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Abstract

This thesis presents the design, modeling, and optimization of a novel oscillating en-
ergy harvester for use in a Bluefin-21 UUV. Real-world vessel acceleration data was
used to optimize the harvester for four different potential energy profile configura-
tions: free-floating, linear monostable, nonlinear monostable, and bistable. Active
control was desired and two strategies were explored but deemed to be too costly to
implement. The performance of each configuration was evaluated and it was found
that the linear monostable model performed the best, although, due to detuning
concerns, the free-floating configuration is expected to out perform the linear model
across a range of sea state spectra. While the calculated power collection rate was
insufficient for supplementing or recharging the main batteries, the harvester was
found to be a promising alternative power source for an emergency location beacon,
enabling continuous transmission as long as the UUV remained adrift. The findings of
this thesis demonstrate the potential of oscillating energy harvesters in UUV applica-
tions and suggest avenues for further research into control strategies and experimental
validation.
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Chapter 1

Introduction

This thesis investigates an oscillating energy harvester designed specifically for Un-
derwater Vehicle (UV) applications. Autonomous Underwater Vehicles (AUVs) and
Unmanned Underwater Vehicles (UUVs) are becoming increasingly popular for both
military and civilian applications, including research, ocean mapping, pipeline in-
stallation /inspection, and search & rescue. Most UVs are powered by rechargeable
batteries which drive either a propeller or thrusters via an electric motor. The range
and mission time of the UV is limited by the battery capacity. Additional batteries
are costly both monetarily and in weight /space design tradeoffs onboard.

If an oscillating proof-mass energy harvester can be designed to recover energy
from the motion of the UV, it can potentially augment the battery and increase
the range and duration between recharges. Even if the harvester cannot capture
enough energy to effectively supplement the main battery, it could still be useful as
an alternative power source to an emergency location transmitter or beacon in the
event the main batteries run down and the UV is adrift on the surface. A harvester
that can capture enough energy from UV motion due to surface waves to power such
a transmitter would remove the beacon’s reliance upon onboard battery power and

enable it to transmit indefinitely until recovered.
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Research and development into energy harvesting from oscillations and mechanical
vibrations has been actively pursued in both the micro-electromechanical systems
(MEMS) and piezoelectric community [1|] and the wave energy converter (WEC)
community [15] over the past two decades . Many energy harvesters consist of linear
oscillators which are only effective at near-resonance frequencies [19]. In addition to
their narrow bandwidth, linear oscillators are susceptible to easy detuning, inefficiency
in broadband and non-stationary excitations, and the difficulty of matching low-
frequency excitations to resonance frequencies [10]. Different control strategies have
been developed to adapt linear harvesters to behave as in resonance over a broader
band of frequencies [15|. This control does expand the frequency range of device, but
it is still limited to a relatively small range. Due to the inherently low-frequency,
broadband, and non-stationary nature of ocean waves and vehicle motion, linear
oscillators are not well suited to UV applications.

Attempts to overcome the limitations of linear oscillators have led to increased
interest and research into nonlinear monostable and bistable oscillators. The use of
permanent magnets and/or electromagnets has been demonstrated to be an effective
method to produce both monostable [14] and bistable [19] nonlinear oscillators. How-
ever, nonlinear harvesters do not always outperform their linear counterparts. One
reason for this is that nonlinear oscillations do not have a single unique solution, but
co-existing low-energy and high-energy orbits [10]. Two methods have been shown
to improve the performance of a bistable oscillator. The first is via the addition of
a small excitation to modulate the potential energies of the two stability points [19].
The second is via an adaptive bistable potential operating under control strategy logic
[10]. Adjustable electromagnets were used in both cases to achieve the desired result.

For oscillating harvesters, the excitation force injecting energy into the system is
inertial and equals the product of the oscillating mass, m, and the acceleration of the

container, £. In compact devices designed for MEMS and piezoelectric applications
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the mass and displacement are typically very small, the frequency of oscillation is very
high, and the energy generated is only in the microwatts to tens of watts range[l].
In scaling up an oscillation harvester for potential UV applications the mass and
displacement will both be orders of magnitude larger than in MEMS devices, but
the oscillation frequency will be small, sometimes only a fraction of a Hz. This low
frequency coupled with the transient and broadbanded nature of the energy contained
in the motions of underwater vehicles as well as the variance in their operating profiles
both near and far below the free surface make UV oscillating harvester applications
a unique challenge. Due to the low number of oscillations and the desire to extract
as much energy as possible out of each one, electromagnetic induction is the most
appropriate means of mechanical to electrical energy transduction due to its high
power density.

The experience gained from the research and development within the MEMS com-
munity coupled with the high efficiency of electromagnetic transduction underscore
the merits of exploring this technology for the marine environment. In this thesis I
design an original oscillating energy harvester for UUV applications. Four different
potential energy profile configurations of the harvester where modeled for compar-
ison: free floating, linear monostable, nonlinear monostable, and bistable. Active
control was desired and explored, but found to be too costly for this application. The
background, theory, design concept and process are described in chapter 2. Chapter
3 presents the results for each of the four configurations. Areas for future work are

discussed in chapter 4 and chapter 5 is the conclusion.

13
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Chapter 2

Oscillating Energy Harvester

2.1 Design Concept

The harvester is an axisymmetric device composed of a slider and a stator. The slider,
also known as the proof mass, is a stack of ring magnets of alternating polarity with
steel ring spacers in between each magnet. A fixed bar passes through the center of
the stack and restricts the slider’s motion to a single degree of freedom. The slider is
affixed to the bar with low friction ball bearing bushings which allow smooth motion
along the bar’s axis. As the slider travels along the bar, it passes through the stator
which includes three-phase coil windings. The basic arrangement of the slider and
the stator is shown in figure 2-1. The length of the slider will be twice that of the

3-Phase Winding

| L=

Figure 2-1: Representation of harvester slider and stator [12]
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stator, and two thirds of the length of the bar from end-stop to end-stop. This limits
the travel distance of the slider to be the same as the length of the stator and keeps
the slider and stator fully magnetically coupled at all times.

