel to
the r-vector.

The vector between the free-to-move magnet and the coil winding
is the relative distance, which is thus given by x,,, = (x, — x,) and
Yret = Ve =Vp)s where the free-to-move magnet has coordinates (x 172
and is moving with a velocity (v,,v,) relative to the coil winding,

and the coil winding has coordinates (x,,y,). The distance r is thus

— /52 2
r= xrel +y rel
The parallel component of the velocity in the x— and y—directions

are thus

[U||,x] _ UxXrel +Uyyrel [X,el] (6)

v 2 2
.y xrel + yrel Yrel

And the direction of the velocity of the free-to-move magnet towards
or away from the coil winding as given by v,;, is

U”,erel + U||,yyrc1
v, = —
dir
|U|I,xxrel + UII,yyrell
Ugjp = S1800 (Ull,xxrel + UII,yyreI) 7

This will be equal to +1 when the magnet moves towards the coil
winding and —1 when it moves away from the coil winding.

While the magnetic force can be found using a finite element
framework for a specific device geometry, the coil winding force must
consider the relative distance mentioned above, i,e. the coil winding
force on the free-to-move magnet from the n,, coil winding is given by

. . d¢ X, el,
Fooit a6 %, 3,3, 1) = I, == ﬁ ®)
" xrel,n + yre/,n
L d¢ Yrel,
Foit g6 X, 3,9 1) = 1, — ©
n x2 + y2
rel,n rel,n

and the total force is just the sum from all coil windings.

The derived mathematical model will be subsequently compared
with experimental results. In future works, such a validated model
could also be used to design an optimal harvester. However, as stressed
previously, that is not the goal of this work.

Sensors and Actuators: A. Physical 350 (2023) 114091

3. Results

In the following, the movement and induced power of the 2D-
EMVEH prototype are investigated when this is subjected to vibrations
in both one and two dimensions.

The experimental setup used for vibrational testing of the 2D-
EMVEH is illustrated in Fig. 4. A two-dimensional shaker was employed
to generate the vibration source. The shaker is a SRS-004-006-004-
003-01-XY from H2 W Technologies, which has two platforms that
move independently, perpendicular to each other, resulting in a two-
dimensional motion that follows Lissajous patterns, i.e. where the
movements in the two directions are independently given by sinusoidal
curves that may have different frequencies. A custom LabVIEW in-
terface controls the shaker. The output voltages of the coil windings
were measured and saved at a sampling frequency of 1 kHz by a
data acquisition card (USB-6351 from National Instruments). The coil
windings were connected in series to attain a larger output voltage, and
a load that matches their combined internal resistance was employed
to ensure that the maximum power transfer is obtained [32].

3.1. 2D vibrations

An experiment was performed where the 2D-EMVEH was placed
such that the semi-major axis of the elliptical holder is aligned to one of
the motion directions of the shaker platform as shown in Fig. 4. Always
starting from rest, the harvester was then subjected to a sinusoidal
vibration in the x— and y—directions with a frequency between 1 and
10 Hz on the x—direction (semi-major axis) in steps of 0.25 Hz and
a frequency between 1 and 10 Hz on the y—direction (semi-minor
axis) in steps of 1 Hz with an amplitude motion of 2 mm on each
platform. Additionally, a similar experiment was performed with an
amplitude motion of 4 mm on each platform and a maximum frequency
of 8 Hz due to the mechanical limitations of the XY shaker. It is
stressed that the system started from rest for each frequency tested.
The reason for this is that EMVEH harvesters are known to display
hysteric behaviour if subjected to a changing frequency, i.e. the state
in terms of power production and movement that the system ends
up in depends on the history of frequencies that the harvester has
been exposed to [8,16,31,33]. To avoid this dependency here, each
experiment at a given frequency is started from rest.

