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ABSTRACT This work presents the modeling and the experimental validation of a linear electromagnetic
energy harvester (EMEH) actuated by random low-g external acceleration or by a very slow imposed
movement. By combining these two different ways of energy scavenging, the system is particularly suited
for powering wearable and biomedical electronic devices where the human-motion and movement can be
considered as random and non predictable. The design is composed of a mobile stack of head-to-head ring-
shaped permanent magnets in which a fixed wounded ferromagnetic core, composed of two coils, is located.
A custom co-simulation is presented: a finite element analysis (FEA) and a one dimension (1D) two degrees
of freedom (2DOF) system model. The FEA is used to optimize the geometry of the EMEH and its form
factor, allowing an significative down-scaling. The 1D 2DOF model describes the dynamics of the EMEH
in its real environment by considering all the leading mechanical and electrical parameters. The geometry
can drastically change the behavior of the system as well as its dynamics: the goal of this double structure is
to reduce the magnetic force exerted between the fixed part and the moving part while keeping the magnetic
flux gradient in each coil as large as possible. This force was characterized experimentally by using a custom
designed test bench, to validate the FEA results. It was observed that the maximum produced energy is
reached when the system sweeps across different equilibrium positions rather than oscillating around a given
stable position. The second degree of freedom helps the system to settle in a large number of equilibrium
positions when submitted to random external accelerations and therefore broadens the frequency response
of the EH. Results show a theoretical electrical power output (RMS) of 2 mW for a 10 cm? cylindrical
harvester submitted to a short external acceleration pulse of 27.5 m/s2.

INDEX TERMS Axisymmetrical geometry, eddy currents, electromagnetic energy harvesters, energy

harvesting characterization, finite element analysis, magnetic force, two degrees of freedom.

I. INTRODUCTION

LECTROMAGNETIC energy harvesters (EMEH), ca-

pable of generating electrical power from mechanical
movement, are actively researched since a few decades to
supply low-power electronics such as wireless monitoring
devices and sensors for various applications [1]-[5]. They
are also intensively investigated in the field of biomedical
applications to power various wearable electronics by using
human-motion EH [6]-[8] as well as for bio-implantable
systems for the harvesting capability of the human heart
and diaphragm [9], [10]. The minimum required power to
monitor physiological parameters and transmit data wire-
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lessly at low rate is in the range of 500uW [11] [12]. The
human body includes various areas where EMEHSs can be
used to harvest energy [13]. For each harvester, the imposed
displacement and experienced acceleration can be unknown
and erratic. To reach this power target and to reduce as much
as possible the volume of the harvester, a simulation canvas
should be established to optimize each part of the harvester,
to allow a fair comparison between different geometries and
finally, to validate the entire system in its real environment.
When the available space is localized and larger than a few
cm?, EMEHs are often preferred to competing technologies,
such as piezoelectric and electrostatic, due to their superior
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yield and the already established technology and equipment
for manufacturing [11]. EMEH have the major benefit of
being conceptually straightforward, stemming from their
close ties with widely used electromagnetic conversion sys-
tems [14]-[16]. However, when such devices are used for
energy harvesting applications, the applied movement is no
longer regular and periodic, which leads to tuning issues
and a sub-optimal performance. Expertise from rotary elec-
tromagnetic machines has intensively been used to design
and optimize harvester systems for natural linear movement
[3], [16], especially for biomedical applications where the
body movements are characterized by a low frequency and
erratic individual patterns. Additionally, for slow imposed
movement excitation of electromagnetic EHs, the efficiency
is poor and the harvested energy is no longer competitive
compared to other technologies such as electrostatic energy
harvesters which do not rely on fast and erratic movements.
Furthermore, energy harvesters are often submitted to natural
accelerations that can be characterized by broad excitation
frequencies [17]-[19].

Two main strategies are used to counter these problems
in electromagnetic EHs. The first is to increase the gradient
of the magnetic field and to reduce the step by using head-
to-head permanent magnets [20]-[23]. The other one is to
use a multi-stable position to trigger a fast movement once
the imposed displacement is sufficiently large [24]-[27]. By
combining these two approaches, one can trigger a fast oscil-
lating movement through a rapidly changing magnetic field
by applying an external slow movement to the system (for
EHs which rely on a direct application of force) or by apply-
ing an external acceleration to the system (for inertial EHs).
Therefore, the electromotive force (e.m.f) induced within
a coil is proportional to the variation of the position with
respect to time (velocity) and the variation of the magnetic
flux density with respect to the position:

d¢COT€ @

m.f = — Ny
c.m coil dy dt,

(D

where N is the number of turns in the winding and ¢ore
is the average magnetic flux in the central region of the coil.