As the alternating magnets of the slider pass through the stator they create a
changing magnetic field through the wire coils which induces an electromotive force
(emf) in the coil in accordance with Faraday’s Law (equation 2.2) which in turn causes
current to flow through the coils. The magnetic flux, ®g, in the coil is a function
of the magnetic field, B, and the area of the wire coil, A. The induced emf, ¢, and
the current, ¢, are proportional to the rate of change of the magnetic flux. Ry is
the useful load resistance and R is the parasitic ohmic resistance in the coils. The
self-inductance of the coils is ignored at low frequencies. In our case, the change in

magnetic flux is proportional to the velocity of the slider relative to the stator coils.

By — /B-dA 2.1)

: AD Adp Az ,
e=1i(R,+ Re) = — AtB = — AxBKt = —& (2.2)

. - .
1= —(RL n Rc)x (2.3)

The three-phase current generated in the stator coils will then be passed through a
full-wave three-phase rectifier to supply a direct current, Ipc, to the battery or load.
The output voltage, and current, of the full-wave three-phase rectifier are found via
equation 2.4 where Vgjrs is the root mean square of the three-phase voltage. Finally,

the power delivered to the load is given by equation 2.5.

3v/2
VDC = TVRMS ~ 135VRMS (24)
1.35%42
P,=1% R, = ——"' —i’R 2.5
L DcHtL (RL+RC)2$ L (2.5)
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Figure 2-2: Full-wave Three-phase Rectifier [21]

From equation 2.5 it can be seen that the power to the load is proportional to the

load resistance, over the square of the sum of the two resistances.

R

P - =
L (RL + Rc)2

(2.6)

From this relationship is can be seen that for optimal power to the load the load
resistance should be set equal to the resistance in the wire coils. The is referred to
as impedance matching. For the rest of this thesis it is assumed that impedance
matching is achievable via power electronics and R = R¢.

At each end of the bar will be a rubber bumper end-stop to constrain the maximum
displacement of the slider. In conjunction with the bumper, different combinations of
springs and /or end magnets will be used to explore monostable and bistable harvester
designs, both linear and non-linear. A system without springs or end magnets would
leave the slider free to float along the bar with no stable position. Springs, without
end magnets, create a linear monostable system in which the proof mass will always
return to the center of the bar. End magnets which repel the proof mass create a
nonlinear monostable system. End magnets which attract the proof mass to each end
create a bistable system with two potential energy wells, or stability points, where

the proof mass will be held in place against an end-stop by the end magnet until an
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external excitation force unseats and accelerates it toward to other end of the bar.
In this final case the end magnets can be paired with springs to create the desired
potential energy well and to quickly reduce the end magnet effects on the slider as it

moves away from the end stop.

2.2 Equation of Motion

The harvester will be permanently mounted to the UUV frame with the slider being
the only component which can move relative the the vessel. To accurately model the
the motion of the slider along the bar, all forces acting upon it must be known and
accounted for. Equation 2.7 is the equation of motion of the slider relative the frame

and thus also relative to the stator.

mi = Fg(t) + Fenyp(2) + Fp(x) + Fs(z) + Fu(z) (2.7)

m is the mass of the slider, also know as the proof mass

x(t) is the displacement of the proof mass relative to the frame.
e Fp(t) is the excitation force from the frame of the vessel

® [Fps(2) is the damping force due to the induced emf in the coils
e ['p(x) is the force from the rubber bumpers

e Fg(x) is the force from springs

e Fy(x) is the force from end magnets

18



2.2.1 Excitation Force

The only input into the system is the excitation force, F(t), which has a magnitude

equal to the mass of the slider times the acceleration of the frame.
F(t) = —mé (2.8)
. f is the acceleration of the vessel frame relative to Earth

2.2.2 Damping Force

The damping in the system has both a useful component which can be harvested and
a parasitic component due to resistance loses in wire. Damping is proportional to the

velocity of the slider relative to the stator.

1.35%+2

Pt = T )

i = —bi (2.9)

e b is the total damping coefficient, of which half is the useful damping from the

load and the other half is the parasitic damping from ohmic losses in the coils

The power to the load, equation 2.5, can now be rewritten using the damping coeffi-

cient and simplified using the impedance matching assumption.

B _ppe_ Dy

Y 5 (2.10)

P =

2.2.3 Bumper Force

The bumper force, Fg(x), is only present at the very ends of slider displacement and

is zero everywhere else. The piece wise function, 2.11, was used for the bumper force
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where the bumper itself was modeled as a very short and stiff spring.

Fa(e) = —kpx + (sign{z})kpXp |z| > Xp 211)

0 ‘l” < Xp
e kp is the stiffness coefficient of the bumper

e Xp is the displacement where the slider will come into contact with the bumper

2.2.4 Spring Force

If the spring is always in contact with the slider, then the spring force is a linear
function of displacement.

F,S’(I') = —]fgl’ (212)
o kg is the stiffness coefficient of the spring
But if the slider only contacts a spring during part of the displacement path, then

the spring force becomes a piece wise function similar to Fi.

—ksx + (sign{z})ksXs |z| > X5
Fs(z) = (2.13)

0 |Q3‘ < Xg

e Xy is the displacement where the slider comes into contact with the spring

2.2.5 End Magnet Force

The force from the end magnets is highest when the slider is at either end and decays
rapidly as the slider moves away. Also, this force is adjustable by adjusting the spacing
between the end magnets and the end stops. It was found that the end magnet force

can accurately be modeled as a two term exponential function and scaled by the
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maximum end magnet force, Fiymaqz, Which is a function of the spacing.

Fy(z) = | Fayrmae|(ae™ — ae™) (2.14)

The process used to determine the end magnet force is described in detail in section
2.5.2.

The equation of motion, equation 2.7, neglects the effects of friction from air and
in the ball bearings. Since air is free to flow around the outside of the coils from one
side to the other, there is no air-damper effect in this design. There is couette air flow
in-between the slider and the stator, but this effect was found to be negligible. High
quality ball bearing are very efficient and friction between the bar and the bearings

was also assumed to be negligible.

