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Abstract

In response to the urgent requirement for sustainable power supply for deep-sea or offshore
underwater sensing equipment, this work investigates autonomous power generation
aboard marine vessels. The vertical vibrations induced by wave excitation at the bottom
of the vessel are utilized to drive the vibration energy harvesters on the deck for power
generation. In a scenario involving automatic steering, a multiplicity of magnetoelectric
harvesters mounted on the deck would move vertically in response to surface wave motion,
enabling continuous conversion of wave energy into electrical power. The key feature of this
study is that the ship-based self-power generation system is simple to install and safe, with
the vibration energy harvesters mounted above the sea surface to avoid the unpredictable
underwater sea conditions. This study presents a numerical case analysis of a three-magnet
energy harvester designed to generate induced electrical power under wave conditions
characterized by a speed of V = 3.0 m/s, amplitude of Z, = 0.4 m, and wavelength of
A =2.0m. Prior to optimizing the ship-based energy harvester, the mathematical model
of a three-magnet vibration system was validated against experimental data to ensure
accuracy. Subsequently, a sensitivity study was performed to evaluate the influence of wave
parameters (e.g., amplitude and wavelength) and the harvester’s geometric parameters
on the electrical power output. To maximize power generation, the flower pollination
algorithm—an efficient bio-inspired optimization method known for its robustness in
global search—was integrated with the objective function defined as the root-mean-square
electrical power. Simulation results indicate that the optimized harvester is capable of
producing up to 0.1943 W. These findings highlight the potential of ship-based energy
harvesters as a sustainable and reliable source of electrical power.

Keywords: flower pollination algorithm; energy harvester; optimization; ship; wave

1. Introduction

Over the past decade, petroleum and natural gas exploration has increasingly shifted
to offshore sea beds. Monitoring subsea pipelines for leaks via deep-sea sensors deployed
on the ocean floor is essential for protecting the marine environment. However, these
sensors are heavily dependent on battery power, and in deep-sea settings, the regular
replacement of batteries is extremely difficult. Accordingly, there is a critical need for
sustainable electrical power sources for long-term subsea monitoring.
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Two primary classes of passive vibration-based electricity generation systems have
been developed: cantilever-type systems [1-3] and mass-spring systems [4-6]. Cantilever
systems—often employed in MEMS devices—are most effective under small vibration
amplitudes and at relatively high frequencies [7]. Conversely, mass-spring systems are
better suited for energy extracting from low-frequency vibrations with large displacements.
For example, Stephen [8] proposed an ambient air vibration-driven energy harvesting
system. Kimoulakis et al. introduced onshore linear generators that convert wave motion
into electrical energy via buoys and permanent magnets [9]. However, almost all such
electromagnetic generators are designed for land applications and are not suitable for
powering subsea sensors.

Farshidianfar and Nabavi [10], along with Safian and Soleimani [11], have proposed
electrical generators that harness piezoelectric power by means of buoyancy-driven forces
from offshore buoys and ocean waves. Nazari et al. [12] also developed a buoy-based
piezoelectric energy system, finding that its electrical output depends strongly on buoy
geometry and is substantially constrained by the low-frequency undulations characteristic
of ocean currents. In earlier work, Chiu et al. [13] introduced a sustainable energy harvester
deployed on the seabed; in that system, ocean currents exerted thrust to drive a piston-type
device, which converted motion into electromagnetic energy via magnets, springs, and
coils. However, despite this innovative design, the generated electricity was found to be
insufficient, owing to the relatively weak current thrust near the ocean floor.

Ocean currents represent a promising source of renewable energy owing to their sub-
stantial hydraulic potential. Chiu [14] developed an energy harvesting system in which a
buoy, oscillating with wave motion, drives a long rod connected to magnets that reciprocate
within a coil-surrounded channel, thereby inducing electrical power. However, this design
did not account for the structural endurance of the pod under intense deep-sea currents. To
address this limitation, Chiu et al. [15] proposed an underwater generator to replace conven-
tional magnetic induction harvesters. In this configuration, the long rods were substituted
with cables, enabling intermittent power generation through unidirectional rotation of a
generator actuated by the buoy-driven cable motion. Nonetheless, lateral forces exerted by
ocean currents on the cables were found to reduce the efficiency of induction-based power
generation in the subsea environment. To address the aforementioned limitations, Chiu
and Cheng [16,17] and Chiu et al. [18] have proposed a series of linear or rotational magne-
toelectric energy harvester devices, fixedly installed on platforms or embankments above
lakes or the sea to avoid unpredictable water flow risks beneath the surface. However, these
fixed wave energy harvesters are limited to specific areas for power generation and cannot
supply electricity to other locations. To overcome the limitations of fixed wave-based
charging, Chiu and Cheng [19] proposed a ship-based autonomous charging device that
integrates wave height differences with a buoy, a rocker arm, and a generator. Subsequently,
Chiu and Cheng [20] introduced a shipboard self-powering system employing a vertically
oriented reciprocating magnetoelectric harvester connected via spherical bearings and
installed within the vessel’s cabin. However, the ref. [19] wave energy harvesting device
combining wave height differences, a buoy, a rocker arm, and a generator occupies a large
area of the deck, restricting deck activities. The externally mounted buoys and rocker arms
also pose potential risks to the vessel’s navigational safety. On the other hand, the ref. [20]
installation of a vertically oriented reciprocating magnetoelectric harvester within the cabin
is constrained by the limited interior space.

