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Abstract: Electromagnetic vibrational energy harvesters (EM-
VEHs) are generally used to convert ambient vibrations into
electricity to energise low-power sensor nodes forming the In-
ternet of Things (IoT). Usually such VEHs comprise of coils
and magnets orientated in the vertical direction (z-direction) but
these devices tend to be quite bulky and it is hard to integrate
them into printed circuit board technology. Configuring coils and
magnets in a planar arrangement can lead to a more compact
device and to better integration. Two planar EM-VEHs with
different coil-magnet arrangements are presented in this paper.
Both EM-VEHs (referred as Design 1 and Design 2) employed the
same stack of five magnets in Halbach arrangement, magnetic
springs and same housing. In Design 1 the stack oscillated below
four coils, while in Design 2 four coils were wrapped around
the housing and the stack oscillated through them. Harmonic
excitation was used to experimentally compare the two prototypes
and it was found that Design 2 could generate significant higher
output power than Desing 1 (percentage increase ranging from
8292% at a,ms = 0.2g to 559% at a,ms = 0.69).

Keywords: vibrational energy harvesting, planar, electro-
magnetic, Halbach stack, magnetic springs

I. INTRODUCTION

Small-scale, low-power electronic devices, interconnected to
form wireless sensor networks, are currently being deployed
in everyday applications, creating the so called Internet of
Things (IoT) [1]. Most sensor nodes are battery powered,
however, and battery replacement costs and the environmental
impact associated with battery disposal can be significant [2].
Renewable power sources and, in particular, energy harvesting
can represent an alternative to batteries [3]. There is, indeed,
often an abundance of unused ambient energy in the vicinity
of a sensor that can be converted to usable electrical energy
through the use of energy harvesting techniques. In recent
years, mechanical vibrations have become an attractive altern-
ative energy source for low-power electronics [3], because of
their abundance in many environments: industrial machinery,
transportation systems, buildings, and human motion. Com-
mon vibrational energy harvesters (VEHs) are based on a
linear mass-spring oscillator which have a narrow frequency
bandwidth. However, ambient vibrations have a broad fre-
quency spectrum with several peaks at frequencies lower than
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100 Hz [4,5]. Several solutions have been proposed in the
literature to address the problem of narrow bandwidth. Cottone
[6] and Nguyen [7] proposed the introduction of nonlinearities
in the system as a bistable potential or as nonlinear stiffness,
respectively to enhance the bandwidth of the device.

Nonlinearities can be easily introduced in VEHs featuring
piezoelectric transduction by using repulsive magnets on the
tip of a cantilever beam as shown in [6,8-10] or by
introducing nonlinear stiffnesses as done in [11,12]. Non-
linearities have been introduced also in electromagnetic VEHs
by implementing magnetic springs [13,14] or bistabilities
[15-17].

Most of vibrational energy harvesters developed in literature
and available commercially can harvest typically out-of-plane
motion [18] and in particular electromagnetic VEHs (EM-
VEHSs) have been generally designed in cubic or cylindrical
form factors [17,19,20], making the integration with
printed circuit board (PCB) technology problematic and costly
[18].

To harvest in-plane vibrations, planar electromagnetic VEHs
have been developed. These EM-VEHs implement coils often
embedded in PCBs and multiple magnets arranged in arrays or
stacks. In [21] a linear planar EM-VEHs featuring a Halbach
stack of magnets was developed. A mechanical spring was
used and the stack oscillated in front of two coils of external
diameter 12 mm, internal diameter 1 mm, 1 mm thick. The
study showed that for rms values of the acceleration above
arms = 0.3g (g =9.81 m/sQ) the displacement of the magnets
was comparable with the external diameter of the coils, leading
to a greater change in magnetic flux compared to standard
stack of magnets.

Different magnetic arrays were considered in [22] instead of
a single stack of magnets. Also in this case, mechanical springs
and a rectangular coil (outside size 57.15 mm x 57.15 mm,
inside size 44.45 mm x 44.45 and 6.35 mm thick) were used.
It was shown numerically that the maximum output power (P
=513 mW) was achieved when the poles of the magnetic array
were alternated along the direction of motion.

For better integration with PCB technology, researchers em-
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bedded coils into PCBs as in [18] where a stack of alternating
polarised magnets was oscillated above different geometries of
coils embedded in PCBs. In [23], a CoNiMnP micro-magnet
array and coils were fabricated using MEMS technology.
Due to fabrication limitations, the array consisted on magnets
of same polarisation and to avoid current cancellations, the
array could oscillate only above one half of the coil. The
study showed that in-plane oscillation of the array above the
coil could generate more power compared to out-of-plane
oscillations.

