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1. Introduction

Autonomous surface vessels (ASVs) have emerged as critical platforms
for oceanographic research, environmental monitoring, and maritime surveil-
lance. While these platforms offer reduced operational costs and extended
mission capability, their fundamental limitation remains energy supply. Tra-
ditional battery-powered systems require periodic return to port, while fuel-
based systems add weight and environmental concerns. For applications
requiring persistent ocean presence, modern low-power sensors and commu-
nication systems typically demand 1 - 50 W continuous power, yet even this
modest requirement can exhaust onboard batteries within days [1, 2]. This
constraint has motivated extensive research into harvesting renewable energy
from the marine environment.

The unmanned surface vehicle considered in this work employs a hy-
brid power generation system harvesting energy from three complementary
modalities: solar, wind, and wave. Solar photovoltaic panels provide the
highest peak power output but suffer from intermittency due to day - night
cycles and cloud coverage. Wind energy harvesting generates lower peak
power compared to solar but offers greater consistency, continuing to op-
erate during overcast conditions and nighttime. Wave energy serves as a
critical third modality: when both solar and wind become unavailable - such
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as during calm, overcast nights - ocean waves typically persist, providing a
continuous source of power. Wave harvesters can operate up to 90% of the
time compared to 20 - 40% for solar and wind systems [3, 4]. The expectation
for wave energy harvesting is not to generate large amounts of power, but
rather to serve as a small yet reliable and continuous source that complements
the other two modalities, significantly increasing overall system reliability.

Given the space and mass constraints inherent to small autonomous ves-
sels, the wave energy harvester must be compact and lightweight. Since the
vessel is expected to operate autonomously for extended periods, system reli-
ability is paramount. These requirements favor designs with minimal moving
parts housed within a fully enclosed container, eliminating components in di-
rect contact with seawater. Such encapsulation protects against salt spray,
biofouling, and corrosion - the primary failure mechanisms for marine equip-
ment [1]. Electromagnetic harvesters employing a magnet sliding or rolling
inside a coil-wound enclosure satisfy these criteria, as the entire mechanism
can be sealed within a waterproof housing with no external moving parts.

Electromagnetic vibration energy harvesters operate on Faraday’s law,
where relative motion between a permanent magnet and a conductive coil
induces an electromotive force proportional to the rate of flux change: e =
—N d®/dt. The canonical framework for vibration energy harvesting estab-
lishes characteristic equations comparing electromagnetic, piezoelectric, and
electrostatic transduction mechanisms [5]. Among these, electromagnetic
transduction is most suitable for ocean vehicles requiring watt-level power
output, as piezoelectric and triboelectric harvesters typically generate only
microwatts to tens of milliwatts [6, 7]. A “springless proof-mass” architec-
ture, where the magnet moves freely without mechanical springs, suits the
low-frequency, irregular excitations characteristic of ocean waves. When the
magnet follows a curved path, the system exhibits nonlinear restoring forces
modeled using the Duffing equation [8], with nonlinear response improving
energy harvesting through broadband frequency response.

Compared to mechanical machinery-based vibration sources, ocean wave-
induced motions are particularly challenging for energy harvesting because
of their low-frequency content (typically 0.1 - 1Hz), large amplitudes, ape-
riodic nature, and generally unpredictable and time-varying signatures [9].
Traditional high-() resonant harvesters are tuned for maximum power output
over a narrow frequency range, rendering them ineffective for the broadband
spectral content of irregular ocean waves. Furthermore, achieving resonant
frequencies below 1 Hz in compact devices requires impractically compliant



spring elements and large displacement allowances [9]. These limitations
motivate non-resonant architectures that can produce useful output power
across a wide range of excitation amplitudes, directions, and frequencies.

Inertial pendulum-based harvesters have received considerable attention
for low-frequency ocean applications due to their inherent low-frequency
characteristics and adaptability to irregular excitations [10-12]. Accord-
ing to swing axis arrangement, pendulum mechanisms can be categorized
into horizontal-axis, vertical-axis, inclined-axis, and gimbaled types [13].
Horizontal-axis designs have achieved 0.13 - 0.72 W output but cannot ef-
fectively capture wave vibration from random directions [14-16]. Gimbaled
pendulum mechanisms capable of multi-DOF swinging offer superior multi-
directional adaptability with compact structure [13, 17]. A hemispheri-
cal biaxial-pendulum harvester achieved 2.03 W peak power and 256 W /m3
power density at 1.5 - 2.2Hz [10], while an optimized spherical multi-DOF
design demonstrated 25.45% energy conversion efficiency at 1.0 Hz with sea
trials confirming operation across the 0.2 - 1.0 Hz range typical of ocean
conditions [13].

