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(57) ABSTRACT

A kinetic energy to electrical energy converter. The converter
includes a housing defining a cavity having a circumference
and covers enclosing the cavity, at least one fixedly supported
perimeter magnet disposed about the circumference, at least
one magnetically levitating center magnet magnetically
influenced by the at least one fixedly supported magnet, posi-
tioned in the cavity and limited to substantially a two dimen-
sional movement by the covers, and at least one coil fixedly
supported with respect to the fixedly supported perimeter
magnet, movements of the a least one center magnet is con-
figured to generate an electrical current in the at least one coil.
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FIG. 11
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FIG. 12
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MULTI-AXIS LEVITATING VIBRATION
ENERGY HARVESTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present U.S. patent application is related to and
claims the priority benefit of U.S. Provisional Patent Appli-
cation Ser. No. 62/094,003, filed Dec. 18, 2014, the contents
of which is hereby incorporated by reference in its entirety
into this disclosure.

TECHNICAL FIELD

[0002] The present disclosure relates generally to methods
and apparatus for converting mechanical energy into electri-
cal energy, and in particular to systems and methods for
converting electromotive forces to electrical energy.

BACKGROUND

[0003] This section introduces aspects that may help facili-
tate a better understanding of the disclosure. Accordingly,
these statements are to be read in this light and are not to be
understood as admissions about what is or is not prior art.

[0004] With the advent of wearable electronics and sensors
in recent years, the ambient energy from human motion
kinetic energy has become a large area of interest. The imple-
mentation of effective energy harvesting in low power wire-
less applications has led to long device operating lifetimes.
Many different approaches have been taken for kinetic energy
harvesting, the two most dominant being piezoelectric and
electromagnetic.

[0005] Devices exist that convert vibration energy into
electrical energy. However, such devices to date are not effi-
cient enough to warrant widespread use, such as, for example,
to power portable electronic devices or supplementally
charge a battery.

[0006] For example, U.S. Pat. No. 7,009,315 discloses an
apparatus for converting vibration energy into electric power
which electrically converts vibration energy produced when a
power system is working. The apparatus includes a bar mag-
net unit and a coil unit helically wound around the magnet
unit. The device also uses a damping spring positioned
between the magnet unit and the coil unit for holding the
magnet unit at the helically neutral position of the coil unit
during non-vibration and for attenuating the transmission of
vibration to the coil unit during vibration. The device obtains
electrical power by picking up a current flowing to the wind-
ing of the coil unit responsive to a change in the magnetic field
generated when the vibration produced in the power system
causes the magnet unit to move reciprocally along the helical
axis of the coil unit. The device however, is constrained to
movement along one or two linear axes, as illustrated for
example, in FIGS. 1-4 of the *315 patent.

[0007] The use of fixed magnets to provide spring force
eliminates the use of a physical spring, one of the most likely
components to fail in a mechanical spring-damper system.
There are also no wires attached directly to the moving mass,
further eliminating another fault condition. Levitating mag-
net energy harvesters utilize Faraday’s law of induction
which states that a changing magnetic flux through a coil will
result in an induced electromotive force. This EMF can be
attached to aload and used to power an external system. These
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magnetic levitation harvesters have shown success in many
different applications, ranging from wrist shaking to vehicle
suspension.

[0008] One of the main difficulties with all previously pre-
sented levitating magnet energy harvesters has been their
limited degrees of freedom and their high resonant frequen-
cies. They have been limited to only one orientation for
proper or ideal operation. If the harvester is tilted at an angle
or rotated within the ideal orientation, harvester output can
become greatly limited or eliminated. Researchers have
developed devices that respond in this way as a consequence
of'having a free magnet that is free to move in one dimension
only. Devices that have achieved rotation independence have
done so without the capability of harvesting low frequency
vibrations less than 10 Hz, as is needed for human walking
energy harvesting. Other researchers have developed rotation
independent energy harvesters but with resonant frequencies
of'25 Hz and 370 Hz, respectively. Yet other researchers have
developed energy harvesters with a resonant frequency of 10
Hz was developed by Moss et al., but their device is not
rotation independent in its performance.

[0009] The limitation of the harvester rotation presents
issues when the harvester may be worn, and the wearer is not
careful to attach the device a proper rotation. Given the desire
to use these harvesters in wearable electronics, it is expected
that the device will rotate and be held at different angles.
Clip-on devices will likely be clipped at angles and often even
upside down, rendering 1-dimensional harvesters inoperable.
Furthermore, while human walking has a predominant verti-
cal acceleration force, there are also horizontal vibrations
which are not utilized in these limited harvesters.

[0010] As a consequence of the constraint, the ability to
generate electricity is limited to certain types of vibration and
orientation. Therefore, there is an unmet need for a novel
kinetic energy to electrical energy converter that is capable of
taking advantage of two dimensional degrees of freedom and
which can generate electrical energy based on frequencies
associated with human walking.

SUMMARY

[0011] A kinetic energy to electrical energy converter is
disclosed. The converter includes a housing defining a cavity
having a circumference and covers enclosing the cavity. The
converter also includes at least one fixedly supported perim-
eter magnet disposed about the circumference. The converter
further includes at least one magnetically levitating center
magnet magnetically influenced by the at least one fixedly
supported magnet, disposed in the cavity and limited to sub-
stantially a two dimensional movement by the covers. Fur-
thermore, the converter includes at least one coil fixedly sup-
ported with respect to the fixedly supported perimeter
magnet. Movements of the at least one center magnet is
configured to generate an electrical current in the at least one
coil.