Note that, in this work, it was explicitly decided on a full laboratory
test of the vibrational harvester, instead of testing this in various
applications. While the harvester would be suited for vibrations sources
such as bicycle riding, human motion, and car riding [34], mounting
the harvester on these applications makes the measurements essentially
unreproducible. However, using a standard XY shaker in a laboratory
setup to test the harvester, the experiments can readily be reproduced
and used as a comparison by other researchers. Also note that the
harvester is tested in a horizontal configuration, to ensure that the
device is symmetric in the two shaking directions. While most har-
vesters are employed vertically, and this harvester could easily also be
so, the additional asymmetry introduced by the gravitational field is
not desired in the experiments done here. However this will not have
a large impact on the device, as the free-to-move ring magnet only
has a mass of 38 g, and it thus only experiences a gravitational force
of 0.37 N, which is small compared to the magnetic force calculated
previously.

For each experiment the voltage was recorded for a period of 3 s
after the system reached a steady state. Fig. 5 shows the output voltage
as a function of time for the top and bottom coil windings, connected
in series, for an experiment with frequencies of 3.5 Hz and 6 Hz for
the semi-minor and semi-major axes, respectively, and an amplitude of
4 mm on both axes. As it can be seen, the voltage displays a steady-
state behaviour with a period of around 84 ms for this given set of
frequencies and amplitudes.



C. Imbaquingo et al.

150 . . . . . .

100

50

Voltage [mV]

-100

-150

0.05 0.1 0.15 0.2 0.25 0.3 0.35
time [s]

Fig. 5. Output voltage with frequencies of 3.5 Hz and 6 Hz on the semi minor and
major axes respectively and amplitude of 4 mm on both axes.
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Fig. 6. Output power with a resistance load of 33 Q and the coil windings connected
in series. The amplitude displacement in both platforms of the XY shaker is 2 mm.
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Fig. 7. Output power with a resistance load of 33 Q and the coil windings connected
in series. The amplitude displacement in both platforms of the XY shaker is 4 mm.

Sensors and Actuators: A. Physical 350 (2023) 114091

The output voltage signal of the harvester is periodic in nature, as
expected for such harvesters. In order to use the harvester energy, for
instance, to power sensors or IoT devices, the voltage signal must be
rectified [35], and probably boost up [36].

From the Resistive-Inductive electrical equivalent circuit, or simply
RL-circuit, the internal coil winding inductance is neglected due to the
low impedance at the chosen low testing frequencies. Therefore, the
load resistance R; connected to the harvester only matches the total
internal resistance of the two coil windings, which gives 33 Q, and the
output power P, is calculated with Eq. (10),

|4

P, =, 10)
Ry

where V,,, is the root-mean-cube voltage over the connected load R;.

For all frequencies and an shaking amplitude in both directions of
2 mm, the produced power is shown in Fig. 6, while for a shaking
amplitude of 4 mm, the power is shown in Fig. 7. As noted previously,
for each frequency, the harvester starts from rest. In each figure, there
are two resonant frequencies, one related to the semi-major axis of the
confining ellipse, which is in the range of 4 Hz to 5 Hz, and the other
to the semi-minor axis, in the range of 6 Hz to 8 Hz. Note that at reso-
nance, especially for the resonance on the semi minor axis, the power
is not a function of the frequency of the semi-major axis because the
power is completely dominated by the frequency response in the semi-
minor axis. Said in another way, the movement of the free-to-move
magnet is dominated by the resonance in the semi-minor direction.
Furthermore, as the harvester behaves as a nonlinear resonator, the
power is generated in a range of frequencies rather than an specific
frequency. Moreover, by comparing Fig. 6 with Fig. 7, it can be seen
that the resonant frequencies shift as the displacement amplitude of
the external source increases, as expected for a nonlinear resonator. For
this experiment where the axes of the confining ellipse are aligned with
the axes of vibrations, the 2D-EMVEH harvester behaves somewhat like
two independent 1D-EMVEHs vibrating along the x— and y—direction
respectively. However, this is a consequence of the aligned movement
and the symmetric placement of the coil windings with respect to this
movement. Subsequently, the behaviour of the 2D-EMVEH is explored
when this alignment between harvester and vibrations is not present.
However, before studying this, it is crucial to understand the actual
movement of the free magnet, i.e. the ring magnet, in the system when
this is vibrating. Therefore, the movement of the ring magnet was
recorded using a GOPRO Hero 8 camera through the transparent top
plate of the 2D-EMVEH. The camera is attached to a rigidly connected
holder to the harvester so that the relative movement between the
ring magnet and the harvester can directly be observed. The video
recording is then analysed to trace the trajectory described by the ring
magnet. The resulting curve is shown in the bottom panel of Fig. 8 for
a frequency of 7 Hz in the semi-major axis direction and a frequency of
4 Hz for the semi-minor axis, and 4 mm amplitude in both platforms. In
addition, the bottom panel of Fig. 8 shows a still frame from the video
with a portion of the trajectory overlapped. The entire tracking video
is available in the data repository for this work [37], as also described
subsequently. The trajectory can be compared to a Lissajous curve [38]:

