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HIGHLIGHTS

o A novel ultra-low frequency (down to 0.3 Hz), low acceleration (<1 g) and multidirectional vibration-based harvester is proposed.

e The device has been designed for the conditions of a wind turbine. However it could be used in other vibrating system with similar specs.
e The device is non-resonant, multidirectional (on a plane), and based on mechanical to electrical conversion through EM coupling.

o A prototype has been fabricated, modelled and thoroughly tested. Numerical simulations agree with experimental results.

e The device can generate a few mW at frequencies around 1 Hz @ 50 mm. (e.g. 9.3 mW at 1.2 Hz with 0.3 g accelerations).
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In this paper we propose, and demonstrate through a prototype, a completely novel device able to harvest
mechanical energy from the multidirectional vibrations in a wind turbine, and convert it into electrical, to power
autonomous sensors. The application is very challenging since vibrations are of ultra-low frequency, well below
1 Hz, with accelerations of tenths of cm/s? (0.01 g), and the device must capture energy from the movement in
any direction. According to our experiments, the device is capable to generate average powers around the
milliwatt in the operation conditions of a wind turbine, which are enough for some very-low power sensor nodes,
or at least to considerably extend the life-time of batteries. The device is based on the principle of moving
(inertial) masses comprised of magnets in Hallbach arrays interacting with coils, and can work for movements on
any direction of a plane. To the best of our knowledge, this is the first device specifically proposed for wind
turbines and one of the few that work in such low frequencies, and capture energy from movements on any
direction on a plane. Only three harvesters proposed in the literature, intended for distinct applications, can work
at such low frequencies, and our device exhibits a better efficiency. Though comparisons with harvesters working
in different contexts and, even using different conversion principles, is not completely fair, we make in this paper
a comparison to the closest ones, resorting to two different figures of merit.

mainly sensors, together with the concerns on the energy waste and cost
of maintenance, are the driving forces for the research in the area.

1. Introduction

Energy harvesting (EH) from ambient sources has been a topic of
intense research in the last twenty years. The main goal is to have
available autonomous devices which do not require either wired power
sources, or periodic maintenance to recharge or replace batteries. The
idea can be traced back to the popular in the old days’ crystal radio,
where the electromagnetic signal carrying the information was also used
to power the device. Today, the need to deploy a plethora of devices,

EH is on its own merits a multidisciplinary topic where energy
sources, sensing and conversion principles, materials, mechanical de-
signs and electronics converge. Therefore, it is almost impossible to have
a comprehensive and unified picture of the field. Apart from some books
or tutorial papers which unavoidably have a compilation character
[1,2], literature is plagued with papers that try to solve a particular
problem oriented to a given application. Thus, it is not possible, and
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even does not make much sense, to try to compare different designs and
decide which is best even for akin applications.

In this paper we will mainly focus on an application which has
received so far limited attention, in spite of its growing interest. We
refer, broadly speaking, to Condition Monitoring (CM) or Structural
Health Monitoring (SHM) of wind turbines [3,4]. There is a current
trend to extend, when possible, the operating life of wind parks which
were installed many years ago. This requires a continuous monitoring of
some parameters, remarkably accelerations, at different points of the
tower and nacelle to calculate the mechanical parameters of the struc-
ture, determine its condition, and estimate the remaining life-time.

However, not only already installed, and old, wind parks need to be
sensorized, but also new on-shore and off-shore parks must include
complete monitoring systems to predict possible failures and analyze the
evolution of the structures [5]. The need for monitoring extends also to
the process of tower construction, where wind effects (e.g. vortex
shedding) may produce early damages in the structure which are not
easily detected. Transportation of blades or tower sections is another
source of damages. Energy for powering is not directly available in those
cases, and the use of completely autonomous devices in terms of energy,
which can also wirelessly communicate with a host, are highly desirable
for installation and maintenance purposes anyway.

In wind turbines, the most readily available source of energy is the
mechanical movement, i.e. vibration, of the structure which is, obvi-
ously, particularly relevant under operating conditions. However, vi-
brations present are random in nature and of very low frequency, with
also low levels of accelerations. Such accelerations are thus unpredict-
able in both intensity and directions, since the structure orientates in the
wind direction, where vibrations are stronger. Regarding vibration fre-
quencies, they cover a frequency band which is mainly dominated by the
tower first mode (Typically between 0.3 and 0.5 Hz), and harmonics
originated by the rotating frequency (named as 1P) and the blade
passing frequency (3P), typically around 0.2 Hz and 0.6 Hz respectively
for a tower around 100 m tall.

To cut it short, for the highest towers in the range of a few Mega-
watts, we are talking of frequencies below 1 Hz, accelerations up to 50
cm/sz, and movement on any direction of a horizontal plane (XY) of a
few cm [6]. Frequencies reduce as the tower size increases, as it is the
case in off-shore structures. The excitation also contains energy at higher
frequencies mainly due to the tower second mode (between 1 and 2 Hz),
though they contribute less to produce energy. Taking this into account,
the application at hand shares some specifications with others so distinct
as human movement or ocean wave oscillations [7-12], that also belong
to the so called “macroscale” applications [13]. In this scenario, almost
all solutions are based on the kinetic to electrical conversions [14,15],
which are mostly based on the Faraday principle, i.e., the generation of
electricity that results from the relative movement of a coil in a magnetic
field generated by a magnet [16].

For higher frequencies, and smaller devices, i.e. “microscale”, energy
conversion based on the piezoelectric or triboelectric effects is the
dominant. In the first case, piezoelectric devices are designed to tune
their resonance(s) with the dominant vibration frequencies. Therefore,
as frequency decreases, there are also combined solutions where two or
more transduction mechanisms are combined [17-19] and/or natural
low frequencies are multiplied or upscaled by mechanical devices to
allow for piezoelectric devices [20-22].