[0012] A method of converting kinetic energy to electrical
energy is also disclosed. The method includes providing a
fixedly supported perimeter magnet disposed in a housing
defining a cavity having a circumference and covers enclos-
ing the cavity. The method also includes levitating at least one
center magnet magnetically influenced by the at least one
fixedly supported magnet, disposed in the cavity and limited
to substantially a two dimensional movement by the covers.
The method further includes providing at least one coil fix-
edly supported with respect to the fixedly supported perim-
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eter magnet. Furthermore, the method includes generating an
electrical current in the at least one coil in response to move-
ments of the at least one center magnet.

BRIEF DESCRIPTION OF THE FIGURES

[0013] FIG. 1 is a schematic a kinetic energy to electrical
energy converter including a perimeter magnet and a center
levitating magnet according to the present disclosure.

[0014] FIG. 2 a top schematic view of the center levitating
magnet and the perimeter magnet of FIG. 1.

[0015] FIG. 3 is a top schematic view of the embodiment
shown in FIG. 1 with the outer perimeter magnet oval in cross
section.

[0016] FIG. 4 is a top schematic view of the embodiment
shown in FIG. 1 with the center levitating magnet oval in
cross section.

[0017] FIG.5 is a perspective view of another embodiment
of'a kinetic energy to electrical energy converter according to
the present disclosure.

[0018] FIG. 6 is a schematic view of yet another embodi-
ment of a kinetic energy to electrical energy converter accord-
ing to the present disclosure.

[0019] FIG.7isacutout schematic view of the embodiment
of FIG. 6.
[0020] FIG. 8 is a schematic of the kinetic energy to elec-

trical energy converter of FIG. 6 resting upright.

[0021] FIG. 9 is a schematic of a model of the energy
harvester.
[0022] FIG. 10 is another schematic of a model of the

energy harvester.

[0023] FIG. 11 is a coordinate system schematic showing
location and coordinates of cuboidal magnets for magnetic
force calculations.

[0024] FIG. 12 is a schematic of a cylindrical coordinate
system and magnet dimensions convention for cylindrical
magnet magnetic field calculation.

[0025] FIG. 13 is a graph of modeled magnet force vs.
magnet coordinates.

[0026] FIG. 14 is a graph of modeled magnet flux vs. mag-
net coordinates.
[0027] FIG. 15 shows graphs of open voltage ringdown

voltages vs. time which are results of modeled and measured
ring down tests conducted at two starting heights above cen-
ter.

[0028] FIG. 16 is a plot of viscous damping friction coef-
ficient (c,) vs. dry friction force F.

[0029] FIG. 17 shows graphs of modeled and measured
ringdown tests conducting at a starting height of y=0 mm
above center.

[0030] FIG. 18 shows plots of coil center y-coordinates vs.
coil radius.
[0031] FIG. 19 shows graphs of model power to 1700€2

load vs. radius to perimeter magnets for an excitation fre-
quency of 8.2 Hz.

[0032] FIG. 20 shows graphs of model power to 1700€2
load vs. radius to perimeter magnets for an excitation fre-
quency of 9.0 Hz.

[0033] FIG. 21 shows graphs of power vs. load for both 8.2
Hz and 9.0 Hz excitations.

[0034] FIG. 22 shows bar graphs for power to 1700€2 load
vs. frequency.
[0035] FIG. 23 a schematic of a rectifying circuitry that can

be used with and of the kinetic energy to electrical energy
converters according to the present disclosure.
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[0036] FIG. 24 is abar graph of power output to 17002 load
vs. peak excitation acceleration.

[0037] FIG. 25 s a schematic for a convention of rotation of
the harvester.
[0038] FIG. 26 is a graph of modeled resonant frequency

vs. harvester rotation.
[0039] FIG. 27 is a graph of harvester’s power with a
170022 load vs. harvester’s rotation.

DETAILED DESCRIPTION

[0040] For the purposes of promoting an understanding of
the principles of the present disclosure, reference will now be
made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It will
nevertheless be understood that no limitation of the scope of
this disclosure is thereby intended.

[0041] The levitating magnetic energy harvester presented
is capable of harvesting energy from ambient vibrations in
two dimensions along the harvester’s plane of operation,
thereby allowing the energy harvester to be rotated at any
angle and will not suffer from performance degradation. The
presented harvester has been tuned to an 8.2 Hz resonant
frequency, making it capable of harvesting energy from the
higher harmonic frequencies of human step frequencies.
[0042] Referring to FIG. 1, a first embodiment of a kinetic
energy to electrical energy converter 10 according to the
present disclosure is presented. The converter 10 includes an
inner levitating magnet 12, an outer fixed magnet 14, and a
plurality of coils 16. While four coils 16 are shown in FIG. 1,
there may suitably be other numbers of coils. For example, in
an alternate embodiment, discussed below, only one coil is
used. In the embodiment of FIG. 1, the levitating magnet 12 is
further constrained vertically by a top cover and a bottom
cover, not shown, or other means. To this end, the converter 10
may be included or be disposed in a housing, which may
suitably be similar to the housing 84 of FIG. 5, described
below, with a suitable top cover. A suitable lubricant may be
employed with the housing.