Moreover, harvesters are most often used in small areas,
where the size of the EH can be considered as a constraint
[4]. When the dimensions of a generator are scaled with a
value S, the harvested electromagnetic energy scales with a
factor between S° and S* [28]. This is due to the fact that
the performance of the permanent magnets used in electro-
magnetic generators decreases dramatically when these are
miniaturized, and the number of turns of the magnetic coils
has to be reduced in order to fit the limited available space.
For those reasons, accurate numerical models that predict
the behavior of the system are crucial for the optimization
step. Research on electromagnetic harvesters focuses on the
optimization of the magnetic flux trapped by the coils [21],
[29]-[32]. This work highlights the necessity of investigating
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the geometry of the core to tune the resulting magnetic force
in order to change and adapt the dynamics of the system and
therefore its power efficiency accordingly to its environment.

The size of "small" EMEH (few tens of cm?®) proposed
in the literature, remains significant and these devices are
difficult to integrate in the environment for which they are
designed for [33]-[36]. However, some EMEH topologies try
to get around this theoretical limit by proposing innovative
geometries and ways to harvest the electromagnetic energy
[15], [25], [31], [37]. In a electromagnetic power generator,
the mechanical and electrical parts are strongly coupled,
especially for small scale EH where the harvested energy can
affect the dynamics of the system. Also, due to the small
quantity of energy involved, each possible loss of energy can
have a significant influence onto the system. This leads to
difficulties to model and compute the whole dynamics of the
system but also to find optimum for a given geometry due
to strongly coupled electrical and mechanical equations. One
of the most important loss of energy in such a system, is the
eddy currents loss due to the relative velocity between the
ferromagnetic core and the magnets. Analytical solution for
eddy currents are not trivial to extract for complex geometries
and finite geometries with open boundaries [38]-[40]. This
type of losses are often taken into account by introducing a
constant damping coefficient factor extracted experimentally
or estimated [7], [33], [35], [41].

This work presents a custom simulation playground to
compare, optimize and predict the dynamic behavior of
miniaturized axisymmetrical linear EMEH targeting wear-
able and biomedical applications. It also allows to derive
the energy efficiency when the energy harvester is down-
scaled and therefore find the optimum between size and
performance for a given design geometry. The FEA simulates
the magnetic induction in the ferromagnetic core as well as
the magnetic flux in the coils (static mode) for each given
relative position between the magnets and the ferromagnetic
core. In addition, the one dimension (1D) and two degrees
of freedom (2DOF) model computes the dynamics of the
EH submitted to an external acceleration by introducing the
coupling physics averaged over the whole geometry with
a damping coefficient b,,,4. A custom designed test bench
capable of characterizing the static and dynamic modes of a
linear energy harvester excited with slow and natural move-
ments is presented in this work. This experimental approach
is complemented with a generic Finite Element Analysis
(FEA) to fully characterize and optimize the magnetic force
in any arbitrary axisymmetric EMEHs. Dynamic experimen-
tal characterization of EMEH for wearable applications can
be a complex task to achieve, and requires a dedicated and
specific setup to properly characterize the harvester during its
operation. A numerical approach helps to better understand
the influence of each parameter and variable on the harvester
and subsequently, drive the design to extract the maximum of
available energy.
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This paper is structured as follows. The next section
describes the design and the geometry of the experimental
and optimized proof of concept EH. Section III describes
the custom test bench used to characterize the system and
its static and dynamic modes. Section IV describes the FEA
and validates the modeling results with an experimental
characterization while section V describes the geometry
optimization by using the FEA. Section VI describes the
co-simulated numerical approach to model the mechanical
and electrical behavior of the optimized system in a real
environment. Finally, Section VII discussed the obtained
results for a chosen set of parameters and a given external
acceleration.

Il. DESIGN AND GEOMETRY OF THE PROOF OF
CONCEPT EMEH

An axisymmetric EMEH geometry is often chosen for manu-
facturing and assembly reasons. Also, to ease the machining
of the ferromagnetic core from a single rod and facilitate
its winding, it was decided to put the ferromagnetic core
in the center surrounded by seven head-to-head ring shaped
permanent magnets [20], [42]. To validate results from the
FEA and set the parameters required in the simulation, a
proof of concept geometry has been realized and tested with
the test bench where the dimensions are given in Figure
1. This larger geometry eases the characterization of the
resulting force between the magnets and the ferromagnetic
core under the test bench. It also allows to determine the
remanent magnetization B, of the used magnets before the
optimization and miniaturization of the geometry. The two
coils are connected and the magnetic flux can flow from one
coil to another, as will be discussed in Section I'V.