x(1) = xg + A COSQrfol + )
Y1) = yo + AycosQrfyt + ¢y)

This is the movement that would be expected for a harmonic two-
dimensional oscillator without any nonlinear term. In reality, the 2D
harvester is governed by a nonlinear equation of motion, so a perfect
match between the Lissajous curve and the traced trajectory is not
expected. The fitting parameters appearing in Eq. (11) are obtained by
minimizing the root mean square 4, of the difference between the
experimental data points and the Lissajous model. This figure of merit
can also be used to quantify the goodness of the fit. For x(¢) a value of
A = 0.63 mm is obtained, and for y(r) the value is 4,,, = 1.79 mm,

an

T
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y [mm]

X [mm]

Fig. 8. Top panel: still frame from the recording of the motion of the ring magnet.
A portion of the trajectory is displayed as a green curve. Bottom panel: tracing of the
trajectory of the ring magnet. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

which are both in reasonably good agreement. It is also interesting
to compare the frequencies f, and f, obtained from the fitting with
the corresponding frequencies used to control the XY-shaker. From the
fitting f,/f, = 1751 is obtained, while from the input frequencies,
ie. 7 Hz and 4 Hz, f,/f, = 1.750 is obtained, again showing a good
agreement between the model and the experimental data.

3.2. 1D vibrations

Following the two-dimensional vibrational experiments discussed
above, it was also of interest to examine the behaviour of the harvester
when it was subjected only to one-dimensional vibrations, especially
when these were not aligned with the axis of the harvester ellipse.
Therefore, an experiment was performed where the excitation fre-
quency of only the top platform in the XY-shaker was changed, while
the bottom platform was kept static; i.e., a one-dimensional vibration
experiment was performed. However, for each experiment the angle
between the semi-major axis of the harvester and the motion direction
of the top platform were varied. Experiments were done in steps of
15° and with amplitudes of 2 mm and 4 mm. Precisely, 0° alignment
corresponds to the semi-major axis aligned with the motion direction,
and 90° corresponds to the semi-major axis perpendicular to the motion
direction as shown in Fig. 9.

For the case of 2 mm motion amplitude, Fig. 10 shows that the
system reaches the resonance frequency associated with the semi-minor
axis at 7 Hz, similar to what was depicted in Fig. 6. Furthermore, it
shows how much power the harvester can generate when the external
vibration source is not aligned with the semi-major axis of the elliptical
holder. In this particular case, the elliptical harvester produces up
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Fig. 9. Angular position of the harvester with respect to the motion axis.
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Fig. 10. Output power with respect to frequency and angular position of the harvester.
Load resistance of 33 Q and coil windings connected in series. The amplitude
displacement in the top platform of the XY shaker is 2 mm.

to 0.1 mW when its semi-major axis has an angular position of 30°
with respect to the direction of the vibration ambient source. On the
other hand, when the motion amplitude is increased to 4 mm, the
resonance frequency shifts from 5 Hz to 7.5 Hz when the angular
position changes from 0° to 90° with respect to the semi-major axis,
as shown in Fig. 11. This means the prototype can harvest energy at
two resonance frequencies which depends on the orientation of the
harvester to the motion direction, giving a maximum output power of
approximately 1.5 mW at 7.75 Hz when the harvester has an angular
position of 45°. Note that while the harvester is started from rest
for every single frequency pair measured, the power landscape as
function of frequencies is continuous. This means that starting at given
frequency and then changing the frequency will result in a continuous
transition to the state.