To overcome the aforementioned limitations, this study proposes a ship-based self-
powered design that does not interfere with deck operations and navigational safety, is easy
to install, and is not limited by cabin space. As shown in Figure 1, a ship-mounted energy
harvesting device is developed that utilizes the bottom excitation of the vessel induced by
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wave motion to generate sustainable electrical power in offshore environments. By placing
the energy harvesting components above the sea surface, the proposed design avoids the
unpredictable and harsh underwater environmental conditions reported in refs. [14,15].
Moreover, the device is easy to install and does not interfere with operations on either the
deck or within the cabin (refs. [19,20]). Specifically, a novel three-magnet energy harvester
is mounted on the ship’s deck; the vessel’s motion induced by surface waves causes vertical
oscillation. The three magnets, surrounded by three sets of coils, move relative to the base
of the harvester, producing variations in magnetic flux that generate electrical power.

energy harvester

Xo(t)=Zo.cos (wt)

Figure 1. An energy harvester with three magnets mounted on the ship deck and subjected to periodic
vertical excitation by surface waves.

This study develops a mathematical model of an autonomous, ship-based wave
power generation system. To maximize the electrical output of the energy harvester, op-
timization of its design is essential. For this purpose, the flower pollination algorithm
(FPA), a new heuristic optimization approach method inspired by natural pollination pro-
cesses, is employed. In nature, pollination occurs primarily through two mechanisms:
cross-pollination and self-pollination [21]. Cross-pollination, facilitated by birds or insects,
represents a global search process by transferring pollen between distant plants, whereas
self-pollination, driven by wind or local dispersion, corresponds to a local search process
within nearby flowers of the same plant. The FPA models these biological processes as
global and local pollination strategies, respectively. Owing to its simplicity, minimal param-
eter requirements, and ease of implementation, the FPA has attracted considerable attention
in recent years. Accordingly, it is adopted in this study to optimize the performance of the
proposed ship-based energy harvesting device. The initial target application of this study is
to supply power to deep-sea sensors (as stated in the abstract), with a target power output
of 0.5-1 W.

The structure of this paper is as follows:

Section 1. Introduction; Section 2. Mathematical Background (Section 2.1: Bottom
Excitation Motion of the Ship; Section 2.2: Dynamic System Model of the Ship Energy
Harvester; Section 2.3: Electrical Power Based on Magnetoelectric Induction); Section 3.
Experimental Validation of the Vibration-Based Ship Energy Harvester Model; Section 4.
Sensitivity Analysis; Section 5. Flower Pollination Algorithm (Section 5.1: Flower Pollina-
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tion Algorithm Theory; Section 5.2: Numerical Comparison Between the Flower Pollination
Algorithm and the Simulated Annealing Method; Section 5.3: Range Settings of Flower
Pollination Algorithm Control Parameters in the Optimization Process; Section 5.4: Case
Studies); Section 6. Results and Discussion (Section 6.1: Results; Section 6.2: Discussion);
Section 7. Conclusions.

2. Mathematical Background

In this study, the ship is assumed to be a rigid body, and the ocean waves acting on it
are considered as surface waves. The surface waves are simplified as a cosine function, as
shown in Figure 1. It is assumed that the ship’s center of gravity lies on the horizontal plane.
The ship is subjected to vertical excitation from the waves beneath it, resulting in bottom
excitation of the rigid body. The damping coefficient CC can be expressed as the sum of
the mechanical damping (CCp,) and the damping (CC¢) generated by the electromagnetic
effect of the coil and magnet Mg, thereby yielding the equivalent damping value.

2.1. Base-Excitation Motion

As illustrated in Figure 1, an energy harvester with three magnets is mounted on
the ship deck and is activated by surface waves, causing periodic vertical motion. The
harvester is installed on a gyroscope-type base (Figure 2) to maintain its orientation strictly
vertical. Consequently, as the ship moves with the waves, the device (shown schematically
in Figure 3) undergoes corresponding up-and-down actuation, ensuring that the three
magnets oscillate relative to the base and thus induce electrical power through magnetic
flux variation.

gvroscope mechanism

gravity G

.;\ bearing A

(a) section view

(b) section A-A

Figure 2. An energy harvester mounted on a gyroscope-type base on the ship’s deck.
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coil#3 )
(NNc3,NNt3) magnet #3 (Ma)
spring# 3 (kks)
CO1E#2 )
(NNc2,NNr2) magnet #2 (Me.)
coil#1 spring#2 (kk)
(NNc1,NNL1) magnet £1 (Me,)
spring#1(kk)

Figure 3. Diagram of an energy harvester with three magnets.

The motion due to base excitation caused by surface waves is expressed as follows:

x1(t) = Zocos(wt) (la)
w = 271% (1b)

Here, V denotes the speed of wave, and A represents the wavelength.

2.2. Dynamic System Model

An illustration of the mathematical model of the three-magnet energy harvester is
shown in Figure 4.
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Figure 4. A scheme of an energy harvester with three magnets.

The energy equations for the ship-based energy harvesting device, excited by waves
inducing periodic vertical motion, can be expressed as follows:

1. 5 1. 2 1. .
TT = EM(;lx% + EMczxé + EMcg,xi (2a)
1 2 1 2, 1 2
VV = Skki(x2 = x1)? 4 Skka(x3 —x2)” + Tkks (x4 —x3) (2b)
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DD — %CC1 (x2 — 5(1)2 + %CCZ (%3 — 5(2)2 + %CC3 (x4 — 5(3)2 (20)

Here, TT, VV, and DD denote the kinetic, potential, and damping energies, respectively.
By defining the Lagrangian as LL = TT — VV and applying the Lagrange equations,
we obtain

1 . 1 . 1 . 1 1 1
LL=TT-VV = EMG1X§ + EMczxg + EMGE"Xi - Eklﬂ (x2 —x1)* — ikkz(xs —x2)% — 5kk3(x4 —x3)? (3a)

d(E)LL) ~ dLL n oDD
dt af(i aXi afq B
Here, R;(t) denotes the applied force corresponding to the i-th degree of freedom.