2.3 Control

Theoretically, the maximum efficiency of the harvester system would require an addi-
tional input for control. This control force, F(x,t), could be from an electromagnet,
a permanent magnet, or even a mechanical latch and would be used to control when
the proof mass leaves an end stop. For example, let the maximum displacement of
the proof mass, z(t), be designated as distance Z from the center point of the bar,
also stated as |z(t)] < Z. The excitation force, Fg(t) is not affected by displacement,
x(t), and is known and measurable in real time from accelerometers mounted to the
vessel frame. From the work of Halvorsen et.al. [8] in MEMS; it is optimal to hold the
proof mass at an end stop until the excitation energy reaches it maximum value which
will sling the proof mass to the other end. Explicitly, the proof mass should be held
at © = +Z while the derivative of the excitation force is less than zero, Fy(t) < 0,
and at the z = —Z end stop while Fiz(t) > 0. When Fg(t) = 0, the proof mass is

released, allowing the excitation force to rapidly accelerate the proof mass toward the
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other side. This strategy would require a control force capable of rapid adjustment
and strong enough to prevent the excitation force from prematurely unseating the
proof mass.

Two options for a control force were considered for this harvester design: elec-
tromagnets and rotating end magnets. Electromagnets are simple, cheap, easily cus-
tomised, and favored in MEMS devices. Unfortunately, the control forces required
are orders of magnitude higher than in MEMS applications and the frequency orders
of magnitude lower. The higher forces require equivalently higher input energy and
the lower frequency requires that energy input to be applied for longer time intervals.
These combined affects raised the energy cost of electromagnets to an unacceptable
level and removed them from consideration for this harvester.

A second option involving rotating the end magnets was deemed to require less
input energy than an electromagnet and was explored further. Using the method
proposed by Furlani [6] the torque required to rotate the end magnets and the chang-
ing control force during rotation were calculated. By substituting this control force
for Fg(z) in the equation of motion, the energy harvested with control was found
and compared against the addition input energy required to overcome the torque
and rotate the end magnets. While the harvester did collect up to three times more
energy with control, the additional energy captured is less than the required input
energy resulting in a lower overall energy balance. In light of this result, active control
strategies were abandoned for this harvester, though additional research into active

control strategies is encouraged for future research.

2.4 Representative UUV

In order to appropriately size the harvester and accurately model the motion of the

vessel, a reference vehicle was needed. The bluefin-21 was selected as the representa-
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tive medium sized UUV. This vessel was chosen because the navigation log data from
a bluefin-21 research vehicle was made available to the lab. This data was collected by
a navigation grade FOG INS unit (iXblue PHINS C7) and includes position, velocity,
and acceleration of the UUV in surge, sway and heave every 0.1 second during a 2.5
hour mission in the Atlantic Ocean off the New England coastline. This real world
data was used as an input into the equation of motion of the harvester to predict

the amount of energy which could have been captured during this mission. Figure

Bluefin-21 Position

289.235
289.23
289.225

289.22

Longitude

289.215
289.21
289.205

42.327 42328 42329 4233 42331 42332 42333 42334 42335
Latitude

Figure 2-3: Latitude and longitude from bluefin-21 mission log
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Figure 2-4: Surge velocity from bluefin-21 mission log

2-3 shows the path covered by the UUV in Latitude and Longitude. The UUV was
operating submerged and under power for approximately half of this mission and
drifting on the surface for the other half. These periods can be differentiated by the
surge velocity, shown in figure 2-4, where a velocity greater than 1 meter per sec-

ond indicates operational time. While operating submerged, the UUV is beneath the
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Sway Acceleration of Frame
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Figure 2-5: Sway acceleration from bluefin-21 mission log

wave action and any acceleration of the vehicle is predominately due to forces from
the vehicles own propeller, thrusters, and control surfaces. When on the surface, the
majority of forces and acceleration experienced by the UUV come from ocean waves.
The force and energy input into the harvester is proportional to the sway acceleration
of the UUV, figure 2-5. The sway acceleration is significantly higher during periods
of surfaced drifting. By analyzing harvester performance during both submerged op-
erations and surface drifting conditions the total energy capture potential for each

period and the overall mission can be estimated and compared to the vessel’s battery

capacity of 13.5 kWh.

2.5 Slider and Stator Design

A three inch diameter neodymium ring magnet was chosen as the starting point
for this design. This magnet is commercially available at K&J Magnets and its
specifications are shown in figure 2-6. A model of the harvester was built in Solidworks
(see figures 2-7 and 2-8) and in FEMM (Finite Element Methods Magnets, see figure
2-9). The slider is composed of 33 ring magnets (0.25" thick) and 32 iron spacers
(0.125" thick) and has a length of 12.25".The slide bar has an overall length of 20.5"
which just fits inside the diameter of the bluefin-21 at 53cm (20.87"). The stator is 6"
long and includes an iron shell backing and the 3-phase coils which are split into 24

sections, eight for each phase. Assuming a fill facter of 0.8, each section can hold up
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Dimensions: 3" od x 1 1/2" id x N
1/4" thick
Tolerances: £0.004" x +£0.004" x

+0.004"

Material: NdFeB, Grade N42
Plating/Coating: Ni-Cu-Ni (Nickel)
Magnetization Direction: Axial (Poles on Flat
Ends)

Weight: 5.75 oz. (163 g)

Pull Force, Case 1: 56.72 Ibs

Pull Force, Case 2: 287.3 Ibs

Max Operating Temp: 176°F (80°C)
Brmax: 13,200 Gauss

BHmMax: 42 MGOe

These large rings are very strong and good
for a variety of applications and
experiments. They must be handled with
care as they will pinch fingers and probably
break if they are allowed to slam together.

