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The magnetostrictive elements are arranged between the load-bearing
structures. The load- bearing structures transfer at least a portion of the
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one of the magnetostrictive elements experiences the force transferred
from the load-bearing structures. The force on the magnetostrictive ele-
ment causes a change in magnetic flux of the magnetostrictive element.
The electrical circuit or coil is disposed within a vicinity of the magneto-
strictive element which experiences the force. The electrical circuit or coil
generates electric power in response to the change in the magnetic flux of
the magnetostrictive element.
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ENERGY HARVESTING METHODS AND DEVICES,
AND APPLICATIONS THEREOF

STATEMENT OF FEDERALLY SPONSORED RESEARCH

[001] This invention was made in part with Government support under Grant No: IIP-
1014346 awarded by the National Science Foundation (NSF) and Contract No: WC133R-10-
CN-0220 from the National Oceanographic and Atmospheric Administration (NOAA). The

Government has certain rights to this invention.

CROSS-REFERENCE TO RELATED APPLICATIONS
[002] This application claims the benefit of U.S. Provisional Application No.
61/437,586, filed January 28, 2011, and entitled “Energy Harvesting Methods and Devices,

and Applications thereof,” which is incorporated by reference herein in its entirety.

SUMMARY

[003] Embodiments of an apparatus are also described. In one embodiment, the
apparatus harvests electrical power from mechanical energy. The apparatus includes first and
second load-bearing structures, a plurality of magnetostrictive elements, and an electrical
circuit or coil. The load-bearing structures experience a force from an external source. The
magnetostrictive elements are arranged between the load-bearing structures. The load-
bearing structures transfer at least a portion of the force to at least one of the magnetostrictive
elements. In this way, at least one of the magnetostrictive elements experiences the force
transferred from the load-bearing structures. The force on the magnetostrictive element
causes a change in magnetic flux of the magnetostrictive element. The electrical circuit or
coil is disposed within a vicinity of the magnetostrictive element which experiences the force.
The electrical circuit or coil generates electric power in response to the change in the
magnetic flux of the magnetostrictive element.

[004] In another embodiment, the apparatus includes an attachment structure, a
magnetostrictive element, and an electrical circuit or coil. The attachment structure attaches
the apparatus to a wall of an elongated structure that experiences vibrations. The
magnetostrictive element is coupled to the attachment structure. The magnetostrictive
element experiences a force in response to the vibrations experienced by the elongated

structure and further experiences a change in magnetic flux in response to the force. The

1



WO 2012/103553 PCT/US2012/023179

electrical circuit or coil is disposed within a vicinity of the magnetostrictive element. The
electrical circuit or coil generates electric power in response to the change in the magnetic
flux of the magnetostrictive element. Other embodiments of the apparatus are also described.
[005] Other aspects and advantages of embodiments of the present invention will
become apparent from the following detailed description, taken in conjunction with the

accompanying drawings, illustrated by way of example of the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[006] Figure 1-1 illustrates one embodiment of an energy generating device for use in
a downhole drilling application.

[007] Figure 1-2 illustrates another embodiment of an energy generating device for
use in a downhole drilling application.

[008] Figure 1-3 illustrates another embodiment of an energy generating device for
use in a downhole drilling application.

[009] Figures 1-4, 1-5, and 1-6 illustrate other embodiments of an energy generating
device that converts the movement of the drill string into electrical energy. In particular,
Figures 1-4 and 1-5 illustrate side views, and Figure 1-6 illustrates a cross-sectional or end
view.

[0010] Figures 1-7 and 1-8 illustrates tables with calculations related to an embodiment
of a lateral bending vibration energy harvester.

[0011] Figure 1-9 illustrates a cross-sectional or end view of another embodiment of an
energy generating device for converting lateral bending vibration energy into electrical
energy.

[0012] Figure 2-1 illustrates one embodiment of a wave energy harvesting device based
on the principle of reverse magnetostriction.

[0013] Figure 2-2 illustrates one embodiment of tether systems to secure
magnetostrictive elements to buoys.

[0014] Figure 2-3 illustrates another embodiment of tether systems to secure
magnetostrictive elements to buoys.

[0015] Figure 2-4 illustrates another embodiment of tether systems using multiple
groups of parallel tethers extending from the buoys.

[0016] Figure 2-5 illustrates a table of alloy compositions and magneto-
mechanical/electrical properties for measurements of corresponding alloy flux density, as

well as the maximum change in flux density for each alloy composition.

2



WO 2012/103553 PCT/US2012/023179

[0017] Figure 2-6 illustrates one embodiment of a hydraulic loading system to
compress a magnetostrictive element.

[0018] Figure 2-7 illustrates a graph of one embodiment of test results for the change in
magnetic flux density for a change in applied load.

[0019] Figure 2-§ illustrates a table of a sample calculation of the elastic energy,
magnetic energy and estimated mechanical to magnetic energy conversion efficiency for an
embodiment of an energy harvesting device.

[0020] Figure 2-9 illustrates before and after images of four corrosion coupons before
and after 21 day ocean water exposure.

[0021] Figure 2-10 illustrates one embodiment of power take-off (PTO) module for
magnetostrictive performance testing.

[0022] Figure 2-11a illustrates a graph of wave-tank measurements of load and voltage,
as well as voltage calculated from measured load.

[0023] Figure 2-11b illustrates a graph of a correlation between measured and
calculated data.

[0024] Figure 2-12 illustrates a graph of single-sided amplitude spectra of wave height
and tether tension.

[0025] Figure 2-13 illustrates one embodiment of a spar buoy, tethers, and PTO
modules (located serially within the tether lengths) modeled in Orcalllex.

[0026] Figure 2-14a illustrates a graph of tether tensions of nine tethers connected to a
6m draft buoy under a wave condition with 5.2m wave height and 5.6s period.

[0027] Figure 2-14b illustrates a graph of a correlation of tether tension between the top
and bottom of the tether.

[0028] Figures 2-15a and 2-15b illustrate a cost model based on results from
hydrodynamic testing.

[0029] Figure 3-1 illustrates three embodiments of flux path configurations with (a)
one, (b) two, and (c) three flux paths.

[0030] Figure 3-2 illustrates a graph of magnet thickness effects for the arrangement of
Figure 3-1 having two flux paths.

[0031] Figure 3-3 illustrates a graph of an effect of magnet cross-section for the two
flux-path case from Figure 3-1.

[0032] Figure 3-4 illustrates a graph of an effect of number of flux paths for
2"x1"x0.125" magnet.
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[0033] Figure 3-5 illustrates a graph of a demonstration of 1 Tesla flux change using
commodity Fe-Al alloys.

[0034] Figure 3-6 illustrates a graph of a maximum change in flux density per strain
cycle vs. number of flux paths for 2"x0.5"x0.0625" magnets.

[0035] Figure 3-7 illustrates a graph of flux density change per strain cycle vs. applied
load for varying flux path materials.

[0036] Figure 3-8 illustrates a test embodiment which includes a magnetic circuit with
an unloaded Fe-Al rod as flux path component.

[0037] Figure 3-9 illustrates a graph of test results for voltage output of a coil on
magnetostrictive and flux path elements with load applied only to one elements.

[0038] Figure 3-10 illustrates a graph of test results for voltage output of a coil on
magnetostrictive and flux path elements with load applied both elements.

[0039] Figure 3-11 depicts an image of one embodiment of the sub-scale compression
fixture design of Figure 2-10.

[0040] Figure 3-12 illustrates a graph of predicted and measured results of bench
testing of the compression fixture of Figure 3-11.

[0041] Figure 3-13 illustrates a schematic circuit diagram to show how the magnets,
flux path components and magnetic components are treated in the magnetic circuit.

[0042] Figure 3-14 illustrates a graph of one set of measured data for the change in
permeability with stress of the magnetic circuit of Figure 3-13.

[0043] Figure 3-15 illustrates a graph of a change in flux density with stress for flux
paths with 2" x 0.5" x 0.0625" magnets predicted by magnetic circuit based modeling.
[0044] Figure 3-16 illustrates a graph of a change in flux density with stress for flux
paths with 2" x 1" x 0.0625" magnets predicted by magnetic circuit based modeling.

[0045] Figure 4-1 shows an embodiment of a device with a moving mass and springs
that may be used for harvesting energy from vibrations of machinery.

[0046] Figure 4-2 shows an embodiment of a device with one or more magnetostrictive
elements that may be used for harvesting energy from vibrations of machinery.

[0047] Throughout the description, similar reference numbers may be used to identify

similar elements.

DETAILED DESCRIPTION
[0048] It will be readily understood that the components of the embodiments as

generally described herein and illustrated in the appended figures could be arranged and
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designed in a wide variety of different configurations. Thus, the following more detailed
description of various embodiments, as represented in the figures, is not intended to limit the
scope of the present disclosure, but is merely representative of various embodiments. While
the various aspects of the embodiments are presented in drawings, the drawings are not
necessarily drawn to scale unless specifically indicated.

[0049] The present invention may be embodied in other specific forms without
departing from its spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive.

[0050] Reference throughout this specification to features, advantages, or similar
language does not imply that all of the features and advantages that may be realized with the
present invention should be or are in any single embodiment of the invention. Rather,
language referring to the features and advantages is understood to mean that a specific
feature, advantage, or characteristic described in connection with an embodiment is included
in at least one embodiment of the present invention. Thus, discussions of the features and
advantages, and similar language, throughout this specification may, but do not necessarily,
refer to the same embodiment.

[0051] Furthermore, the described features, advantages, and characteristics of the
invention may be combined in any suitable manner in one or more embodiments. One skilled
in the relevant art will recognize, in light of the description herein, that the invention can be
practiced without one or more of the specific features or advantages of a particular
embodiment. In other instances, additional features and advantages may be recognized in
certain embodiments that may not be present in all embodiments of the invention.

[0052] Reference throughout this specification to “one embodiment,” “an
embodiment,” or similar language means that a particular feature, structure, or characteristic
described in connection with the indicated embodiment is included in at least one
embodiment of the present invention. Thus, the phrases “in one embodiment,” “in an
embodiment,” and similar language throughout this specification may, but do not necessarily,
all refer to the same embodiment.

[0053] Embodiments described herein include a method and device for harvesting
energy or generating electricity. In one embodiment, the device includes at least one
magnetostrictive element and one or more electrically conductive coils or circuits. The device
also includes one or more magnetic circuits which are coupled with one or more electrical
circuits to increase or maximize power production. When the magnetostrictive element is

deployed in a body of water, the motion of and/or the hydrodynamic forces applied by the
5
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body of water, including wave motion, acting on a component mechanically coupled to a
structure comprising the magnetostrictive element, causes changes in the stress and/or strain
of the magnetostrictive element. Alternatively, the magnetostrictive element may be deployed
in a different fluid. The electrically conductive coil or circuit is within the vicinity of the
magnetostrictive element. A corresponding change in magnetic flux density passing through
the magnetostrictive element as magnetic permeability of the magnetostrictive element
changes with stress, generates an electric voltage and/or electric current in the electrically
conductive coil or circuit.