A C45 carbon steel material has been used to manufacture
the ferromagnetic core because of its low hysteresis, high
saturation and its adequate machinability. Due to the machin-
ing process, the associated tolerances reach +0.2 mm for the
length of the flanges, leading to an air gap G = 1.5+0.2 mm.
This voluntarily large gap is used to reduce to an acceptable
level the radial force occurring in practice between the fixed
part and the moving part of the EH. For consistent modeling,
the actual dimensions of the ferromagnetic core have been
measured and used for the simulation. Also, to strongly fix
the ferromagnetic core on the test bench, a thread hole was
drilled at the bottom of this core which introduces a small
top/bottom asymmetry, which is taken into account in the
simulation. As described in Section VI, the vertical force (y-
direction) between the ferromagnetic core and the magnets
can be large and therefore limit the displacement of the proof-
mass for inertial EHs. In this tested geometry, the single iron
coil (consisting in two flanges and a winding in between) is
duplicated at a distance of 4 mm to reduce magnetic force
in the y-direction and so to lower the whole force acting on
the system. As detailed in Section VII, this second building
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FIGURE 1. Cross section of the proof of concept EH architecture (dimensions
are in mm) tested with the test bench.
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FIGURE 2. Cross section of the optimized and miniaturized EH architecture
(dimensions are in mm) simulated in the 1D 2DOF model.

block allows to step through multiple stable positions when
holding the magnets by a spring [24]. Duplicating the number
of stable positions and reducing the peaks of the magnetic
force is achieved by changing the distance between the two
coils.

The moving part is chosen to be the magnet in this EMEH
topology in order to fix the two coils and their interconnec-
tions with the electrical Power Management Unit (PMU). In
the optimized geometry, shown in Figure 2, it was decided
to miniaturize this EH to fit a volume of 10 cm3. The
displacement range of the magnets is constrained to £3 mm
and can go through seven different equilibrium positions
(where Fi,; = 0). In order to avoid the magnetic flux going
from one coil to another (see Section IV), it is important to
decouple the two coils to reduce the vertical force. This can
be achieved by replacing the central region Vp by a non-
ferromagnetic material.

lll. EXPERIMENTAL SETUP

A custom test bench (Figure 3) has been designed and
assembled to characterize various energy harvesting systems
based on linear movement by imposing a specific slow

3



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

IEEE Access

10.1109/ACCESS.2020.3023195, IEEE Access

b)

FIGURE 3. (a) Test bench. (b) A close-up view of the ferromagnetic core fixed
to the load cell.

displacement up to 10 mm/s maximum speed or a specific
load on which the sample can be fixed. The test bench can
work statically or in a dynamic mode to characterize low
frequency movements. Also, it can impose a specific force
on a tested design and measure the resulting displacement
(squeezed/compression or stretched/traction effect). Time,
position and force are the three main variables measured
during the experiment. External hardware is also used for
electrical characterization and is synchronized with the
movement.

The moving carriage is guided by two linear rails for accu-
rate positioning (5 pm resolution (no load) with a maximum
displacement of 100mm along the y-axis). A lead screw (step
2mm) driven by a stepper motor (Step-Syn, DC 3A, 1.8 Deg)
is controlled by a dedicated motor driver circuit (ROHM-
STEPMO-EVK-202). A load cell weighing sensor (max load
+5 kg) is connected to a 24-bit AX-ADC. A three core mi-
crocontroller (TC275) is used to drive the stepper motor, the
weighing scale and the limit switches. A back-light is placed
on the test bench to enable visual characterization using a
camera in order to ease the positionning and allignement of
the fixed part with the moving one. Finally, an external USB
DAQ (Native Instrument USB-62xx) can be used for electrical
characterization during the movement. The functionality
of the test bench is controlled by using a Graphical User
Interface to enable the experimental process and data capture
and to guarantee repeatability over each measurement. The
schematic diagram of each element composing the test bench
is shown in Figure 4 and 5.

To perform dynamic measurements, parallel computing
is used. The main process focuses on the communication
with the microcontroller and sends instructions to the stepper
motor, while receiving the values from the force sensor.
The second process is dedicated to communicating with the
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FIGURE 4. Test bench: block diagram of the integrated hardware.
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FIGURE 5. Test bench: schematic of the mechanical setup.

external hardware and to clear the buffer periodically during
the experiment. The three cores in the microcontroller are
used to control the communication with the software, the
stepper motor and the weighing scale sensor respectively. In
this way, variability in communication latency on the serial
USB buses does not affect the imposed dynamic movement.

Figure 3 b) shows the ferromagnetic core fixed to the load
cell. The magnets are inserted on a specific holder fixed to
the main moving carriage. All parts are 3D printed in ABS
and brass screws and nuts are used to avoid perturbation in
the magnetic flux induction within the central core. Also,
the metallic parts are kept at a controlled distance from the
magnets to reduce the generation of eddy currents during the
flux variation.
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The load cell has been calibrated and shows a linearity
smaller than 0.5% for the range [-8.5;8.5]N and an accuracy
of £50 mg. Also, the displacement of the main carriage
has been calibrated. The measurement error in the imposed
position is due to mechanical slack and the mechanical defor-
mation between the different parts (magnets holder, carriage
holder, linear guide, lead screw,...). For a load smaller than
10 N, a total error in the imposed position below 20 pm
was observed. It has been verified that those deviations in
the experimental measurement from the test bench can be
neglected in the following sections and the moving system
can be considered as very stiff.