The design of energy harvesters for ultralow frequencies is still an
open problem which has been scarcely treated [23,24]. We should note
here that the term ultra-low is not precisely defined, referring in most
case to vibrations of “a few” hertz, or below 10 Hz [25-27]. In our case,
we will consider even lower frequencies “around” and below 1 Hz,
which is a much more challenging specification. We have identified only
three papers showing results below 1 Hz, namely [10,23,28], but only
the latter can work in multiple directions. There is another paper
describing a two-directional device, which works at 2.6 Hz [26]. Last, in
[29], authors propose a nonlinear device which harvests energy from
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vibrations between 0.5 and 5 Hz. However, the primary movement is a
rotation (car wheel), and the device converts it into vibration. Moreover,
experimental results are given for a reduced range from 1.5 to 4 Hz.

Therefore, in this paper we propose a novel solution for an unsolved
problem, demonstrating a device that can work at frequencies below 1
Hz for arbitrary motions on a plane, which finds application in wind
towers, and also in other civil structures, with the potential of providing
power for autonomous sensor nodes, or to considerably extend the life-
time of batteries.

The organization of the paper is as follows: in Section 2 we describe a
prototype and its working principle, in order to give an intuitive insight
to the harvester. Section 3 is devoted to model the device with a set of
differential equations. In Section 4 we validate the model with some
experimental results and identify the most relevant parameters, which
are difficult to know a priori. Section 5 is devoted to analyzing the re-
sults given by the model under several conditions (transient, stationary
and real excitations), always in the expected range of operation and to
compare them with the experimental results. Maximum achievable
power is then estimated and compared with the experimentally obtained
values. In Section 6 our device is benchmarked against other state of the
art harvesters. Section 7 is a summary of the main conclusions and future
developments of our work.

2. Device description and motivation

Energy scavenging from vibration is mainly based on the use of an
inertial mechanism, comprising a proof mass within a host case, which
moves attached to the moving structure. This is shown in Fig. 1(a). The
case is mounted on the moving structure and the proof mass, m, oscil-
lates with respect to the casing-structure, when the structure vibrates in
the direction of the device. The damping effect deliberately introduced,
acting on the proof mass, is the mechanism for energy conversion, i.e.,
transduction. There is always a parasitic damping, due to friction, which
needs to be minimized. Damping can either be proportional to velocity,
as it is the case of electromagnetic conversion, or to the so-called
Coulomb damping, which is typical of piezoelectric devices [15].

The behavior of inertial generators is quite different for high and low
frequencies. The frontier region is mainly determined by the point where
dimensions of the harvester device are close to oscillation amplitudes. At
high frequencies with also high accelerations, device dimensions surpass
oscillation amplitudes, whereas at low frequencies of operation the
opposite is true. In the first case, movement range of the proof mass is
lower than the device dimension, whereas in the second case such
movement is clamped by the limitations of the device [30]. This is the
reason why high frequency harvesters are designed to operate around
their resonance frequency and are thus mostly based on piezoelectric
conversion.

On the contrary, low frequency harvesters do not exploit resonance
[27] and simply need to accommodate as much as possible the
displacement of the proof mass to the device dimensions and thus to the
displacement of the structure. Rotational devices, which convert linear
movement into circular, have been proposed to circumvent these limi-
tations, though it has been shown that they do not achieve any signifi-
cant improvement with respect to linear ones [30]. Electromagnetic
transduction is in any case the preferred conversion mechanism, which
is coherent with the fact that piezoelectric devices cannot operate at
very low frequencies. The proof mass usually consists of a combination
of magnets, and the casing houses a number of coils. Their relative
displacement induced by the vibration generates an electrical signal,
following the Faraday’s law. This direct application of the electromag-
netic conversion should not be confused with some sort of frequency up-
conversion mechanism which combine magnetic interaction between
magnets, to generate a lock/release mechanism to pluck piezoelectric
cantilevers at their resonance frequency [22,31].

In the application at hand, wind turbines with power rates between 1
and 5 MW, tower tip or nacelle displacement can be up to + 10 cm.
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Fig. 1. Mass-spring-damper model a) linear b) circular with three masses and nonlinear stiffness.

Energy concentrates in a range of few hertz, dominated by tower first
modes and harmonics generated by the rotation, which are typically
below 1 Hz [6], though there is available power up to 2 Hz. Movement
can be in any direction on a horizontal plane, depending obviously on
the wind direction, and thus the conventional linear inertial mechanism
in Fig. 1(a) would only work when aligned with the wind direction. This
is the reason why we propose an inertial mechanism with three masses
as schematically depicted in Fig. 1(b). Masses can freely rotate around a
common axis which is fixed to a cylindrical casing. The three masses are
evenly separated under repose conditions. Regardless of the movement
direction, there will always be at least two masses that will angularly
move with respect to the casing. Note that this is not a linear to rotation
conversion since, in general, masses do not make a complete turn but
just make angular oscillations in a limited range as we will show in the
next sections.

The designed prototype, according to this idea, is shown in Fig. 2. It
consists of a cylindrical case with a central axis. Picture on the left
corresponds to the plane of movement, perpendicular to the axis of the
cylinder. The three independent inertial proof masses, in black, can be
guessed through the triangular windows. The base of the device, shown
in the picture on the right, has an attached PCB where the basic circuitry
for power conversion is included. A detailed 3D view of the three masses
attached to the common rotation axis is shown in Fig. 3(a) In the pro-
totype the masses are attached to the axis through low friction bearings.