[0054] The embodiments include a device for generating electricity, the device at least
one magnetostrictive element and one or more electrically conductive coils or circuits. The
magnetostrictive element, when deployed as a part of a structure in a body of water, the
motion of the body of water, including wave motion, or hydrodynamic interaction of waves
with a component mechanically coupled with the structure comprising the magnetostrictive
element, causes changes in the strain of one or more magnetostrictive elements. The one or
more electrically conductive coils or circuits are within the vicinity of one or more of the
magnetostrictive elements. A corresponding change in magnetic flux density in the one or
more magnetostrictive elements generates an induced electric voltage and/or electric current
in the one or more electrically conductive coils or circuits. In some embodiments, there is no
substantial relative motion between the one or more magnetostrictive elements and the one or
more electrically conductive coils or circuits.

[0055] Other embodiments include a device where the magnetic flux is directed through
one or more magnetostrictive elements by one or more “flux paths” composed of, in addition
to the one or more magnetostrictive elements themselves, a combination of magnetically
permeable material and one or more permanent magnets. Permeable materials include
magnetostrictive materials. In other embodiments, the magnetostrictive element includes a
magnetostrictive core, which may be part of the flux path. The magnetostrictive core,
permeable materials, and the permanent magnets may experience changes in stress,
experience at least part of the applied load on a structure comprising the flux path, (e.g., a
tether), and/or share other functions with the magnetostrictive element. In some
embodiments, the applied load on a structure comprising the flux path is substantially shared
between one or more magnetostrictive elements, and brittle components such as the
permanent magnets will not experience any changes in load/stress.

[0056] Other embodiments of the device include at least one electrically conductive coil

or circuit that is in the vicinity of the flux paths and/or magnetostrictive material . The
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electrically conductive coil or circuit may include, or be substantially made of, an electrically
conductive material such as copper or aluminum, which may have an insulating coating on
the wire.

[0057] An embodiment may include a fixture for applying a pre-stress load, either
compressive or tensile, to the magnetostrictive element. The fixture may be made of
magnetically permeable and/or impermeable material and may include flux paths and
permanent magnets, or electromagnets. In one embodiment, a bias magnetic field is also
applied to one or more materials described in this disclosure. The fixture may include design
considerations that reduce the occurrence of magnetic saturation and overall magnetic
reluctance of the device. The fixture is also designed to transfer applied external loads to the
magnetostrictive element to cause a change in magnetic properties of the element. The
design of the fixture may seek to increase or maximize the amount of load transferred to the
magnetostrictive element. The method for applying the pre-stress may be through the use of
bolts, or other means to make a rigid connection to the magnetostrictive element, which may
or may not have low magnetic permeability to reduce magnetic flux leakage. The fixture for
applying the pre-stress load may include bolts. The bolt material may also be chosen to have
a low Young’s modulus and high yield strength. The bolt diameter may be chosen to
decrease the stiffness of the bolts relative to that of the magnetostrictive element(s). The
fixture may also include aluminum brackets (or brackets of another material) for locating the
permanent magnets. The fixture may include two or more flat bars (or structural plates) of
metal with holes drilled in them for threaded rods and nuts. The flat bars may or may not be
made of a magnetically permeable alloy such as mild steel, or a relatively impermeable alloy
such as stainless steel. The use of magnetically permeable flat bars may include additional
bars to create a closed flux path.

[0058] An embodiment of the device may include one or more magnetostrictive
elements that are a binary alloy of iron and aluminum, with an atomic percentage of
aluminum between about 14 and 21%. Another embodiment of the device may include one or
more magnetostrictive elements that are a binary alloy of iron and aluminum, with an atomic
percentage of aluminum between about 18% and 19%. The elements may also be a ternary
alloy of iron and aluminum with the third component being either manganese, cobalt,
molybdenum, or tungsten with an atomic percentage between about 1% and 10%. Fither the
binary or ternary composition may include trace additives to improve mechanical properties
such as ductility and machinability. Trace additives that serve this role include, but are not

limited to: niobium, titanium, vanadium, boron, carbon, or any other element demonstrated to
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reduce grain growth or grain boundary fracture. In other embodiments, the magnetostrictive
element includes different materials from those named, above. In other embodiments, the
magnetostrictive element includes a combination of materials from those named above and
other materials.

[0059] Embodiments of the device may include an external enclosure to protect the
device from the effects of the external environment, e.g. salt-water corrosion or other
corrosive fluids. The external enclosure may include components designed as seals and
gaskets, and may include a structural element for transferring the load to the internal
compression fixture and magnetostrictive element. These components may include
deformable seals or constituent parts. The enclosure may also have leak-tight electrical
connections to connect internal and external electrical systems. The enclosure may also
include structural elements for attaching the device to one or more tethers and/or buoys
and/or other devices. In other embodiments, the enclosure may include other materials or
other structures.

[0060] While examples of ocean applications are provided above for the
magnetostrictive devices, at least some of the embodiments described can be used in drilling
applications. The drilling applications may include downhole drilling applications. Some
embodiments are suitable for downhole drilling applications, including but not limited to oil
and gas applications or for geothermal applications.

[0061] Embodiments described herein include a method and device for converting the
mechanical energy from vibration and impact loads that are generated during a drilling
operation into magnetic and electrical energy using a novel design that utilizes
magnetostrictive elements. Such devices may be useful in powering a variety of different
types of equipment that may be located on the drill string and/or the bottom hole assembly
(BHA). These include, but are not limited to measurement while drilling (MWD) tools,
logging while drilling (LWD) tools, sensors, transmitters, receivers, repeaters etc.
Embodiments of the design combine proven concepts from existing technologies with
technology proven on the bench scale for energy generation using magnetostrictive devices to
create a powerful solution for harvesting energy from drilling operations. Embodiments
include designs that can convert the energy from axial, lateral or torsional vibrations to
electrical energy. Some embodiments may help to reduce usage of or eliminate use of
batteries downhole. Embodiments of the design are expected to have relatively low capital
costs and very good survivability during downhole drilling operations. Some embodiments

may include power management strategies to optimize the delivered power from a suite of
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devices distributed across the length of the drill string and/or BHA. Some embodiments will
include components for applying a pre-stress to the magnetostrictive elements, or other
materials described in embodiments, herein, which may be either tensile or compressive.
Other embodiments will convert the mechanical energy from vibration and impact loads from
other mechanical energy besides the mechanical energy generated from drilling operation.
Other embodiments will convert hydrodynamic energy in combination with, or replacement
of, the mechanical energy generated from vibration and impact loads.

[0062] Vibration Energy Harvesting Applications

[0063] Figure 1-1 illustrates one embodiment of an energy generating device 100 for
use in a downhole drilling application. In this embodiment the energy generating device 100
is mounted on the outer surface of a pipe 102 that is part of the drill string (not shown).
Attached to the surface of the pipe 102 in a radial direction is a magnetostrictive alloy rod
104 that is contained within a “cage” 106. The cage 106 consists of magnetically permeable
material 104 and bias magnets108. The cage 106 serves to create a closed path flux loop that
includes the magnetostrictive alloy rod 104. On the top surface of the magnetostrictive alloy
rod 104 and flux cage 106 is a mechanism 110 for generating load changes on the
magnetostrictive alloy rod 104. This loading mechanism 110 includes an impact head 112
that makes contact with the rock wall (not shown) in the drill hole and a compression spring
114. As the distance between the central drill pipe 102 and the rock wall changes, the force
being applied to the compression spring 114 changes. When the magnetostrictive alloy rod
104 experiences a load change generated by the compression spring 114 and impact head
112, there is a corresponding change in magnetic permeability in the magnetostrictive
material 104. This results in a change in magnetic flux density passing through the
magnetostrictive material 104 as the load from the compression spring 114 changes. This
change in magnetic flux causes electrical energy to be generated in the coil 118 that
surrounds the magnetostrictive alloy rod 104.

[0064] The size and spring constant of the compression spring 114, along with the
diameter of the magnetostrictive alloy material 104 can all be adjusted to create a design that
is suitable for a given drilling operation and/or power requirement. In addition, the number of
energy generating devices 100 installed at a particular location, or along a particular drill
string, can be varied to produce different power levels. Figure 1-1 shows a single energy
generating device 100. However, multiple energy generating devices 100 can be spaced
along the length and/or circumference of the central drill pipe 102 to generate more power

than a single energy generating device 100 can generate. The spacing of the energy
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generating devices 100 along the drill pipe 102 can be done in such a way as to not impede
the return flow of the drilling mud that typically flows back up the annular hole between the
outside surface of the drill pipe 102 and inside surface of the rock drill hole (i.e., the space in
which the energy generating device 100 is installed).

[0065] Figure 1-2 illustrates another embodiment of an energy generating device 120
for use in a downhole drilling application. In this example, a similar “shock absorber” type
mechanism is used to capture the mechanical energy from impact loads from collisions with
the rock wall during drilling. However, in this case, the impact force load from contacting the
rock wall is used to drive a piston rod 122 in an oscillating linear motion. Then, a gear system
or lever arm 124 is used to transfer this oscillating motion into the tensioning of a high
tension spring 126. The oscillating motion of the piston rod 122 results in changes in the
tensioning force being applied to the magnetostrictive rod assembly 128. The changes in
tensile force being applied to the magnetostrictive alloy rod 104 result in the generation of
electrical power in the coil 118 that surrounds the magnetostrictive alloy rod 104. One
potential advantage to this embodiment is that it allows for using a longer magnetostrictive
rod 104 that may be useful for generating higher power levels for some applications. In both
of these embodiments described, where an impact head 112 is contacting the surface of the
rock wall, some embodiments may include bearings or roller bearings (not shown) in the
surface of the impact head 112 where it makes contact with the rock wall so that the frictional
losses will be reduced or minimized and, therefore, have less influence on the drilling
operation.

[0066] Figure 1-3 illustrates another embodiment of an energy generating device 140.
The illustrated energy generating device 140 utilizes the energy contained in the torsional
modes of vibration, i.e. “stick-slip.” Looking axially down the drill-string, the energy
generating device 140 has magnetostrictive elements 104 in a tangential direction, as
indicated by the cross-hatched elements. As the string rotates clockwise, the blue (“B”)
brackets, which are connected to the upper part of the drill-string (towards the top of the
well), will transfer the torque to the red (“R”) brackets, which are connected to the lower part
of the drill string (towards the bottom of the well), by axially loading the magnetostrictive rod
104. The stick-slip will cause large changes in the axial loads of the magnetostrictive rod
104, which are then converted into magnetic energy through magnetostriction and
subsequently electrical energy through induction. The energy generating device 140 may
include any number of magnetostrictive elements 104 at a single axial location along the drill

string, and any number of groups of magnetostrictive elements 104 along the axial dimension
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(i.e., length) of the drill string. In one embodiment, the energy generating device 140 has a
central hole 142 through which drilling mud may flow.