IV. FINITE ELEMENT MODEL

A finite element analysis has been developed using the
open-source GetDP numerical solver [43] to characterize the
electromagnetic force between the ferromagnetic core and
the magnets by computing the Maxwell stress tensor for a
generic axisymmetrical geometry. Also, the magnetic flux in
the ferromagnetic core, in static mode, was extracted from
the simulation leading to the magnetic damping coefficient
detailed in the next section.

The magnetic force is a function of the relative displace-
ment of the magnets to the ferromagnetic core. Depending on
the magnets’ configuration, the geometries of all the parts, the
properties of each material and the position of the magnets,
this force will be different. Using the Maxwell stress tensor 7'
given by Eq.(2), the resulting force on each part of the system
can be computed.

1 1 1
T = Uij =€ (EzE] — 2(5”E2> + ﬁ (Bsz — 2(5”B2),

OF oB
2
where E is the electric field, B the magnetic flux density,
d;; the Kronecker delta, e the permittivity of the material
and p permeability. The force per unit volume is given by
the following equation where S = %(B x E) stands for the
Poynting’s vector:

s

f_euat V-o. 3)
The total force on each part can be computed by integrat-
ing across each volume. Since no charge is present in air and
the space charge is equal to zero in solid volumes when no
relative velocity between the magnets and ferromagnetic core
is present, the electric field in the empty space is equal to
zero. Therefore, all the terms in Eq. (2) depending on the
electric field can be removed, which drastically simplifies the
expression. The force exerted on a piece of material by the
other parts can be computed by an integral over the surface

of the object X:
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FIGURE 6. z and y components of the magnetic flux density B at two
different heights from the top surface of the magnet in head-to-head
configuration (grade N45). For the simulation, B, is takento be 1.122 T.
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where n denotes the unit vector outward normal to the
enclosing surface A. Therefore, the force computation can
be performed in post processing while knowing the estab-
lished magnetic field in the whole system. For a perfect
axisymmetrical design, only the y-component of the force
Finag has to be considered (other components are equal to
zero): however, this force depends on the local magnetic flux
density B and therefore can be different while considering
saturation, hysteresis, eddy currents and Joule losses.

The B-H saturation curve has been measured directly
on the carbon steel (C45) rod with a permeameter and
considered for the FEA. Also, the real grade of a used magnet
structure (the remanent magnetic field B, at the surface of
the magnet, used in a head-to-head configuration) has been
characterized to limit as much as possible the unknowns of
the simulated system. A calibrated 3-axis Hall probe sensor
was used to map the magnetic flux density above the used
magnet at two different distances : d = 1 mm and d = 2
mm above the upper surface of the ring magnet (mapping
with a 50 pm step in x and z directions). These experimental
results (solid lines in Figure 6) were compared with the finite
elements simulation of a single magnet (dashed lines) and
fine tuning on B, was done accordingly. The resulting B,
of the used magnet was found to be close to B, = 1.122 T
and this value was considered as an input for the simulation
(whereas N45 grade should be in the range of 1.32-1.37 T).
There is a consistent agreement between the curves where
the differences in magnetic field amplitude with respect to
the z-axis are mostly due to non-uniform magnet magne-
tization. Also, the geometry of the real magnets is slightly
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FIGURE 7. FEA on the tested geometry (Figure1): position of the
ferromagnetic core at y=-1.35mm.

different from a perfect hollow cylinder since the edges are
chamfered leading to minor differences when compared to
the simulation. The B, measurement results in a few mT
whereas the simulation, as expected, computes zero for a
purely axisymmetrical geometry.

The convergence of the solution was realized on the whole
structure (magnets + ferromagnetic core). The resulting force
(for the position shown in Figure 7) was chosen as the studied
quantity for the mesh size analysis. The resulting force is
a side quantity from the magnetic field B (as described by
Eq. 4) and depends on the magnetic field B over the whole
mesh. Therefore, this global quantity is very sensitive and can
highly fluctuate with an inappropriate mesh. Also, the mag-
netic field induction expands to infinity. This corresponding
boundary condition is imposed by adding an external infinite
domain (outer shell) for the simulation to force the vector
potential to be zero at infinity. The characteristic length
for the mesh was set to 60 pum for the ferromagnetic core
and the magnets to ensure a satisfactory convergence of the
resulting force with a deviation of +0.64 N. Figure 7 shows
the resulting magnetic flux density in the 2D axisymmetrical
system depicted in Figure 1. One can observe the resulting
radial magnetic flux density escaping from the head-to-head
magnets. This magnetic flux density is well captured by the
flanges of the ferromagnetic core when the latter are facing
the interface between the two magnets.