Each mass contains an embedded array of magnets in a Halbach
configuration [32,33], as shown in Fig. 3(b). Such configuration is
known to concentrate the magnetic field, in this case at the external
(convex) side of the blades. A positive by-side effect of the configuration
is that the residual magnetic field on the sides is always outgoing,

producing a repulsion between adjacent blades. The repulsive effect
created between the sides of adjacent masses acts as a non-linear stiff-
ness which tries to bring back the masses to their equilibrium position
(evenly distributed at 120°), and reduces the impacts between them.
When the device is shaken, at least two masses move regardless of the
movement direction.

Fig. 4 shows images with numerical simulations of the magnetic field
generated by the magnets in the Halbach array configuration. The
concentration across the external sides is evident, in the same way a
residual magnetic field remains in the lateral edges. The value of the
magnetic across the red dashed line, 1 mm away from the magnets
where coils are placed, is also depicted.

The case contains in its internal curved side an array of twenty-four
coils, as shown in Fig. 5(a). Each coil is detailed in Fig. 5(b). The
interaction between the moving magnets and the coils generates a
voltage at the coil terminals, which are in turn used to generate the
required power by combining all coils. Every set of magnets faces at least
three complete coils, independently of its position, as shown in Fig. 5(c).

External device dimensions are 10 cm diameter and 9 cm height for
the case. Mass of each blade is 0.158 Kg, which is mainly concentrated in
the magnets, the radius to the center of masses being 3.7 cm. Total
weight is 0.612 Kg. Other relevant dimensions are shown in Fig. 6. Note
that device dimensions are of the order of the expected limits of the
external movement. In this way, we can expect that blades can move,
under optimal conditions, along its full dynamic range. We recall that
this is not a rotating device, as described in [30]. The proposed geometry
is intended to be capable of producing energy for movements on any
direction of a plane, but not to generate it by continuous rotations of the
masses around the axis but rather by back and forth motions, much in

Fig. 2. Harvester prototype. Three different views.
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Fig. 3. (a) and (b). Different views of the moving masses with the Halbach arrays.
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Fig. 4. Lines of magnetic field created by the magnets, and intensity at
dashed line.

the same way as the harvester proposed in [34]. These are the conditions
present in a wind turbine.

The prototype of the proposed device, shown in Fig. 2, has been
fabricated and tested. Case and inertial masses chassis are made of ABS
plastic and fabricated with a 3D printer. Each Halbach array consists of 9
magnets of 20x5x5mm and 12 magnets of 20x5x2mm. The coils are
composed of 600 turns of enameled copper wire of 0.1 mm diameter. A
PCB is attached to one of the flat sides of the cylinder, including the basic
circuitry for rectification filtering and energy storage. There is enough
room at both flat sides of the device to include additional circuitry in a
compact manner.

In addition to physical reasons, dimensions and weight of the device
are very practical in terms of manipulation, transport and installation. It
may also contain, as shown before, the required electronics not only for
the power conversion, but also for sensing, processing and

communication as it is required to analyze vibrations for condition
monitoring purposes. A larger device would obviously produce more
energy, however at the expense of usability.

In the next section we will describe a comprehensive model for the
device, and show its possibilities and practical limits.

3. Device model and theoretical limitations

The physical characteristics of the harvesting device have been
described in the previous section. A detailed model of the system is
described hereafter considering both its mechanical and electromag-
netic configuration. The model will be general enough to optimize the
system for different operating conditions and flexible enough to allow
the analysis of other similar configurations (e.g. different number of
masses).

Referring from now on to Fig. 6 for the parameters definitions to
obtain dynamic equations, it will be assumed that the device moves
under arbitrary displacements in the x and y directions x(t) and y(t).
Under this excitation, the i" (center of) mass suffers the following
displacement with respect to the inertial frame of reference. Their de-
rivatives represent the velocity of the center of mass.

xi(t) = x(t) + L cos(6(t) ) (€]
yi(t) = y(1) + Lgsin(0,(1) ) (2)
with i = 1,2,3

The dynamic equations can be obtained by resorting to the Euler-
Lagrange formulation where we need to obtain first the kinetic and
magnetic energy contributions, which constitute the conservative part.
Regarding the kinetic energy, it can be expressed for the i mass as.

1 1 .
E;; = Emv,2 -‘rilyﬂiz 3)

Where Izz is the moment of inertia with respect to the center of
gravity of the moving mass. Taking into account that

V,? = xiz +)}i2 ()]
the kinetic energy can be expressed as:

3 1 P) 1 .2 .
Ei(r) = Zl: S0 + Em{xz + 37+ Lo +2Lb(cos(0))y — sin(0,)%) }

(5)
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Fig. 5. (a) Half case with coils, (b) Single coil, and (c) Upper view with three masses and casing.
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Fig. 6. Coordinate system and variables for the model.

The magnetic energy due to the interaction between the magnets
plays the role of the elastic energy of a conventional resonator, but has in
this case a strong nonlinear behavior. We will assume only the magnetic
interaction between adjacent magnets at the extremes of the moving
masses, which is the responsible for the repulsion between masses when
they get closer. The total magnetic energy is, according to a dipole
model [35], expressed in equation (6) where p is the magnetic moment
of the magnets and dj; their instantaneous distances.

I [Srz —d, 8P —d 87— dﬂ

Ep(t) =
ar d, d%s d%l

©

where

)= T el 70 0) ”

The masses are also subjected to the damping produced by the
interaction between magnets and coils connected to an electrical
impedance. This is actually the energy extraction (transduction) mech-
anism which has to be optimized to harvest as much energy as possible.
The instantaneous power extracted can be assumed to be proportional to
the angular velocity [15], and can be written as:

dE NG 2
P=—r=br > .6 ®

where b is the damping coefficient, which will depend on the interaction
between coils and magnets. The average power is obviously calculated

by integrating the instantaneous power over time and dividing by the
time interval. The above expression will serve to estimate the upper limit
of the power that can be extracted from the harvester.