[0067] Figures 1-4, 1-5, and 1-6 illustrate another embodiment of an energy generating
device 160 that converts the bending in the drill string 162 due to lateral vibrational loads into
electrical energy. As the drill head 164 is penetrating the rock, the drill string 162 experiences
vibrations in lateral, axial, and torsional directions. The lateral vibrations impose bending
loads along the length of the drill string 162. In this embodiment, the energy generating
device 160 has magnetostrictive material 104 around the circumference of the drill collar 166
or other external surface along the length of the drill string 162. Different angular positions
along the circumference of the drill collar 166 will capture the loading along different lateral
directions. The changes in load experienced by the drill collar 166 will also be experienced
by the magnetostrictive material 104 which will result in changes in magnetic flux through
reverse magnetostriction. The changes in magnetic flux are then converted to electrical
energy through induction in a coil 118 surrounding the magnetostrictive material 104. The
magnetostrictive material 104 may be in the vicinity of bias magnets (not shown) and flux
paths to increase or maximize the changes in flux due to the changing stress state in the
magnetostrictive material 104. The magnetostrictive material 104 may be in a state of pre-
stress that is caused by a pre-stress fixture 168, such as a compression fixture. The standard
geometry of the drill collar 166 may be used, allowing mud to flow through the center. The
outer envelope of the magnetostrictive material 104 will be sufficiently smaller than the bore-
hole diameter to allow mud to adequately flow out of the hole.

[0068] For reference, some calculations of bending stresses in magnetostrictive
materials mounted to drill collar are provided below. These calculations assume a simple
supported beam with a point load applied at the midpoint. The beam has length L., the point
load P is applied at x= L/2. The reaction forces at the ends of the beam are R=P/2 and act in

the opposite direction of P. The bending moment equations for the beam are:

O<=x <=L/2:  M(X)=(P/2)*x
L2<=x <=L: M()=(P/2)*(L-x)

[0069] The second derivative of deflection with respect to x is related to the moment

equation as follows:

v’=M&)/(E*I) E —modulus of elasticity, I — second moment of area
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[0070] Integrating twice and solving for the constants of integration, the deflection

equation for the beam is derived as:

O<=x<=L/2:  v(x)= /(E*D)*[(P*x*3)/12 — (P*LA2*x)/16]
L2<=x<=L: v(x)= /(E*)*[(P*x"3)/12 — (P*(x-L/2)"3)/6 — (P*L"2*x)/16]

[0071] The maximum deflection and bending moment occurs at x=1./2;

V(L/2)=(P*1A3)/(48*E*1)
M(L/2)=(P*L)/4

[0072] The drill collar has a tubular cross section with outer diameter D and inner
diameter d. Given a deflection at x=L/2, the load P can be calculated as can the moment
M(L/2).

[0073] A cylindrical magnetostrictive rod of diameter dm is attached at the top and
bottom of the drill collar. Assume the same loading conditions are present and that the
magnetostrictive rods have negligible effect on the bending moment equation. It is possible to

calculate the bending stresses which occur at the center of the magnetostrictive rods.

o=(M(L/2)*c)/l

¢ — distance from the neutral axis to the center of the magnetostrictive rod
c=D/2+dm/2

I — second moment of area of the drill collar and magnetostrictive rods

[=(n/64)*(D*-d")+2*[(n/64) *dm +(n/4) *dm A 2*(D/2+dm/2)"2]

[0074] Figures 1-7 and 1-8 illustrates tables with calculations of the bending stress and
power production capability of the lateral bending vibration harvester. The configuration is
as stated above, with 8 rods spaced equidistant around the circumference of the drill pipe, as
shown in Figure 1-9. This means that two are located at zero degrees relative to the bending
plane, 4 are 45° out of plane, and two are 90° out of plane (which don’t contribute
significantly to the stiffness or power generation).

[0075] Ocean Energy Harvesting Applications
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[0076] Portions of this section describe activities demonstrating aspects of the technical
and economic viability of a magnetostrictive wave energy harvester (MWEH). Some
embodiments herein utilize magnetostrictive alloy compositions with appropriate magneto-
mechanical properties that enable low-cost energy production from ocean waves. Wave-tank
testing of a sub-scale device and hydrodynamic modeling of the system can be used to more
accurately predict power generation capacity and durability. In some embodiments, new
materials compositions are used to provide a 40% improvement in magnetic flux density
obtainable relative to conventional materials. While tertiary alloy additions do not
necessarily enhance corrosion resistance of the magnetostrictive alloys significantly, alloy
corrosion through direct sea-water exposure is not a significant concern because at least one
embodiment of a no-moving-parts system is able to use highly reliable sealing techniques
routinely used in the marine environment. The hydrodynamic modeling indicates that
embodiments of the system can result in relatively stable and consistent operation in the
ocean environment while generating electric power at a cost of under $0.10/kwh when used
at utility-scale. Finally, wave tank testing demonstrates a high correlation between test
results and results obtained from predictive models.

[0077] Figure 2-1 illustrates one embodiment of a wave energy harvesting device 200
based on the principle of reverse magnetostriction. A stress or strain imposed on a
magnetostrictive material 202 causes its magnetic properties (e.g., magnetic permeability) to
change significantly. In one embodiment, the magnetic property is a magnetic flux density of
a magnetostrictive component 202. In the presence of a bias magnetic field, a closed-loop
magnetic circuit can be designed in which changes in load on the magnetostrictive material
result in changes in magnetic flux density. The hydrodynamic loads caused by the
wave/buoy interaction result in corresponding load changes in the magnetostrictive alloy rods
202 which are embedded in the taut tethers 204 connecting the buoy 206 to its anchor 208;
these in turn result in a constantly changing magnetic flux through the rods 202 with only
minimal elastic deformation (100’s of ppm) of the alloy rods 202. If coils 210 are wrapped
around (or otherwise deployed around) any part of the magnetic circuit, a voltage will be
induced in the coils 210 according to Faraday’s law of induction. This principle allows
construction of a wave energy harvesting device 200 with no moving parts. The use of low-
cost commodity metals as the magnetostrictive alloy constituents can lead to energy costs that
are competitive with conventional power sources. In some embodiments, the
magnetostrictive rod 202 is mounted in a compression device 212, and the magnetostrictive

rod 202 and the electrical coil 210 are enveloped in a protective casing 214. In some
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embodiments, at least a portion of the compression device 212 provides a flux path 216
within the wave energy harvesting device.

[0078] The buoys 206 may be designed to have a draft sufficient to provide stability
and large buoyant forces. The buoy 206 may have connections for one or more tethers 204
that extend from the buoy 206 to the anchor 208 at the ocean floor. The tethers 204 may
extend from the buoy 206 in one or more radial directions and at one or more inclination
angles relative to the ocean floor to increase buoy stability. Fach tether 204 may include one
or more magnetostrictive devices 200 and other load-bearing members. An example of this
embodiment is shown in Figure 2-2, which illustrates one embodiment of tether systems to
secure magnetostrictive elements 200 to buoys 206. Figure 2-2 also illustrates a specific
embodiment of one of the magnetostrictive devices 200, which includes a magnetostrictive
rode (core) 202, electrical coil 210, protective casing 214, external electrical connections 218,
and structural attachment elements 220.

[0079] In some embodiments, the tethers 204 might be at an inclination angle from 1°
to 89° relative to the ocean floor, and will likely be from 30° to 60°, as shown in Figure 2-3.
This angle leads to improved hydrodynamic stability of the buoy 206, and less motion, which
equates to better load transfer to the tethers 204 and consequently the energy harvesting
device 200. Hydrodynamic modeling of the buoy 206/tether 204/energy harvester system 200
may be used to determine specific installation angles for a given installation location and
environment. In some embodiments, the groups of one or more tethers 204 may extend from
the corresponding buoy 206 in approximately the same radial direction, with the tether
system comprising multiple such groups of parallel tethers 204, as shown in Figure 2-4.
Another embodiment includes another type of water flotation device in addition to, or instead
of, the one or more buoys 206.

[0080] Experiments were performed to measure alloy flux density change. Candidate
alloys were selected based on literature results that showed a peak in magneto-mechanical
coupling for iron-aluminum alloys at an atomic Al percentage between 16 and 19 and
maximum energy density for iron-gallium alloys at an atomic Ga percentage in a similar
range. Tests were performed to determine if, based on their position in the periodic table, Fe-
Al performs similarly to Fe-Ga in reverse magnetostriction. Other sources have
demonstrated that adding a tertiary element could also be beneficial: Co and C to improve the
magneto-mechanical coupling coefficient and magneto-elastic coupling, Mn to increase the
electrical resistivity of the alloy and thereby decrease losses due to eddy currents, and Mo to

reduce corrosion weight loss while increasing strength and ductility. Based on these previous
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findings, processes and tests were performed on five binary compositions of Fe-Al and seven
tertiary compositions in which a third element was added to an F'e-Al base composition.
These alloy compositions are summarized in the table shown in Figure 2-5. Also included in
the table are three other alloys (marked with an asterisk) that were tested previously.

[0081] The alloys were cast by Sophisticated Alloys, Inc. (Butler, PA) using a vacuum-
induction technique that produced 14” long rods with a 1.25” diameter. These rods were
machined through either centerless grinding or turning on a lathe to a final diameter of 0.96”
and cut to a length of 6.25”.

[0082] To determine the reverse magnetostrictive performance of each alloy, the
change in magnetism (AB) of each specimen was quantified as a function of change in
compressive loading. In each test, a bias magnetic field was applied to the magnetostrictive
element 202, which was then compressed in a hydraulic loading system 230, as shown in
Figure 2-6. Neodymium rare-earth magnets provided the magnetomotive force (MMF),
which was directed through the specimen by flux paths 216 composed of mild steel (1018)
bars. The results presented here are for a configuration with two flux paths, each with one
27x0.57x0.0625” NdFeB magnet, and these paths were magnetically isolated from the steel
frame of the loading system using aluminum separators. The compressive load was quickly
released, and the change in magnetic flux induced a voltage in a copper-wire coil 210 around
the specimen, which was recorded with a data-acquisition system (not shown). The voltage
change as a function of time was then used to calculate the change in magnetism.

[0083] The magneto-mechanical performance was a strong function of the alloy
composition. Figure 2-7 shows the change in magnetic flux density for a change in applied
load. The maximum change in flux density for each alloy composition is also summarized in
the table shown in Figure 2-5.

[0084] The 18.5% Al alloy demonstrated the highest change in flux density, while the
18.0% Al alloy had the highest value of dB/do. All of the ternary compounds, with the
exception of the 2.0% Mn alloy, showed significantly reduced values for both AB and dB/do.
It should be noted that the absolute magnitude of AB and dB/do are dependent on the
particulars of the configuration being tested, e.g., the number of flux paths, magnet thickness
and cross-sectional area, etc., but the relative performance seems to hold over the
configurations tested.

[0085] The resistivity of each alloy, which is important because higher resistance levels
reduce eddy currents and thus increase efficiency, was tested with a four-point resistance

measurement. The results of these measurements are also summarized in the table shown in
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Figure 2-5. All of the alloys have a resistivity between those of iron (1.0x107 Q-m) and
aluminum (2.8)(10'8 Q-m), as would be expected. Consistent with conventional teachings, the
addition of 8.0% Mn nearly doubled the electrical resistance. However, the reduction in
magnetic flux density likely offsets the potential benefit for low frequency applications such
as the ocean wave harvester. However, the Mn-doped material may be of interest in other
high-frequency applications such as vibration energy harvesters.