R;(t) (3b)

Substituting Equation (2) into Equation (3) and rearranging in matrix form yields

Mg 0 0 Xp CCy 4+ CCy —CGCy 0 Xo kk; + kko —kko 0 Xo
0 \Y ) 0 x3| + —CGCy CC, +CC3 —CCs| |x3| + —kk» kko +kks; —Kkks| |[x3
0 0 MG3 _5&4 0 —CC3 CC3 X4 0 —kk3 kl(3 X4 4
[ (t) £y (t) + ff2(t) @
= 0 = 0
i 0 0

As derived in Supplementary Material Section S1, the displacements x;(t), x3(t), and
x4(t) are given by

x2(t) = Real (X2p(i:l)(t>) + Im (X2p(i:2) (t)) (5a)
x3(t) = Real (x3p(i:1) (t)) + Im <x3p(i:2) (t)) (5b)
y4(t) = Real (X4p(i:1) (t)) +Im (X4p(i:2) (t)) (5¢)

The relative displacement of magnet #1 (Mg;) with respect to the device base is
expressed as

XXp1 (t)
=x2(t) —x(t)
= Aq(i=1)c0s (wt + @]‘Pl(i:l)) + Al(izz)sin(wt + (P<P1(i=2)> — Zocos(wt)
= I'ysin(wt +991)

(6)

Similarly, the relative displacement of magnet #2 (Mg;) with respect to the device base
is expressed as

XXz (t)
=x3(t) —x(t)
= Ay(j=1)c0s (wt + (pﬁpz(i:n) + Ag(j=p)sin (wt + (sz(izz)> — Zycos(wt)
= I'psin(wt + 99,)

(7)

Likewise, the relative displacement of magnet #3 (Mg3) with respect to the device base
is given by

XXr3(t)
=x4(t) =xq(t)
= Ag(j=1)Cos (wt + cp<p3(i:1)) + Ag(j=2)sin (wt + cp<p3(i:2)) — Zocos(wt)
= Izsin(wt + 993)

(8)
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2.3. Electromagnetic-Based Electricity [13,14,19]
The arrangement of the coils surrounding the j-th magnet, comprising NN turns, is

illustrated in Figure 5. As derived in Supplementary Material Section S2, accounting for
NN71, coil layers, the electrical voltage induced by the k-th coil turn is given by

Hue | '-f.- find
\'\ff i .’:/ [

Permanent I.' f / {
o
|

Magnet motion
Magnet

center R
— ﬁ Pad

Xr
2l
// xee Xrd 1
T Xrd— |
iy Xrd 5 : |
) xr xr7 ) \ q f
Ll

P
AT N h
- - k ] /E‘I"-. l'.‘\ II" I'i, \ \\ \ /

0OV VY

Figure 5. The allocation of coil surrounding magnet with NNg; turns.

The induced voltage generated by the relative motion between the h-th magnet and

the j-th coil set at the h-th coil turn is given by

Apg)(t) ] .
MG() _

Hyan \ 2 ’
4<Xh(j>+7MzG (')> +D§AG<1>]

)

7DD ko) Iy RE) J

g

The total electrical voltage induced in the j-th coil set is the sum of the voltages induced

2
Py

Hyap ) 2 3
4<Xh<j>*iMzG (])) *Diacs(j)}

in all coil turns. Thus, Arg) is given by
2

N _le;f@ D)\ Honng) Ly RE,
5 = X 4 2
_ 2 i
Dya() _
3
Hyici)\ 2
(g + 50 ) +D§“G(”] "
) x'xr(-)
Dya) |
3

alx.  Puei)\* . oo
i) T T Pyci)

Considering the number of coil layers NN in the j-th coil set, the total electrical

voltage At and current Iy of the j-th coil set are given by
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[ Dhic( ]
LVTARIR
NNc(j) mDDZ; Ho-nnj) 1) R, 4<Xh<i>+ 2 ) +Dig() ,
Arj) = Lo\—ma ) (NNL(J')> - Dy XX (j) (11a)
- H ] 5 3
[ Dhi(y ]
NN, FMa() ? 2 ’
. g 1 mDDe) (NN Ho-nng) L RGy (o) 40 . (11b)
. — . . —— . XX
() = Ry 4 L(j) 2 D) : r(j)
Hy e\ 2
.
The root-mean-square (RMS) voltage of the j-th coil set is given by
[ Dhici _]
[ e e |
. Nl\f@» nDDé(j) ( ) Ho'nnj) -I(j)R%j) 4<Xh<j>+T]> +Dy (J):| (A(i) -w) 12
At —— S (NN ) ——— DLV : 12
T() = 4 L() 2 Di/IG(]') . V2
H, A\ 2
|:4(Xh(])7$(])) +D12\/IG(]):|
The total RMS voltage At is given by
o nn
Arr =) Axg) (13)
h=1
Here, nn denotes the number of magnets.
The corresponding electrical power can be expressed as
2
nn AT(]) (t)
PWr(t) = ) u (14)

s S 001

Moreover, the corresponding electrical power in root-mean-square (RMS) terms can

(Arrg)) i

R )

be determined as

nn

WT(RMS) = hZ,l

(15)

3. Vibration-Based Ship’s Energy Harvester Model Verification

As shown in Figure 6a,b, the experimental setup comprises an electrical power genera-
tion system. A gyroscope mechanism mounted on the boat deck is employed to support
the energy harvester, while the boat undergoes periodic vertical motion. To measure the
harvested vibrational energy, a shaker connected to the energy harvester is used to simulate
the wave motion. The energy harvester consists of three magnet sets, each surrounded by
a corresponding coil set. Each coil contains 42 turns, and each magnet has a diameter of
0.02 m and a height of 0.02 m. The spring stiffness is 392 N/m. A test case with a wave
amplitude Z, = 0.3 m and an angular frequency of 1 Hz is performed, and the resulting
peak electrical voltage is detected to be 0.0025 V. Thereafter, the theoretical electrical voltage
is calculated using Equations (10)-(14), and the results are presented in Figure 7. The figure
indicates that the peak total electrical voltage is 0.0024 V. In comparison of peak electrical
voltage between the theory and experiment, this minor discrepancy of 0.0001 V is likely
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attributable to measurement uncertainties. Given the small magnitude of the error, the
proposed theoretical model might be accepted and is considered for subsequent analyses.