Figure 2-6: Ring magnet spec sheet from kjmagnetics.com

to 155 coils of 24AWG copper wire giving each phase a maximum total of 1240 coils.
The exact number of coils is an adjustable parameter to allow for optimization of the
system damping. The rubber bumpers of the end stops are 18.25" apart, allowing the
slider 6" of travel. Figure 2-7 shows a labeled cut away view of the harvester with

——————— [Iron Backi
+— 3 Phase Coils &

End Magnet Spacin
e gnet Spacing

.............. - Rubber Bumper
And Iron End Stop

End Magnet "

Figure 2-7: Cut away view of harvester with component labels

end magnets but no springs, and figure 2-8 is a scale drawing. The end magnets are
the same 3" ring magnets used to make the slider and they are oriented to attract the
slider to create a bistable system. The exact distance between the end magnet and
the rubber bumper can be adjusted to control the strength of the potential energy
well. As shown, the spacing between the end magnet and where the slider rests on
the bumper is 0.5". (Design note: It was easier to build the model using English
units since the base parts are sized in inches, but the analysis results from FEMM

and Matlab are all in metric units.)
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FEMM allows for axisymetric analysis, where only half of a cross section is built

122

i

Figure 2-8: Scale drawing of harvester model (inches)

and the software then rotates it around the central axis prior to analysis. A half

cross section of the FEMM model is paired with a half cross section of the Solidworks

model in figure 2-9 to aid in visualizing the FEMM output. By modeling the three

Figure 2-10: Magnetic flux, B, through wire coils

phases of windings as three separate circuits in FEMM, the total magntic flux linkage
between the slider and each phase of windings is known. Using a lua script within

FEMM, the slider position is varied in incremental steps from the left bumper to the
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right bumper to obtain the total magnetic flux in each circuit as a function of slider
position. From this data, the change in flux per change in slider displacement relative
to the stator, know as the coupling coefficient 7, is easily calculated.

_ Adp
Az

v (2.15)

2.5.1 Proof Mass Weight Estimate

Using the densities of neodymium magnets and iron, the combined weight of the slider
stack magnets and spacers was estimated to be 8.3kg. The overall proof mass will
also include the weight of the bushings and the sleeve and bracket assembly required
to hold the slider stack together. The weight of these components is unknown as
their design was beyond the scope of this thesis. To move forward, these additional
weights were assumed to add up to 1.7kg, giving the proof mass an estimated weight

of 10kg.

2.5.2 End Magnet Force

The force from the end magnets is highest when the slider is at either end and
decays rapidly as the slider moves away. Also, this force is adjustable by adjusting
the spacing between the end magnets and the end stops. A lua script was used in
FEMM to find the magnetic force as a function of slider position at the minimum,
middle, and maximum spacing. It was found that the shape of the force was the same
across the adjustable range of the end magnets, and that a single normalized best fit
function could be scaled by the maximum end magnet force to accurately model F,
for all spacing options. The curve fitter function in Matlab was used to fit a two term

exponential function to the data.

Fry(x) = |Frmaz| (@€ — ae™) (2.16)
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a = 0.0008648 ¢ = 92.56
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Figure 2-11: Normalized End Magnet Force

S FMmax
cm (in) N
0.635 (0.250) | 152.7
0.953 (0.375) | 96.6
1.270 (0.500) | 63.5
1.588 (0.625) | 42.8
1.905 (0.750) | 28.8

Table 2.1: Fiymaee values over Spacing range

Figure 2-11 shows the normalized end magnet force as a function of proof mass dis-
placement for the minimum, middle, and maximum spacing options as well as the best
fit two term exponential function used to model F; moving forward. Table 2.1 shows
the maximum end magnet force, Fipnaz, for five different spacing options including
the minimum, middle, and maximum. Spacing, S, is defined as the gap between the
end magnet and the slider stack when the slider is at its maximum displacement.

If an Fypmee < 28.8N is desired, the selected end magnet can be replaced with
a less powerful magnet or even an iron ring. The stack magnets of the slider will
still react with the lesser magnet or iron, but the force will be reduced. Using this

technique the Fimq. can be varied all the way down to near zero. The end magnet
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force profile in figure 2-11 is for when the end magnets are attracting the slider toward
the ends. To find the profile for end magnets which are repelling the slider, simply

multiply equation 2.14 by (-1).

2.6 Energy Capture Calculation

A matlab script was built to solve the previously described equation of motion. Specif-
ically, the ODE45 solver was used to solve the system of differential equations depen-
dant on both displacement and time, & = f(z,t). User inputs are used to include or
remove springs and/or end magnets. Additionally, the spacing and polarity of end
magnets, the stiffness and length of springs, and the back emf damping (i.e. the num-
ber of coils per phase) are adjustable. With these levers, the type of harvester (i.e.
floating, monostable, bistable, linear, nonlinear, etc) can be selected and performance

of the harvester optimized for the selected type.

2.6.1 Excitation Force

To use the raw sway acceleration data from figure 2-5 as an input to the ODE45
solver, it must first be represented as a continuous function of time. This was accom-
plished using a Fourier series approximation script [20] available on the MathWorks
file exchange. A representative two minute segment of acceleration data was fed into
the script to obtain a high order (150 term) Fourier series fit function. A graphi-
cal representation of the raw acceleration data and the corresponding Fourier series
function for submerged operations and surfaced drifting can be seen in figures 2-12
and 2-13 respectively. The corresponding excitation force is found from equation
2.8. The fourier series fit function for surfaced drifting, figure 2-13, is an excellent
match to the raw data, but the fit function for submerged operations, figure 2-12,

shows more deviation from the data points. This is believed to be due to the very
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Figure 2-12: Fourier series fit function for sway acceleration during submerged oper-
ations
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Figure 2-13: Fourier series fit function for sway acceleration during surfaced drifting

small accelerations experienced while submerged, and the sensitivity of the sensors
collecting the data. The fit function for submerged operations did not appreciable
improve with more terms, so it was left at 150 terms.

It should be noted that the acceleration experienced while operating submerged
is more than a order of magnitude less than the accelerations while drifting on the
surface. The excitation forces will be similarly disparate. This is an early indication
that their is significantly more harvest-able energy on or near the surface, and that

the harvester should be optimized for surfaced drifting conditions.