Rolling magnet configurations offer distinct advantages over sliding de-
signs for enclosed electromagnetic harvesters. Rolling action inherently dis-
sipates less energy than sliding due to reduced friction losses |9, 18], making
it preferable for low-power marine applications where every milliwatt mat-
ters. Non-resonant rolling designs also exhibit frequency up-conversion be-
havior, where low-frequency mechanical input (approximately 1 - 15Hz) is
transformed into higher-frequency electrical output (approximately 5 - 25 Hz)
through the free mechanical motion of the rolling element [9]. Parametric
studies have shown that the optimal ball-to-cavity diameter ratio depends
on excitation amplitude: smaller ratios suit lower-amplitude excitations by
allowing the ball to be excited into large motions, while larger ratios are
preferable for higher-amplitude inputs that can easily move a larger mass [9].
Radially magnetized rolling cylinders have generated milliwatt-scale power,
with controlled friction effects reported to increase output [19].

Track geometry and magnetic potential configuration significantly influ-
ence harvester performance. The cycloid curve has been reported to improve
performance relative to straight and circular geometries [20], while Halbach
arrays can improve electromagnetic coupling [21]. Multi-well magnetic poten-
tial configurations enable broadband operation through snap-through transi-
tions across potential wells [22]. Two-well and three-well systems can exhibit
chaotic zones that cause irregular power generation [23]. Hybrid wind -
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wave harvesters for unmanned surface vessels have been demonstrated [24],
and commercial wave-powered platforms have logged multi-year deployments
and multi-million nautical-mile endurance [25]. However, cyclic mechanical
loading between rolling surfaces can cause progressive coating degradation,
reinforcing the importance of materials selection for long-duration marine
deployment [23].

This paper investigates electromagnetic energy harvesting from ocean
wave-induced motion as the third modality in a hybrid power system for
autonomous surface vessels. We analyze a configuration employing a per-
manent magnet rolling over a coil-covered curved surface within a sealed
enclosure, optimized for ultra-low-frequency ocean waves. The objectives
are to derive governing equations with electromagnetic damping, optimize
track geometry for maximum power extraction, and evaluate feasibility for
providing continuous supplementary power for marine electronics.

2. Dynamics and Energy Harvesting Analysis of a Ball Rolling In-
side a Pendulum-Mounted Spherical Bowl

2.1. Problem formulation

Consider a spherical bowl of inner radius R; rigidly attached to a pen-
dulum that swings about a fixed pivot point, as illustrated in Figure 1. A
solid sphere (ball) of mass m and radius r rolls without slipping on the inner
surface of the bowl. The pendulum swing is prescribed as «(t) = ag sin(Qt),
representing external excitation from an environmental source such as ocean
waves. The objective is to derive the equation of motion governing the ball
dynamics and analyze the system’s potential for energy harvesting.

The coordinate system is established with the origin at the fixed pivot
point, with X directed horizontally to the right and Y directed vertically up-
ward. Rotations follow the standard mathematical convention where coun-
terclockwise (CCW) is positive. The pendulum angle a(t) is measured coun-
terclockwise from the downward vertical, such that a > 0 corresponds to the
bowl swinging to the right (+X direction). The ball position angle §(t) is
measured counterclockwise from the bowl’s tilted symmetry axis, with 5 > 0
indicating rightward displacement relative to the bowl centerline. The total
angle of the ball from the laboratory vertical is thus § = a+ 3. The key geo-
metric parameters include the effective pendulum length ¢ = d — R;, where d
is the distance from the pivot to the lowest point of the bowl’s inner surface,



and the effective radius R = R; — r, representing the distance from the bowl
center to the ball center.

Figure 1: Schematic of the ball-in-bowl wave energy harvester showing the two degrees of
freedom. The bowl (dark blue arc) pivots about the origin of the inertial XY frame by
angle a(t) driven by wave-induced platform motion. The ball of mass m rolls along the
concave surface at angle 5(¢) measured from the bowl centerline.