(a) electrical voltage measurement of the vibration-based ship’s energy harvester

three-magnet energy
harvester

Oscilloscopes
P Computer

Resistor

(b) facility of experimental vibration-based electromagnetic energy harvester.
Figure 6. An experimental facility used to measure the electromagnetic energy harvester.

-3
;
15210

Electrical Voltage (Volt)

time (second)

Figure 7. The theoretical electrical voltage to time at Z, = 0.3 m.

4. Sensitivity Assessment

Before optimizing the ship-based energy harvesting device, a sensitivity analysis was
conducted to evaluate the effects of both marine conditions and energy harvester design
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https://doi.org/10.3390/vibration9020026

Vibration 2026, 9, 26

10 of 25

parameters on the induced electrical power. To satisfy the requirement that ocean wave
slopes remain below 1 m per 7 m of wavelength [22], the ratio of wave amplitude (Z,)
to wavelength (A) was constrained to be less than 1/10. Using Equation (14), the time-
dependent electrical power under various wave conditions (Z,, A) was simulated, and the
results are shown in Figures 8 and 9. Figure 8 demonstrates that the induced electrical
power increases with wave amplitude, while Figure 9 shows that the electrical power

increases as the wavelength decreases.
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Figure 9. Influence of induced electrical power relating to A.

Additionally, a sensitivity analysis was conducted to evaluate the effects of the ship’s
energy harvester geometric parameters (Dyig1, Hvmgi, kk1, NNc1, NN1, Dvmc2, Hve, kko,
NNc2, NNi2, Dpes, Hves, kk3, NNe3, NNi3) on the induced electrical power, with the
results presented in Figures 10-14. Figure 10a—c show that the generated electrical power is

positively correlated with Dy, Dmga, and Dyigs.
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Figure 12. Influence of induced electrical power relating to kkj, kk;, and kks.
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Figure 14. Influence of induced electrical power relating to NN, NN, and NNp3.

Furthermore, Figure 11a—c show that the induced electrical power is positively corre-
lated with Hyig1, Hymae, and Hygs.

There is a clear trend showing that the induced electrical power reaches its maximum
when the spring stiffnesses kkj, kky, and kkj are at their lowest values (Figure 12a—).
Conversely, the induced electrical power is at its minimum when the spring stiffnesses kk;,
kkj, and kkj3 are at the mid-range value of 400 N/m.

Furthermore, Figure 13b,c show that the induced electrical power increases with the
number of coil turns NN¢; and NN¢3. However, as illustrated in Figure 13a, the induced
electrical power decreases when NNcj reaches higher values. Although increasing the
number of turns in the induction coil can enhance the induced voltage, it also increases
the magnetic impedance of the coil, thereby intensifying the coil damping (CC,) effect in
the vibration system. Therefore, the number of coil turns must be balanced with the target
electrical output to determine the optimal configuration.

Finally, as shown in Figure 14a—c, the induced electrical power is positively correlated
with the number of coil layers (NN, NN, NNp3).

In summary, all the parameters (Z,, A, Dmc1, Hvci, kki, NNec1, NN11, Dvmce, Hvee,
kky, NN¢z, NN12, Dmas, Hvags, kks, NNc3, NNp3)play a critical role in determining the
electrical power produced by the energy harvester.

5. Flower Pollination Algorithm
5.1. Flower Pollination Algorithm Theory

Developed by Yang et al. [21], the flower pollination algorithm (FPA) is a population-
based global optimization algorithm that employs the following strategies:
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Strategy 1: Global pollination, akin to cross-pollination by birds, is carried out by the
pollinators through Levy flight behavior. Strategy 2: Local pollination is conducted by
self-pollination of nearby flowers. Strategy 3: Flower constancy, defined as being directly
proportional to the similarity between two flowers, is used as the reproductive rate. Strategy
4: Global and local pollination are executed according to a switch probability.

Following the above strategies, the FPA algorithm employs both a global pollination
operator and a local pollination operator. In this framework, each pollen represents a
candidate solution and is initialized as a random vector within the feasible search space, as
described below.

X; = Lower + Rv(Upper — Lower) (16)

where i €{1,...Np}, with Np denoting the population size; and Rv is a D-dimensional
random vector in [0, 1]. In the global pollination process of the FPA, pollinators (e.g., birds)
can travel long distances, enabling pollen transfer over wide areas and facilitating the
search for global solutions. This process can be mathematically expressed as follows:

XH = Xt 4+ yL(A) (xbesf - sx§) (17)

where X! denotes the i-th solution at iteration t, XPest

is the current global best solution, v is
a step size factor, and L(A) characterizes the flight of pollinators, which can be approximated

by a Lévy distribution. For L > 0, the Lévy distribution is expressed as

AT(A)sin(%) 1
T SIHA

L~ (18)

As shown in Equation (19a), s, a random variable, is generated based on two Gaussian
distributions, U and PP.

U

_ ~ 2. ~
S_W,UNN(O,é ),PPNN(O,l) (19a)

, 1/A
, | rasn sn(%)
) AT(1+A)/2 200-1)/2

(19b)

Here, N (0, 62> denotes a normal distribution with mean 0 and variance 2.

Based on Strategies 1-4, the flower pollination algorithm (FPA) is illustrated in the
flowchart shown in Figure 15. As depicted, the two types of pollination are determined
by a probability p. If a randomly generated value rande€ [0, 1] is smaller than p, global
pollination is performed; otherwise, local pollination is executed. All flower pollens (N)
are evaluated and compared to determine the minimum fitness value using the best global
solution at the t-th iteration. The process continues until the iteration count t reaches the
maximum number of iterations, itermax.