Most of the works presented in the literature on planar
EM-VEHs focused only on coil-magnets arrangements where
the magnetic stack or magnetic array oscillated above the
coils. Mechanical springs were also considered, leading to
linear dynamics and narrow bandwidth. In order to investigate
different magnet-coils geometries, two different designs will
be considered in this paper: in Design 1 a stack of magnets in
Halbach [24] configuration oscillates below four coils while in
Design 2 the same stack of magnets oscillates inside four coils.
Magnetic springs will also be included in both prototypes
instead of the mechanical springs generally reported in the
literature to enhance the bandwidth of the device.

Experimental characterisation of the two prototypes is
presented in this paper to study the effect of the magnetic
springs when the external acceleration is varied and to determ-
ine which is the most effective design for a planar EM-VEH.

Section [M] describes the two prototype designs and the
experimental setup while the experimental characterisation of
the two EM-VEHs under harmonic excitation is provided in
section [T

II. SYSTEM OF INTEREST

Electromagnetic induction was implemented as transduction
mechanism in the two planar prototypes considered in this
paper. Different arrangements of the coils and of the stack
of magnets were considered to investigate the design that
could achieve higher output power. The two arrangements are
referred to as follow:

o Design 1 - the stack of magnets oscillated underneath the
coils; and

o Design 2 - the stack of magnets oscillated through the
centre of the coils.

For better comparison, the two prototype schematics are
similar and each comprises of five different components that
are shown in Fig. [T}

1) housing formed by four strips of Teflon screwed together;

2) two caps;

3) a stack of magnets in Halbach arrangement;

4) the coil supports;

5) magnetic springs;
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Fig. 1. Exploded view of the prototypes (a) Design 1 (b) Design 2.

The housing for each harvester is identical and it consists
of four strips of Teflon screwed together and two 3D printed
cap. Grooves are present inside the housing to minimise the
contact area with the stack of magnets, reducing the resistance
to motion.

The stack of magnets is made up of five rare earth sintered
neodymium iron boron magnets (NeFeB) of grade N42 (12.7
mm X 6.35 mm x 3.175 mm) arranged in Halbach configur-
ation as illustrated in Fig. 2} For better comparison of the two
designs, the same stack of magnets was used.

31.75mm

3. 1751mnt —» Polarisation

12.7mm

Fig. 2. Halbach stack employed in both harvesters.

Fig. [3a] shows the magnetic field lines for the Halbach stack,
as simulated with the “Magnetic fields, no current node” of
the AC/DC module of COMSOL Multiphysics. The Halbach
arrangement closes the magnetic field lines along one side
of the stack, while on the other side the magnetic field is
diminished due to interference (Fig.[3a). The magnitude of the
vertical component of the magnetic field (B,) was calculated
at a vertical distance a from the centre of the stack for different
horizontal positions. Since B, does not vary much on the
vertical axis, a was chosen to be the middle of the coils width
(a = 6 mm).
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Fig. 3. Magnetic field of a Halbach stack of magnets as simulated with
COMSOL Multiphysics. (a) Field lines for a Halbach stack.(b) Vertical
component of the Halbach magnetic field as calculated along the line at a
distance a from the centre of the stack.

In both designs, the stack oscillates inside the housing
along the groves between two sets of magnetic springs as
shown in Fig. @] Two 6.35 mm x 3.175 mm x 3.175 mm
magnets are fixed to the caps and acts as magnetic springs
in conjunction with the magnet at either end of the Halbach
stack. Magnetic springs were preferred to mechanical springs
to reduce mechanical losses and damages associated with the
use of mechanical springs.

Coils
Housing

——
mN ==
60 mm [—— c0mm [E—)
20mm 21
§ - Magaet Stack 2™
I Magnetic spring Magnet Stack Magnetic spring
(@) (W)

Fig. 4. Exploded view of the prototypes (a) Design 1 (b) Design 2.

As it was shown in Fig[I] four coils were used in each
harvester for better comparison of the results. Since the
Halbach stack generates a stronger magnetic field on only one
side of the stack [24-26], the coils for Design 1 were placed on
the stronger side of the stack in order to exploit the larger
variation in magnetic field. The coils for Design 1 have internal
diameter 3 mm, external diameter 12 mm and they are 2 mm
thick. A 0.15 mm diameter copper wire was used to wind 530
turns and the total resistance of the four coils in Design 1
was 59.3 €. An illustration of the coil support for Design 1
is reported in Fig. 5a]
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Coils for Design 2 are wrapped around the housing as shown
in Fig. [T} The coils support for this desing is made of a 3D
printed sleeve with four spaces for the coils to be wound. A
representation of the coil support is reported in Fig. 5b] Each
coil in Design 2 have a square section: the internal dimensions
are 21 mm x 11.3 mm, the external dimensions are 29.3mm
%X 19.3 mm, and the thickness of each coil is 4 mm. As per the
coils in Design 1, a 0.15 mm diameter copper wire was used
to wind 530 turns and the total resistance of the four coils is
239.6 Q.