2.2. Deriwvation of the governing equation

The equations of motion are derived using Lagrangian mechanics. Using
the convention that a unit vector at angle ¢ measured counterclockwise from
the downward vertical is (sin ¢, — cos ¢), the position of the ball center in the
laboratory frame is

Xy ={lsina + Rsin(a + ), Y, = —flcosa — Rcos(a+ (). (1)

These expressions place the ball at (0, —¢ — R) when a@ = = 0, and yield
Xy > 0 for small positive angles.

The rolling constraint (zero relative velocity at the contact point between
the ball and bowl surfaces) yields the ball angular velocity

R .

S 2
wy =& — —f (2)
When the ball moves CCW along the bowl (increasing (3), it must spin clock-

wise relative to the bowl to maintain rolling contact.



The total kinetic energy comprises translational and rotational compo-
nents. The translational kinetic energy is Tirans = %mvlf, where

vE = 262 + R*(a + B)% + 20Ré (& + fB) cos 3. (3)

The rotational kinetic energy is Tioq = %I wZ with the solid-sphere moment
of inertia I = 2mr?, i.e.

1 i
Trow = zm(rér — RB)". (4)
The potential energy, referenced to the pivot location, is

U= —mg(lcosa+ Rcosb). (5)

Applying the Euler - Lagrange equation with £ as the generalized coor-
dinate yields the nonlinear equation of motion. Including viscous damping
with internal coefficient ¢; (mechanical losses) and load coefficient ¢;, (energy
extraction), the governing equation is

[P R . 2 e .

gR ﬁ+mﬁ+ <R — ET + { cos ﬁ) d+Csin B & +gsin(a+8) = 0. (6)
m

The term proportional to & couples the prescribed bowl motion to the ball

response, while ¢sin 3 & represents a centrifugal effect due to the pendulum’s

circular motion.

2.3. Linearized dynamics and natural frequency

For small angular displacements where |o|, |3 < 1, we use sin(a + ) ~
a+ 3, cos B~ 1, and sin 8 ~ 3. The parametric term ¢3¢? is second-order
small and is neglected. The linearized equation becomes

T i +cn)R - .
) R (1)
where the coupling parameter is
2r Tr
=(+R——=d— —. 8
K + 5 5 (8)

For harmonic excitation a(t) = agsin(§2t), Eq. (7) can be written as a forced
harmonic oscillator,

B4 2(rwn B + w28 = Fysin(Qt), 9)
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where (7 = (; + (g is the total damping ratio, with ( defined through ( =
5¢/(14mw,). The natural frequency is

o "

The forcing amplitude is Fy = —aow? 1 — k2%/ g) which at resonance
(Q = w,) gives

oK
k| = 1—— 11
| Fo| = aguwy, TR (11)
The factor ( — ?—;) reveals a null condition: when x = % (equivalently

d/R; = 1.4), gravitational forcing from the tilted bowl and inertial forcing
from the bowl acceleration cancel, resulting in minimal ball response. This
null should be avoided in practical designs (e.g., by selecting d/R; < 1.2 or

2.4. Power extraction and optimal design

The time-averaged power extracted by the load damping mechanism at
resonance is
_ TmR?F} (1
P = .
20wn (Cz + C L)2
Maximizing (12) with respect to (;, yields the impedance-matching condition
(L = ¢, at which

(12)

_ _ TmR?F
L,max — SOCZ'W” .

Under this optimal condition, the harvesting efficiency (extracted power di-
vided by total dissipated power) is 50%, with the remaining power lost to
internal mechanical dissipation. The corresponding steady-state amplitude
is

(13)

| Fol

fo=qeis (14)

2.5. Design procedure

The design procedure is summarized in the flowchart of Figure 2. Given
the excitation period T" and amplitude «g, along with an estimate of internal
damping (;, the designer first selects the ball geometry (radius r and mass
m) based on practical constraints, and chooses the pivot distance d to avoid
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the null point at d/R; = 1.4. The effective radius for resonance is then
calculated as R = 5¢/(792?) (with Q = 27/T), from which the required bowl
inner radius follows as R; = R + r. The coupling parameter k = d — % and
forcing amplitude are subsequently evaluated.