5.2. Numerical Comparison Between the Flower Pollination Algorithm and the Simulated
Annealing Method

Previous studies aiming to maximize power generation in energy-harvesting systems
have predominantly employed simulated annealing (SA) as the bio-inspired optimization
method [13,15]. In this study, however, we propose replacing SA with the flower pollination
algorithm (FPA), which is recognized for its robustness in optimization tasks. Prior to
applying FPA to maximize power generation in the ship-based energy harvesting system,
a numerical comparison between SA and FPA is conducted. For this comparison, the
wave conditions are setas V=3 m/s, A =2 m, and Z, = 0.2 m. Under these conditions,
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fifteen design parameters (Dyvc1, Hmgi, kk1, NN¢1, NN11, Dpmce, Hvce, kko, NNe2, NN o,
Dwmcs, Hvmas, kk3, NNc3, NN 3) are optimized. The corresponding parameter ranges are
(0.01, 0.1), (0.01, 0.1), (4000, 40,000), (10, 100), (1, 10), (0.01, 0.1), (0.01, 0.1), (4000, 40,000),
(10, 100), (1, 10), (0.01, 0.1), (0.01, 0.1), (4000, 40,000), (10, 100), and (1, 10). The electrical
resistances of the loads attached to the three coil sets Ry, Ry, and Ry 3, are fixed at 300 Q).
The optimization objective is defined as the root-mean-square (RMS) value of the induced
electrical power output.

C2, L2, YMG3, HIMG3/, KK3, C3, L3
After the optimization process, the best control parameters of SA are (kk, itermax) =
(0.91, 32,000). The best control parameters of FPA are (Np, p, itermax) = (50, 0.7, 32,000).
The optimal numerical analysis results and corresponding power generation from the
two bio-inspired optimization methods are summarized in Table 1.

‘ set n, p, iter; . ‘

l

Initialize the population
X; = Lower + Rv(Upper — Lower)
i=1, =1
I

No Yes
— rand < p E—
Local Pollination: Global Pollination:
XiH = Xt 4+ w(XF - XE) XEt = XF + yLQO(XPest — xt)
K = rand (0,1) Y =0.01

L , }

Yes

Min [F(Xheﬂ)] - 08}1:711'11

Yes

t < iterpax

Figure 15. Flowchart of the flower pollination algorithm.

Table 1. Optimal numerical analysis results and power generation of the two bio-inspired optimiza-
tion methods.

Electrical

Dmci  Hwmar kkg NNc¢i NN Dme:  Hwme: kk; NNz NNz Dmes Hwes Kkks NNc;  NNis Poweecr ?Vi’itt)
FPA 0.1 0.1 4028 99 10 0.1 0.1 4011 96 10 0.1 0.1 4001 98 10 0.0768
SA 0.07 0.06 4372 41 3 0.08 0.07 4347 54 9 0.1 0.09 36,943 48 1 0.000529
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As shown in Table 1, the maximum power output achieved using the FPA and SA
methods is 0.0768 W and 0.000529 W, respectively. With the same control parameter value
(itermax), the power output obtained using the FPA method is higher than that of the
SA method. This case study demonstrates that the FPA algorithm outperforms the SA
algorithm; therefore, FPA is adopted for the present study.

5.3. Range Settings of Flower Pollination Algorithm Control Parameters in the Optimization
Process [21]

The control parameters of the flower pollination algorithm (FPA), including Ny, p, v,
and itermay, play a crucial role in the optimization process. To achieve optimal performance,
suitable FPA parameters must be selected for the energy harvesting device. Accordingly,
these parameters are gradually adjusted during numerical optimization. In this study,
with vy set to 0.01, the optimal design is obtained by varying the FPA control parameters
as follows:

Np = (20, 30, 40,50), p = (0.7, 0.8, 0.9), and itermax = (500, 1000, 2000, 4000, 8000,
16,000, 32,000).

5.4. Case Studies

The ship’s wave-excited self-power generation design allows the vessel to be deployed
in oceans or lakes with waves. This study provides an application demonstration through
a case study. In the case study, the ship is assumed to be a rigid body, and the ocean waves
acting on the ship are considered as surface waves, which are simplified as cosine functions,
as shown in Figure 1. The ship’s center of gravity is assumed to lie on the horizontal plane,
and the vessel experiences vertical motions induced by the waves at the hull, generating
bottom excitations of the ship as a rigid body. The damping coefficient CC within the
energy harvester can be expressed as the sum of the mechanical damping (CCp,) and the
damping (CC,) generated by the electromechanical effect of the first set of coils and magnet
M, thereby yielding an equivalent damping value. As discussed in Section 4, both the
marine conditions (Z,, A) and the geometric parameters of the energy harvester (Dygi,
Hwme1, kki, NNc1, NNL1, Dpmea, Humee, kko, NNez, NNL2, Dvcs, Huves, kks, NNc3, NNp3)
have a significant impact on the induced electrical power. To optimize the electrical output
by adjusting the harvester’s geometric parameters, Equation (15) is employed with the
marine conditions set to V=3 m/s, Z, = 0.4 m, and A = 2 m. The design parameter ranges
are predefined and summarized in Table 2. The flower pollination algorithm (FPA) is then
applied to maximize the power generation of the three-magnet energy harvester.

Table 2. The ranges of the parameters for the three-magnet energy harvester.

Design Parameter

Ranges of
the
parameters

DMai  Hua kkq NNa NN Dmc2 Hwmc kka NNe NNL2 Dwmics Hwmes Kkks NNc; NN
001, [001, [0, [0, o0 0O, [00L,  [4000 [0, o0 00, [00L  [4000, [0, o
0.1] 01]  40,000]  100] ’ 0.1] 01] 40,000  100] ’ 0.1] 01] 40,0001  100] '

6. Results and Discussion
6.1. Results

Using Equation (20) and Table 2 in conjunction with the FPA optimizer, the optimal
results are obtained and presented in Table 3. As revealed in Table 3, the maximal root-
mean-square electrical power of 0.1943 Watt was achieved at the 12th set of solutions.
The corresponding optimal values of the design parameters, namely, Dyig1, Hvgi, kki,
NNc1, NNL1, Dmc2, Huvcz, kka, NNe2, NNL2, Dves, Huas, kks, NNes, andNNp3, are
0.1 m, 0.1 m, 4000 N/m, 100 turns, 10 layers, 0.1 m, 0.1 m, 4000 N/m, 97 turns, 10 layers,
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0.1 m, 0.1 m, 4001 N/m, 100 turns, and 10 layers, respectively. The optimal value of the
induced root-mean-square electrical power (WT(RMS)) reaches 0.1943 Watt when the FPA
control parameter set (Np, p, itermax) is (50, 0.7, 32,000).