[0086] Corrosion coupons were machined from six alloys for salt-water testing. One
alloy was a representative binary alloy, and the others were ternaries chosen to evaluate the
effect of the tertiary compound on corrosion resistance. The coupons were nominally 1.25”
diameter with a 0.25” thickness.

[0087] The 17.5% Al was chosen as the baseline binary composition, to which the Mn,
Mo and Co ternaries were compared. Stainless steel (316) was also tested as a control
sample. Mild steel (1018), which is the material used in some embodiments for flux paths,
was also tested. Three coupons of each alloy were tested. The weight of each coupon was
measured after which it was suspended in a separate container of filtered, sterilized and pH
buffered ocean water (specific gravity = 1.025, pH = 8.3) for 21 days. Upon removal from
the salt water, the coupons were rinsed and scrubbed to remove corrosion products, and then
weighed to determine the corrosion rate per unit area that is summarized in the table shown in
Figure 2-5.

[0088] The stainless steel had a very low corrosion rate as expected (-0.4 g/m>yr),
while the mild steel had moderate weight loss (48.0 g/mz-yr). All of the Fe-Al alloys
exhibited weight gain except for the 8.0% Mo specimen. This is likely due to the formation
of a surface scale that is sufficiently adherent to the alloy coupons that it could not be washed
off by rinsing. While this may be studied in more detail, such scale formation could result in
a passivation layer formation that reduces corrosion rate over time. A visual inspection was
also performed where each coupon was qualitatively rated in terms of appearance. Before
and after images of four of the corrosion coupons (labeled a through d) are shown in Figure
2-9. The five alloys with tertiary elements had very little visual difference, and so are
represented by the 2.0% Mn alloy. The stainless steel (316) coupons show almost no
corrosion; otherwise the 17.5% Al alloy appears to have performed the best. It should also be
noted that while the surface corrosion is visually obvious, the largest change in weight
observed was 0.1% for the 8.0% Mn alloy, which is nearly twice that of any of the other

alloys. It is quite possible that this would likely mean that small leaks, even if they occur,
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will not result in catastrophic failure of the alloy rods, and is more likely to result in a slow
decline in alloy rod power production.

[0089] The observation that corrosion of the alloys was significant, and could not be
significantly mitigated by small alloying additions, necessitates a fail-safe sealing mechanism
that ensures that the elements are not directly exposed to sea-water over the lifetime of the
product.

[0090] The results from the magnetostrictive performance testing were incorporated
into a sub-scale power take-off (PTO) module 240, which was bench and wave-tank tested.
Figure 2-10 illustrates one embodiment of a PTO module 240. The illustrated PTO module
240 includes a larger (117 long, 1.125” diameter) magnetostrictive rod 202 in a compression
fixture 242. The compression fixture 242 included four flux paths 216, each of which
included a 27x17x0.0625” rare-earth magnet 244, and stainless-steel bolts 246 to apply a bias
compressive force to the magnetostrictive alloy 202. The system was designed such that an
external tensile load would relieve the pre-compression, causing a magnetic flux change and
an attendant voltage change. This fixture was housed inside a PVC enclosure 248 designed
to transfer external mechanical loads to the internal compression fixture with watertight
electrical connections 250 for taking measurements.

[0091] Bench testing of the sub-scale PTO module 240 was accomplished by applying
a cyclic tensile load to the PTO module 240 while measuring the open-circuit voltage output.
The force was applied by hand using a lever arm that allowed load changes of about 300
pounds, which were measured with a load cell (not shown). While this load was more than
an order of magnitude lower than what an alloy rod of this diameter would be designed for
and would be expected in ocean operation with an appropriately sized buoy, it was
representative of the load changes that would be experienced in the wave tank, and it could
be applied in a more controlled manner than that of the electro-hydraulic press shown in
Figure 2-6, which is limited to square-wave loading.

[0092] The measured load and voltage of bench testing results of the assembled device
240 were low-pass filtered at 55 Hz to remove the noise associated with line voltage. The

predicted voltage was calculated using Faraday’s law of induction,

V = N (dB/do) (do/dt),
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where N is the number of turns of the coil, A is the cross-sectional area of the rod, B is the
magnetic flux density, and ¢ is the applied load. The value of dB/do was found by
minimizing the standard deviation of the difference between the actual and calculated
voltages. The predicted voltage has excellent agreement with the measured output, with an
R-squared of 0.98. The magnitude of dB/de is roughly one third of the value arrived at
through magneto-mechanical performance testing. This is due to load sharing between the
magnetostrictive rod and the bolts in the compression fixture. Before testing it was predicted
that only 30% of the applied load would be felt by the magnetostrictive, which agrees well
with this testing. An analysis shows that through optimization of the compression fixture it
should be possible to push this value to 90%.

[0093] PTO module testing was conducted both with and without the PVC enclosure
248 to verify that the enclosure 248 did not adversely affecting load transfer. Despite the use
of static seals, dB/do decreased by only 2% with the enclosure 248. With further
optimization through the use of a bellows seal, it appears that this loss can be reduced even
further. Finally, the device was successfully leak-tested by submerging it in a tub of water
overnight, to verify its leak-tightness prior to the wave-tank testing.

[0094] Wave-tank testing was performed at the UC-Berkeley Marine Mechanics Wave
Flume, located at the Richmond Field Station in Berkeley, CA. The work was performed in
collaboration with Marine Innovation and Technology (MI&T, Berkeley, CA), a naval
architecture and offshore platform consultancy. One end of the PTO module 240 was
attached to a cylindrical buoy 206 with a fully submerged buoyancy of 600 Ibs. The other end
of the PTO module 240 was attached to a rope that ran through an anchored pulley and up to
a movable carriage. A load cell was placed in series with the PTO module 240 to measure
line tension. Output voltage and wave height were also measured. Waves with crest-to-
trough heights ranging from 6” to 10” and periods ranging from 0.75s to 2.0s were generated
over the course of the test.

[0095] The results from a typical run are shown in Figures 2-11a and 2-11b. These
results correspond to a particular test with 10” waves with a period of 1.1 s. The predicted
voltage was arrived at using the value of dB/de found during bench testing, which provides
an excellent fit to the measured voltage (R* = 0.94). This is important because it provides
confidence in an ability to predict performance in wave environments based on previous
bench-top results.

[0096] An interesting observation from the data presented in Figures 2-11a and 2-11b is

that the tether tension, while periodic, is clearly different than the nearly sinusoidal wave
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profile. There is a significant amount of energy contained at higher frequencies, as can be
seen in the amplitude spectra of the tension, which is shown in Figure 2-12. While almost all
of the frequency content of the wave-gauge signal occurs at 0.571 Hz (1.75 s period) and its
first harmonic, 1.14 Hz, the tension measurements have appreciable peaks at 2.29 and 2.84
Hz. A similar frequency multiplication has been found through hydrodynamic modeling, and
these results suggest that a significant increase in power generation could be observed and
defined, since the power output is proportional to the square of do/dt.

[0097] MI&T also performed a hydrodynamic analysis of the MWEH system. MI&T
used Orcallex, an industry-standard tool for static and dynamic analysis of a wide range of
offshore systems, for this task. Orcal'lex is a fully 3D non-linear time domain finite element
program that is capable of dealing with arbitrarily large deflections. Orcallex provides fast
and accurate analysis of catenary systems such as flexible risers and umbilical cables under
wave and current loads and externally imposed motions. Wave profiles used in the Orcallex
modeling were determined using the Joint North Sea Wave Project (JONSWAP) wave
spectrum model, and were based on actual wave conditions off the coast of Oregon. Figure
2-13 illustrates one embodiment of a spar buoy, tethers, and PTO modules (located serially
within the tether lengths) modeled in Orcallex.

[0098] The buoy was modeled as a series of co-axial cylinders mounted end to end
along the local z-axis as shown in Figure 2-13. This allowed execution of the model with
changes to the buoy geometry, by specifying the number of cylinders and their lengths and
diameters. Heave stiffness and righting moments in pitch and roll were determined by
calculating the intersection of the water surface with each of the cylinders making up the
buoy, allowing for the instantaneous position and attitude of the buoy in the wave.
Hydrodynamic loads on the buoy were calculated using Morison's equation and added mass
and damping were calculated by WAMIT, a computer program based on the linear and
second-order potential theory for analyzing floating or submerged bodies. Drag forces in the
model were applied only to submerged parts of the buoy. Added mass and drag were
proportioned based on the submerged fraction of the buoy. Each of the tethers was modeled
as a “Line” in OrcaFlex as shown in Figure 2-13. In OrcaFlex, lines are flexible linear
elements used to model cables, hoses, chains or other similar items, and are represented using
a lumped mass model.

[0099] The main results of the dynamic modeling activities were:
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1. Buoy “draft” — the length of buoy under water — is a key factor that determines the
nature of buoy motion and tether loading in the system. For the Oregon wave spectra
used, a buoy draft of 6 m provided stability of the buoy across all the wave conditions
experienced. Instability in the tether was never seen except in a simulation of a 100-
year wave (which may be addressed through system design optimization).

2. With a 6-meter draft with nine tethers, there was a very strong correlation (R*=0.89-
1.00) between top line tensions on the five tethers on the same side of the buoy
relative to the wave direction, and a comparatively weaker, but positive, correlation
between tethers on opposite sides relative to the wave direction (0.3-0.7). In the
sample data shown in Figure 2-14a, the line tensions of nine tethers connected to a
buoy with a 6 m draft, in a wave condition with significant wave height of 5.2 m and
average period of 5.2 seconds is presented.

3. With a 6-meter buoy draft, there was a very high correlation coefficient (R* = 1.00)
between top line tensions and bottom line tensions on each tether as shown in Figure
2-14b. The magnitude of the tensions at the top and bottom of each tether was offset
slightly due to the weight of the PTOs and chains on the tether itself.

4. Tor a given buoy, the stress scaled fairly predictably with the number of tethers.
Analysis of a 6 m draft buoy with 9 and 6 tethers, respectively, was performed, and as
expected the line tensions increased. There was good correlation between the tensions
in each case, but the average line tension was about 10% higher than the expected
factor of 1.5, presumably due to the greater range of motions possible for the buoy
due to the reduced tether stiffness (this load increase may be beneficial from a power

production stand-point).

[00100] The results of the hydrodynamic modeling were incorporated into a cost model
to determine the levelized cost of energy (LCOE); previous LCOE projections were based on
sinusoidal waveforms.

[00101] A detailed cost model for the MWEH is built upon the validated performance
model described above, and utilizing cost methodologies developed by NREL for the
evaluation of new technologies for the wind industry. A summary of the cost model is shown
in Figures 2-15a and 2-15b. In addition to the alloy material itself, all of the other associated
components (e.g., copper coils, mooring chain link, buoys, anchors, power-electronics,
sealing systems, engineering, installation, maintenance, permits, depreciation) are considered,

and a general principle of conservatism was employed across the board. Significant project
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uncertainty (10% of capital costs) was also built in for conservatism. This model
incorporates the results of hydrodynamic modeling into the cost model. The results show that
the technology should be quite attractive for utility scale power production and can deliver
levelized costs of energy of $0.10-0.20/kWh for initial deployments and under $0.10/kWh for
larger farms.