[0043] The fixed magnet 14 in this embodiment is a ring-
shaped cylindrical magnet having and south magnetic poles at
top and bottom sides thereof. In an alternate embodiment,
discussed below, the ring magnet can be replaced by a number
of small cylindrical magnets all of which are disposed simi-
larly, e.g., with north poles facing up and south poles facing
down. The levitating magnet 12 is suspended or levitated in a
position in the interior of the ring-shaped fixed magnet 14,
and includes a north top pole and a south bottom pole to align
in the same orientation as the north and south poles of the
outer fixed magnet 14. Thus, the inner floating or levitating
magnet 12 is repelled on all sides within a plane A (not shown,
but one which crosses the center of the floating magnet 12 as
well as the outer magnet) in which the magnets 12 and 14
reside. The housing or other constraint on vertical movement
of'the levitating magnet 12 prevents the levitating magnet 12
from being expelled from the plane A (not shown), and pref-
erably from flipping.

[0044] It will be appreciated that while the opposing mag-
netic forces generally hold the levitating magnet 12 in the
center of the ring formed by the fixed magnet 14 in plane A
(not shown), movement of the converter 10, and particularly
the fixed magnet 14, such as by vibration or other kinetic
energy, will cause temporary displacement of the levitating
magnet 12 within the ring formed by the fixed magnet 14,
because the magnetic forces act as springs. After the initial
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movement, the magnetic forces will tend to move the levitat-
ing magnet 12 back to substantially a center position of the
ring formed by the fixed magnet 14. Because the levitating
magnet 12 moves with respect to the fixed magnet 14, it also
moves with respect to the housing (not shown).

[0045] The coils 16 are positioned to harvest energy from
movements in multiple directions. To this end, the coils are
preferably in a fixed relationship with respect to either the
housing (not shown), and thereby the fixed magnet 14, or with
respect to the levitating magnet 12. Thus, movement of the
magnet 12 with respect to the fixed magnet 14 causes a
change in flux in one or more of the coils 16, which imparts a
voltage across the one or more coils 16. The coils 16 can also
have some ferrite core to concentrate flux and improve per-
formance.

[0046] The device of FIG. 1 converts mechanical/kinetic
energy into electrical energy to power electronics or supple-
mentally charge a battery. The device will extend the lifetime
of battery-powered electronics without requiring the device
to be plugged in to a power outlet. Movement of the levitating
magnet 12 is not constrained in the X and Y axes in plane A
(not shown), and can harvest energy from any such move-
ments. Any movement in the plane A (not shown) thus causes
a change in magnetic flux in at least one and likely all of the
coils 16. The change in magnetic flux induces a voltage,
which translates to a current IG. The current IG represents a
current in each of the coils 16, each coil having its own
component, 1G1, 1G2, IG3, and IG,,.

[0047] Not only may energy be harvested from the current
components 1G1, 1G2, IG3, and 1G4, but also movement in
general may be detected, and the direction of movement may
he detected. For example, movement of the housing including
the outer magnet 14 towards the upper left of the page will
cause temporary movement of the inner magnet 12 toward the
lower right coil 16, which may cause a unique induced volt-
age or current distribution among the coils (e.g., unique sig-
nature of currents 1G1, 1G2, IG3, and 1G4). This unique
distribution can be analyzed and the direction of movement
identified.

[0048] Referring to FIG. 2, a top schematic view of the two
magnets 12 and 14 apart from the coils, directly normal to the
plane A (not shown) is provided. The device of FIGS. 1 and 2,
therefore, convert vibration energy into electrical energy to
power electronics or charge a battery. The vibration can be
from a machine, building, human movement, etc. The device
can harvest energy from any in-plane movements (2 dimen-
sions). Potential applications include sensor nodes and por-
table electronics. The generalized features of the embodi-
ments depicted thus far is that a cylindrical magnet (levitating
magnet 12) is inside a larger ring magnet (fixed magnet 14, or
a plurality of smaller magnets similarly situated with respect
to their nodes around a ring). The coils 16 (or alternatively
only one coil 16) are disposed such that any relative move-
ment between the levitating magnet 12 and fixed magnet 14
induces voltages and/or currents. It should be appreciated that
either magnet (i.e., fixed magnet 14 or levitating magnet 12)
can be the ‘fixed’ magnet, where the other one is free to move
when an excitation is applied in any in-plane direction. The
magnets arranged so that they have repulsive forces between
each other.

[0049] FIGS.3 and 4 show schematic diagrams of magnetic
arrangements that may be used in alternative embodiments of
kinetic energy to electrical energy converter 30, 50 that may
he used a kinetic energy to electrical energy converter accord-
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ing to the present disclosure. The coils have been omitted, but
may suitably include any appropriate number of coils as
shown in FIG. 1, arranged in the same manner.

[0050] Inthe embodiment of FIG. 3, the outer fixed magnet
34 is oval in cross section (but otherwise similar (to the outer
fixed magnet 14 of FIG. 1). The inner magnet 32 is cylindrical
and similar to the levitating magnet 12 of FIG. 1. In the
embodiment of FIG. 4, the outer fixed magnet 54 is cylindri-
cal similar to the outer magnet 14 of FIG. 1. The inner levi-
tating magnet 32 is oval in cross section but otherwise similar
to the levitating magnet 12 of FIG. 1. An advantage of these
embodiments is that they would have different resonant fre-
quencies in different directions. This feature may be used, for
example, for detecting direction of the movement. Each reso-
nant frequency component is representative of a movement
component in the respective direction.