Using Equation (20) and the parameter ranges listed in Table 2, the FPA optimizer was
employed to obtain the optimal results, which are summarized in Table 3. As shown in
Table 3, the maximum root-mean-square (RMS) electrical power of 0.1943 W is achieved
at the 12th solution set. The corresponding optimal design parameters are Dyjg; = 0.1 m,
Hmgi = 0.1 m, kky = 4000 N/m, NN¢; = 100 turns, NNy; = 10 layers; Dy = 0.1 m,
Hmgz = 0.1 m, kky = 4000 N/m, NN¢; = 97 turns, NN, = 10 layers; and Dyg3z = 0.1 m,
Hwmgs = 0.1 m, kks = 4001 N/m, NN¢3 = 100 turns, NNy 3 = 10 layers. The optimal RMS
electrical power of 0.1943 W is obtained using the FPA control parameters Ny, = 50, p = 0.7,
and itermax = 32,000.

Using Equation (20) and the parameter ranges listed in Table 1, the FPA optimizer was
employed to obtain the optimal design results, which are summarized in Table 3. A smaller
positive convergence ratio (CR) indicates improved convergence, and in this case, the CR
value for the 12th solution set is 0.00154, demonstrating excellent convergence. As shown
in Table 3, the maximum root-mean-square (RMS) electrical power of 0.1943 W is achieved
at the 12th solution set. The corresponding optimal design parameters are Dy = 0.1 m,
Hmgr = 0.1 m, kky = 4000 N/m, NN¢c; = 100 turns, NN; = 10 layers; Dyigz =0.1m,
Hmez = 0.1 m, kkp =4000 N/m, NN, = 97 turns, NNp, = 10 layers; and Dygs = 0.1 m,
Hmgs = 0.1 m, kkz = 4001 N/m, NNc3 = 100 turns, NN 3 = 10 layers. The optimal RMS
electrical power of 0.1943 W is obtained using the FPA control parameters N, =50, p = 0.7,
and itermayx = 32,000.

By substituting the optimal design parameters obtained from the FPA optimization
into Equation (14a), the theoretical time response of the electrical power was calculated and
is shown in Figure 16. Using the same design parameters in Equations (11a) and (11b), the
corresponding time responses of the induced electrical voltage and current were derived
and are presented in Figures 17 and 18, respectively. To illustrate the relative motion of the
magnets with respect to the energy harvesting base, the relative displacement curves were
calculated using Equations (6)—(8) and are shown in Figure 19. The corresponding relative
velocity curves, obtained by differentiating Equations (6)—-(8), are plotted in Figure 20.
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Figure 16. Response of electrical power relating to time after the optimization of the three-magnet
energy harvester.
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Figure 17. Response of electrical voltage relating to time after the optimization of the three-magnet
energy harvester.
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Figure 18. Response of electrical current relating to time after the optimization of the three-magnet
energy harvester.
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Figure 19. Response of magnets’ relative displacement relating to time after the optimization of the
three-magnet energy harvester.
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Table 3. Optimization results for the three-magnet energy harvester under various FPA control parameters.

FPA Control Parameter Design Parameter OBJy (Conver;::lce Rate)
ftem N, p iterma D(x? I‘%xc);l (;}; ) (?ﬁﬁ;) (Ei\lu Dmvg: Hmacz  kk; NNcz NNz Dmgs Hmes  kks NNe; NN PW ABS{ (oBJ*1—0BJ!) )
yer) (m) (m) (N/m) (Turns) (Layer) (m) (m) (N/m) (Turns) (Layer) (Watt) OBJT*1
1 20 0.7 500 0.1 0.1 4000 100 7 0.1 0.1 4000 22 1 0.1 0.1 4000 95 10 0.1072
2 30 0.7 500 0.1 0.1 4000 60 1 0.1 0.1 4000 73 6 0.1 0.1 4000 100 10 0.1019 0.05201
3 40 0.7 500 0.1 0.1 4000 60 1 0.1 0.1 4000 73 6 0.1 0.1 4000 100 10 0.1149 0.11314
4 50 0.7 500 0.1 0.1 4000 94 8 0.1 0.1 4000 83 9 0.1 0.1 4000 100 10 0.1256 0.08519
5 50 0.8 500 0.1 0.04 4000 10 1 0.1 0.1 4074 10 2 0.1 0.1 36,223 91 10 0.0270 3.65185
6 50 0.9 500 0.04 0.01 4000 10 6 0.1 0.1 4101 58 10 0.1 0.1 4000 100 10 0.0577 0.53206
7 50 0.7 1000 0.1 0.1 4041 91 9 0.1 0.1 4000 81 10 0.1 0.1 4042 100 10 0.1303 0.55717
8 50 0.7 2000 0.1 0.1 4000 100 10 0.1 0.1 4006 100 10 0.1 0.1 4000 100 10 0.1564 0.33655
9 50 0.7 4000 0.1 0.1 4085 100 10 0.1 0.1 4028 97 10 0.1 0.1 4052 99 10 0.1730 0.13522
10 50 0.7 8000 0.1 0.1 4000 74 1 0.1 0.1 4000 98 10 0.1 0.1 4002 100 10 0.1723 0.0040
11 50 0.7 16,000 0.1 0.1 4000 88 10 0.1 0.1 4000 100 10 0.1 0.1 4001 100 10 0.1940 0.11185
12 50 0.7 32,000 0.1 0.1 4000 100 10 0.1 0.1 4000 97 10 0.1 0.1 4001 100 10 0.1943 0.00154
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Figure 20. Response of magnets” relative velocity relating to time after the optimization of the
three-magnet energy harvester.

