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Marine buoys operating in deep-sea environments frequently face power shortages, necessitating the urgent
development of new power supply solutions to meet their increasing energy demands. This study proposes an
Inertia-Driven Wave Energy Converter (IDWEC) that utilizes the motion of a sliding body to drive a generator for
electricity production. The paper investigates the motion response and energy conversion characteristics of the
IDWEC-buoy integrated system. Firstly, a mathematical model for the energy conversion of the integrated system
under both regular and irregular waves is established. Subsequently, the Boundary Element Method (BEM) is
employed to analyze the effects of wave period, power take-off (PTO) damping, spring stiffness, the horizontal
distance between the centers of gravity of the IDWEC and the buoy, and wave direction on the system perfor-
mance. A physical model of the IDWEC-buoy integrated system is constructed, and wave tank tests are conducted
to validate the reliability of the numerical results. Finally, based on the 2022 South China Sea wave scatter
diagram, the daily average power generation of the IDWEC under real-sea wave conditions is estimated. Research
results indicate that the IDWEC-buoy integrated system exhibits three distinct resonant frequencies. The resonant
frequency can be adjusted by varying the mass of the sliding body or the spring stiffness, enabling matching with
the wave conditions in the target sea area to enhance power output. When the sliding mass is small, the optimal
spring stiffness approximately satisfies ”>m. Under optimal spring stiffness, maximum power output occurs when
the relative displacement amplitude of the sliding body equals precisely half the stroke length (L/2). The daily
average power generation of the IDWEC under South China Sea random wave conditions is predicted to be
455.92 Wh, which meets the daily energy consumption requirements of the sensors on the buoy. This work
confirms that the IDWEC can provide an efficient and sustainable power solution for buoys.

1. Introduction systems typically integrate multiple sensors that require substantial

power supplies, making reliable power generation fundamental to their

Covering over 70% of the Earth's surface, the ocean plays a pivotal
role as both a global climate regulator and a carbon cycle mediator, and
harbors abundant resources along with vast unexplored territories
(DeVries, 2022; Isson et al., 2020; Martinez et al., 2021). Long-term
environmental monitoring and scientific investigations in marine eco-
systems hold significant strategic and scientific value (Danovaro et al.,
2020; Zhivkoplias et al., 2024). As the marine economy expands from
coastal regions to deep-sea environments (Felski and Zwolak, 2020;
Hein et al., 2020), various marine buoys (Aguzzi et al., 2019; Garcia
et al.,, 2018) have emerged as crucial research platforms. These buoy

sustained operation in marine environments. However, deep-sea
deployment poses formidable challenges for power systems. The harsh
operational conditions and remote locations render conventional
cable-based power transmission impractical or infeasible. Current en-
ergy solutions for marine buoys primarily rely on fuel-powered gener-
ators or chemical batteries (Pan et al., 2021; Wang, 2015), yet such
conventional approaches exhibit three critical limitations: restricted
service life, substantial maintenance expenses, and the environmental
hazards inherent in fossil fuel dependence. These challenges underscore
the urgent need for innovative power supply systems to ensure the
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long-term stability and sustainability of deep-sea marine buoy opera-
tions (Shi et al., 2017; Wu et al., 2015; Xi et al., 2019).

The ocean harbors abundant energy resources, including solar, wind,
wave, and tidal energy. Compared to solar and wind energy, wave en-
ergy demonstrates distinct advantages such as broader spatial distribu-
tion, higher energy density, and reduced susceptibility to temperature
fluctuations and climatic variations (Astariz and Iglesias, 2015; Azam
et al., 2024; Zheng et al., 2017). These characteristics make it particu-
larly suitable as a supplementary power source for marine buoy oper-
ating in deep-sea environments. A key advantage of WECs lies in their
ability to generate pollution-free and sustainable electricity without
consuming chemical fuels. Currently, WECs are typically categorized
into Oscillating Water Column (OWC), Oscillating Buoy (OB), and
overtopping systems, and are predominantly used for powering
large-scale marine equipment (Di Lauro et al., 2020; Lai et al., 2025;
Zheng et al., 2020). For small and medium-sized marine buoys, how-
ever, the aforementioned WECs may be too bulky and costly. Currently,
research on small and medium-sized WECs is relatively limited. Ac-
cording to statistics from the incoPat patent database (Yue et al., 2025),
the United States was the first to apply for patents related to using wave
energy to power marine buoys. As of 2021, the U.S., South Korea, and
China had submitted a total of eight patents in this field, with the U.S.
and South Korea each holding three and China holding two. Available
WECs targeting small and medium-sized marine buoys are mainly
divided into internal and external types. External WECs directly contact
waves, enabling more efficient absorption of wave energy. Based on
buoy shape characteristics, external WECs can be further classified into
turbine-type, spherical-type, nodding duck-type, and blade-type, among
others (Hwang et al., 2016; Joe et al., 2017; Wang et al., 2015; Wen
et al., 2016). However, due to direct exposure to seawater, external
WECs exhibit poor corrosion resistance, resulting in lower operational
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reliability. Internal WECs are installed inside the buoy, collecting
vibrational energy generated by the buoy's heaving (vertical motion) or
pitching (rotational motion) induced by waves. This design avoids direct
contact with waves, preventing seawater corrosion and thereby
extending the WEC’s service life. Compared to external WECs, internal
WECs are more suitable for marine buoys. Nevertheless, internal WECs
also face significant challenges, including limited power generation
capacity, high manufacturing costs, and poor operational stability,
which currently hinder their widespread adoption.