Figure 8 shows the resulting force as a function of the
position, in static mode, between the ferromagnetic core
and the magnets. There is a satisfactory agreement between
the numerical simulation and the experimental results at the
beginning of the entrance of the core in the magnets. A
significant deviation is observed for the amplitude of the
peaks when the ferromagnetic core is well inside the stack
of magnets (for y > 12 mm). This is expected, since at
this position, the alignment is no longer guaranteed due to
the tilt of the ferromagnetic core that increases owing to the
resulting radial force (along = and z) that comes from this
misalignment (unstable position). The ferromagnetic core

6

x10®
10 oo (B
——Force (Exp.)
gl e Force (FEM) [ 5
_____ Flux(Mean) |4
6l
3
4 2
2 [y
E i ~
2 [ =3
& KA
2 !
4 2
-3
-6 -4
8 5
10 o T . . ‘

-30 25 20 15 .10 -5 0 5 10 15 20 25 30

y1 [mm)]

FIGURE 8. Magnetic flux in the central part of the upper coil with the
superimposed resulting force (simulation and experiment) for a relative
displacement between the ferromagnetic core (C45) and the magnets (N45)
going from y = —25 mm (entrance of the core in the magnets) to y = 12 mm
(experimental limit). Experimental (Exp.) and Simulation (FEM) curves are
voluntarily aligned at y = 0 mm to ease the comparison. The maximum
relative error between the model and the experiment in the resulting force is
44% at y = 8.27 mm.

bends towards the magnets, the gap G is reduced on one
side, the reluctance is therefore decreased and the force
increases locally. For practical reasons, the experiment had
to be stopped at that point.

The magnetic flux in the central region of the upper coil
is also depicted in Figure 8. Due to the axisymmetrical
structure, the total flux is given by the following integral,
stretching from the axisymetrical axis (z = 0) to the edge
of the ferromagnetic core (7):

2w T=r
<¢>>L:/ / < By(z) > xzdzds,
o Jo
T=r T y=l (5)
< ¢ > :27r/ — By (x) dzdd,
i SR

where < ¢ >, is the average flux over the height L of the
coil. n(x) is the number of finite elements across length L
and By (z) the y-component of the magnetic field. However,
the magnetic flux is larger at the edge of the ferromagnetic
core (near the coil) and much smaller inside. Therefore, as a
lower bound for the magnetic flux, the average equals:

r=r y=lI

TR?

<o>im S 203 on By(x), (©)
where m(y) is the number of finite elements across the
radius R of the central part of the ferromagnetic core. The
A¢ between two consecutive extrema is always larger than
10 x 10~° Wb all along the path of the ferromagnetic core,
whereas the resulting force between the magnets and the
ferromagnetic core is divided by a factor of two when both

coils are immersed in the magnets’ tower.
It can be concluded that the numerical model accurately
predicts the experimental observations on the resulting force,
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FIGURE 9. Ferromagnetic core geometry optimization: distance between the
two coils D.

even for complex geometries and designs of EHs. When
considering the complete system (with the spring), this force
(function of the relative position between the ferromagnetic
core and the magnets), can be tuned to match with the
externally applied force or externally applied acceleration
to the whole device in order to run through different stable
positions during the movement as described in Section V.

V. OPTIMIZED EMEH DESIGN

The finite element model is used to optimize the geometry
and keep ddcore/dy in the central region of the coil (Vp and
VE) as large as possible. Three geometry optimizations are
proposed as an example in this study. The goal is to keep
the flux in each coil as large as possible while reducing
the resulting vertical force. Further optimizations can be
performed in the same way for various EMEH designs. In
order to minimize the reluctance and therefore, increase the
magnetic coupling in the coils, a first optimization has been
done on the air gap G between the magnets and the flanges
of the ferromagnetic core. By using the FEA presented in
previous section, it was observed that the air gap should be
smaller than 1.5 mm to avoid leakage fluxes. The smaller the
gap, the smaller the reluctance and the larger the flux in each
coil. The gap has been reduced to 500 pm which allows an
acceptable machining tolerance. A second optimization has
been carried on the distance D between the two coils. The
underlying idea is to counteract the magnetic force on the
first coil by positioning the second coil, attached to the first
one, at a distance where the force is equal in magnitude and
opposed in signed to the force on the first coil. In that way
the system can easily switch from one equilibrium position
to another. As shown in Figure 9, the maximum resulting
magnetic force can be divided by six while keeping the same
A¢ in each coils. This leads to a maximum force of 1.3 N
to overcome to switch to the next equilibrium position. Also,
it is observed that all the curves cross at the same point for
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FIGURE 10. Ferromagnetic core geometry optimization: inner diameter of the
coils (Ry g and Ry ).

all those geometries. This can be explained by the fact that
the two coils are exactly the same and the spacing between
the two flanges (for each coil) is the same. Therefore, when
the ferromagnetic core is placed symmetrically from either
side of the magnets, reducing the distance between the two
coils means lowering the upper coil and rising up the lower
coil by the same amount. This leaves the ferromagnetic core
symmetrically placed in the magnets with a lower/larger
resulting force on the first coil and a larger/lower force on
the second coil respectively.