The Lagrangian for the conservative system is:

L=E —E, 9

where Ej accounts for the kinetic energy of the three masses. The
dissipative contribution can be introduced into the Lagrangian formu-
lation through the Rayleigh dissipation function obtained as [36]:

1 dE

Ep ZEE 10)

Then, the three dynamic differential equations for the system can be
obtained as:

d [ dL oL OEp
E 0_9, *a—gi‘f’a—éi—o (11)

which produces three coupled equations, which can be expressed in a
compact form as follows:

(r=7s+8—38)

2
0, (mLy +1;) + br° 6 + K e +mLg(cos(60,)y — sin(6;)x)

=0

s =1 +8-6)

6y (mLY + 1) + b6, + s

+mLg(cos(0,)y — sin(6,)x)
=0

2
p o W =1t —6)
63 (mLE + 1) + bré, ++

+mLg(cos(05)y — sin(6;)x )
=0
12)
where 61,05 and 63 depend on the angular displacements as follows:

01 :2(ﬂ+92793
52:2(ﬂ+93791

03 :2(,0+91 —92 (13)
And constants y;, §; are defined as follows.

V2r2sine;

3y, (coso; + 3)
5 572 =
213 (1 — coso;)

"7 2(1 = cosoy) 14)

Vi

The above equations are strongly non-linear in the variables 6; and
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cannot be analytically solved. Therefore, closed form expressions for
displacements and velocities, even in the case of harmonic excitation,
are not available. The system can be seen as a complex spring/damper
mechanism, Fig. 1(c), where stiffness is a strongly nonlinear function of
the distance, i.e. angular separation, of masses. Such stiffness is pro-
duced by the magnetic repulsion between blades which results from the
residual magnetic field at their edges. Fig. 7 shows the potential energy
of the system resulting from only the lateral magnets interaction of the
three masses, which is the most significant. The total magnetic energy is
also plotted.

To calculate the curves, we have assumed one mass is locked, while
the other two are symmetrically placed with respect to the first one.
Their range of movement goes from 60° to 150°, which is the maximum
displacement taking into account masses dimensions. Fig. 8 shows the
two extreme and one intermediate (i.e. equilibrium) positions respec-
tively. To properly understand Fig. 7, note that Epl2 and Epl3 are
“symmetrical” with respect to 120°, but the right part (from 120° to
150°) is a compressed version of the left part by a factor of 2. This is due
to the fact that masses 2 and 3 move symmetrically while mass 1 is
locked. It is evident from the curves that potential energy is far from
exhibiting a quadratic behavior as would be the case of a typical spring
with a restoring force linearly dependent on elongation.

For our purposes it will suffice for the moment a numerical solution
to estimate the dynamics (displacement, velocities) of the masses and
the energy which potentially may be extracted under predicted working
conditions. The comparison of simulations against practical measure-
ments will allow validating the model and tuning some physical pa-
rameters such as magnetic moment or damping, which are not
accurately known. Moreover, damping depends on the electrical load
and thus must be estimated for every condition. The procedure for
assessing the validity of the model and to estimate such parameters will
be presented in the next section.

4. Model parameters estimation and experimental Setup.

The harvester model built in the previous section has some param-
eters whose values are not easy to know a priori. The parameters of mass
(m), center of gravity position (Lg), radius (r), second moment of inertia
(Iz) and angle ¢ can be determined with sufficient accuracy using CAD
software. However, it is much more complicated to give a realistic and
precise value for the parameters y and b as they are related to a very
complex magnetic field, as shown in Fig. 4.

In order to determine values of ; and b for the actual harvester, an
experiment and a subsequent parameter estimation process have been
designed. Fortunately, the dynamic equations can be written linearly
with respect to the parameters b and i’ = y? so that the estimation can
be carried out with a simple linear regression from experimental data.

———Ep12
Ep23
Ep31
Eptot

Ep [mJ]

120 140
degrees

Fig. 7. Potential Energy.
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Let us rewrite Eq. (12) in a compact manner as:

K. +K,b = [KK,] {’; } =Kp=r1 (15)

Where 7 is the sum of two vectors, namely, the external excitation
that depends on x and y and the inertia terms. Terms K, and K, are 3x1
vectors that multiply to x4’ and b, respectively, in Eq.(15). As this equa-
tion is valid for any time instant, we can write it for n instants obtaining
an overdetermined system of equations:

T1 K]
Y=qi =11 |p=Wp (16)
T, K,
Solving this linear system of equations by, for instance, least squares
yields an estimate for p:

p=(W'W) "Wy a7

In order to apply this algorithm to estimate vector p, it still remains
to evaluate W and 7 with the measured values of 6,, 6, and 05 and their
first and second derivatives. It is not easy to measure the angular
displacement of every mass relative to the casing, and to do it, we have
resorted to an image based experimental setup, shown in Fig. 9.

The harvester is excited by a shaker which generates sinusoidal os-
cillations in a range from 0.2 to 1.2 Hz with variable amplitudes up to +
50 mm. A video camera, actually a mobile phone in slow motion mode,
is attached to the moving platform where the harvester is fixed. The
camera focuses the upper side of the harvester (with a transparent
cover), capturing 240 frames per second. Colored circles are stuck over
each one of the masses as shown in Fig. 9 and also in Fig. 10(a). An
application is developed making use of the Artificial Vision Toolbox of
Matlab, which determines the center of each circle, and follows their
movement when the harvester is excited. Then, from the moving co-
ordinates measured, a simple geometric postprocessing has been
developed to calculate the instantaneous rotation angle of each mass
with respect to the horizontal axis, as shown in Fig. 10(b).