2.7 Maximum Theoretical Power

Using the excitation force from the acceleration fourier series fit functions described

above, the maximum theoretical power was calculated for both submerged operations
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and surfaced drifting conditions using equation 2.17.

b 150 m w ‘H w] 150 |H w]
Pro o — = 2 — 2.17
=9 Z J m2w + b?w; ]z:: ) ( )

i=1

J = 1...150 counts each term in the 150 term fourier series used to represent the

real world acceleration data from the bluefin-21 mission

e (; is the combined amplitude of the fourier series amplitudes, A; and B;. Where

2 _ A2 2
C5=A; + B;
e w; is the frequency steps maped in the fourier series

o H:(w;) comes from the fourier transform of the acceleration of the vessel frame

relative to Earth
150

£(t) = Re{) _ CjHe(w;)e™ T} (2.18)
j=1

From equation 2.17, the theoretical power is proportional to the damping term, b,
in the numerator, but it is also affected by the (£)? term in the denominator. To
maximize the power, it is desirable to maximize b while minimizing % If the mass,
m, was an adjustable variable, then increasing the mass is an easy solution. In
this device, the mass is assumed to be fixed at 10kg. The damping, b was varied
from zero up to 74%, which is the maximum achievable based on the maximum
number of coils which can fit into the stator. The optimal damping was found to be
b= 2% during submerged operations and b = 22% when the UUV was drifting on
the surface. The respective power profiles can be seen in figure 2-14 and figure 2-15.
By integrating over the frequency range where the power is above zero, the maximum
theoretical power was found to be Pry = 0.006watts during submerged operations
and Pry = 0.334watts while drifting. The achievable power while drifting on the
surface is two orders of magnitude greater than when operating submerged. This

confirms the earlier assumption that there is little to no harvest-able energy away
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Figure 2-15: Power profile @ b=22 Ns/m, surfaced drifting

from the ocean surface. The harvester design shall be optimized for the surfaced

drifting condition.
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Chapter 3

Harvester Configurations

In this thesis, four different potential energy profile configurations for the oscillating
energy harvester were considered. Each of these configurations were then optimized

for energy collection under surfaced drifting conditions.

3.1 Configuration 1: Free Floating

The free floating harvester is the simplest design and considered the baseline. This
configuration has neither springs nor end magnets, and the slider is unconstrained as
it travels between the bumpers. The equation of motion for this configuration can
be simplified and re-written as equation 3.1 when the slider is not in contact with a

bumper and as equation 3.2 when the slider is in contact with an end bumper.
mi + bi = —méE (3.1)

mi + bi + kg — (sign{z})kpXp = —mé (3.2)

The total damping coefficient, b, is the only adjustable parameter in this configuration.
The maximum theoretical power equation, 2.17, was derived from equation 3.1 and

it was assumed that the optimal damping coefficient found in section 2.7 would still
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be the optimal setting for this configuration. But the theoretical model allows for
infinite travel of the slider, i.e. it is not constrained by bumpers. If the bumpers are
"removed" from the equation of motion, then the model behavior is in line with the
predicted values and has the same optimal damping of b = 22% and an average power
of P = 0.302watts; 90% of the theoretical maximum. In reality, the displacement
of the slider must be constrained and the bumpers cannot be removed. With the
bumpers in place, the harvester is less efficient and the optimal damping is higher
than in the unconstrained case. The optimal damping coefficient is now b = 43%
and the average power is P = 0.227watts; which is 90% of the theoretical power @
b= 43% but only 68% of the maximum theoretical power Q b = 22%. The response
of the energy harvester over a two minute period can be seen in figure 3-1. The free
floating harvester is predicted to collect 27.2 joules every two minutes while drifting.

At this rate, the harvester will collect 816 joules every hour.

Position of Slider

(sec)

t(sec)
Energy Harvested

Figure 3-1: Free Floating Energy Harvester Results
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3.2 Configuration 2: Linear Monostable

The linear monostable harvester can be modeled as the familiar spring-mass-damper
system. The spring is in it’s neutral position when the slider is centered between
the two end bumpers. Thus, after a perturbation, the spring will always return the
slider to the center point of the harvester. The equation of motion is simplified and
re-written as equation 3.3 when the slider is not in contact with a bumper and as

equation 3.4 when the slider is in contact with an end bumper.
mi + bi + kgx = —mé (3.3)

mi + bi + kg + kpx — (sign{z})kpXp = —mé (3.4)

The total damping coefficient, b, and the spring constant, kg, are each adjustable

parameters in this configuration. The natural frequency, w,, is a function of the

Wy = \/% (3.5)

The optimal w, for the theoretical case without bumpers is 1.95Hz, (ks = 38%) as

spring constant.

predicted in figure 2-15. When the bumpers are present, constraining the maximum
displacement of the slider, the optimal natural frequency and spring constant both
drop. The optimal settings for this configuration are b = 43% and kg = 19% which
result in an average power harvested of P = 0.232watts. The response of the energy
harvester over a two minute period is shown in figure 3-2. The linear monostable
harvester is predicted to collect 27.9 joules every two minutes while drifting. At this
rate, the harvester will collect 836 joules every hour. This is only 20 joules more than

the free floating configuration, an increase of just 2.5%.
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Figure 3-2: Linear Monostable Energy Harvester Results

3.3 Configuration 3: Non-Linear Monostable

In the non-linear monostable harvester the springs are replaced by end magnets which
repel the slider stack away from each end. In this configuration the end stops and
bumpers are not required, since the repulsive force between two magnets increases
exponentially as the distance between them decreases. The end magnets will prevent
the slider from ever physically exceeding its maximum allowed displacement. The

equation of motion is simplified and re-written as equation 3.6.
mi + bi 4+ | Furmae| (2" — ae™) = —mé (3.6)

The total damping coefficient, b, and the maximum end magnet force, Fijmqz, are
each adjustable parameters in this configuration, though the end magnet force must
be strong enough properly constrain the slider. The optimal settings for this config-
uration are b = 49% and Farmaer = 37N which result in an average power harvested

of P = 0.200watts. The response of the energy harvester over a two minute period
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is shown in figure 3-2. The non-linear monostable harvester is predicted to collect
24.0 joules every two minutes while drifting. At this rate, the harvester will collect
720 joules every hour. This is 96 joules less than the free floating configuration, a
decrease of 12%.