5,
0.5mm —_

=

21mm

4mm

T 0.5mm 11

2mm I

(@) (b)
Fig 5. Coil supports for: (a) Design 1 (b) Design 2.

The two prototypes were tested using the experimental
apparatus shown in Fig. [6] The prototypes were mounted on a
LDS V409 electromagnetic shaker so that in-plane excitation
could be generated. A PCB Piezotronic 353B51 accelerometer,
mounted on the base of the prototypes, was used to provide
a feedback control to set the acceleration at the desired
amplitude level. A NI-USB-6521 data acquisition (daq) card
and LabVIEW were used to acquire the acceleration so that
it could be monitored in real-time and, if necessary, recorded.
LabVIEW was also used to drive the shaker: the excitation
generated by the software was amplified through an LDS
PA100E power amplifier with variable gain and supplied to the
shaker at the desired amplitude. The harvesters were connected
to a variable load resistance (1) and the voltage across Ry,
was acquired with the daq card and recorded via LabVIEW.
Data analysis was carried out afterwards using MATLAB.

Daq card —
1990 a(Feeed
Power amplifier

Accelerometer

Laptop with
=| LabView and
’\ MATLAB

Harvester ~ Load resistance

Fig. 6. Schematic of the experimental setup

III. EXPERIMENTAL RESULTS

The two prototypes, described in section were tested
under sinusoidal excitation over a range of frequencies at three
different acceleration amplitudes (a,.;,s = 0.2g, arms = 0.4g
and a,ms = 0.6g, g = 9.81 m/sQ). Due to the presence of
magnetic springs, it was expected that the resonant frequency
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of the two harvester would change with increasing acceleration
and for each test configuration, the optimal R; was meas-
ured, using the procedure highlighted in [13]. The resonant
frequency (f,) of the devices was first identified by using
harmonic excitation to get the trend of the output power as
function of frequency. Once f, was identified, the harvesters
were excited at resonance, changing the value of Ry in order
to get the trend of the output power as function of the load
resistance. The output power reached a maximum value for
the optimal R; and that resistance was considered for the
measurements shown below. Fig. [/| show, respectively, an ex-
ample of the trend of the output rms voltage (V,..,,s) and of the
output power as function of R. The measurement was carried
out using Design 2, excitation acceleration a,.,s = 0.4g and
excitation frequency f. = 13.5 Hz. While V,.,,, (Fig.
increases to the open voltage value, the output power (Fig.
increases till the maximum value and then decreases. The
value Ry, = 250 €2 was chosen as optimal load resistance for
the test in those conditions.

RMS voltage (mV)

250 00

Load Resistance (0)

(@ (b)
Fig. 7. Trend of: (a) output voltage as function of R[,, (b) output power as
function of RJ,

Due to the nonlinear potential introduced by the magnetic
springs, the dynamic behaviour of the two harvesters was
highly affected by the external acceleration amplitude. The
trend of the output V,.,,,s and of the output power of the two
prototypes over a range of frequencies is reported in Fig.
for the three chosen acceleration levels.

The effect of the acceleration in the two prototypes is
similar, even if different maximum values were achieved. At
the lower acceleration level (a;.,,s = 0.2g), the two EM-
VEHs generate quite a low output power (0.8 uW for Design
1 and 67 uW for Design 2). The response of the system,
however, is reasonably symmetric about the peak value, while
at arms = 0.4g and a,,,s = 0.6g the peak shifts and bends to
the right due to the hardening effects of the magnetic springs.