A third geometry optimization has been done on the inner
radius of the coil Ry p and is shown in Figure 10. Reducing
this radius allows larger space for the winding (larger number
of turns) but also a smaller resistance of the coil (for a given
number of turn) due to the smaller diameter. On the other
hand, reducing the inner diameter of the coil, and so reducing
the volume Vp, leads to a higher magnetic flux density that
can lead to saturation in the ferromagnetic core. One can see
a decrease of A¢ in Vg when the diameter is reduced. The
saturation is clearly visible for a radius of 1.5 mm. It was
decided to set this diameter to 4 mm in order to limit the
saturation and therefore keep A¢(y) as large as possible. The
corresponding number of turn N, for each coil that can be
achieved with a chosen 60um diameter wire is 1200 turns.

VI. 1D SYSTEM SIMULATION IN DYNAMIC MODE

Figure 11 represents the complete system in its real envi-
ronment where the external acceleration is applied to the
outer shell (second DOF). A generic 1D and 2DOF Mat-
lab/Simulink model was used to characterize the whole sys-
tem when interacting with its natural environment. The first
degree of freedom gathers all the forces applied directly
to the magnets and the ferromagnetic core and the second
degree of freedom represent the possible interactions with its

7
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I aext

FIGURE 11. 1D 2DOF representation with the mechanical parameters
interacting with the system.

holder/frame structure or an additional mass my acting on
the system modifying its dynamic response. The schematic
of such a system is shown in Figure 12 and 13. By using the
second Newton’s law applied to each degree of freedom, the
dynamics of the inertial system is governed by the following
equations:

—[b1 + bimag(y1)]y1 — k1yn
+ Fmag(yl) + Fejec — M1yo, )
Mayo = b1y1 — bayo + k1y1 — kayo + Madeqt,

miy1 =

where m represents the proof-mass mass involved in the
system, k the stiffness coefficient, b the damping coefficient
and a.;: the external acceleration imposed to the second
degree of freedom. The indices 1 and 2 refers to the two
degrees of freedom. F), 44 is the resulting magnetic force
depending on the relative position between the magnets and
the ferromagnetic core (in static mode) whereas by,q4(y1) is
the magnetic damping coefficient resulting from eddy current
losses. Finally, F¢;.. represents the force resulting from the
electrical extracted energy. Each of those terms are detailed
in the following section. The potential force of gravity being
a constant, the system is implicitly considered in a new
equilibrium state with compressed springs. Hysteresis in
the ferromagnetic core is neglected as a first approximation
because of the low coercivity of the C45 material used for the
ferromagnetic core. The resulting block diagram of the sys-
tem is represented in Figure 13, where Fqq(Y1), bimag(y1)
and @yq4(y1) are interpolated from the 2D FEM simulation.
When the relative motion between the coils and the magnets
can be considered as small, the non-linear magnetic force
can be linearized near the equilibrium position and analytical
solution can be found by applying the perturbation method.
To maximize the harvested energy, the displacement should
be large enough to invert the magnetic flux in each coil as
described in Section II.

N PHI_corz H{PHI_cor2  P_inst2
%1
ﬂ [v_1] [v_1] PHI_cori [®PHI_corl  P_insti
Magnetic Flux interpol. Coils and Load
1

4 A {in the: two coils)
5 l l
h 4 [ v =
- - ]
bla+b1s/ | T T —" o] o5
K_1s -
b_mag F_mag F_elec
1/m_1 interpol. interpol.
g 2
l”I
w! i Second DOF

acceleration

F_1to2
l—.
Acc_ext interpol.
: T Clock
[ a_ext ‘ a_ext |«
InterpolExternalAcct 1

FIGURE 13. Simulink block diagram: second degree of freedom (2).

1) Mechanical damping
The first loss of mechanical energy comes from the air damp-
ing when the ferromagnetic core or the magnets oscillate at a
given frequency. This term can be difficult to determine with
a satisfactory accuracy due to the complex geometry of the
whole structure and frame and therefore requires numerical
modeling. However, a first approximation of this term can be
given by a dimensional analysis. First, one must know the
regime in which the moving parts are displaced in the fluid
(air). The Reynolds number Re expressed in Equation (8)
indicates if the system evolves in a Stokes, laminar, transient
or turbulent flow.