Zheng et al. (2022) proposed an external oscillating-body wave en-
ergy converter (OBWEC), in which the oscillating body is mounted to the
outer wall of a buoy via a support frame, as shown in Fig. 1(a). It utilizes
the heave motion of the oscillating body under wave action to drive the
PTO system for power generation. Their results indicate that the mini-
mum starting wave height for this OBWEC under real sea conditions is
0.3 m. Xu et al. (2022) integrated a buoy with an OWC, proposing two
internal-type WEGs, illustrated in Fig. 1(b). Huang et al. (2021) pro-
posed a pendulum-type WEC with a hydraulic PTO system, connected to
a buoy via a hinge joint, depicted in Fig. 1(c). They found that selecting
an appropriate PTO damping coefficient is crucial for improving the
WEC's performance, and that this device demonstrates good wave en-
ergy capture capability within a certain wave range. Cordonnier
Cordonnier et al. (2015) developed the SEAREV WEC, which consists of
a sealed floating platform housing an internal heavy swinging
pendulum. Research shows that it achieves effective energy conversion
under open-ocean conditions, although its performance is significantly
affected by wave direction. Cheng et al. (2022) conducted a perfor-
mance comparison between the OB-type WEC and the OWC-type WEC,
and verified the results through physical model experiments. Their
findings revealed that the OWC-type WEC configuration exhibits supe-
rior wave energy extraction performance. Similar studies can be found
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Fig. 1. Several different types of WEC power the buoy.
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in (Cheng et al., 2022; Cheng et al., 2024; Cheng et al., 2024).

As commercial activities in the deep sea increase, marine buoys face
growing demand for greater stability and efficiency in their energy
supply. This underscores the need to upgrade small-scale wave energy
converters (WECs) designed for such buoys. To address persistent power
supply challenges in these buoys operating in deep-sea environments,
this paper proposes a novel IDWEC featuring a compact structure and
lightweight design that can be integrated into marine buoys. The system
supports the combined power output of multiple IDWEC units without
motion interference, utilizing the motion of an internal sliding body to
drive a generator for electricity production.

The structure of this paper is organized as follows. Section 2 de-
scribes the working principles and main structural dimensions of the
IDWEC-buoy integrated system, and establishes the mathematical model
for its energy conversion. Sections 3 and 4 systematically investigate the
effects of various parameters on the motion response and power gen-
eration performance of the IDWEC using the boundary element method.
Section 5 presents the physical models of the IDWEC and buoy, validates
the numerical results, and examines the influence of external electrical
loads, spring stiffness, and sliding body mass on the motion responses
and power output of the IDWEC. Section 6 analyzes the motion response
and energy conversion characteristics of the integrated system under
random wave conditions, and predicts the daily average power gener-
ation of the IDWEC under random wave conditions in the South China
Sea area. Finally, Section 7 presents the conclusions.

2. Introduction of the IDWEC and its working principle
integrated with a buoy

This section provides a detailed introduction to the structure and
component systems of the IDWEC, as well as the mathematical model for
its energy conversion when integrated with a buoy.

2.1. Structural model of the IDWEC

Fig. 2 illustrates the internal structure of the IDWEC, which com-
prises three modules: the transmission module (Fig. 2(I)), the inertia
module (Fig. 2(I)), and the power generation module (Fig. 2(II)). The
transmission module is located in the upper part of the IDWEC and in-
cludes components such as guide wheels, stepped pulleys, steel wire
ropes, and other connecting components. The inertia module, positioned
in the middle part, consists of a sliding body (with adjustable mass pa-
rameters), springs (with adjustable stiffness parameters), and guide
columns. The power generation module is situated in the lower part and
contains a generator, a gearbox, guide wheels, and a controller. The
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sliding body within the inertia module acts as the energy-capturing
component of the IDWEC. It harnesses wave energy transmitted by the
buoy and converts it into mechanical energy, which includes the kinetic
energy of the sliding body, its gravitational potential energy, and the
elastic potential energy of the springs. During its motion, the sliding
body drives the generator via the transmission module to produce
electricity, thereby completing the conversion from wave energy to
electrical energy. A structural schematic of the IDWEC is shown in Fig. 2
(IV), with a spring system installed on each side. The three-dimensional
physical model of the IDWEC is presented in Fig. 2(V).