[0051] FIG. 5 shows yet another embodiment of a kinetic
energy to electrical energy converter 70 according to the
present disclosure. The converter 70 includes an inner fixed
magnet 72, an outer floating ring 74 and a plurality of indi-
vidual magnets 76, 78, 80, 82 secured to the flowing ring 74.
The device also includes one or more coils in the area of the
magnetic field and/or flux of the magnets 72 (and one or more
of' magnets 76, 78, 80 and 82). The ring 74 may be nonmag-
netic. The ring 74 (and magnets 76, 78, 80 and 82 thereon) are
free to move in a housing 84, while the inner fixed magnet 72
is fixedly mounted to the housing 84. Coils, not shown, but
similar to those of FIG. 1, are disposed on a top cover (not
shown) to harvest the energy. The housing 84 and the top
cover (not shown) may suitably be constructed of material to
shield the magnetic fields. A single coil may alternatively be
disposed about the fixed magnet 72.

[0052] In any of the above embodiments of FIGS. 1-4, the
solid ring magnets can be replaced with multiple discrete
magnets (similar to FIG. 5), as shown in FIG. 6 described
below. Magnets can be any shape and are not limited to
cylindrical, ring, or block magnets. Circuit components could
also be added to the moving magnet to increase the mass of
the moving magnet. The coils can have a ferrite core to
concentrate flux and improve performance magnetic shield-
ing material may be used to confine the magnetic flux.
[0053] Referring to FIG. 6, yet another embodiment of the
kinetic energy to electrical energy converter according to the
present disclosure is shown. The kinetic energy to electrical
energy converter 200 includes a housing 202, defining a cav-
ity 204 about a circumference 206. Two caps 208 are provided
to allow movement of moveable components to X-Y direction
(shown as in movement along plane A) but to restrict move-
ment in the Z direction. About the circumference 206, are
perimeter magnets 210, fixedly supported with respect to the
housing 202. Substantially centrally positioned within the
circumference is a levitating center magnet 212. In one or
both caps 208 are also provided one or more coils 214.
[0054] A schematic view of the kinetic energy to electrical
energy converter is shown in FIG. 7. A free moving, axially
magnetized disk magnet (i.e., the levitating center magnet
212) lies on a 2-dimensional plane with freedom of radial
movement. A circular sidewall (i.e., circumference 206 as
shown in FIG. 6) in the housing 202 is constructed to con-
strain the boundary for the center levitating magnet 212 and
hold fixed perimeter magnets 210. The fixed perimeter mag-
nets 210 are stationary axially magnetized cuboidal magnets
that are distributed around the circumference of the sidewall
to provide a spring force which returns the free levitating
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magnet 212 to an equilibrium position following perturba-
tion. While the casing can be machined out of a wide range of
materials, in this device it is machined out of TEFLON for its
low coefficient of friction and for its softness which makes for
ease of fabrication. With the kinetic energy to electrical
energy converter 200 (hereinafter also referred to as energy
harvester or simply harvester) resting upright such that the
force of gravity is towards the bottom of the harvester, the
levitating magnet 212 (also referred herein as the free moving
center magnet) will be offset from the center of the harvester,
as shown in FIG. 8 (a schematic of the kinetic energy to
electrical energy converter 200 resting upright).

[0055] Many factors are involved in the design of the
energy harvester dimensions and configuration. Due to the
desire for full 2-dimensional functionality, symmetry in a
circular design is preferential. A sufficient number of perim-
eter magnets are then required to ensure minimal variation in
harvester output due to rotation. Minimal has been defined as
a maximum 0.5 Hz variation in resonant frequency with har-
vester rotation. The magnet force also needs to be sufficient
such that the center magnet does not hit sidewalls at appre-
ciable accelerations.

[0056] One coil of N turns is z-positioned above the free
moving center magnet on one side of the energy harvester.
Due to Faraday’s law of induction, the changing magnetic
flux through this coil will result in an induced EMF. The coil
output may then be attached to a load and electrical energy
may be harvested from the motion of the center magnet. The
inductance of the coil can be roughly estimated using air core
coil inductance calculators to be about 50 uH. With a fre-
quency of 10 Hz, this is an impedance of 3€2, or about less
than 1% of the coil resistance.

[0057] A low resonant frequency is desired such that the
harvester can be used in human walking kinetic energy har-
vesting applications. Dominant step frequency of human
walking falls at around 2-3 Hz. Due to the inherently inverse
relationship between resonant frequency and harvester size,
obtaining a resonant frequency in the 2-3 Hz range would
require a large harvester, excluding it from wearable electron-
ics applications. For this reason, wearable energy harvesters
to date are designed to have a resonant frequency matching
one of the higher harmonics of the dominant step frequencies,
around 6-8 Hz.

[0058] The energy harvester may be modeled mechanically
as a mass-spring-damper system, as illustrated in FIG. 9 (a
schematic of a model of the energy harvester). An external
source displaces the housing by q(t), causing a mass m,
attached to springs k and dampers d, to displace by p(t)
relative to the housing. Due to the 2-dimensional nature of the
harvester, q(t) and p(t) can be in any two dimensions. The
convention in this paper will be with directions x and y as
shown in FIG. 10 (another schematic of a model of the energy
harvester). The parameters k and d are simplifications, since
the perimeter magnet forces are nonlinear and the damping
forces incorporate mechanical, aerodynamical, and electro-
magnetic losses.

[0059] As shown in FIGS. 7-10, under vertical excitation,
vibration always occurs in the y direction, which is also the
direction of gravity. Therefore, further analysis can assume
that all motion will occur in the y direction only, and 1-di-
mensional variables can be used. The functions f(t), q(t), and
p(t) are then the y direction components of the respective
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vectors. With this simplification in mind, a general expression
for y directional motion for the free moving center magnet of
mass m is given by

lp' @)l @

Finag(p(D) — F o0 cpp (D) =

Fon(p(t), p' () —mg” (1) —mg = mp” ()

wherein, I, is the fixed magnet force,

[0060] F,is the dry friction force,

[0061] C, is damping coefficient,

[0062] F,, isthe electromagnetic damping force. The rela-
tive displacement within the harvester p(t) is the value of
interest since it determines the change of flux through the
coil, and therefore the voltage produced. The fixed magnet
forceF,, . is a nonlinear function of magnet position and is
calculated analytically below. The dry friction force Fis
constant and always acts against motion. The aecrodynamic
viscous damping acts against motion and is the product of
¢, and magnet speed.