The optimization for this configuration wanted to reduce the strength of the end
magnets to zero, which is equivalent to the free floating design without bumpers.
But the maximum slider displacement must be constrained by the end magnets,
which greatly reduced the efficiency. The power harvested was slightly improved by

increasing the damping coefficient, but not enough to match the free floating design.
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Figure 3-3: Non-Linear Monostable Energy Harvester Results

3.4 Configuration 4: Bistable

In the bistable harvester the end magnets are flipped, so that they now attract the
slider stack. Springs are incorporated to counter the end magnet force and quickly

reduce the effects of the magnets away from the ends. These springs are not in
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continuous contact with the slider like the springs used in the linear harvester. In-
stead, these springs will only engage with the slider near the ends of the travel path.
Bumpers are required to prevent the slider from exceeding its maximum displace-
ment and slamming into the end magnets. Ideally, the end magnet would ’release’
the proof mass when the external force reaches a local maximum. This would impart
the greatest excitation force and acceleration upon the proof mass and result in the
highest slider velocity relative to the stator. Unfortunately, due to the broadband
and non-stationary nature of ocean waves, there is not a consistent 'maximum’ value.
Instead a full spectrum of the wave input excitation forces must be considered, and
the force required to unlatch must be matched to the overall spectrum. If the un-
latching force is too high, the slider will remain stationary at one end for the majority
of the spectrum and only transition with the occasional high energy wave. In this
case the harvester would collect more energy per trip, but with only a few trips total,
the overall energy capture would be low. Conversely, if the release energy is too low
then the proof mass will unseat earlier than desired, resulting in lower slider velocity
and lower energy capture per trip.

The equation of motion for this configuration can be simplified and re-written as
equation 3.7 when the slider is not in contact with a bumper or spring, as equation
3.8 when the slider is in contact with a spring only, and as equation 3.9 when the

slider is in contact with a spring and bumper.

mi + bt — |Fypmaz|(2€ — ae™) = —mé (3.7)

mi + bi: — | Fapmaz|(a€® — ae™) + kex — (sign{z})ksXg = —mé (3.8)
mI+bx —| Frmaz | (a6 —ae™ )+ (ks+kp)r—(sign{z}) (ks Xs+kpXp) = —mf (3.9)

The total damping coefficient, b, the maximum end magnet force, Fijmqz, the spring

constant, kg, and the displacement where the slider first contacts the spring, Xg, are
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all adjustable parameters in this configuration. The springs should be used to cancel
out the end magnet force away from the ends and result in a near zero combined force
across as much of the travel path as possible. The concept is illustrated in figure 3-4

where the combined force is near zero for displacements between —6 < x < 6 cm.
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Figure 3-4: Combined End Magnet and Spring Force

The optimal settings for this configuration are b = 41%, Frrmaz = 288N, kg =
825%, and Xg = 4.7cm which result in an average power harvested of P = 0.227watts.
The response of the energy harvester over a two minute period is shown in figure 3-
5. The bistable harvester is predicted to collect 27.3 joules every two minutes while
drifting. At this rate, the harvester will collect 819 joules every hour. This is just 3
joules more than the free floating configuration, an increase of only 0.4%.

The end magnet force, Fymer = 28.8N is the minimum force obtainable when
the end magnet is the same neodymium ring magnet used to build the slider stack.
Forces below this value would be achievable using a less powerful end magnet, and
this option was explored. A lower end magnet force, when appropriately matched
with kg and Xg, can match the power output achieved above, but no combination

was found which exceeded the previous value of P = 0.227watts.

3.5 Results Summary

A summary of the results described above is provided in table 3.1. Of the four

configurations, the linear monostable harvester preformed the best, collecting 2.5%
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Figure 3-5: Bistable Energy Harvester Results

more energy than the free floating harvester. The free floating and the bistable
configurations performed equally well and the non-linear monostable preformed the

worst, collecting 12% less energy than the free floating harvester.

Configuration | Average Power | Energy Harvested b ks Xs | Frimaz
w J/hr Ns/m | N/m | cm N
Floating 0.227 816 13 | N/A|N/A| N/A
Linear 0.232 836 43 19 0 N/A
Non-Linear 0.200 720 49 N/A | N/A 37
Bistable 0.227 819 41 825 4.7 28.8

Table 3.1: Summary of Results

While the linear harvest did preform the best in this study, it must be remembered
that the excitation force from the acceleration of the vessel frame was only modeled
over a two minute interval, and that the parameters for the linear harvester were
optimized for this specific excitation force model. Even a slight deviation in the sea
state spectrum could result in detuning the linear harvester and a significant drop
in harvester efficiency. For this reason, the linear harvester is not anticipated to

consistently out preform the free floating harvester under real world conditions. The
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bistable harvester is capable of matching the output of the free floating harvester, but
it is also more susceptible to detuning due to changes in the sea state. Additionally,
it is a more complex design which would be more expensive to build and require more
maintenance.

The free floating harvester is the simplest design and thus the cheapest to build
and maintain. It is less susceptible to detuning than the more complex designs, and
is thus expected to be more capable at harvesting energy over a range of sea state
spectrums. For these reasons the free floating harvester design is recommended for

UUV applications.

3.6 Cost/Benifit Analysis

The bluefin-21 has a battery capacity of 13.5kWh and an endurance estimate of 25
hours at 3 knots. From these values it is estimated that UUV requires 0.54kW of
energy to maintain a speed of 3 knots. From the bluefin mission data, the UUV
was operating under power for approximately half of the 2.5 hour mission. During
those operational periods the average speed was 2.7 knots. Using linear interpolation
and airing on the side on conservatism, it is estimated that the average energy usage
for the bluefin during the operation periods of the mission was 0.5kW and the total
energy consumption for the mission was 0.625kW h or 2250k .J.

The UUV spent the other half of the mission drifting on the surface. If the free
floating harvester had been installed on this UUV then it is estimated that it would
have collected 1.02k.J or about 0.0003kWh. This is less than 0.05% of the energy
expended during the operational half of the mission. At this rate it would take 115
days of surfaced drifting for the harvester to replace the energy used during the 75
minutes of operational time during this mission.