Here the behaviour of the 2D-EMVEH is markedly different from
that of two independent 1D-EMVEHs, which could never be made
to harvest energy if their axes of motion were not aligned to the
source of vibrations. For example, for the case of the amplitude of
4 mm and an angular position of 45°, there are two resonant peaks
in frequency at both 4.75 Hz and 7.75 Hz. Such double resonances are
not traditionally seen in 1D-EMVEHSs, although some systems do display
such behaviour [39]. Thus, the 2D-EMVEH system has a unique benefit
as an energy harvesting platform.

3.3. Modelling the 2D-EMVEH

The physics derived for the 2D-EMVEH in Section 2.1 allows the
behaviour of the system to be modelled. To model the system and
integrate equations (1) and (2), first, the magnetic restoring force and
induced magnetic flux on the coil windings were obtained from the
finite element method software Comsol. The equation solved in the FEM
framework is the magnetic scalar potential equation

—V - (o, VV,) =0 . (12)
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Fig. 11. Output power with respect to frequency and angular position of the harvester.
Load resistance of 33 Q and coil windings connected in series. The amplitude
displacement in the top platform of the XY shaker is 4 mm.

Fig. 12. Magnets distributed elliptically, with the ring magnet and coil windings in
the centre. The red arrows indicate the direction of magnetization of the magnets. The
coils are shown as two discs, with the top coil being slightly transparent.

Here 4 is the permeability of free space, u, is the relative perme-
ability, which is assumed to be equal to 1, and V,, is the magnetic scalar
potential. The magnetic field is then calculated as —VV,, = H.

To determine the force on the free-to-move magnet, Maxwell’s stress
tensor, T, must be integrated across the surface covering this [40]

F=?§ T-da 13)
S/

where S’ denotes the closed surface surrounding the free-to-move
magnet and da is an area element of this. With no electrical fields,
Maxwell’s stress tensor is given by

T = #io (Bi B; - %
where B = (B,, B,, B;) is the magnetic flux density. This integration is
automatically done in the Comsol framework.

An illustration of the simulation for computing the force and flux
is shown in Fig. 12, which depicts the 3D simulation of the harvester
in Comsol, where the position of the ring magnet was swept in steps
of 1 mm from the centre to the edge of the elliptically-distributed set
of cube magnets. The computed components of the magnetic restoring
force on the x- and y-axes are shown in Figs. 13 and 14; likewise, the
magnetic flux on the winding coil is illustrated in Fig. 15.

The obtained force and flux were employed to integrate equations
(1) and (2) using a standard Runge Kutta ode45 solver in Matlab,
calculating the produced power of the harvester. Fig. 16 shows the
calculated total induced voltage of the series-connected winding coils

5,8%). a4
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Fig. 13. X-axis component of the magnetic restoring force.
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Fig. 15. Magnetic flux on the fixed 280-turn coil winding as a function of the position
of the free-to-move magnet.

for the case of an external frequency of 3.25 Hz and 6 Hz aligned to
the semi-major and semi-minor axes, respectively, and amplitude of
4 mm for both axes. As can be seen, the model results match very well
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Fig. 16. Output voltage of the two coil windings connected in series. The motion
frequency is 3.25 Hz on the semi-mayor axis and 6 Hz on the semi-minor axis, and
the motion amplitude on both axes is 4 mm.

with the measured experimental voltages. The only free parameter in
the model is the mechanical friction coefficient, which was fitted to
0.08 kg/s. As this work studies the overall design and dynamics of the
2D elliptically-shaped harvester, further simulations are not pursued in
this work. However, as the dynamics of the system can be modelled
using a 2D EMVEH model as demonstrated here, a future 2D harvester
design can be optimized using this approach.