[00102] While the corrosion testing has indicated that the low cost magnetostrictive
alloys studied are susceptible to surface corrosion, design and testing of prototype units has
significantly reduced the impact of this finding on overall product success. After a full day of
submersion in a proprietary lab and two days of submersion in the Berkeley wave tank under
load, the low cost commercial compression seals used on the prototype units held up very
well. The use of these extremely reliable seals (PTFE gaskets between flanges and
compression fittings) is unique to embodiments of the device described herein due to the
ability to make electric power without significant relative motion. The ability to use these
sealing techniques, well proven in the marine environment, provides confidence that the Fe-
Al alloys can be used, despite their surface corrosion characteristics, without compromising
product lifetime. However, some embodiments may include redundancy in corrosion
protection for longer periods of testing under more aggressive conditions.

[00103] Alloys 13, 14 and 15 listed in the table shown in Figure 2-5 have no magneto-
mechanical or electrical properties reported because the parts broke during machining. It was
a concern that certain compositions could not survive machining. While an increase in the
percentage of Al in Fe-Al alloys has been shown to make the alloy more brittle, it is not clear
that the failures were driven by that factor alone. It is possible that this is due to a problem in
the processing of the rods as the more recent alloys have been centerless-ground to the
desired outer diameter, whereas the earlier rods were turned on a lathe. To determine if the
particular machining operation was indeed the problem, one rod each from the same cast
batch of 18.5% Al was machined using each method. The rod that underwent centerless
grinding fractured, but the rod that was lathed did not and could be tested. While centerless
grinding may not be the sole cause of all the failures, it does appear responsible for many of
the failed parts. Further, the failures in centerless grinding are likely a result of pre-existing
flaws, which may be at least partially addressed by changes to the manufacturing process.
[00104] While some problems were identified during the course of the testing (e.g.,
surface corrosion characteristics of iron aluminum alloys, brittle fracture during machining of
some Fe-Al alloys), work-around solutions for each of these have been identified as indicated

below.
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[00105] The testing has demonstrated the unique potential of the MWEH to generate
power from ocean waves by de-risking key technology elements. In particular, the alloys
tested in this project have shown a significant increase (>40%) in magneto-mechanical
performance over those used previously and as such have been shown through detailed cost
modeling to be able to provide electricity costs under $0.10/kWh in large wave farms. While
the alloys do show lower corrosion resistance than stainless steel, it is relatively simple to
design an enclosure that will transfer load to the magnetostrictive element while also sealing
very effectively against the ocean environment, because embodiments of the design have no
moving parts.The following can also result in improved performance and/or lower cost of the

PTO and MWEH system.

1. Designing the PTO module with significant redundancy so that the corrosion risk
factor can be effectively eliminated, while maintaining the cost advantage and not
compromising performance (e.g. PVC or polyurethane spray coatings on the alloys).

2. Evaluating manufacturing process improvements (e.g2. minimizing temperature
variations to reduce grain size) and minor compositional improvements (e.g. trace
alloying additions to reduce grain size) to increase reliability of the alloy rods, while
not compromising performance.

3. Designing, building and testing the reliability and performance of a significantly
scaled up PTO module lab conditions that simulate and exceed specific expected
operating environments in the ocean (e.g. high pressure leak testing, accelerated
cyclic fatigue testing).

4. Enhancing the system performance through a targeted hydrodynamic modeling effort
that can further reduce costs by increasing the energy transfer characteristics from the
buoy to the tether (e.g. tethers may be at a slight angle to reduce buoy motion and
increase tether loads).

5. Testing the optimized PTO in a wave tank environment that can produce waves of
sufficient height so as to produce stresses that are similar to those experienced by the

full-scale PTO in an ocean environment (e.g., open air wave tank at Ohmsett).

[00106] Using a combination of external flux paths and bias magnetic fields has a
positive impact on performance of the magnetostrictive alloy. As such, optimizing the flux

path configuration in terms of the number of flux paths, cross-sectional area of flux paths and
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bias field magnets, bias field magnet thickness, and material composition of the flux paths
may have further impacts on performance of the magnetostrictive alloy. Changes in these
parameters can be directly tied to changes in either the magnetic reluctance and permeability
or the magneto-motive force (MMF) of the magnetic circuit. Each configuration was
evaluated based on the change in flux density per strain cycle as a function of change in load.
[00107] For each test, the bias field was applied to the magnetostrictive element using
rectangular neodymium rare-earth permanent magnets. The magnetostrictive rod 202 was
then compressed in the hydraulic loading system 230, as shown in Figure 2-6. The rare-earth
magnets provided the MMV, which was directed through the magnetostrictive rod by flux
paths 216 composed of mild steel (1018) that formed a closed magnetic circuit. The circuit
was magnetically isolated from the steel frame of the hydraulic press 230 by large aluminum
spacers. The compressive load was quickly released, and the change in magnetic flux
induced a voltage in a copper-wire coil 210 around the magnetostrictive element 202, which
was recorded with a data-acquisition system. The voltage change as a function of time was
then integrated to calculate the change in magnetic flux density. For all tests the
magnetostrictive element 202 was a 6.25" long, 0.956" diameter Fe-Al rod.

[00108] In order to maximize the change in flux per strain cycle (4B), a parametric study
of the configuration was performed in which the magnet geometry and the corresponding flux
path geometry were varied. The magnet geometry is defined by the cross-sectional area,
which is the area normal to the flux paths, and the magnet thickness, which is the dimension
along the flux path. Three different cross-sectional areas were tested, with different
thicknesses for each. For each of these eight magnet sizes, the configuration was altered to
have 1, 2, or 3 flux paths with a single magnet on each path. These tests were performed with
a binary iron-aluminum alloy with 19% atomic aluminum. Figure 3-1 shows the three
different flux path configurations for a given magnet size. In particular, image (a) of Figure
3-2 shows a single flux path; image (b) shows two flux paths; and image (c) shows three flux
paths. When the number of flux paths and bias field magnets, as well as the magnet cross-
section, are held constant, an increase in the thickness of the magnets decreases the maximum
flux change for a given change in load, as shown in Figure 3-2.

[00109] This is attributed to the fact that thicker magnets have a proportionately greater
MMF, and at lower applied loads, the changes in magnetic permeability of the
magnetostrictive rod with stress are too small to reduce the flux density significantly below
saturation. This explains the flat regions at low stresses in the Figure 3-2 plots, and that this

flat region becomes progressively more prominent at greater magnet thickness. Further, the
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increase in MMF, which increases linearly with magnet thickness, is countered by the
increase in internal reluctance of the rare-earth magnets as their thickness increases, relative
to the reluctance of the rest of the magnetic circuit. Magnetic reluctance is equal to R=L/(uA)
where R is the magnetic reluctance, L is the length dimension along the direction of the
magnetic flux lines within the body (i.e. the thickness of the magnet for a rectangular magnet
that is magnetized so that the poles are on the large area faces), u is the magnetic
permeability and A is the area of cross-section. The reluctance therefore scales linearly with
the thickness of the magnets, and since u for rare-earth permanent magnets is only about 1.1
times greater than that of air, the effect of increasing magnet thickness is effectively the same
as adding an air gap. The increase in magnet thickness is also observed to shift the flux
change curve towards higher loads, i.e., a thicker magnet will require a higher change in load
to achieve the same flux change as a thinner magnet. These phenomena are not, however,
observed for the single flux path consisting of 2" x 0.5" cross-section magnets. Lor this
particular configuration, an increase in magnet thickness increases the maximum flux change
without any apparent shift in the curve. This is likely due to the lower flux caused by the
single, relatively small magnet.

[00110] A similar shift in the curves is seen in Figure 3-3 for an increase in magnet
cross-section for a given thickness and number of flux paths. While this shift is consistent for
all of the magnets tested, this shift does not necessarily correspond to a decrease in the
maximum change in flux. For each of the configurations tested, the 2" x 1" magnets appear
to give the highest change in flux, with a maximum of 0.953 T for the two flux path
configuration at 0.0625" magnet thickness.

[00111] Increasing the number of flux paths for a given magnet geometry again causes
the flux change curve to shift towards higher loads and the maximum flux change to decrease
for a given load, as shown in Figure 3-4. The exception to this again occurs with the 2" x
0.5" magnets. For the 0.0625" and 0.125" thicknesses, an increase in the number of flux paths
causes an increase in the maximum flux change, up to a point.

[00112] It is possible increase the maximum 4B even higher by using smaller 2" x 0.5"
cross-section magnets with vertical flux paths of the same cross-section and top and bottom
flux paths with twice that cross-section, at 2" x1". The increase in 4B is attributed to the
increased area of the horizontal portions of the paths, which are shared for all legs of the
circuit; that is, for each flux path the top and bottom pieces are shared and thus should have a
larger area to pass the larger flux without saturating. With this enhancement, and using an

optimized alloy composition of 18.5% Al, 4B values over 1 T can be achieved, as shown in
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Figure 3-5. The addition of a second flux path increases the maximum 485 by 71% over that
of a single flux path, but the gains for additional paths fall off rapidly thereafter: 8% increase
for a third path, 2% increase for a fourth, 1% for a fifth, and 0.7% for a sixth (See Figure 3-
6). As aresult, the increase in device cost and complexity begins to quickly outpace any
gains in 4B beyond 1 Tesla.

[00113] The choice of material for the flux paths has a marked effect on the performance
of the device. Three different materials for the flux path with different materials

characteristics are listed below, along with their impact on overall system performance.

1. Cast iron: High saturation magnetization (>2.2 'T), high relative permeability (2000-
5000)

2. Mild steel (1018): High saturation magnetization (>2.1 T), moderate relative
permeability (200-500)

3. Duplex stainless steel (2025) — Low saturation magnetization (< 1.5 T), moderate

relative permeability (50-100).

[00114] Mild steel gave the most desirable performance characteristics with the greatest
overall flux change as shown in Figure 3-7. Cast iron also performed well, but not as well as
the mild steel in terms of maximum 4B observed; its curve also had a lower slope (dB/d o),
which affects the net power generation capacity of the system. Duplex stainless steel
performed very poorly due to its low saturation magnetization.

[00115] In addition, improved performance was demonstrated through the use of
unloaded magnetostrictive rods as flux paths. The Fe-Al alloys have a permeability that is
about half that of mild steel. In some embodiments, the vertical flux path components may be
replaced with one or more magnetostrictive rods while using mild steel for the top and
bottom flux paths. Figure 3-8 illustrates an embodiment of a device 300 which includes a
magnetostrictive rod 302 under load within the flux path and a second magnetostrictive rod
304 that is not under load, but is used within the flux path. For this setup, there are two
magnetostrictive rods 302 and 304 making up a single closed flux path, but only one rod 302
is under load. This use of one or more unloaded Fe-Al magnetostrictive elements resulted in
a performance improvement of about 10% over that of mild steel alone.