The oscillating energy harvester is not going to be an efficient nor reasonable
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means of recharging the main batteries of the UUV. However, it does collect enough
energy to power an emergency locating beacon. Such beacons are usually powered by
their own, separate batteries. The capacity of these batteries, and their operational
battery life once activated, vary widely based on size and design. The beacon currently
used on the bluefin-21 is not known, and thus direct comparison to the oscillating
harvester is not possible. The advantages of a separate battery pack for the beacon
include potential space and weight savings compared to the oscillating harvester. The
advantage of the harvester would be a theoretically infinite "battery life" as long as

the UUV was floating on the surface.

3.6.1 Dollar Cost Estimate

The most expensive component of the harvester will be the neodymium magnets. The
shaft, bearings, spacers and bumpers are all easily attainable and cheap. Even the
required power electronics hardware is common and inexpensive. The 3" diameter
neodymium ring magnets used in this design are sold individually for $36.54, but can
be bought in bulk for as low as $30 each. There are 33 ring magnets in the slider.
Assuming they were bought at the discounted price, just the magnets for a single
harvester would cost $990. Assuming the rest of the components could be obtained
for a quarter of this price, the total cost for a single harvester is estimated to be

around $1250.
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Chapter 4

Future Work

There are multiple aspects of an oscillating energy harvester for UUVs which warrant

further investigation.

4.1 Stator and Slider Design

The goal of this thesis was not to optimize the magnetic coupling of the stator and
slider, but instead to explore the affects of different potential energy architectures.
There are already multiple sources available on the topic of magnetic coupling opti-
mization for linear generators. Possibilities for improvements include using a Halbach
array with flux guide teeth to strengthen and shape the magnetic flux field over the
coils, exploring thinner ring magnets and spacers to optimize the coupling coefficient,
and backplate and spacer thickness optimization without exceeding the magnetic flux
density saturation point.

While these potential improvements exist, they would not necessarily result in
any improvement in energy harvested. The result of improving the magnetic coupling
would be to increase the maximum achievable damping coefficient, b. The current
design can achieve a damping coefficient of 74%, which is far greater than the mod-

eled optimum damping of 43%. Only when the desired optimal damping is greater
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than the maximum achievable damping should magnetic coupling improvements be

pursued.

4.2 Mass and Maximum Displacement

As discussed in the maximum theoretical power discusssion in section 2.7, the power
harvested is proportional to the damping term, b, in the numerator, but it is also
affected by the (%)2 term in the denominator. To maximize the power, it is desirable
to maximize b while minimizing % If the mass, m, was an adjustable variable, then
increasing the mass is an easy solution. In this thesis, the mass was essentially fixed
by the choice of ring magnet used in slider assembly. If there is both space and ballast
margin available inside a given UUV, then the dimensions of the slider stack should
be chosen as to maximize the mass.

Similarly, section 3.1 revealed that constraining the maximum displacement of the
slider reduced the power from 0.302watts to 0.227watts, a decrease of 25%. While
the slider displacement must always be constrained in real world applications, if the
constraint is such that the slider never contacts the bumpers during normal operations
then much, or all, of the theoretical maximum power could be achieved. In this
thesis, the constraint was already set at the maximum value allowed by the diameter
of the bluefin-21 UUV. A further balancing of mass and damping should be assessed
to determine if a combination was possible for which the slider would not contact
the bumpers during normal operations, and if so, how does the power compare to
the current design’s realized power. It is anticipated that to achieve this natural
motion between the bumpers the mass of the slider would have to be reduced, which
would reduce the power potential as discussed above, and erase any potential gains in
efficiency. This belief comes from limited experimentation with the existing model; a

more detailed analysis would be required to verify the results.
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Instead of a single oscillating harvest it might be beneficial to incorporate a large
number of smaller harvesters. The smaller mass of the individual sliders would fa-
cilitate achieving a greater efficiency; closer to the unconstrained device as described
above. While each individual harvester would have a smaller mass, and thus capture
less energy, the combined mass of multiple smaller harvester could match or exceed
the mass of the single, bigger, harvester. This concept also introduces the option for
an array of linear energy harvesters, each tuned to a different natural frequency. The
broadened bandwidth of such a passive array, when properly matched to the ambient
sea state spectrum could minimize the risk of detuning any single harvester and is

worthy of further investigation.

4.3 Control

Multiple previous works in the MEMS community, including Halvorsen et.al. [§],
Hooseinloo and Turitsyn [10], Su et.al. [19]|, and Mallick et.al. [13], have shown
that control can be used to improve the net energy of oscillating harvesters. Two
sources of a control force were investigated in this thesis, electromagnets and rotating
end magnets. Neither option was deemed operationally feasible due to the high
energy costs of implementation. Theoretically, an effective control strategy still offers
efficiency gains, and further research in this area is encouraged. A specific type of
control which is of interest is a mechanical latch mechanism that will hold the proof
mass at the end until the optimum conditions for release have been met. The latch
must be durable, quick to respond, and relatively "cheap" to activate.

An alternative form of control would be to design the parameters of the harvester,
such as damping or the spring constant, to be adjustable. This form of control could
be active, with a logic loop which adjusts the parameter continuously, or passive

with the parameters set manually prior to each mission. This form of control would
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reduce the risk of detuning in the linear and bistable harvester configurations and
potentially enable these versions to equal or exceed the performance of the free floating

configuration over a range of sea state spectra.

4.4 Harvester Construction and Testing

The oscillating harvester designed in this thesis should be built. This would allow
for experimentation and testing to compare against the predicted model results. Ad-
ditionally, the harvester can be subjected to a range of ocean environments and sea
state spectra to determine the effects of detuning upon the different configurations
and test the hypothesis that the free floating configuration will be the most efficient
harvester over a range of spectra.

Finally, the alternative form of control via adjustable damping, spring constant,
etc. as described above can be tested. If the improved efficiency of the linear harvester
can be consistently achieved over a range of sea states via these adjustments, then it

would become the preferred model for future applications.