6.2. Discussion

As discussed in Section 4, Figures 8 and 9 show that the induced electrical power of the
ship-based three-magnet energy harvester increases with wave amplitude and decreases
with wavelength. Figure 10a—c illustrate a strong dependence of electrical power on the
magnet diameters (Dyig1, Dvic2, Dmas), while Figure 11a—c demonstrate that the magnet
heights (Hyc1, Hvmaa, Humes) also significantly influence the output. The effects of spring
stiffness parameters (kk;, kky, kks) on electrical power are presented in Figure 12a—c.
Furthermore, Figure 13a—c show the impact of the number of coil turns, and Figure 14a—
depict the response of electrical power to the number of coil layers. These results indicate
that the geometric parameters of the energy harvester—including Dyg1, Hvmeci, kki, NN¢i,
NNLl, DMGZ/ HMGZ/ kkg, Nch, NNLz, DMG3/ HMG3/ kk3, NNcg,, and NNLg—are highly
sensitive to the induced electrical power and are therefore selected as design variables for
the optimization of the harvester. The maximum root-mean-square (RMS) electrical power
occurs at the 12th optimal configuration (Table 3) when the FPA parameters (Np, p, itermax)
are set to (50, 0.7, 32,000), as shown in Table 3, achieving an RMS power of 0.1943 W. From
Table 3, the first set of optimized design values corresponds to the initial generation in the
optimization process and can be regarded as the pre-optimization design, with a power
output of 0.1072 W. The twelfth set represents the final generation of the optimization
process and corresponds to the optimal design, with a power output of 0.1943 W. The
increase in power output of the twelfth set (optimal design) is 81.25% compared to the
first set.

Based on the design parameter sensitivity analysis in Section 4, the ranges of design
parameters in Table 2 are compared with the engineering optimization results in Table 3.
Table 2 shows that the diameter (Dpg1—Dwmgs) and height (Hygi—Hmgs) of the three
magnets have a design range of 0.01-0.1. The optimal values in the 12th set of Table 3
indicate that both the diameters (Dyg1—Dmgs) and heights (Hyvig1—-Hwmgs) of the magnets
reach the maximum values of their respective ranges. This aligns with the sensitivity
analysis in Section 4, which shows that the generated power is positively correlated with the
magnet diameters and heights. In Table 2, the design range of the three springs (kk;—kk3) is
400-40,000 N/m. The optimal values in the 12th set show that all three springs have a value
of 4000 N/m, which is on the lower end of the range. This is consistent with the Section 4
sensitivity analysis, where the generated power is negatively correlated with the spring
constants. In Table 2, the number of turns for the three coils (NN¢1—-NN3) ranges from
10-100. The optimal values in the 12th set indicate that all three coils reach the maximum
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value of 100. This is largely consistent with the sensitivity analysis in Section 4, which
suggests a trade-off is required for NN¢, while NN, and NNcj3 are positively correlated
with power output. Finally, in Table 2, the number of coil layers (NNy,;—NNj 3) ranges from
1 to 10. The optimal values in the 12th set indicate that all coil layers reach the maximum
value of 10. This aligns with the sensitivity analysis in Section 4, which shows a positive
correlation between power output and the number of layers. Overall, the optimization
results are generally consistent with the trends identified in the sensitivity analysis.

Using these optimal design parameters, the theoretical time response of electrical
power (Figure 16) reaches a peak value of 0.1943 W. The corresponding peak voltages for
magnet #1, magnet #2, and magnet #3 (Figure 17) are 0.2 V, 3.2V, and 4.0 V, respectively,
while the peak currents (Figure 18) are 0.001 A, 0.011 A, and 0.013 A, respectively. Moreover,
the time response of magnet displacements (Figure 19) shows amplitudes of 0.18 m, 0.33 m,
and 0.4 m for magnets #1, #2, and #3, respectively. The corresponding peak velocities
(Figure 20) are 1.75m/s, 3.1 m/s, and 3.8 m/s, respectively.

The maximum root-mean-square (RMS) electrical power is achieved at the 12th optimal
configuration (Table 3) with FPA parameters N, = 50, p = 0.7, and itermax = 32,000, resulting
in an RMS power of 0.1943 W. Using these optimal design parameters, the theoretical
time response of the electrical power (Figure 16) reaches the same peak of 0.1943 W. The
corresponding peak voltages for magnets #1, #2, and #3 (Figure 17) are 0.2V, 3.2V, and
4.0 V, respectively, while the peak currents (Figure 18) are 0.001 A, 0.011 A, and 0.013 A,
respectively. The time responses of the magnet displacements (Figure 19) show amplitudes
of 0.18 m, 0.33 m, and 0.4 m for magnets #1, #2, and #3, respectively, with corresponding
peak velocities (Figure 20) of 1.75m/s, 3.1 m/s, and 3.8 m/s.

This study proposes a ship-based self-powered design that does not interfere with
deck operations, is easy to install, and is not constrained by a fixed area [17-19] or a cabin
space [20]. By utilizing the bottom excitation of the vessel induced by wave motion and
placing the energy harvesting device above the sea surface, the proposed approach avoids
the unpredictable and harsh underwater environmental effects reported in refs. [14,15].
Based on surface wave effects and under the assumption that the ship behaves as a rigid
body, the dynamic equations of motion are derived using the energy method. The relative
displacement and velocity of the magnet in the vibration energy harvester are analytically
obtained using the complex variable method. The induced voltage and electrical power
generated from the magnetoelectric effect are then calculated. The theoretical electrical
power predicted by the mathematical model is further compared with experimental results
to validate the model’s reliability.