Simultaneously, the voltages at the 24 coils can be also measured and
transferred to the PC for post processing, power calculation, and storage.
Different loads can be easily connected to measure the power generated
under different conditions. The harvester also incorporates an acceler-
ometer (ADXL345) to simultaneously measure actual accelerations. All
this circuitry is compacted on a PCB connected to the lower side of the
harvester, partially seen in Fig. 9. Image measurements are synchro-
nized to electrical measurements by a led indicator as the trigger
condition.

To obtain data sequences to solve the identification problem, it was
decided to measure the transient resulting from the symmetrical
displacement of two masses (green and red) from the equilibrium po-
sition at + 60°, leaving the third one (blue) locked at §; = 0°, in such a
way that X =y = 0 at all times. By releasing the masses under these
initial conditions, we obtained the time series for the angles.

Once the instantaneous values of the angles have been measured, the
values for their derivatives need to be calculated, to be introduced into
the equations. As the algorithm used for estimating the angles is based
on relatively noisy measures of the markers’ positions, it is not suitable
to apply direct numerical differentiation methods to obtain both the
velocities and accelerations. In contrast, the Total Variation smoothing
algorithm [37-39] has been applied to obtain reliable first and second
derivatives. The results for angles and angular velocity and acceleration
are shown in Fig. 11.

By evaluating W and 7 with the values obtained above and solving for
Eq. (17), the following values have been obtained for p, namely ji =

140 106J/T and b = 160 e 10~3kg/s. The measured and estimated
values of 7 are represented in Fig. 12, showing a very good fit between
measured and estimated values. We note that these values have been
obtained when the harvester is not charged and thus damping can be
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Fig. 8. Movement of the masses to calculate the magnetic energy: extreme and intermediate (equilibrium) position.
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)

0 150
Pixels

Fig. 10. (a) upper view of the harvester with colored stickers on the masses to measure their movement. (b) Postprocessing: extrapolation to positions on a per-
fect circle.

associated to the internal friction. 5. Simulations and experimental Results.

Once we have validated our model and estimated its relevant pa-
rameters, we are in the position to analyze the behavior of our system
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under any excitation condition. We are interested first in estimating the

natural frequency of the device, which can be deduced from its transient
behavior. The homogeneous response of the differential equations,
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Fig. 13. Simulated transient response of one of the masses when separated
from its equilibrium position.

Applied Energy 334 (2023) 120715

when initial conditions for two masses are different from the repose
ones, is shown in Fig. 13. This corresponds to the symmetrical move-
ment of two masses, while the third one is locked.

The response is not a typical exponentially decaying sinusoid, as
would be the case of a linear system. Actually, our system could be
interpreted in terms of a “nonlinear” stiffness resulting from the mag-
netic potential energy, which is represented in Fig. 7. The underlying
oscillation frequency obtained from Fig. 13 decays from values up to 4
Hz, depending on the initial displacement, to approximately 1 Hz when
the angle excursions are very low.

The above results could lead to an estimation of the resonance fre-
quency of the device, though the concept does not rigorously apply to
nonlinear systems such as this. Actually, the oscillation frequency varies
as amplitude diminishes, which agrees with the observation that the
equivalent stiffness grows with amplitude. The resonance frequency has
also been estimated for small angular deviations from the equilibrium
position by linearizing the potential energy equation, assuming a con-
stant stiffness and thus a quadratic dependence of the energy on 6;. By
using the Rayleigh method to calculate the natural frequency, the
resulting value is 1.05 Hz, which is in very good agreement with
observations.

Such natural oscillation, regardless of the angle variations, is above
the intended range of operation and cannot be exploited to optimize the
harvested energy. This property is common to mechanical harvesters
that purport to operate at such low frequencies, as shown for instance in
[40].

We can also simulate the behavior of our harvester under stationary
conditions. The dynamical equations have been numerically solved for a
sinusoidal excitation, i.e.

x(t) = Acos(2zft)y(t) =0 (12)for different amplitudes and fre-
quencies in the ranges fromA = 20 to 50 mm andf = 0.3 to 1.2 Hz which
are within the specifications of the application at hand. The fact that the
movement in one of the axes, y(t), has been assumed null is not a limi-
tation since the masses have been arbitrarily located out of the equi-
librium position, with neither of them aligned with the direction of the
movement. Fig. 14(a) to 14(f) show the angular displacement of the
three masses for several representative excitation amplitudes and fre-
quencies. The displacements are referenced to the equilibrium position
of each blade. The system orientates in such a way that excursion is
wider in one of the blades while the others move similarly in a lower
extent.

Another observation is that when internal displacements are small,
their shape is almost sinusoidal, whereas for large displacements signal
is distorted. This is obviously a consequence of the non-constant stiffness
due to the magnetic field. Moreover, movements in opposite directions
are not coincident, due to the lack of symmetry in the position of the
masses, as also reflects potential energy depicted in Fig. 7.

What is relevant here is to see to which extent the model is able to
estimate the upper bounds of the energy that can be extracted from the
device here proposed. To this end, we have first measured the power
generated by the harvester by measuring and adding the power gener-
ated by all 24 coils, when each one of them is loaded by a resistor equal
to the coil resistance, around 100 Q. These are ideal conditions in the
sense that power extracted is the maximum achievable, and there is no
further power conversion circuitry to obtain a DC voltage which may
introduce losses. From this information, power can be calculated for
different loads.