[0063] The electromagnetic damping force F,, is the force

that acts to resist the magnet’s motion near the coil. It is

caused by the magnetic field that the coil generates as current
is induced by the changing flux of the moving magnet. This
force is responsible for the energy from the magnet’s motion
that is being harvested. The instantaneous power delivered to

the coil and load as a function of coil open circuit voltage V.,

coil flux @, load resistance R, , and coil resistance R _,; is

V2 2

Rivad + Reoit

(cmg ]2
_ dr
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_\dp di
" Rioad + Reoit

Pour =

[0064] The instantaneous power input from F_, acting
against the magnet’s motion is

Py, =F o' (1) (2b)

By conserving energy,

Pip = Poyy = Femp' (D) (2¢)

(d% dp ]2
_\dp dr
" Riaa + Reoit

Vi 2d
" P (O(Ripad + Reoit)
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B (—dp ] P
" Rioaa + Reoit
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[0065] The derivative d®4/d, is the displacement-deriva-
tive of magnetic flux through the coil, a parameter calculated
in Section 3.3. It depends on p(t) and is a function determined
by the coil placement and magnet characteristics (strength
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and dimensions). Therefore, F_,, is a function of p(t) and p'(t)
as shown in Eq. 2. The quantity -mq"(t) is the pseudo-force
felt by the magnet due to the acceleration of the casing.
Finally, —-mg is the force of gravity.

[0066] The fixed perimeter cuboidal magnets and the center
free moving disk magnet impart a repellant force upon one
another. Many different methods and solutions for determin-
ing the force between different types and shapes of permanent
magnets exist. Some of these methods are semi-analytical or
completely numerical and could be used interchangeably, but
an analytical solution was sought after in this work. The
analytical solution exists for the force between cuboidal mag-
nets. For this reason, the center magnet was modeled as a
cuboidal magnet with volume equal to that of the cylindrical
magnet used in measurements. This simplification introduces
error, but good agreement with the model and experimental
measurements shows that the error is minimal.

[0067] The force on the center magnet due to fixed perim-
eter mag-nets was calculated iteratively and then summed. In
each case, the center free moving magnet and the fixed perim-
eter magnet were modeled as a pair of “magnetically
charged” parallel plates with o and o' charge, respectively.
Since both magnets are the same grade (N42 neodymium),
o0=0". The coordinates for the pair of cuboidal magnets is
demonstrated in FIG. 11 (a coordinate system schematic
showing location and coordinates of cuboidal magnets for
magnetic force calculations). The first magnet sits centered at
the origin with dimensions of 2ax2bx2c¢. The second magnet
is centered in space at (a, f3, v) with dimensions of 2Ax2Bx
2C. The magnets are both axially S-N magnetized in the z
direction to produce repulsion, which is represented by the
fact that 0 and o' have the same sign. The interaction energy
between the two sets of parallel charged plates is found by
using.

+a +h -+ A B U'UJ (33)
W= f dxf dyf de dy
—a b —A -B Arpor

Where 11, is the permeability of free space.

=V (0t X=x)2+(B+ Y=y)2+y? (3b)

The pair of magnets have magnetizations J and J', and they are
related to the magnetic charges densities by

7% (40)

Assuming that 7 and 1 are parallel leaves
o=J and o'=J' (4b)
The gradient of the interaction energy is taken to determine

the force between the cuboidal magnets. This expression is
given by

F=-vw ®)

JJ
= 4r 0 Z

ik dpgi=l0,1}6

(_1)i+j+k+l+p+q¢(u’ v, w, 1)
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for force vector components F

X

, F,, and F_, respectively:

b = l(v2 —wAln(r — ) + uvin(r — v) + vwarctanﬂ + lru (6a)
2 w2
#y = l(142 —wAIn(r — v) + wvln(r — u) + uwarctanﬂ + lrv (60)
2 w2
¢, = —uwln(r —u) —vwln(r —v) + 14\/a.rctanﬂ —rw (6c)
rw
with
u(@,fy=o+(-1Y4-(-1Ya (7a)
vk )=p+(-1)'B-(-1)"p (7b)
wp,g)=y+(-1)IC-(-1¥c (7o)

P,y w)=V P02 +w? (7d)

[0068] For this analysis, only the y direction force F, is
needed due to symmetry. This force is calculated at discrete y
coordinates reachable by the free moving center magnet
(x=0). This is done for each perimeter magnet and the F,
forces are then summed, giving the total vertical force on the
center magnet as a function of'y coordinate. Given that all the
magnets are centered on the same x-y plane, and no z dis-
placement is possible, F, is zero.