To determine the optimal design of the vibration energy harvester, two bio-inspired
algorithms—the flower pollination algorithm (FPA) and the simulated annealing (SA)
algorithm—are employed. Compared with traditional gradient-based methods, bio-
inspired algorithms are more effective in identifying global optimal solutions. Among
them, SA is also a commonly used method. In this study, both FPA and SA are applied to
an engineering optimization case of ship-based wave energy generation, and the results
show that FPA outperforms SA. Under the conditions of a wave velocity of 3.0 m/s, wave
amplitude of 0.4 m, and wavelength A = 2.0 m, the optimization results indicate that the
energy harvester can generate a maximum electrical power of 0.1943 W. In contrast, the
wave energy generation system located inside a ship cabin reported in ref. [20], under
conditions of wave velocity 2.0 m/s, wave amplitude 0.4 m, and wavelength A = 4.0 m,
achieves an optimized power output of 0.1497 W. These results show that the proposed
method yields slightly higher power output than that in ref. [20].

In terms of practical engineering feasibility, the proposed ship-mounted energy har-
vester is installed on the deck and is easy to use, whereas the cabin-based wave energy
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system in Ref. [20] may interfere with onboard operations. However, the power output
of the proposed system remains relatively low. This limitation could be mitigated by
deploying multiple vibration energy harvesters across the deck to increase total power
generation. In addition, this study carries out an engineering optimization design for the
ship’s wave-excited self-power generation system and has also completed a miniaturized
prototype shown in Figure 21.

Figure 21. A prototype of a ship-based energy harvester in the pool.

7. Conclusions

This study proposes a design concept for ship-based self-power generation in marine
environments in which the location of power generation at sea is not restricted. By installing
the self-power generation system on the vessel, risks associated with harsh underwater sea
conditions can be avoided. The proposed device is easy to install and does not interfere with
onboard operations or navigational safety. Specifically, an autonomous power-generation
ship concept is introduced, employing multiple magnet-based energy harvesters mounted
on the deck and driven by wave-induced vertical ship motions. In addition, it is necessary
to satisfy the requirement that ocean wave slopes remain below 1 m per 7 m of wavelength.

In this study, a three-magnet energy harvester integrated with springs and coil sets is
adopted as a demonstrative system. Prior to optimization, the accuracy of the mathematical
model was validated against experimental data. Furthermore, a sensitivity analysis was
conducted to assess the influence of marine parameters and the harvester’s geometric pa-
rameters. The optimization objective is to maximize the electrical power output, formulated
through an objective function based on the total root-mean-square (RMS) electrical power
and solved using the flower pollination algorithm (FPA). The optimal design achieves an
RMS electrical power of 0.1943 W, with voltages induced by the three magnets ranging
from 0.2 to 4.0 V and currents from the three coil sets ranging from 0.001 to 0.013 A.

In conclusion, this study presents a new approach for harvesting energy from ocean
waves using a piston-type energy harvester installed on a ship deck. From a practical
application perspective, although the current power output is relatively small (0.1943 W)
and does not meet the target power requirement for deep-sea sensing equipment (0.5-1 W),
multiple energy harvesting devices can be installed simultaneously on the deck in future
implementations to achieve the desired power level. Furthermore, to enhance the utilization
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of the generated electricity, future work will focus on energy storage design and remote
power monitoring systems.
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Abbreviations

The following abbreviations are used throughout the paper:

Abbreviations

FPA Flower pollination National Science and Technology Council (NSTC
112-2221-E-036-008, TW).algorithm

Nomenclature

Aol the cross-sectional area of the coil wire (m?2)

BB magnetic flux density (T/tesla)

BBy magnetic flux density along the y-axis (T)

CCel, CCe2, CCe3

CCm1, €CCm2, CCm3

the coil’s electromagnetic damping coefficient (N-m s 1)
equivalent mechanical damping coefficient(N-m s~ 1)

CCq,CCy, CC5 the vibration system damping coefficient (N-m s~
deoil the coil wire diameter (m)

DD damping energy

DDy, DD¢cj, DDc3 coil diameter (m)

Dwmct, Dma2, Dvas
Hwyci, Hvige, Hvas
itermax

diameter of permanent magnet (m)
permanent magnet height (m)
the maximal number of FPA iterations

kkq, kko, kks the spring constant of the vibration system (N/m)
L(A) levy distribution

LLcq, LLep, LLcs coil length (m)

Mg1, Mga, Mgs mass of permanent magnet (kg)

N(0,1) standard normal distribution

N (O, 62> normal distribution with the mean value 0 and variance 52
NNc1, NNco, NNc3 coil turns

NN 1, NNj, NNj3 the number of coil layers

Np population size

nn; coil turn density around the j-th magnet

OBJ; objective function

PW(i) the induced electrical power in the i-th coil set(Watt)
PWr total electrical power(Watt)
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WHRMS) total RMS electrical power(Watt)
p probability of global pollination
Riner the coil wire’s electrtical resistance ()
Ri1, Rip, Riz the load resistance of the electromagnetic energy harvester ((2)
Rv a D-dimensional random vector whose components lie in [0, 1].
TT kinetic energy
\%4 the surface wave velocity (m s7h
\A% potential energy
Xbest the current global best solution
Xt the i-th solution at iteration t.
Xﬁl the i-th solution at iteration t + 1”
Xp(t) the vertical movement of the h-th magnet (m)
Xu(t) the amplitude of the vertical displacement of the h-th magnet (m)
. the relative velocity of the h-th magnet with respect to the energy
Xxan (1) harvester’s base (m)
the h-th magnet’s relative displacement relative to the energy harvester
() base (m)
Zo wave amplitude (m)
w the wave’s angular velocity (rad/s)
IT a step factor.
IT(A) standard gamma function
A electromagnetically induced voltage (Volt)
At overall induced voltage
Pe electrical resistivity coefficient of coil ((2-m)
A wavelength (m)
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