The measurements have been carried out with the setup described in
previous section, for four different excitation frequencies: 0.3, 0.6, 0.9
and 1.2 Hz, the same used in the simulations, and 50 mm excursions. It is
illustrative to show first the voltage waveforms generated at the coil’s
outputs under such sinusoidal excitations. In Fig. 15 we show three coils
voltages measured at frequencies of 0.6 and 0.9 Hz. The three wave-
forms correspond to the three coils (out of the 24) that in the represented
time frame produce the maximum average power, since they are the
closest to the masses position.
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Fig. 14. Movement of the three blades at the following conditions (a) 50 mm at 0.3 Hz, (b) 50 mm at 0.6 Hz, (c) 25 mm at 0.9 Hz, (d) 50 mm at 0.9 Hz, (e) 25 mm at

1 Hz, (f) 50 mm at 1.2 Hz

The differences between cases a) and b) are evident. First, voltage
levels at 0.9 Hz (voltage units 1 V) are higher than those at 0.6 Hz
(voltage units 0.5 V), due to the larger excursion of the masses. As
predicted, small increments in the frequency produce notable changes in
voltages and thus in the power generated. Second, waveform for 0.9 Hz
contains higher frequencies since, apart from the limited increase in the
excitation frequency, masses move in a wider range with respect to the
coil. Since the magnetic field generated by each mass is not uniform, see
Fig. 4, such variations induce variations in the coil voltage which
become evident at higher excitation frequencies.

Power distributes among the coils in an unpredictable way,
depending on the excitation direction and the coils position. In Fig. 16

we show an example when one of the masses is almost still and the other
two move with similar excursions.

By summing up the power generated by all coils, the results are 10
uw, 327 uw, 3.0 mW and 9.3 mW for frequencies of 0.3, 0.6, 0.9 and 1.2
Hz respectively. We recall that such measurements correspond to the
optimum power transfer when load matches output impedance of the
coils. If a simplified rectifying circuit is added, the measured values drop
to 85 pw, 1.7 mW and 5.5 mW for frequencies of 0.6, 0.9 and 1.2 Hz
respectively. To get those values, voltages at the coils outputs have been
rectified and applied to a high valued capacitor. Power is calculated as
the ratio of energy (charge) stored in a given time. These values are, as
expected, lower than those obtained without any power converting
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circuitry.

Table 1 summarizes these measured results (columns 4 and 5), and
compares them with the values calculated from the model, column 3,
according to expression (8), by integrating it over time and dividing by
the time interval. They are calculated under optimum conditions, i.e, the
highest mechanical power generation. Discrepancies between mea-
surements and simulations are relatively higher at the lowest fre-
quencies, but, in any case, can be mainly attributed to the internal
friction of the bearings and of course to the EM conversion (parasitic
impedances). It is noteworthy, as anticipated, how generated power
strongly depends on the frequency for both simulated and measured
values. The influence of the displacement values is less relevant. This is
graphically shown in Fig. 17 where calculated power is plotted against
frequency and amplitude.

Simulated power values follow approximately a cubic dependence
on the excitation frequency, which agrees with the results obtained in
[30]. On the contrary, the measured energy ratios for constant frequency
variations do not seem to obey a defined pattern, and the dependence on
frequency is of higher order than three. The disparity can be attributed
to the fact that in the mentioned reference, and in our simulations, what
it is actually calculated is an upper bound of the mechanical energy. The
transduction mechanism is not able to extract all of the available me-
chanical energy due to the reasons mentioned above. By considering the
high order dependence on frequency, the need to properly dimension

Table 1
Harvested Avg. power in uW, calculated and measured.
EXCITATION Calculated Measured Measured
Average Power Average Power Average Power
[mm] [Hz] (all coils) (with rectifying)
50.0 0.3 3.340 10 0
50.0 0.6 6.122 327 84.8
50.0 0.9 18.763 3.039 1.726
50.0 1.2 44.699 9.272 5.527

10

Avg Power [mW]

Fig. 17. Average power as a function of displacement and frequency.

the device for the desired frequency range is of utmost importance.

Regarding the disparities between the two measured power values,
they are due to the use in the worst case of a very simple rectifying
circuit. As we said before, coils outputs have been rectified and applied
to a high valued capacitor. This rectifying circuit stores the charge
coming from only the coil exhibiting the highest voltage at a given
instant, spoiling a relevant portion of the power available in other coils.
Moreover, the threshold voltage of diodes precludes charging the
capacitor when voltages are very low, and thus reduce dramatically the
extracted power at low frequencies. A more elaborated circuitry will
allow higher efficiency in the power conversion.

Above simulations correspond to ideal harmonic excitation which
give information of how the system works depending on the frequency
and amplitude. The behavior is, as we have shown, highly nonlinear and
therefore cannot be characterized by either impulse responses or



C. Castellano-Aldave et al.

transfer functions. However, the device is intended for an application,
vibration in wind turbines, where the excitation is broadband with a
power not uniformly distributed in frequency. Therefore, it is not
straightforward from simulations under harmonic excitation to estimate
the power which can be expected in the application at hand. An
experimental test in real conditions will be programmed in the next
months but for the moment, making use of our model, we can make
simulations with real acceleration signals measured on top of wind
turbines.

We have available accelerations measured at the nacelle of a wind
tower in both x and y axis, on a plane parallel to ground. The wind
turbine corresponds to a 3 MW machine with a first Fore-Aft (1IFA) mode
around 0.38 Hz and a 3P frequency around 0.65 Hz. Second FA mode is
located at 1.7 Hz. This means that vibration power is mostly concen-
trated between 0.2 Hz and 2 Hz. Peak acceleration values are around
0.04 g, with RMS values around 0.008 g resulting from the operation in
the nominal power regime. A representative example is shown in Fig. 18
where the upper waveforms represent the measured accelerations both x
and y axis. The estimated instantaneous power calculated with our
model is shown in the lower graph. The power generation peaks reach
up to 4 mW although the average power generated is around 400 pW.