[0069] When the device is held upright, gravity pulls the
center magnet to an equilibrium point yO where m_=F,. At
this point, the displacement-derivative of I, can approximate
the resonant frequency of the center magnet by Eq. (8b).

dF, 8(a)
Kequitibrium = &y o
oo = i Kequitibrium 8()
res = 5 —
[0070] A cylindrical magnet with axial magnetization may

be modeled as a cylindrical coil of equal diameter and height
with azimuthal surface current equal to J, and its magnetic
field can then be deter-mined analytically. The coordinate
system for the cylindrical magnetic field calculations is
shown in FIG. 12 (a schematic of a cylindrical coordinate
system and magnet dimensions convention for cylindrical
magnet magnetic field calculation). The magnet has radius a
and thickness L. Due to the symmetric nature of the cylindri-
cal magnet around the origin, the magnetic field strength will
vary only with p and z. The parameter ¢ does not affect the
magnetic field strength.

[0071] The magnet moves at a z-offset beneath the coil. As
the change in magnetic field through the coil results in the
induced EMF, the only magnetic field component of interest
is the B,. B runs tangential to the coil surface and B, is zero.
The expression for B, above the magnet is split into two
regions of interest; the region above the magnet within the
radius of the magnet, and the region above the magnet outside
the radius of the magnet. These are respectively given by
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where F(a; b; ¢; d) is the Gaussian hypergeometric function,
and B,, is the B-field intensity that would be inside a solenoid
of equal diameter and surface current, but of infinite length.

B..=lioJ (10)

[0072] In computer modeling, the summations are finite,
and an adequate upper bound for n must be used. Such an
adequate value can be determined by comparing the discon-
tinuous values of B_/B,, for both expressions at their joining
point p=a. The discrepancy is large with small n upper bounds
less than 5 (at n=5, 2.3% discrepancy). An n upper bound of
101s sufficient to close this discrepancy to less than 0.1%. The
simulation in this work uses an n upper bound of 50, to ensure
accuracy with reasonable simulation times. Once the mag-
netic field z-component B, can be known for any point above
the magnet, where the coil will be, then the magnetic flux ¢z
can be calculated with

©p=ffsB,d4 (11)

where S is the total surface enclosed by each loop ofthe coil.
This general form of the equation accounts for the multiple
loops of wire, and is necessary since B, will vary along the
different heights and diameters of the turns of the coil. The
magnetic flux ¢ will be a function of magnet position p(t),
and the coil voltage will be the derivative

ddg (12)
dt

This voltage will be distributed across the coil resistance and
the load resistance in series.

[0073] The radius of the coil in the presented harvester was
chosen so that the edge of the coil is at the same level as the
equilibrium point of the center magnet. This is due to there
being maximum change in flux through the coil when the
magnet is crossing the coil edge. Therefore, the inner and
outer radii of the coil were chosen to be 8.5 mm and 12.5 mm,
respectively. With the coordinate system shown in FIG. 7, the
coil extends in the z direction from 1.0 mm to 2.5 mm past the
end of the center magnet, and contains 1200 turns of 42 AWG
magnet wire.

[0074] The magnetic flux through the coil was calculated
numerically. First, B, was calculated at discrete values as a
function of and z. Then, the magnetic flux ¢z through the
coil’s 1200 turns of varying radii and heights was found by
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numerical integration to approximate Eq. (11), as a function
of'the y coordinate of the center magnet.

[0075] A MATLAB/SIMULINK model has been devel-
oped to aid in optimizing energy harvester design. The model
implements the equations in the previous subsections to
simulate the center magnet’s motion in response to an exter-
nal excitation of choice. This in turn allows the model to
simulate power delivery to a load of choice. The model for the
presented harvester was constructed using the derived param-
eters shown in FIG. 13 (a graph of modeled magnet force vs.
magnet coordinates) and FIG. 14 (a graph of modeled magnet
flux vs. magnet coordinates).

[0076] The equilibrium point y, is determined in the model
to be at y=-6.2 mm. Using Eq. (8b), this yields a resonant
frequency of 8.15 Hz.

[0077] A Simulink time step model simulates the energy
harvester operation by solving Egs. (2), (2d), and (12).
Through this time step model, several values are calculated.
Of importance is the induced voltage in the coil, named here-
after as the open circuit voltage,

_ ddp (13)
oc — d[

where ¢ is the total flux through the coil (the number of turns
has been accounted for). From here, load voltage can be
determined with coil resistance R, and load resistance
Ripua by

coils

Ripad (14)
Vioad = Voe ——5—
- “ Rioaa + Reoit

The instantaneous and average power delivered to the load,
respectively, are

B Vioad (152)
" Risad
174 (15b)
P = (Rload)
load

[0078] The model finds the average power delivered to the
load for the given parameters of the simulation, such as vibra-
tion profile, center magnet starting position, and harvester
rotation.

[0079] An initial modeling test to perform is the ring down
test. With the harvester held upright and with no external
excitation, the center magnet is brought to a specific height,
and then quickly released. The result is a damped, undriven
oscillator. The test is shown in FIG. 15 (graphs of open
voltage ringdown voltages vs. time which are results of mod-
eled and measured ring down tests conducted at two starting
heights above center), performed at starting heights of y=0,
and y=3 mm above center. This test becomes useful in experi-
mentally determining the unknown frictional parameters
from Eq. (2), Frand c,,.

[0080] To determine the best combination of Fand ¢, one
can calculate the error between modeled and measured results
of the discrete data sets of the two ringdown tests above.
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[0081] The logarithm is taken twice in order to facilitate
locating the minimum value of error on a contour plot error as
a function of F,and c,, is shown in FIG. 16 (which is a plot of
viscous damping friction coefficient (c,) vs. dry friction force
Fp and it shows that the best model-measurement agreement
in the ringdown test is found with F =0.0007 N, and ¢,=0.015
Nsm™".