Re = PairleU _ 6on. 8)

,U/air

where L, is a characteristic length (the inner diameter of the
magnets core in our case), U the speed of the flow around the
magnet set to 0.5m/s after a first analysis without damping,
Lair and pg; respectively the dynamic viscosity of the air
and the density of the air.
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This Reynold number is smaller than 1000. Therefore the
regime can be assumed to be laminar and the viscous forces
dominant in the drag forces compared to the pressure forces.
One can use the Stokes’s law to find the viscous drag forces.
However, the geometry of the core is far different from a
perfect sphere. Therefore, one can introduce a shape factor
K [44] as shown in Eq.(9):

Fd’r’ag = 67rKMaierU (9)

where L, is the radius of a sphere with the same volume as
the object. This force is proportional to the velocity of the
magnet (or equivalently the velocity of the flow around the
fixed magnet) and therefore the air damping coefficient can
be given by b3 = 67 K i, L, which is in the order of 108
and therefore can be neglected compared to the other terms
as will be shown in Section VI-2.

An additional type of damping that needs to be considered
in those type of small EMEH is the structural damping due to
dissipation of energy in the spring while its vibrating. During
the deformation of the spring, a dissipation of energy takes
place within the material due to internal frictions. Experi-
mental results show that this energy E'95 is proportional to
the square of the displacement amplitude |y|. However, this
term remain below 10~® in magnitude in our design and can
also be neglected against the magnetic damping coefficient.

2) Eddy currents

Accordingly to the Faraday’s law, the variation of the flux,
due to the head-to-head magnets, near the flanges will induce
eddy current in the ferromagnetic core (0cop ~ 4 x 107 S/m).
This will cause a reduction of the magnetic flux entering in
the flanges and therefore in the central region of the coil.
The ferromagnetic core is a conducting material where eddy
currents occur. The other parts of the EMEH are considered
as non-conducting. For the magnet, the conductivity of
NdFeB is one order of magnitude below the one of the
C45 material and the coil is made of a thin wire (60 pm)
wounded perpendicularly to the magnetic field meaning that
eddy currents can be neglected in the magnets and the wire.

The losses related to the eddy current are considered by
introducing a magnetic damping coefficient b,,44(y1) (Where
y1 is the position of the ferromagnetic core relatively to
the magnets) resulting in a force proportional to the relative
velocity v; between the ferromagnetic core and the magnetic
field [45]. The total force due to eddy currents can by
expressed by the following integral on the total volume V.,
of the ferromagnetic core:

o fff o v

Where b(x,y,z) is a non-uniform field over the structure
and j(x,y,z) the induced current density. The latter can be
expressed by using the following relation.

VOLUME 4, 2016

21 [mm]

FIGURE 14. Magnetic damping coefficient b,,..4 as a function of the relative
position between the magnets and the ferromagnetic core.

j=o(vi xb) (11)

Therefore, by considering o, as a constant all over the
core, the force exerted on the structure due to the presence of
eddy currents in the ferromagnetic core is expressed as

—Ucor/// (vi xb) xb 4V,

Veor

(12)
= Oeor /// (b-vy1)b (b b)vy dV

Veor II

FE analysis in Section IV shows that the axial component
b, is almost equal to zero in the volume Vy, Vi, Vi and
V. The radial component b, in the volume Vgz, Vp and
Vr is almost equal to zero due to the high permeability of
the material. Therefore, only the /I term of Eq.(12) can be
considered for the flanges. In the central region of the core,
the resulting force is equal to zero (/+/I=0). Furthermore,
in a cylindrical coordinate, b(p,y) does not depend on the
angular coordinate ¢.

= —0OcorVl1 /// |bx(ﬂj,y,2’)|2 av - g,
Vacec

Fy = —V1 271—0—(:07‘ // ‘bp(pﬁ y)|2p dpdy’ (13)
Vacec

b7nag (Ul)

(dV = pdpdedy)

Figure 14 shows the resulting magnetic damping coef-
ficient as a function of the relative position between the
ferromagnetic core and the stack of magnets.
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FIGURE 15. Simulink block diagram: current and voltage at the first coil.

3) e.m.fand induced current

Due to the relative displacement of the coil within a non-
uniform magnetic field, an electromotive force (e.m.f) will
appear at the terminals of the coil accordingly to Lenz’s
law described by Eq. (1). If a load is connected at the
terminals of the coil, a current will be induced in the latter
generating a magnetic flux counteracting the main flux in the
central region of the coil (Vp and V). Figure 15 shows the
block diagram of the coil close to a resistive load where the
induced-flux is considered.

This analysis considers that the signal is perfectly rectified
and conditioned with a Power Managment Unit (PMU) with
no associated losses. This approach allows to focus on the
theoretical limit of the design without being influenced by the
way the energy is captured and stored. However, the induced
flux of the two coils closed on a resistive load reduces the
overall magnetic field in the ferromagnetic core and therefore
the force acting on the magnets is modified accordingly.
The force F,;.. is added to the system to take into account
the extracted electrical energy from the EH. This force is
proportional to the e.m.f and therefore to the square of the
relative velocity between the magnets and the ferromagnetic
core following Eq.(1).