6. Comparison with State-of-the-Art harvesters

It is not easy to assess how the proposed harvester compares with
other solutions intended for ultra-low frequencies. As mentioned above,
there are only three references reporting devices working a little lower
than 1 Hz, and even in those cases, the application is different. The
multidirectional operation is another characteristic of our device which
is not found in most harversters that obtain energy from vibration. To
make things even more complicated, there is not a widely accepted
figure of merit which may serve to compare harvesters working at
different frequency ranges, not to say different working principles.

However, we will try to make a fair comparison with other state of
the art disclosed harversters. First, in Table 2 we summarize a com-
parison of the three mentioned devices with our harvester, including
their most relevant parameters. We have also included in the table the
device described in reference [26], because, although it works at higher
frequencies, it describes a multidirectional harvester. The data in
Table 2 have been extracted from the original papers to which reference
is made. In the last columns of Table 2 we include the calculation of two

Nacelle Acc [mlszl

08 MW WM “‘ "\ M IMI r ‘m W\

20

30
t[s]

40 50 60

Fig. 18. Accelerations measured in the two axis and Instantaneous power
generated for a wind turbine. (DC level for ACCx has been shifted to clearly
distinguish it from ACCy).
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alternative figures of merit. The first one is the most widely used, though
not necessarily accepted, which normalizes power (Normalized Power
Density-NPD) with respect to frequency, squared acceleration and vol-
ume. We also propose another figure of merit which normalizes with
respect to frequency, acceleration and volume raised to 4/3, since the
product of these three parameters is proportional, according to [30], to
the maximum achievable mechanical energy. With this table, readers
may easily draw their own conclusions. In the next paragraphs we will
highlight our own conclusions.

Reference [23] describes a device giving 60 W at 0.8 Hz for an
acceleration 0.06 g. Our device gives experimentally 327 uW, a fivefold
increase, at similar accelerations but at lower frequency (0.6 Hz). We
could say that our device generates much more energy under similar
conditions, but to be honest, this is achieved with a bulkier device (3.6
times). If we compare the two figures of merit, the values are compa-
rable for both devices at similar frequencies meaning that the two har-
versters have similar efficiencies. However, our device is
multidirectional, which is not the case of the device in [23] that is not
oriented to any specific application. Human movement, and even wind
towers, are mentioned as target applications, but the lack of multi-
directionality limits the possible use in wind towers to the nacelle.

In reference [28], 1.6mW are reported at 0.9 Hz and 0.23 g, versus
our 3 mW at exactly the same frequency and lower accelerations, 0.16 g.
Their device has much larger dimensions, resulting in figures of merit
clearly favorable to our device. The proposed device is in this case
multidirectional, but intended to extract energy from ocean waves. The
internal mechanism combines frequency up-conversion and piezoelec-
tric transduction, what explains its much lower efficiency. Anyway, this
device is the closest to ours in terms of operation bandwidth.

In reference [10] the authors report 3.77 mW average power for a
human-induced motion frequency range between 0.9 and 1.93 Hz, and
0.12 g excitation. This is a “broadband” excitation which takes advan-
tage of the higher efficiency at high frequencies. In our case, we can
achieve values 9 mW with only 0.3 g and a frequency of 1.2 Hz. Our
results are, in absolute terms, better, considering that they correspond to
a pure harmonic excitation. The device, very imaginative, is based on
piezoelectric transduction and can capture energy in every direction. It
is however bulky and heavy, resulting in very poor figures of merit well
below the figures we achieve.

Regarding reference [26], which we included because it is a multi-
directional harvester, it reports 9.8 uW at 2.6 Hz and 0.03 g. Being
comparable in size to our harvester, it is evident that ours is much more
efficient (e.g. 327 uW at 0.6 Hz and 0.07 g).

To have another benchmarking with devices working at higher fre-
quencies, up to 10 Hz, unidirectional in all cases, we also include Table 3
with the most relevant parameters of the devices reported working in
those conditions. From it, the reader can draw his/her own conclusions.
Direct comparisons are not possible, since not only the frequency range
is different (higher) but also acceleration levels are in general higher
than those found in our application. However, we will try to make some
comparisons of our harvester at least versus those closest in frequency.
To this end, we have carried out some experimental tests beyond the
limits originally intended for our harvester. This means that the excur-
sions suffered by the masses exceed the available range, producing im-
pacts between them with a saturation in the power produced.

In reference [24], a device giving 8.37 mW at 2 Hz with accelerations
of 0.1 g is demonstrated. The device proposed here generates 10 mW at
the same frequency, and at 0.16 g. The power numbers are very similar,
though our harvester is bulkier but operating at conditions which are as
we said, not optimum. It is however surprising to us how in this last
device, average power generated does not significantly change with
frequency.