At a,rms = 0.2g the acceleration amplitude is insufficient
to overcome the force of the magnetic springs and the friction
acting on the stack. Therefore, the displacement of the stack is
not large enough to cause a significant change in the magnetic
flux in the coils to induce an electromotive force (emf)
and generate a noteworthy output power. As the acceleration
amplitude is increased, the magnetic force and the friction are
overcome and it is possible to note an increase of out power

in Fig.s [8b] and [8d]
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Fig. 8. Trend of: (a) - (b) output voltage as function of R, and output
power as function of RJ, for Design 1; (c) - (d) output voltage as
function of R, and output power as function of RJ, for Design 2

Since the same magnetic springs and the same Halbach
stack were used in the two EM-VEHs, the resonant frequency
of the two devices is the same as the prototypes operates like
a mass-spring system [27] with identical magnetic springs
and mass. However, the resonance increases with increased
acceleration by the same amount due to the hardening nonlin-
earities of the magnetic springs. The peak value increases of
1.5 Hz when the acceleration is increased from a;,,,s = 0.2g
to arms = 0.4g and of only 0.5 Hz when the acceleration is
further increased to a,.,s = 0.6g.

In Design 1, even if the resonant peak bends to the right,
there is a small increase of the -3dB bandwidth of output
signal due to the increased nonlinearities in the system with
increasing acceleration. In this configuration, the bandwidth
increases from 1.25 Hz at a,.,,s = 0.2g to 1.75 Hz at a5 =
0.6g. However, for Design 2 the -3dB bandwidth is wider and
it increases from 2 Hz at a,,,,s = 0.2¢g to 3 Hz at a,.,,s = 0.6g.

As it is evident in Fig. [§] the hardening nonlinearity is
more prominent at higher accelerations, because the stack of
magnets could reach positions closer to the magnets forming
the magnetic springs, and so experience strong magnetic re-
pulsive forces, compared to the tests at the lower acceleration.
The higher the repulsive force, the higher the effective elastic
constant of the magnetic springs, which leads to the observed
hardening effect.

The different coil-magnet arrangement between the two
designs highly affected the output power of the harvester:
Design 2 generated a larger amount of power compared to
Design 1. The percentage increase p was calculated as:

P, — P y
Py

100 (1)
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where P; is the maximum output power generated by Design
1 and P is the maximum output power generated by Design
2. The percentage increase for the three different accelerations
is:

o p=8292% at a;ms = 0.2¢;

e p="769% at a,,,s = 0.4¢;

e p="559% at a,.,s = 0.64.

The large difference in output power is likely to be caused
by the positioning of the coils. In Design 1, the coils are dis-
tributed on one side of the Halbach stack along the full 60 mm
distance between the magnetic springs (Fig. fa). Considering
the change in the vertical component of the magnetic field
(B,) of the Halbach stack reported in Fig[3band the allowable
magnet stack displacement, it is likely that the external coils
did not experience a large variation of magnetic flux of B,.
Consequently, minimal emf was induced in these two coils so
that they contributed little to the output power of the device.
When the acceleration was increased, the stack of magnets
could reach positions closer to the external coils, leading to
the reduced power percentage increase between Design 1 and
Design 2.

In contrast, the coils for Design 2 are located centrally, in the
middle of the harvester, as shown in Fig. [Ibl When the stack
of magnets oscillated, all the coils experienced a considerable
change in B,, inducing a much larger emf in the coils than
in Design 1, which lead to higher output power.

A summary of the resonant frequency, the maximum output
power, the load resistance and the -3dB bandwidth is reported
in Table [

IV. CONCLUSIONS

Two planar EM-VEHs were investigated in this paper. Both
devices employed a Halbach stack of magnets and four coils
as the transduction mechanism. However, the coil-magnets
arrangement was different: in Design 1 the coils were places
above the Halbach stack, on the side of maximum magnetic
field, while in Design 2 the coils were placed around the stack.

Both prototypes were tested under harmonic excitation at
three different acceleration levels. It was shown that the effect
of increasing acceleration on the harvesters’ dynamics was
similar: the resonant peak shifted and bended to the right for
increasing excitation levels.

It was also shown that the output power generated by Design
2 was considerably higher (percentage increase ranging from
8292% at arms = 0.2g to 559% at a,yms = 0.6g) than the
power generated by Design 1 due to the positioning of the
coils in each design. In Design 2 the coils, centred at the
resting position of the stack of magnets, experienced a greater
change in magnetic flux than the coils positioned along the
length of the housing in Design 1, leading to higher output
power.
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TABLE I. SUMMARY OF THE RESULTS FOR TWO DESIGNS

Resonant Maximum -3 dB Load
Design  arms frequency output power  bandwidth resistance

(€3] (Hz) (mW) (Hz) )

0.2 12.5 08 x1073  ~ 125 80

1 0.4 13.5 0.088 ~ 1.25 60
0.6 14 0.148 ~ 1.75 60

0.2 12.5 0.067 ~ 2.0 550

2 0.4 13.5 0.761 ~ 25 250
0.6 14 0.976 ~3 250
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