[00116] The voltage that each device produces is directly proportional to the number of

turns of wire through which the flux passes. In an effort to maximize the number of turns, it
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may be possible to have a coil around the flux path components in addition to the coil around
the loaded magnetostrictive rod. As a demonstration of this concept, a coil may be placed
around the unloaded Fe-Al flux path component 304 in the single flux-path configuration
shown in Figure 3-8, and a compressive load may be applied to the other magnetostrictive rod
302. The resulting open-circuit voltage for both coils can be measured to infer flux change
(proportional to the area under the voltage curve, shown in Figure 3-9). These waveforms
were measured with identical 1400 turn coils. Assuming that the flux path was a closed
circuit, it could be expected that they should measure the same value. This was not, however,
what was observed. The change in flux measured on the flux-path rod 304 is 0.55 T, 40% less
than the 0.91 T measured on the loaded magnetostrictive rod 302.

[00117] The first measurements showing this discrepancy were taken with the coils
connected to a load, and the difference was originally attributed to an inductance difference.
It was clear in that measurement that inductance was playing a role, as the peak of the voltage
waveform from the flux-path coil measurement occurred nearly a tenth of a second later than
the peak of the magnetostrictive coil voltage. The cause for the difference could be that the
inductance of a coil is directly proportional to the relative permeability of the core material,
and as the magnetostrictive rod is loaded, its relative permeability, and therefore the coil
inductance, decreases. A less inductive coil provides less opposition to the change in current,
causing its voltage to peak more quickly. While this explains the temporal shift in voltage
peaks, the resulting flux change measured by each coil was the same as that of the respective
open-circuit voltage measurements, where inductance would not have been an issue due to
the lack of current.

[00118] To explore whether this observation was a result of the change in inductance in
the loaded rod, the load was applied to both rods 302 and 304. This would cause the
permeability, and therefore the inductance, to change in both rods 302 and 304 at the same
time. The voltage waveforms were approximately the same, as expected (see Figure 3-10),
but the change 4B in total flux density did not decrease, even with the lower stress. This
implies that it may be possible to design the flux paths in such a way that a lower applied
stress can produce the same amount of power, and thus increase device reliability without
sacrificing performance. These measurements also support the notion that having coils
around a larger portion of the magnetic circuit can lead to large gains in power generation.
[00119] In some embodiments, aluminum coils may be used as a substitute for copper
(Cu) coils. The two main advantages for using Al for the coils are cost and weight. The

density of Al is less than a third of that of Cu, and, based on commodity pricing, aluminum is
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one-third as expensive per ton, and therefore aluminum commodity costs per unit volume are
around one-ninth of that of copper. Even after incorporating Al’s 1.67 times higher
resistance, it appears that use of Al coil could result in lower costs. Testing shows that this
increase in internal resistance of the coil leads to a reduction in energy produced per strain
cycle of 10-15% for the same load resistance. Additionally, the lighter aluminum coil would
reduce the weight of the full-scale device, which would translate into savings on installation
costs. Also, a cost model indicates that once increased scale drives the aluminum wire
manufacturing cost multiplier (i.e., manufactured cost as a multiple of the commodity metal
cost) to be closer to that of copper (1.2-1.3)), there may be a significant benefit in using Al
wire in at least some embodiments.

[00120] In one embodiment, the PTO module 240 (see the sub-scale compression fixture
design of Figure 2-10) includes a compression fixture 242 to apply a bias compressive load to
the magnetostrictive rod 202. This bias load will then be partially relieved when a tensile
force, such as that from the wave/buoy interaction, is applied to the PTO module 240, and
this change in load is what is converted into magnetic energy. The fixture also includes
considerations for the flux paths 216, and in some embodiments is integrated with the flux
paths 216. As such, the design criteria for at least one embodiment of the compression
fixture are that the fixture maintains a bias compressive load while transferring the large
majority of load changes to the magnetostrictive rod 202, and the fixture incorporates flux
paths 216.

[00121] The magnetostrictive element 202 was 11" long with a 1.125" diameter. The
fixture 242 was made out of mild steel and had four flux paths 216, each of which included a
2" x 1" x 0.0625" NdFFeB magnet 244, and had four stainless steel bolts 246 to apply and
hold the bias compressive stress to the magnetostrictive element 202. The magnetostrictive
element 202 had an internal thread machined into each end, into which a stainless steel eye-
bolt 252 was threaded and the tensile load applied. The internal thread removed a large
fraction of the mating surface between the compression fixture end-plates and the
magnetostrictive rod 202, and this smaller area could lead to a flux density large enough to
reach saturation. To address this concern, shoulders were machined onto the ends of the rod
202 and counter-bores were machined into the end-plates so that the magnetostrictive rod 202
would slip-fit into the end plates of the compression fixture 242, thereby increasing the
contact area between them. Careful consideration was given to the fixture design to maintain
the integrity of the magnetic circuit; the compression bolts 246 were made from very low

permeability stainless steel, and the magnets 244 were held in place with small aluminum
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brackets (not shown), which were bolted to the flux paths with nylon bolts (not shown), all to
avoid any potential shorts in the magnetic circuit. The compressive stress applied to the
magnetostrictive rod 202 was calibrated against bolt torque, which allowed flexibility to
change the applied stress to the desired value by simply tightening or loosening the bolts 246.
For at least some of the tests, the device is configured to operate in a region with maximum
dB/dea, which corresponded to a bias load of 5,000 Ibs.

[00122] Bench testing of the compression fixture was performed by applying a cyclic
tensile load to the device while measuring both the applied load and the open-circuit output
voltage. The force was applied by hand using a lever arm that achieved load changes on the
order of 300 pounds. In other embodiments, a load that is more than an order of magnitude
higher than this may be applied using an electro-hydraulic press. The application of the
relatively smaller load by hand allowed a loading pattern that is more consistent with the load
changes that would be experienced in the ocean environment, albeit at a much lower
amplitude. Figure 3-11 depicts an image of one embodiment of the sub-scale compression
fixture design of Figure 2-10.

[00123] Figure 3-12 illustrates a graph of results of bench testing of the compression
fixture of Figure 3-11. The measured load and voltage were low-pass filtered at 55 Hz to
remove the noise associated with line voltage. The predicted voltage was calculated using

Faraday’s law of induction,

V = NA (dB/do) (do/dr),

where N is the number of turns of the coil, A is the cross-sectional area of the rod, and ¢ is the
applied load. The value of dB/do was found by minimizing the standard deviation of the
difference between the actual and calculated voltages. The predicted voltage closely matches
the measured output, with an R-squared of 0.88. The magnitude of dB/de is roughly one
third of the value arrived at through magneto-mechanical performance testing. This is due to
load sharing between the magnetostrictive rod 202 and the bolts 246 in the compression
fixture 242. Test results confirmed predictions that only 30% of the applied load would be
felt by the magnetostrictive rod 202.

[00124] Analysis shows that careful design of the compression fixture 242 can result in
load transfers to the magnetostrictive rod 202 of over 90%. This can be achieved by

decreasing the effective stiffness of the bolts 246 relative to that of the magnetostrictive alloy
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202, either by using a material 202 with a lower Young’s modulus or by decreasing the
combined cross-sectional area of the bolts 246. As an example, if we were to use two 0.375"
bolts 246 with a Young’s modulus (£) of 100 GPa to apply a 100 MPa strain to a 1" diameter
Fe-Al rod (E = 160 GPa), then 89.5% of an applied tensile load would be transferred to the
magnetostrictive rod 202. For an application such as this, the choice of bolt material may be
very important. Titanium alloys seem to be the best candidates owing to their low tensile
modulus and high yield strength, but this must be balanced against the substantially higher
cost for these components. Brass and bronze may offer good solutions as relatively low cost
options that can still achieve over 85% load transfer to the magnetostrictive alloy rods 202.
[00125] Figure 3-13 illustrates a schematic circuit diagram to show how the magnets,
flux path components and magnetic components are treated in the magnetic circuit. This
circuit diagram may be used to model the behavior of the MWEH PTO. Magnetic circuit
analysis is analogous to electrical circuit analysis — the magnetic flux is similar to current, the
MMF is similar to voltage and the reluctance is similar to resistance. The flux paths are
assumed to be closed with no leakage reluctances in this analysis. The MMF of the rare-earth
magnets was calculated from the geometry (thickness) and the coercivity of the material. The
first step was to estimate the change in permeability of the alloy rods as a function of stress.
This was done by measuring the flux change data and using a simple one flux path circuit to
assess permeability. A sample calculation based on one set of measured data is shown in
Figure3-14. This data was fitted to a third-order polynomial, which we then used to predict
the changes in permeability with stress for more complex configurations.

[00126] In order to model more complex configurations, this permeability analysis can
be used to solve for flux in the magnetostrictive rod knowing all the other circuit parameters
on a spreadsheet-based model. The model was very successful in predicting general trends in
the data despite its simplicity. For example, igure 3-15 shows the predicted flux in one and
two flux path configurations for 2" x 0.5" x 0.0625" magnets, and Figure 3-16 shows the
shows the predicted flux in one and two flux path configuration for 2" x 1" x 0.0625"
magnets. Both the trends in the data and shapes of the curves are very similar to the observed
results. The slight changes in actual flux density measured are likely due to the fact that the
simple model assumes that the saturation magnetization is achieved at a fixed stress level,
while in reality this is likely approached asymptotically. Also, the model does not consider
the variations of permeability as a function of the internal flux — only as a function of stress.

However, considering this, the power of this simple model to predict performance fairly
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closely to the measured results is very encouraging and should be a powerful tool for us
going forward.

[00127] The foregoing demonstrates a 1 T change in magnetic flux density per strain
cycle and a component fabrication process that will allow for high-throughput manufacturing.
[00128] Figure 4-1 shows an embodiment of a device 400 with a moving mass 402 and
springs 404 that may be used for harvesting energy from vibrations of machinery 406, such as
drills. The device 400 may be incorporated into the machinery 406 or coupled mechanically
otherwise to vibrate with at least one component in the machinery 406. In a drilling
application, the device 400 may be part of the drill string or incorporated within or outside a
drill collar. In some embodiments, the device 400 may be used for harvesting energy from
the lateral vibrations of a drill string or drill collar. As the drill string or drill collar vibrates,
one or more moving masses 402 may move in phase with or out of phase (or in an
unsynchronized manner) with the vibrating part and/or result in extension of compression of
one or more springs 404 which transfer a load to a magnetostrictive element 402. The
element 402 may have other associated components such as a flux path, pre-compression
fixture, magnets etc, arranged in a configuration such that the changes in stress experienced
by the element may be converted into changes in magnetic flux through the element, and
electric current/voltage being produced in one or more coils that may be around or near the
element or flux paths. Many such devices may be arranged in a variety of ways, including
along the circumference or length of the drill or vibrating machinery 406.