VIl. RESULTS AND DISCUSSION

In this section, the system is submitted to short pulses exter-
nal acceleration. The position, velocity and acceleration of
each degree of freedom is recorded as well as the generated
voltage and current, and therefore the maximum generated
power from both coils. Table 1 lists all the fixed parameters
used for all the simulations of the proposed design.

The mass and spring stiffness of the second DOF are fixed
according to the resonant frequency of the first DOF. In this
way, the oscillation of the mass mq keeps the movement
of the first mass my (magnets) and therefore produces the
maximum energy. From the force exerted by the spring k;
and the force exerted by the magnets onto the ferromagnetic
core, a potential diagram can be extracted to highlight stable

10

Parameter | Value Unit Comments
mi 33.6 [g] Magnets + copper holder
ma 100 [g]
kis 175 [N/m]
kas 520 [N/m]
ba 0.1 [Ns/m]
Nuyire 1200 [N/m] For each coil
Rwir‘e 285 [Q]
Rioad 5000 Q] Purely resistive

TABLE 1. Values for the parameters used in the 1D2DOF simulated system
(Simulink).

and equilibrium positions as depicted in Figure 16. The
spring stiffness k; was set to 175 N/m in order to reduce
the potential barrier at y; = 0 while keeping two other stable
positions at y; = £2.95 mm. Both potential barriers at the
extremity avoid collisions with the frame in case of large
accelerations (> 40 m/s?).

The system was tested and characterized with short pulses
of acceleration which corresponds to the critical situation.
A 6ms pulse is generated every 2.5 s with an increased
amplitude from 17.5 to 27.5 m/s2. One can observe in Figure
16 the influence of the second degree of freedom to sustain
the movement of the first mass m; but also to facilitate the
system to switch from one equilibrium position to another.
By using the second DOF, the system is able to go through
the next equilibrium position with a smaller acceleration. The
maximum theoretical power that can be extracted from each
pulse in Figure 16 is depicted in Figure 17 and the stored
electrical energy can be doubled by considering the 2 DOF
system.

When the displacement is imposed to the first degree of
freedom of the system, the energy is stored in the spring until
its release when the force exerted by the spring is larger than
the magnetic force. The magnets will move and stabilize to
the next equilibrium position, producing a pulse of current
similar to the one shown in Figure 16.

This system has also been tested under a sinusoidal ex-
ternal acceleration and the switching position was observed
for an amplitude larger than 6.2 m/s?. With an amplitude of
6.5 m/s? and a frequency of 20 Hz, the chaotic dynamics
allow the system to browse each equilibrium position. The
simulation shows an average RMS power of 11.2 mW. When
the amplitude is set to 6 m/s2, the system stabilizes around an
equilibrium position and the generated power in steady state
falls to 0.240 mW.
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FIGURE 16. Simulation of the dynamic response (y1) of the 1D linear EMEH (optimized geometry) submitted to increasing short pulses external acceleration
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FIGURE 17. Generated power of the the 1D linear EMEH (optimized
geometry) for the external acceleration (a..+) given in Figure 16.

VIll. CONCLUSION

This paper presents a complete experimental test bench and
simulation environment to design and optimize miniatur-
ized linear axisymetric EMEHs targeting wearable and bio-
implantable systems. An optimized design with a double coil
is proposed to reduce the magnetic force. Head-to-head per-
manent ring magnets were used to generate a radial magnetic
field with a large gradient in the y-direction. To ease the
understanding of the system and its behavior, two identical
coils have been considered. More complex geometries com-
prising multiple coils as well as inner/outer coils, and other
hybrid combinations, can be considered to further reduce
the volume, change the aspect ratio (as a function of the
desired geometrical form factor) and maximize the produced

VOLUME 4, 2016

energy. A custom test bench characterizes multiple energy
harvesters, especially small EMEHs. A Finite Element Anal-
ysis (FEA) measuring miniaturized EHs was used to opti-
mize the geometry of the ferromagnetic core and numerical
results show a good agreement with the experimental results
obtained with the test bench. The model was built to test
different geometries and optimize the system: any geometry
of ferromagnetic cores and magnets can be loaded in the
system, with an access to the required design parameters for
the simulation in order to work through the comparison and
the optimization step. By using the double coil structure, it
has been demonstrated that the intensity of the magnetic flux
going through the flanges can be kept to its highest value
while significantly reducing the resulting magnetic force.
This optimization allows a crucial tuning in order to step
through multiple stable positions during the excitation of EH
systems using the principle of inertial masses or when a slow
displacement is imposed to the second DOF. The proposed
design shows a dynamic response to short acceleration pulses
(6 ms) smaller than 3 g with a maximum theoretical power of
1 mW during 150 ms. Additional work should be done to
characterize in detail the proposed multi-stable system with
its associated PMU.
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