If the predicted optimal amplitude By ope = |Fo|/(4¢w?) falls within ac-
ceptable geometric limits (typically Spax < 45° to maintain validity of the
small-angle approximation and ensure continuous contact), the system oper-
ates under impedance-matched conditions with (; = (; and 50% efficiency.
Otherwise, the design becomes amplitude-limited, requiring increased load
damping

(o= 2l

B 2"‘)7% 6max

to constrain the motion, resulting in higher efficiency but reduced absolute
power output. A final validity check ensures (; > 0 and confirms that the
small-angle assumptions remain appropriate for the predicted operating con-
ditions.

— G (15)

3. Design Considerations

3.1. Bowl material selection

The selection of the bowl material is governed by three primary con-
straints: magnetic neutrality, minimal frictional losses, and suppression of
eddy-current dissipation. The bowl must be fabricated from a non-ferromagnetic
material to avoid distorting the magnetic field of the rolling sphere, which
would otherwise reduce the flux linkage with the pickup coils. Simultane-
ously, the material must exhibit a low coefficient of rolling friction to preserve
the kinetic energy of the sphere; typical rolling-friction coefficients range from
0.01 to 0.05 for hard polymer-on-metal contacts, compared to 0.2 to 0.5 for
sliding interfaces.

Perhaps most critically, the material must be electrically non-conductive
(or sufficiently thin) to minimize eddy-current losses, which scale with the
product of electrical conductivity ¢ and wall thickness t according to

Ao ?
Peddy xot <E> s (16)

where ® denotes the magnetic flux through the conductive wall. Conductive
materials such as aluminum, despite their excellent machinability, can dis-



sipate a significant fraction of the harvested energy as heat unless the bowl
wall thickness is reduced below approximately 0.5 mm.

Several candidate materials satisfy these requirements to varying degrees.
Polytetrafluoroethylene (PTFE) offers an exceptionally low friction coeffi-
cient (approximately 0.04) and complete electrical insulation, though its
relatively low hardness may lead to surface wear over extended operation.
Polyether ether ketone (PEEK) provides superior mechanical strength and
wear resistance with comparable electrical properties, albeit at substantially
higher cost. Acrylic and additively manufactured thermoplastics such as PLA
or PETG represent cost-effective alternatives suitable for prototyping, with
friction coefficients in the range 0.04 to 0.08 depending on surface finish. For
applications requiring precise curvature and smooth surface topology, CNC-
machined PTFE or injection-molded PEEK appear to be the most promising
candidates, balancing tribological performance against manufacturing feasi-
bility and long-term durability.

4. Methods

Describe the methodology, data, and experimental or numerical setup.

5. Results

Present results with appropriate figures and tables.

6. Discussion

Interpret results and relate to prior work.

7. Conclusions

Summarize the main findings and outline future work.
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GIVEN & CHOOSE

Given:T{(period),ag(amplitude),((internal dq

Choose:r(ball radius),m(ball mass),d(pivot distance)

!

STEP 1-4: Calculate Geometry & Forcing
R= 5g/ (7€) whereQ= 2n/T
Ri=R+r,t=d-R,k=C+R- 2r/5

|Fol =agw,’|5k/(7R) - 1| wherew,=Q

Note: Avoid null point where 5«/(7R) = 1

!

STEP 5: Compute Optimal Amplitude
Bo.op= 1Fol / (409,7)

YES NO
v v
IMPEDANCE-MATCHED AMPLITUDE-LIMITED
DESIGN DESIGN

=G Bo=Pmax
Bo=Fol / (4¢eo,%) &= 1Fol / 2, )
= TmRFy/ (80Ge,) G=ré
n=50% Pr=TmR’F ¢/ (200,(7)

Maximum power at n=C/r

ing.condition J

!

VALIDITY CHECK
Verifv(y> 0, check small- 1 pli verify re e diti

l

Figure 2: Design flowchart for the ball-in-bowl energy harvester. Given the wave excitation
parameters (period T, tilt amplitude «p) and internal damping ratio (;, the procedure
calculates the required bowl radius R for resonance tuning and the normalized forcing
amplitude |Fy|. The optimal ball oscillation amplitude By opy determines whether the
system operates in the impedance-matched regime (n = 50%) or the amplitude-limited
regime where mechanical constraints restrict Sy < Bmax-
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