[00129] Figure 4-2 shows an embodiment of a device 410 with one or more
magnetostrictive elements 402 that may be used for harvesting energy from vibrations of
machinery 406, such as drills. The device 400 may be incorporated into the machinery 406 or
coupled mechanically otherwise to vibrate with at least one component in the machinery 406.
In a drilling application, the device 400 may be part of the drill string or incorporated within
or outside a drill collar. In some embodiments, the device 400 may be used for harvesting
energy from the bending of a drill string or drill collar as it vibrates. As the drill string or
drill collar vibrates in a lateral mode, it may bend, one or more magnetostrictive elements 402
extending or contracting in phase with or out of phase (or in an unsynchronized manner) with
the vibrating part. The element or elements 402 may have other associated components such
as a flux path, pre-compression fixture, magnets etc, arranged in a configuration such that the
changes in stress experienced by the element may be converted into changes in magnetic flux
through the element, and electric current/voltage being produced in one or more coils that

may be around or near the element or flux paths. Many such devices 400 may be arranged in
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a variety of ways, including along the circumference or length of the drill or vibrating
machinery 406.

[00130] In a similar manner to the embodiments shown in Figures 4-1 and 4-2,
embodiments of the devices 400 and 410 may be coupled to any elongated structure of a
piece of machinery that experiences vibrational movement. In some embodiments, the
elongated structure is a component of a drill string or bottom hole assembly of a drilling rig.
However, in other embodiments and applications, the elongated structure may be a different

type of components of a drilling rig or other machinery.
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WHAT IS CLAIMED IS:

1. An apparatus for harvesting electrical power from mechanical energy, the apparatus
comprising:

a first a load-bearing structure;

a second load-bearing structure, wherein the first and second load-bearing structures
are configured to experience a force from an external source;

a plurality of magnetostrictive elements arranged between the first and second load-
bearing structures, wherein at least one of the plurality of magnetostrictive elements is
configured to experience the force transferred from the first and second load-bearing
structures and to experience a change in magnetic flux in response to the force; and

an electrical circuit or coil disposed within a vicinity of the at least one
magnetostrictive element configured to experience the force, wherein the electrical circuit or
coil is configured to generate electric power in response to the change in the magnetic flux of

the at least one magnetostrictive element.

2. The apparatus of claim 1, wherein the first and second load-bearing structures and at
least two of the plurality of magnetostrictive elements form at least one substantially closed

magnetic loop.

3. The apparatus of claim 2, further comprising at least one permanent magnet coupled
to the first load-bearing structure, wherein the at least one permanent magnet forms a part of

the closed magnetic loop.

4. The apparatus of claim 1, wherein the plurality of magnetostrictive elements
comprises:

a first magnetostrictive element, wherein the first magnetostrictive element is a first
load-bearing magnetostrictive element to experience at least a portion of the force transferred
from the first and second load-bearing structures; and

a second magnetostrictive element.

5. The apparatus of claim 4, wherein the second magnetostrictive element is a non-load-

bearing magnetostrictive element.
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6. The apparatus of claim 5, wherein:

the first magnetostrictive element is approximately aligned between the first and
second load-bearing structures in a path of the force; and

the second magnetostrictive element is approximately out of alignment with the path

of the force.

7. The apparatus of claim 4, wherein the second magnetostrictive element is a second
load-bearing magnetostrictive element to experience at least a portion of the force transferred

from the first and second load-bearing structures.

8. The apparatus of claim 7, wherein the electrical circuit or coil further comprises:

a first electrical circuit or coil disposed within a vicinity of the first magnetostrictive
element to generate electric power in response to the change in the magnetic flux of the first
magnetostrictive element; and

a second electrical circuit or coil disposed within a vicinity of the second
magnetostrictive element to generate electric power in response to the change in the magnetic

flux of the second magnetostrictive element.

0. The apparatus of claim 1, wherein the first and second load-bearing structures are
configured to experience a tensile force which tends to pull the first and second load-bearing

structures away from each other.

10. The apparatus of claim 1, wherein the first and second load-bearing structures are
configured to experience a compressive force which tends to push the first and second load-

bearing structures toward each other.

11. The apparatus of claim 1, wherein at least one of the magnetostrictive elements are
substantially pre-compressed such that during their time of operation in any application, they

are always substantially in compression.

12. The apparatus in Claim 1, where the apparatus is incorporated as part of a system to

convert the energy of ocean waves to electrical energy.
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13. The apparatus in Claim 1, where the apparatus is incorporated as part of a system to
convert the mechanical or vibration energy of at least one component in a drilling rig to

electrical energy.

14. An apparatus for harvesting electrical power from mechanical energy, the apparatus
comprising:

an attachment structure configured to attach the apparatus to a wall of an elongated
structure that experiences vibrations;

a magnetostrictive element coupled to the attachment structure, wherein the
magnetostrictive element is configured to experience a force in response to the vibrations
experienced by the elongated structure, wherein the magnetostrictive element is further
configured to experience a change in magnetic flux in response to the force; and

an electrical circuit or coil disposed within a vicinity of the magnetostrictive element,
wherein the electrical circuit or coil is configured to generate electric power in response to

the change in the magnetic flux in the magnetostrictive element.

15. The apparatus of claim 14, wherein the magnetostrictive element is approximately

parallel to a length of the elongated structure.

16. The apparatus of claim 14, wherein the attachment structure comprises:

a first attachment structure to attach a first end of the magnetostrictive element to the
elongated structure; and

a second attachment structure to attach a second end of the magnetostrictive element

to the elongated structure.

17. The apparatus of claim 16, wherein the first and second attachment structures are
coupled to the pipe to approximately align the magnetostrictive element with a longitudinal

dimension of the elongated structure.

18. The apparatus of claim 16, wherein the first and second attachment structures are
coupled to the pipe to approximately align the magnetostrictive element orthogonally relative

to a longitudinal dimension of the elongated structure.
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19. The apparatus of claim 14, wherein the magnetostrictive element is configured to
experience the change in the magnetic flux in response to a bending deflection and/or a

torsional deflection of the elongated structure.

20. The apparatus of claim 14, wherein the elongated structure is a component of a drill

string or bottom hole assembly of a drilling rig.

35



WO 2012/103553

1/36

100
\‘

A
-

—

oo ool

FRaa e
% =~

N
AR SRSt
TR ERRI éx

PR

“.

.

i S

st ppiras,

P

SRS
WS .

s ARATOETT

s,
N

R A R A

5

PCT/US2012/023179

g
ot

et b 5 e AT A

H
i
N
%
X

P Rinent e

104

St fotpssrsss, 5
LY

i

ey

o

.

P g%
2

3,
y
y
H
[
7

,
:
Z
oLy
o .
s

CASEL 108
]




WO 2012/103553

120

128

.
o,

A

5

e PRI b

2/36

PCT/US2012/023179

FIG. 1-2



WO 2012/103553 PCT/US2012/023179

3/36

100
\‘ 104

FIG. 1-3



WO 2012/103553 PCT/US2012/023179

4/36

104 118 168

162

.
\
§
\

N
§
.

\ -

FIG. 1-4

<
| 104 __
166 162
7 y _

/////////?//////

FIG. 1-6




WO 2012/103553

PCT/US2012/023179

5/36

drill collar

Magnetostrictive Rods

dnill colkar od

24

l’»)

34

hagnetostrictive
dinmeler

Sl collar wd

.2
€54

84

Ha

oyoss sechnnal area

RO

modulus olastivity

RULE

%

raodutis slasticity

163

Ind moment of ares

P AZE-M

mtd

rearveer of rods

8

coilar Jenpth

3

111

2nd moment area
rosis&endiar

o

md

codlar mydpoint
deflection

{01905

31

foad at midpoint

kN

angle from bending plans

3

midpeint bending
R

BNm

nivther of rods

2

waan collar stress

APy

FNCTRLS eSS

HBEY

codlar oross sechionsl
AR

€036

m2

average foren

%

cosilar bending stifiness

T63EHN

N2

Znd moment area rods

4 :.H*—{}IE;

bending stiffness

PR ELTEE §TN

angde Trom bemding plape

stiffness ratio mesoy o
collay

IR

nunber of mds

AVeraEs sress

MPa

sverage foree

Sd racsment area rods

LR

it

bending stiffness

1LASEHM

Nyl

anele from bending plane

3

deorees

nusder of rods

2

HeTRES ress

f

MPa

avenes force

i

Tad maoement ama rods

6. 46H-{H

mhd

bending stitfness

2 A3EH

™2

FIG. 1-7




PCT/US2012/023179

WO 2012/103553

6/36

T

2EUBYTI S5 243E PRSI0 UG 2EUE Y

g2y poy




WO 2012/103553 PCT/US2012/023179

7/36

104




PCT/US2012/023179

WO 2012/103553

8/36

V12 Busss sayoay

C0C py wagipsoulBon.
Ol C Uit ¥us...

., 0lc K
BOGTy pRiDes
C | C Bimipkss BOssRstuny.

l-¢ Old

Ll bt e g

90¢




000000000000

T R R IO

LivieaNeRat a2

204

R

200
\‘

FIG. 2-2



0000000000000

10/36




WO 2012/103553

11/36

PCT/US2012/023179

Alloy

Tertiary

Max. Rel,

AB

Max. Bel.
dB/da

Resistivity

X100 Q)

Corrosion Rate
g T .
{gfm"yvr)

2000

N/A

(3.948

0.843

5.48

N/A

19.0

N/A

3.992

0.734

5.53

N!;‘A

8.5

N/A

1000

0.850

3,84

N/A

18.0

N/A

{1.O83

1.000

4.63

N/A

17.5

N/A

(.887

0.845

4.58

1155

16.5

N/A

0.718

0.685

N/A

i2.3

N/A

0.700

0.638

N/A

14.0

.8%: C

0.772

0,738

T.16

N/A

s | e | A T | e | e B

18.5

10%

Mn

3.941

{LR75

6.45

~180.0

10

8.40%
Mn

(.764

0.547

3.6

-296.1

i1

2.0%

Mo

(0.508

0.673

6.99

-H48.8

i85

8.0%:
Mo

(.153

0.083

87.2

18.5

2.0% Co

~139.8

14 185 | 8.08 Co - - - N/A
i3 16,0 | 2.0% Co 3.708 0.645 - N/A

FIG. 2-5




WO 2012/103553 PCT/US2012/023179

12/36

202/210

230
TN 216




WO 2012/103553

sedoeen 0% P, 200% Al
ocofBoee 01 (0% Fe, 19,0% &l
oo §1,5% Fe. 18.5% Al
oo 3241 %2 Fe, 15,.0% Al
oo 82,5 9% Fa, 17,
8335 % Fe, 16.5% &4l

- 8. Fe, 12.5% Al

1 ewepes B0,5% Fe, 19% AL 0,8% C
g 79,5% Fe, 13,5% Al 2.8% Rin
e 73, 5% Fe, 18,5% AL 8.0% Mn
oo 89, 5% Fe, 13,5% Al 2.0% R0

13/36

PCT/US2012/023179

\\\\\\\\\\\\\\X\t

\\\\‘X;\\\X\\\

“\\\\\\\\\\\\\\\“\\\\\

& AN
e
e

“:::-\*\““\‘w\‘\“ > ‘.\\\\\“\\\\“\\\
>

eV

L

o

RO

RS, 5
A

AR
v N
PSR o
AR

Load {Ibs)