4. Discussion

It is desirable to compare the power produced by the 2D-EMVEH
system to the traditional 1D-EMVEH systems. In the review study
performed in Ref. [6], the power density of the 1D harvesters is
listed according to their different topologies. The results show a power
density up to 4500 pW/cm? for the harvester described in Ref. [41], and
a power density of 0.34 pW/cm? for the one in Ref. [42]. However, the
vibration testing conditions are different for every simple prototype;
for instance, the acceleration peak values were 4.3 g and 0.07 g,
respectively, in the two previous referenced devices. Nonetheless, this
information gives an idea of how much power a 1D harvester can
generate. In the case of the 2D-EMVEH tested here, for a motion
amplitude of 4 mm, the acceleration in the semi-major and semi-minor
axes are 0.79 g and 0.53 g maximally, respectively. This gives a total
power density of approximately 56 pW/cm?. However, this outcome
cannot be directly compared with Ref. [41] because that prototype
reaches resonance at around 40 Hz. On the other hand, the harvester
in Ref. [42] was studied at frequencies at the range of human motion;
i.e. up to 10 Hz, which is precisely the condition where the 2D-EMVEH
was tested. Thus the performance of the 2D-EMVEH shows a clear
potential for high power vibrational harvesting, especially considering
that the harvester presented in this work has not been optimized with
respect to the size and placement of the coil windings in the harvester.
Compared to the harvester presented in Ref. [29], which produced
a maximum power of 27 mW at an amplitude of 2 mm, the power
produced here of ~1 mW is substantially less. However, the harvester
in Ref. [29], while of the same size as the device presented here,
contains many more magnets and is a more complicated design. The
magnetization direction of the moving magnet was also optimized with
respect to the coils in that work, which has not been done here.

It is always desirable to harvest as much power as possible from
ambient vibrations. For the present system, the harvested power could
be increased by reducing the gap between the pole faces of the ring
magnet and the top and bottom coil windings. This would be possible if
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Fig. 18. Open circuit and rectified voltage.

smaller bearings could be found, or the confining plates could be made
of very low friction material. However, it should also be mentioned
that increasing the flux through the coil windings, either by moving
them closer to the ring magnet or by making the coil windings larger,
e.g. increasing the number of windings, will affect the movement of
the ring magnet, as the coil windings damp its motion. Therefore,
determining the optimal coil winding size for a given harvester is not
trivial. However, here the goal is to demonstrate that an impressive
amount of power can be harvested from the 2D-EMVEH, and the
optimization of the coil winding sizes will be discussed in a subsequent
job.

Finally, there is no use of the generated power from the harvester
if this cannot be converted to direct current. For this, a rectification
stage is required and implemented as in Ref. [43]. The four N-channel
MOSFET bridge (4NMOS) shown in Fig. 17 has a low drop voltage, cre-
ating a suitable conditioning circuit for energy harvesters. The results
of Fig. 18 depicted the AC harvester generated voltage and the rectified
voltage by the 4NMOS when the elliptically-shaped harvester is tested
with an amplitude motion of 4 mm in both axes, and motion frequencies
of 5 Hz and 7 Hz on the x- and y-axis respectively. Note that the power
can nicely be rectified. An energy storage stage such as a capacitor will
also be necessary for a final application, but this is typically chosen
based on the application.

5. Conclusion

A two-dimensional elliptically shaped electromagnetic vibration en-
ergy harvester was presented and experimentally characterized to sup-
ply energy to low-power devices. The prototype was tested in an
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XY-shaker with a sweep frequency from 1 Hz to 10 Hz in two di-
rections simultaneously. The results showed that the 2D-EMVEH has
two resonance frequencies at 4.5 Hz and 7 Hz, associated with its
semi-major and semi-minor axes due to its elliptical shape. The device
was also shown to have nonlinear hardening resonator behaviour,
demonstrated by increased resonance frequency with increasing source
amplitude. Finally, the behaviour of the harvester was also character-
ized when it was subjected to 1D vibration. Here the device could
produce maximally 1.5 mW power, with the actual power depending
on the harvester angular position with respect to the motion direction
of the ambient vibration source. However, power was harvested at all
angular vibrations, unlike traditional 1D electromagnetic harvesters.
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