[0082] A look at the good agreement in FIG. 17 (which are
graphs of modeled and measured ringdown tests conducting
at a starting height of y=0 mm above center) of the ringdown
test for the case of a 47Q load shows an example of model
validation. Modeling with a light load demonstrates that the
model accurately simulates the electromagnetic damping
force F,, from Eq. (2d) which equals zero in the open circuit
case.

[0083] With a versatile model in place, a few important
optimization simulations can be produced. These simulations
provide an important insight in what direction to take towards
an optimal design, while reducing the need for excessive
prototyping. The following simulations rely on a couple
important parameters that are both modeled and measured,
and are shown in Section 4. These include the optimum load
for power transfer, 17009, and the optimum excitation fre-
quency, 8.2 Hz. It should also be noted that while the model is
capable of simulating with a pure sinusoidal external excita-
tion, better agreement was observed by inputting the acceler-
ometer waveform from the shaker that was used to con-duct
measurements on the presented harvester. These simulations
therefore use the accelerometer data from said shaker as
excitation input. The following examples show some of the
optimization capabilities that the model can realize.

[0084] Using the presented harvester’s dimensions and
perimeter mag-net count of 12, a simulation to optimize the
diameter and location of the coil can be generated. This simu-
lation assumes the number of turns in the coil remains 1200,
and that the coil is only moved up or down, along the y axis,
on the harvester casing. Additionally, this optimization is
while the harvester is under an 8.2 Hz, 0.2 g excitation.
Different optimizations may be reached for different excita-
tions.

[0085] The simulation from FIG. 18 (which are plots of coil
center y-coordinates vs. coil radius) shows that optimizing
the design would involve increasing the coil diameter as well
as raising the location of the coil on the casing. Optimal power
output is modeled to be over 120 uW.

[0086] Ifthe coil is instead held constant, so that its param-
eters are as those of the presented harvester, then a simulation
to optimize the dimensions of the harvester, and the number
of perimeter magnets can be generated. This is shown for an
excitation frequency of 8.2 Hz in FIG. 19 (which are graphs of
model power to 17002 load vs. radius to perimeter magnets
for an excitation frequency of 8.2 Hz). This simulation is
more so used to tune the harvester to a specific frequency. As
such, FIG. 20 (which are graphs of model power to 1700Q2
load vs. radius to perimeter magnets for an excitation fre-
quency of 9.0 Hz) shows what parameters would instead be
optimal if a frequency of 9.0 Hz was desired, instead of 8.2
Hz. This analysis depends on using a constant load, so the
optimal load for the presented harvester (1700L) is used. If
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say an energy harvester tuned to 9 Hz were to be built using
this tool, then the optimum load would have to be determined
again.

[0087] The model can be further configured to optimize
more than two parameters at a time, however, figures can’t
clearly demonstrate this. Mainly, the optimization techniques
shown are to display the versatile nature of the model, and that
an optimization process can be created to design a device that
is best suited for a particular purpose. This is done by identi-
fying a few desired characteristics for the device, such as
resonant frequency, size constraint, optimum load size, etc.
Then, an optimization model can be used to determine the
remaining design parameters, such as number of perimeter
magnets, radius to perimeter magnets, coil location and size,
even center and perimeter magnet strength and mass.

[0088] A few tests are performed using the presented har-
vester in order to determine its power output, as well as its
agreement with the model for model validation. A load sweep
test determines the optimum load for maximum power trans-
fer when the harvester is subjected to an external excitation of
8.2 Hz and 9.0 Hz, with a maximum acceleration of 0.1 g.
[0089] The test, results of which are shown in FIG. 21
(which are graphs of power vs. load for both 8.2 Hzand 9.0 Hz
excitations), determines that a load of 1700Q is optimum for
maximum power transfer. It also shows that 8.2 Hz excitation
near the modeled resonant frequency does indeed out-per-
form the 9.0 Hz excitation. Also, the agreement in both sce-
narios shows that the model is valid for this variation in
external excitation.

[0090] A frequency sweep determines what frequency
excitation leads to the greatest power delivery to the load.
This test is done at 0.1 g and 0.2 g maximum acceleration to
introduce measurement variation.

[0091] The test, results of which are shown in FIG. 21
(which are graphs of power vs. load) and FIG. 22 (which
shows bar graphs for power to 1700Q load vs. frequency),
show that that the optimum frequency, 8.2 Hz, matches the
resonant frequency, 8.15 Hz, predicted by the model as shown
in FIG. 13. This test also serves to produce the power rating
for the device. This is stated to be 41.0 uW and 101 uW, at
input excitations of 8.2 Hz with 0.1 g and 0.2 g accelerations,
respectively.

[0092] The tests were performed with a rectifying circuitry
230 that is shown in FIG. 23. The circuitry includes a load
232, a storage device 234, and a rectification bridge 236
including a plurality of diodes 238. The harvester 200 is
positioned in the bridge 236 are shown in FIG. 23.

[0093] Lastly, an acceleration sweep test is shown in FIG.
24 (which is a bar graph of power output to 170022 load vs.
peak excitation acceleration). This test reveals the positive
correlation between maximum excitation acceleration and
power output. The frequency and acceleration sweeps again
serve to validate the model by demonstrating good model-
measurement agreement, though the model does slightly
overestimate power output in these tests. However, this vali-
dation is necessary in order to use the model for design
optimization as discussed above.