4.5 Feasibility Study

Finally, a study should be preformed to determine if the oscillating harvester delivers
enough energy to be worth the space and weight is occupies inside the UUV. Under-
water vehicles are either space limited, weight limited, or both. This harvester would
only occupy approximately 0.1% of the volume inside the bluefin-21, but it must be
located across the center of the UUV which is the only place where the harvester will
fit. This is prime real estate in underwater vessels, as all large and/or cumbersome
equipment must fit in this location. Possibly even more concerning, the bluefin-21
only has 7.3kg of net positive buoyancy. This is the buoyancy which brings the UUV

to the surface when not operating and is also a safety feature as it aids in vehicle
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recovery in the event of component failure or a dead battery. The slider alone in
this harvester weights 10kg. Including the stator, slide bar with stops, and power
electronics the overall harvester weight is estimated to be 15kg. Meaning that if the
harvester was added to the bluefin-21 as is, the UUV would have a 7.7kg net negative
buoyancy. It would sink and be lost. It is possible that the bluefin has 15kg of ballast
weight which could be removed in exchange for the harvester. If not, then the 15kg
would potentially have to come out of the payload. These potential costs must be
weighted against the desirability for an indefinite power supply for the emergency
locating beacon.

A better application for this harvester might be in small surface craft, either
manned or unmanned. Surface vessels typically have significantly higher space and
weight margins than underwater vessels. On such a vessel, the size and weight of the
harvester would not be as much of a concern, and the harvester would be exposed to
surface wave action 100% of the time. Depending on the specific surface vessel, there
may be room for a larger, heavier harvester or possibly many harvesters of the current
size. If enough harvesters are installed, then supplementing or even recharging the
main battery from the harvesters becomes an option. If a surface vessel application
is pursued, the harvester parameters should be calibrated according to the sway

acceleration of that specific vehicle instead of the bluefin-21 UUV.
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Chapter 5

Conclusion

In this thesis a novel oscillating energy harvester was designed to fit inside a Bluefin-21
UUV. Harvester performance was modeled using real world vessel acceleration data
and optimized for four different potential energy profile configurations: free floating,
linear monostable, nonlinear monostable, and bistable. It was confirmed that there
is very little harvestable energy while the UUV is operating submerged below the
surface wave action. Therefore, harvester was optimized for energy capture during
periods when the UUV was drifting on the ocean surface. An active control strat-
egy was desired, particularly for the bistable configuration, based on research from
the MEMS community. Unfortunately, the two types of active control investigated,
electromagnets and rotating permanent end magnets, were found to be too costly to
implement and were abandoned. For each configuration the adjustable parameters
of damping, spring stiffness, spring length, and end magnet force were optimized for
energy capture.

The floating, linear, and bistable configurations achieved roughly the same results,
with the linear harvester slightly edging the other two by &~ 2.5%. The nonlinear har-
vester was found to be the least efficient configuration, collecting 12% less than the

floating configuration. While the linear monostable model preformed the best, it
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Configuration | Average Power | Energy Harvested b kg Xs | Farmaz
W J/hr Ns/m | N/em | c¢m N
Floating 0.227 816 43 N/A | NJA| N/A
Linear 0.232 836 43 0.19 0 N/A
Non-Linear 0.200 720 49 N/A | N/A 37
Bistable 0.227 819 41 8.25 4.7 28.8

Table 5.1: Summary of Results

should be noted that these models where optimized for an excitation force extracted
from a two minute interval of acceleration data. Ocean waves are notoriously broad-
band and non-stationary in nature, and even a small change in sea state could result
in detuning the linear harvester and a reduction in efficiency. For this reason, it is
believed that the simpler free floating configuration is likely to meet or exceed the
linear configuration over a range of sea state spectra.

The final result is an innovative and thoroughly studied alternative power source
for UUV applications. While the calculated power collection rate was found to be in-
sufficient as a means of supplementing or recharging the main batteries, the alternate
function of supplying power to an emergency location beacon is a more reasonable
application for the oscillating harvester. In this role, the harvester could essentially
provide an indefinite "battery life" for the beacon, allowing continuous transmission
as long as the UUV remained adrift, and thus aid in the recovery of a valuable as-
set. Recommended future work includes construction and testing of the harvester for

comparison against the modeled results and continued research into control strategies.
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Appendix A

A.1 Acronyms

AUV Autonomous Underwater Vehicle

AWG American Wire Gauge

emf Electromotive Force

FEMM Finite Element Methods Magnets

FOG INS Fiber Optic Gyro Inertial Navigation System
MEMS Micro-Electomechanical Systems

UUV Unmanned Underwater Vehicle

UV Underwater Vehicle

WEC Wave Energy Converter

A.2 Variables

A Area of the wire coil
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A; Constant in the fourier series fit function for the acceleration of the vessel

a Constant in the two term exponential function used to model the end magnet

force

B Magnetic field strength

B; Constant in the fourier series fit function for the acceleration of the vessel
b Total damping coefficient

C; Combined amplitude of the fourier series constants A; and B;

¢ Constant in the two term exponential function used to model the end magnet

force

¢ Induced back emf in coils

Fg  Bumper Force: force exerted on the slider by the rubber bumpers
Fe  Control Force: force exerted on the slider by the control logic

F.mf Damping Force: force exerted on the slider by the back emf induced in

the coils

Fr  Excitation Force: force exerted on the slider by the vessel frame
Fyy End Magnet Force: force exerted on the slider by the end magnets
Frrme: Maximum end magnet force

Fs Spring Force: force exerted on the slider by springs

v Coupling coefficient

H, é Transfer function of the acceleration of the vessel
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1 Induced current in coils

J Indexing variable

kg Stiffness coefficient of the rubber bumper

ks Stiffness coefficient of the spring

m  Mass of the slider, also know as the proof mass

P;, Power to the load, or the useful power harvested

Pry  Theoretical maximum power

®p Magnetic flux

w; Frequency step in the fourier series fit function

w, Natural frequency

R; Useful load resistance

R Parasitic resistance

S Spacing between the end magnet and the slider when up against the bumper
Xp Displacement where the slider will first contact the bumper

Xs Displacement where the slider will first contact the spring

x Displacement of the slider as measured from the center of the travel path
& Velocity of the slider with respect to the vessel frame

¥ Acceleration of the slider with respect to the vessel frame

€ Acceleration of the vessel frame with respect to the Earth

Z  Maximum displacement of the slider
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