FIG. 2-7



WO 2012/103553 PCT/US2012/023179

Magnetic Energy Change Estim

jux P 101 |

Width of Flux Path Links

Length of Flux Path Links
Area of Cross Section of Flux Path

':Ffux Density Under Load

Magnetic Energy Density Change




WO 2012/103553 PCT/US2012/023179

15/36

N\

{b)

FIG. 2-9



PCT/US2012/023179

WO 2012/103553

16/36

240

Permanent
Maenet

244

g )

g =
02
oo
i
Lo g

216

ZXx

CLVE

apetosin
210

M

FIG. 2-10



WO 2012/103553 PCT/US2012/023179

17/36

~Measared Dutput

1O Ouiput ()

Measured Ouiput imVYy

FIG. 2-11a FIG. 2-11b

s

0
Fraguengy (M)

FIG. 2-12



PCT/US2012/023179

WO 2012/103553

18/36

\.\\\.\.\\

A

FIG. 2-13



WO 2012/103553 PCT/US2012/023179
— UM - I h
PEZEEEE R A
AL

=
=
=
&=
=
L]
]
=
SRR e E
\\‘\\\\\ RN
=
"3
=
N —
o ]
aa]
=
L]
=
=
=
[
=

[} = = [} = [

= = = = = =

Lt L ] —

FIG. 2-14a



WO 2012/103553 PCT/US2012/023179

20/36

&0

50010

000 4000

Top Line Ternsion (k)

FIG. 2-14b

1.00z - 324,15

:Il"'=

2000

1000

a000
000
4000 -
0
0
100




WO 2012/103553

21/36

Design Verables (User input}

PCT/US2012/023179

Vax Power

Ccean dapth

Number of Buoys

Buiry Diarmetear

Bucy Densivy

Buoy Relght

Canister Wall Thiskness
Anchar Reighs

B ermer s e ey

At Flu Change { AB)
Megnetic te Hectrial Eficiency
Alechani cal to Magnetic Eiciency
Slumirsu m Vil re Guage

Number of lavers o il

in dividual Hemenciengh

8 emers Dlameser

A ux path Length/Ele ment Le ngth

Tethers

Chain breaking load safety factor based an VRK
Chiain brasking load safaty Sacter Baced an buoyan
Canister Hei ght Multiplier

Canister Diz Mulipier

Frecomprass on
Loed resistance multiplier
Synlakilivy

Rlerine -i 2ad on Facyer - Blecronics
Werine -izaton Factor - LRC, O&M
Capex Condngen oy

A wed Charge Rate

Viegsal Dave/Buoy

Vsse| DayRave

in sol i on Cost £ Tran sportsdon Cost
GH margin on core components

G P margin on other cost elements

35 m
28
B0 m
350 kg/m3
2 m

a2
i

SO.000 SMday

15

FIG. 2-15a



WO 2012/103553 PCT/US2012/023179

22/36

<
Max Voltage Buoy 91,9659
Rated Dower 17.331

wE. Sower @ 100% Awva Nabhil 11,355

&yarage Sower 10,768
Annual Bleciricky Production 89.673
Ayerage LCOE ‘ 0.0933

N

Cost Elements USD ‘000z

Bleciromagnetic componenis 17,756
Anchor & Mooring 18,023
Buoy + Canister Sﬁac&am 2,776
LOre Components 38,555
Power Elecironics 5,287
Other Hardware L2l
Non-Core Components 7.807

Transporiation & nstaliation 3.529
Janmis 588

Engineenng 5,609
Non-Core Services 9,725
Subtotal S5 088
Coniingency 5,609
Total Installed Capital Cost 61,697
{RC + OBRM + Leastng - annual costs 1458

FIG. 2-15b



WO 2012/103553 PCT/US2012/023179

23/36




PCT/US2012/023179

WO 2012/103553

24/36

00081

¢t Ol

[*sq1) #3uey) peot

00091  O00OFT  O000CT 00001 0008 0009

000F 300¢

RUZRWMICT O XL XT

FPUBBWI GTT'O ¥ T % T wollflo

FRUZRW G700 X T K T wppone

7
et
w.

s
\\\\\\\x\\\

A

it

\\\\\N\\\\\\\\\\\\\\\\\\% s

0000
00T
00L°0
00¢°0
-
e
0090
00470
0080
0060
000°'T



PCT/US2012/023179

WO 2012/103553

25/36

!

000817 00091 O00FT

€-€ Old

{*sqq]} @8ueyd peo
G00<T  O0O0T 0003

!

0009 000r 0007 L

IPUBRPWI GG g XX T~

IPUZeLW £ 7907

BuzZe ¢ 790

.
¥

T

:
¥

0 XGQ X Tl

N .V\\\\\V\\\\\\\

0000
Q0T 1
001
0050
000

(]
poso ™

=
0090
0040
0080
006°0
000°T



PCT/US2012/023179

WO 2012/103553

26/36

r-€ Old

('sql) s3uey) peoy

JU0sT 00097  000FT GOOZT 00001

0o0s

G009

000t 0a0¢

12u3eLl

STT'0 ¥ THT{7ssyped ¥n|q 7 =4

BUBRW ST X T % 7 Yaed xn|q T e




PCT/US2012/023179

WO 2012/103553

27136

G-¢ 'Old

(*sql} peot
0oo08T 00091 O00FL  O0O0O0LT 00001 0003 0009 000k 0007 .
; ; ; j i : ; ; : o b ﬁ'
e 0
- 0
A N
i g
\\\\\\\ \\\\\\ m
\\\xxﬁ\\\\\\\\ o m a Q
/ Y \\\\\\\\\\xx\xw\\\.\\\,\\\\\\\\\\ i
\\ ..N\\.\ww.\.\\\xx\\\\\\\\\\\\ \\ s .—H
i



WO 2012/103553 PCT/US2012/023179

28/36

1.2

N
: " N &-:\\\ DAY \\

R

Maximum AB (T}
]
(=)

0 1 z 3 4 5 b 7
Mumber of flux paths

FIG. 3-6

0.9

0.8

0.7

.6

0.5 Castlron e

BB (T}

0.4 woiealild Steel {1018) |

------- e Duplex Stainless Steel

0.2

01

0 E ! ! i ¥ v i ¥ i
a 2000 4300 GOD 000 10000 12000 14040 160040 180:40

{oad {Ibs)

FIG. 3-7

22




WO 2012/103553 PCT/US2012/023179

29/36

300
\‘

FIG. 3-8



WO 2012/103553 PCT/US2012/023179

30/36

10.0
9.0 N -
8.0 AW s [dagnetostrictive rod
7.0 § \ Elux Path
2 b0 N \
§ "N X
8 5.0 I \
A § %
8 40 fi \ \
‘ X
3.0 f \ A
C
2.0 f \ AN
1.0 j W
0.0 S —
0 .05 0.1 .15 0.2

4.5
4.0

3.5
3.0
2.5
2.0
1.5
1.0

Voltage (V]

0.5
0.0
05 Y

0.05 0.1 0.15 0.2 (.25 0.2 .35
Time {s]

FIG. 3-10




PCT/US2012/023179

WO 2012/103553

31/36

240

R

FIG. 3-11



WO 2012/103553

32/36

PCT/US2012/023179

{sqli ueisua] asyya]

= =
(R o
E % =
q
[T}
[3=]
o
— -
]
o T
= =
o @
Pl
—
w4
=R -
L
G T
=
§ i
N
N i
N
e N 3 prm—iy
R -E-a
o R Rt a
£
[
\\\“1 . S
{’; - Mg SN
‘M‘“’\'\«-ﬁ__ . *\\\\Qi\:\\\\\
k\“\““"\-\ ; ool
§
e L sopraaee %
X ) kS
&
\'L
")V »
é‘t §
© 9 9 @ @ o ° ° ©°
= = ] = = = ] =3 =
WY = tan) o ™ ™ la| g r
1 1 I ]

FIG. 3-12



WO 2012/103553

MMF;;

Rimity

PCT/US2012/023179

33/36

Repeny

AN UM
A% \\,e" \gp' \'J

hina Fe 2

- -
<. L
>R
K < g
< . in{2)
e b
e o
. ™
e \7)
k
i

...........................................................................................................................................................................

Fod Relative Permeability

fi“
o
iz -
[
|-
|3

Stress {(MPa)

FIG. 3-14



WO 2012/103553 PCT/US2012/023179

34/36

2" x 0.5" x 0.0625" Magnets

s\ One Flux Path

=
o5

=
[cp]

. Ty
'\\\\\\\\‘3\“\\&\ \\\\\\\\\\\\\ _\\\\
\\\\\\\\\\“\-«,“\\\\\\
O
\\\\\\\‘.\.

4 \\\\\‘\\\\‘

=
T

Flux Density Change (Tesla)

ﬂ oo . : . \
0 50 100 150 200
Stress (MPa)

FIG. 3-15

Flux Density Change {Tesla)

D00 Gl

0.0 100.0
Stress (MiPa}

FIG. 3-16




WO 2012/103553 PCT/US2012/023179

35/36

©
o
<

— i — -

400
\‘

FIG. 4-1



WO 2012/103553 PCT/US2012/023179

36/36

©
o
F

RNRARAN SRR AR R AR AR AR AR

410
\‘
402

FIG. 4-2



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2012/023179

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 41/06 (2012.01)
USPC - 310/26

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC(8) - HO1L 41/00, 41/02, 41/06, 41/12; HO2N 2/00 (2012.01)

Minimum documentation searched (classification system followed by classification symbols)

USPC - 290/42-43, 53; 310/15, 26, 328, 330-31, 333, 337-39; 318/118; 331/157; 335/215; 428/611

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of

MicroPatent, Google Patents, Google Scholar

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2010/0291403 A1 (CLARK et al) 18 November 2010 (18.11.2010) entire document 1-4,7,14,19
Y 5613
X US 7,816,797 B2 (NAIR) 19 October 2010 {19.10.2010) entire document 1,2, 4,712
X US 6,998,999 B2 (FRIPP et al) 14 February 2006 (14.02.2006) entire document - 14-20

Y 56,13

A US 7,479,193 B1 (CLARK et al) 20 January 2009 (20.01.2009) entire document 1-20

A US 2008/0277941 A1 (BOWLES et al) 13 November 2008 (13.11.2008) entire document 1-20

A US 7,573,261 B1 (VINOGRADOV) 11 August 2009 (11.08.2009) entire document 1-20

A US 2001/0040379 A1 (SCHULTZ et al) 15 November 2001 (15.11.2001) entire document 1-20

A US 8,009,059 B2 (HUANG et al) 30 August 2011 (30.08.2011) entire document 1-20

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
10 be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring 10 an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

later document published after the international filing date or priority
date and not in conflict with the athc_auon but cited to understand
the principle or theory underlying the invention

wp

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

23 May 2012

Date of mailing of the international search report

30 MAY 2012

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.  571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - wo-search-report