[0094] Theharvester’s rotation independence to power out-
put, is also demonstrated. While the harvester exhibits nearly
uniform response as a function of rotation in the x-y plane, the
discrete nature of the perimeter magnets results in a periodic
change in response as the harvester is rotated. Due to the
symmetric arrangement of the perimeter magnets, the
response is repeated periodically every 360/n° of rotation, for
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n equally spaced and symmetrically positioned perimeter
magnets. For the 12 perimeter magnet configuration pre-
sented, the response of the harvester is periodic every 30° of
rotation. The resonant frequencies for a full rotation of the
harvester are shown in FIG. 25 (which is a schematic for a
convention of rotation of the harvester) and FIG. 26 (which is
a graph of modeled resonant frequency vs. harvester rota-
tion). It can be seen that the variation of resonant frequency
based on angle of rotation is minimal and only about 0.2 Hz,
or about 2.5%.
[0095] The measured power output can also be shown to
remain fairly constant as a function of device rotation. This is
shown in FIG. 27 (which is a graph of harvester’s power with
a 1700Q load vs. harvester’s rotation),where the device is
rotated in increments of 30° and power output is measured. It
can be observed that power output is greater when perimeter
magnet is at the bottom, vs a gap in perimeter magnets, as
shown in FIG. 25. This can likely be attributed to the fact that
the resonant frequency increases slightly by adding 30° of
rotation, and the new resonant frequency is higher than the
excitation frequency of 8.2 Hz. The consistency of the device
as it is rotated is still demonstrated, with power varying by
about 7 uW, or about 17%.
[0096] In the general theory of operation, the levitating
non-fixed magnet is suspended in position by the fixed mag-
net(s). Either the levitating magnet can be surrounded by the
fixed magnets (FIG. 1), or the fixed magnet et can be bounded
by the levitating magnet et (FIG. 5). As the device is acceler-
ated along the plane of the device, the levitating magnet
moves in any direction in the plane. As the levitating magnet
moves, the flux through the coil changes thus causing a volt-
age to be generated on the coil, which can be harvested to
power charge a battery. A conditioning circuit in at least some
embodiments ensures that a positive charging voltage and/or
current is provided to an energy storage device.
[0097] Those skilled in the art will recognize that numerous
modifications can be made to the specific implementations
described above. The implementations should not be limited
to the particular limitations described. Other implementa-
tions may be possible.
1. A kinetic energy to electrical energy converter, compris-
ing:
a housing defining a cavity having a circumference and
covers enclosing the cavity;
at least one fixedly supported perimeter magnet disposed
about the circumference;
at least one magnetically levitating center magnet magneti-
cally influenced by the at least one fixedly supported
magnet, disposed in the cavity and limited to substan-
tially a two dimensional movement by the covers; and
at least one coil fixedly supported with respect to the fix-
edly supported perimeter magnet, movements of the at
least one center magnet configured to generate an elec-
trical current in the at least one coil.
2. Thekinetic energy to electrical energy converter of claim
1, the at least one fixedly supported perimeter magnet is a
plurality of perimeter magnets equi-distributed about the cir-
cumference, each with a first pole facing inward while the at
least one center magnet configured to have the first pole
facing outward.
3. Thekinetic energy to electrical energy converter of claim
2, the plurality of perimeter magnets include 12 magnets.
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4. The kinetic energy to electrical energy converter of claim
2, the at least one center magnet is a plurality of magnets.

5. The kinetic energy to electrical energy converter of claim
4, the plurality of center magnets includes 2 magnets.

6. Thekinetic energy to electrical energy converter of claim
1, the at least one center magnet is a plurality of magnets.

7. The kinetic energy to electrical energy converter of claim
1, further comprising a signal detector configured to provide
a motion detection signal corresponding to a threshold of a
voltage across a load coupled to the at least one coil.

8. The kinetic energy to electrical energy converter of claim
1, further comprising an electrical storage circuit coupled to
the at least one coil, the electrical storage circuit comprising:

a rectifying circuit configured to rectify current from the at

least one coil; and

at least one storage device configured to receive the recti-

fied current from the rectifying circuit.

9. The kinetic energy to electrical energy converter of claim
8, wherein the rectifying circuit comprises a plurality of
diodes.

10. The kinetic energy to electrical energy converter of
claim 9, wherein the plurality of diodes are arranged as a
bridge.

11. A method of converting kinetic energy to electrical
energy, comprising:

providing a fixedly supported perimeter magnet disposed

in a housing defining a cavity having a circumference
and covers enclosing the cavity;

levitating at least one center magnet magnetically influ-

enced by the at least one fixedly supported magnet,
disposed in the cavity and limited to substantially a two
dimensional movement by the covers;

providing at least one coil fixedly supported with respect to

the fixedly supported perimeter magnet; and
generating an electrical current in the at least one coil in
response to movements of the at least one center magnet.

12. The method of claim 11, the at least one fixedly sup-
ported perimeter magnet is a plurality of perimeter magnets
equi-distributed about the circumference, each with a first
pole facing inward while the at least one center magnet con-
figured to have the first pole facing outward.

13. The method of claim 12, the plurality of perimeter
magnets include 12 magnets.

14. The method of claim 12, the at least one center magnet
is a plurality of magnets.

15. The method of claim 14, the plurality of center magnets
includes 2 magnets.

16. The method of claim 11, the at least one center magnet
is a plurality of magnets.

17. The method of claim 11, further comprising detecting a
motion detection signal corresponding to a threshold of a
voltage across a load coupled to the at least one coil.

18. The method of claim 11, further comprising:

rectifying current from the at least one coil by a rectifying

circuit; and

storing charge from the rectified current in at least one

storage device.

19. The method of claim 18, wherein the rectifying circuit
comprises a plurality of diodes.

20. The method of claim 19, wherein the plurality of diodes
are arranged as a bridge.
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