Reference [11] describes a triboelectric device which is able to
generate 14.7 mW at 2.25 Hz and accelerations of 4.07 g. We could not
test our device at such high accelerations, but at just 1 g, and the same
frequency we obtained 47 mW. The device in [11] is larger than the
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Table 2
Comparison with the closest published harvesters.
Ref. Power Excitation Gen. Principle Volume Amplitud Freq. Accel. Hw uw
[uW] Type EM B TEN [em®] [mm] [Hz] [g] cm3g2Hz cmAgHz
[23] 60 Hor 1D X 192,0 N/A 0,80 0,06 104,21 1,11
[28] 1.600,0 Hor 2D X 4.704,0 70,0 0,90 0,23 7,26 0,10
[10] 3,8 Hor 2D X 1.156,0 N/A 0,89 0,12 0,25 0,003
[26] 9,8 Hor. 2D X 471,0 N/A 2,60 0,03 8,89 0,03
This work 327,0 Hor 2D X 706,9 50,0 0,6 0,07 38,1 1,19
3.039,0 50,0 0,9 0,16 102,2 3,39
9.272,0 50,0 1,2 0,29 77,6 4,21
Legend: EM = Electromagnetic, PE = Piezoelectric, TEN = Triboelectric, Hor = Horizontal, Ver = Vertical, 1D = Unidirectional, 2D = Multidirectional.
Table 3
Comparison of published harvesters up to 10 Hz.
Ref. Power Excitation Gen. Principle Volume Amplitud Freq. Accel. uw uw
[mW] Type - - TEN [em?] [mm] [Hz] [gl cm3g2Hz cmigHz
[12] 2.0 Hor. 1D X 65,8 6,0 3,5 0,30 99,3 7,26
[17] 85.8 H/V 1D X X X 23,2 N/A 3,0 1,00 1.233,6 432,53
[21] 1.9 Vert. 1D X 5,9 N/A 5,17 2,06 15,2 17,32
[18] 11.7 H/V 1D X X 30,9 N/A 5,0 0,50 304,3 48,50
[41] 0.71 Vert. 1D X 1,6 N/A 10,0 0,52 165,5 73,58
[20] 0.039 Vert. 1D X 3,7 N/A 10,0 1,00 352,9 0,69
[11] 14.7 Vert. 1D X 1.254,9 200,0 2,25 4,07 0,3 0,12
[27] 23.5 Hor. 1D X 31,4 40,0 4,5 3,26 15,6 16,16
[19] 330.0 Vert. 1D X X 100,0 N/A 7,0 0,70 962,1 145,09
[24] 8.4 Hor. 1D X 153,9 N/A 2,0 0,10 2.718,6 50,73

Legend: EM = Electromagnetic, PE=Piezoelectric, TEN=Triboelectric, Hor=Horizontal, Ver=Vertical, 1D=Unidirectional.

ours, and therefore we get a much higher efficiency, apart from the
multidirectional operation. We recall that harvester in [11] is based on
the triboelectric effect for energy conversion that in general is less
efficient in terms of power generation than the electromagnetic con-
version we use.

Going a bit higher in frequency, we find reference [17] where au-
thors report remarkable power peaks of 85.8 mW at 3 Hz for 1 g ac-
celerations. This is a peak value produced by a device comprising several
mechanisms of energy harvesting, though the EM section would account
for less than half of the total power. We have tested our device, at its very
limit, under the same conditions, 3 Hz @ 1 g, obtaining average (not
peak), powers of 78 mW which would be even higher if the masses did
not collide with each other. Again, though our numbers are better, they
get their results with a much smaller device.

Last, we would like to mention harvester described in [12], intended
to scavenge energy from the human movement and also unidirectional
in nature. Data reported correspond to 3.5 Hz and accelerations of 0.3 g,
giving a power of 2 mW. We have measured 38,5 mW at 3.0 Hzand 0.5 g
that considering the different sizes, and the resulting NPD, can be seen as
similar in terms of efficiency.

PE = Piezoelectric, TEN = Triboelectric, Hor = Horizontal, Ver =
Vertical, 1D = Unidirectional,

As a conclusion of the previous analysis, we can say that our device
exhibits better efficiency than those harvesters that work in the same
frequency range. Such conclusion is based on the direct comparison of
the generated power under similar working conditions (Table 2), and on
the NPD values. Regarding harvesters working at higher frequencies
(Table 3), always below 10 Hz, direct comparisons are not easy. So, we
have tried to make a fair comparison with at least those closer in fre-
quency. To this end we have carried out some measurements with our
device working beyond the limits set by the original specifications.
Considering such a circumstance, our harvester remains very
competitive.

The comparison has served us to confirm that our device, whose
intended application is very different from those reported so far, is
within the state of the art of akin harvesters and is well suited for the
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application.

As a final note in this section, we would like to express our conclusion
regarding the limited value of the Normalized Power Densities as figures
of merit to characterize in a single number the efficiency of a harvester,
particularly when we try to compare harvesters based on different
transduction principles and working in different ranges of operation.
Our own harvester, see Table 2, gives very distinct numbers at different
working conditions. This is mainly due to the effects of the load, and
second order effects as well (i.e. friction) whose influence is very
different depending on the operating conditions.

7. Conclusions

We have demonstrated the practical feasibility of a novel device
which can harvest energy from oscillating movements on a plane in the
range of 1 Hz and below. A prototype has been designed, built and
experimentally tested, and a numerical model developed to theoretically
support our findings. The target application is wind turbines, where
autonomous sensor networks need to be deployed at the tower or nacelle
to measure accelerations for SHM purposes. The device fills the need for
harvesters that can work in the aforementioned conditions of ultra-low
frequencies, motion ranges, and multiple directions. The harvester can
potentially provide the energy required by low-power devices, or at least
extend considerably the lifetime of batteries. Though references for
benchmarking are scarce, we believe the device proposed is very effi-
cient in terms of energy scavenging, with still room for improvement.

Efficiency comparisons have been made with some of the devices in
the literature that are designed to operate in conditions relatively similar
to those of wind turbines. By direct comparisons, and according to the
figures of merit used in the literature, these comparisons show that the
device designed in this paper has very good power generation levels.

The lessons learnt with this prototype have paved the way to im-
provements and new ideas which may potentially increase significantly
the harvested energy. One evident enhancement is the increase of mass
making use of metallic non-magnetic materials. The use of four masses
instead of three shows, according to simulations, a significant increase in



C. Castellano-Aldave et al.

energy due to a more optimum placement of the masses with respect to
the movement direction. A redesign of the coils, to reduce their number
and their parasitic impedance, would be also positive, along with a more
elaborated design of the rectifying and charging circuitry. It is also
important to reduce to a minimum all sources of internal friction. Apart
from this, other ideas are in progress and will be developed.
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