Fig. 3 is the schematic diagram of the IDWEC integrated with a
marine buoy. The IDWEC is fully enclosed within the buoy and isolated
from direct seawater contact, significantly enhancing its survivability
and ensuring high reliability. The working principle is as follows: the
IDWEC moves together with the buoy under wave excitation. When the
buoy undergoes pitch or heave motion, inertial forces induce relative
motion of the sliding body inside the IDWEC with respect to the buoy.
This relative motion is transmitted via a steel wire rope to drive the
generator, thereby converting mechanical energy into electricity. To
balance the eccentric torque exerted on the buoy by the IDWEC, coun-
terweights of equivalent mass are positioned symmetrically opposite the
IDWEC at an equal lever arm. This configuration aligns the center of
gravity of the integrated system with the central vertical axis of the
buoy. During numerical simulations, r is variable, and the position of the
counterweight is adjusted accordingly. During wave tank tests, however,
the position of the IDWEC is fixed, and therefore the counterweight
position remains fixed as well. Fig. 3(b) shows a prototype marine buoy
(Wang et al., 2016).

2.2. Mathematical model of energy conversion of the IDWEC-Buoy
integrated system

In Fig. 3, since the centers of gravity of the IDWEC and the buoy are
not aligned on the same vertical axis, the energy absorption analysis of
the IDWEC must consider the pitch response of the buoy. Based on po-
tential flow theory, and assuming the fluid to be irrotational, inviscid,
and incompressible, with the PTO system treated as linear, the coupled
equations of motion for the IDWEC under monochromatic waves are
formulated as follows:

(M —m + Az3)¢3 + B3s&s + Caaés + AssOs + Basls = Fez + Fero
(Iis + Ass )05 + BssOs + Css0s + Aszés + Bssés = Mes + Fero'T 'e))
mé;s — Cpro(&3 +7105 — fis),— kpro(§3 +105 —&i3) =0
Fpro = —Cpro(&3 + 105 — &is) — kpro(&3 + 105 — &i3)

Fig. 2. Internal structure and physical model of the IDWEC.
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(b) A prototype of a marine buoy [34].

Fig. 3. Integrated solution of buoy and IDWEC.

where &5 and 05 represent the displacement and angular displacement of
the buoy in heave and pitch motions, respectively; &;; denotes the ab-
solute displacement of the sliding body; F.3 and M,s are the heave
excitation force and pitch excitation torque acting on the buoy,
respectively; Fpro is the control force applied by the PTO system on the
buoy, M is the total mass of the buoy and IDWEC combined, I;5 is their
combined moment of inertia about the pitch axis, and m is the mass of
the sliding body, Ass = Ass, Bss = Bss represent the added mass and
radiation damping, respectively, for the coupled heave-pitch motion of
the buoy, while Ass and Bss denote the added mass and radiation
damping coefficients for the pitch motion. Cs3 and Css are the restoring
coefficients for the buoy in heave and pitch, respectively, with C33 = pgS
(where S is the waterplane area) and Css = pghV (where p is water
density, g is gravity, h is transverse metacentric height, V is displaced
volume). Finally, r is the lever arm, denoting the horizontal distance
between the center of gravity of the IDWEC and that of the buoy.

Eq. (1) can be written in matrix form. First, define the state vector as:

53 . 5 3 .. 53 F, e3
X= |65 |X= 65| X=|6s| F= |Mes (2)
fiS 61’3 51'3 0
The matrix form of Eq. (1) can be expressed as:
Mx+Cx+Kx=F 3)

where the mass matrix M, damping matrix C, and stiffness matrix K are:

M—-m+As Ass 0 B33 + Cpro  Bss +1Cpro
M= As3 Is+Ass 0 |,C= |Bs3+Cpror Bss+r*Cero
0 0 m —Cpro —Cpror

The expression for the relative displacement between the sliding
body and the buoy is:

)

Assume the system performs harmonic motion in regular waves, all
variables can be expressed in the frequency domain as:

2 =&y — &3 — 105

63 — EB eimt 51’3 _ Eiii eiwt 95 — 55 eimt FeB _ Feg eimt MeS _ MES ei(ut

(6)

Then, the amplitude expression of the relative displacement is:

Zr=E3— & —10s @
In the frequency domain, Eq. (3) can be expressed as:
& Fes
[-@®M+ioC+K]| 05 | = | Ms ®
i3 0
Define the impedance matrix of the system as:
Zn Ziz Ziz
Z(w)= [—*M+ioC+K| = |Zn Zn Zy (C)]
Zn Zzn Zs3

where the elements are:
Z1 = —w*(M —m+ As3) + iw(Bsz + Cpro) + (Css +kpro)
Z1y = —@*Ass + iw(Bss +1Cpro) + rkpro
Zy3 = —iwCpro — kpro
Zgl = 7602A53 + ia)(353 + Cpmr) + rkaO
Zy = —w*(Is + Ass) + io(Bss +1°Cpro) + (Bss +1°Cpro)
Zy3 = —iwrCpro — kpror
Zs3 = —iwCpro — kpro

—Cpro Cs3 + kpro rkpro —kpro

—rCpro |, K= rkpro Css + ’kpro  —Tkpro @

Crro —kpro —kpror kero

Zsy = —iwCpror — kpror
Zsz = —w*m + iwCpro + kpro

Therefore, the amplitude of relative displacement can be written as:

1

Z(w) = &z [(H11 +rHa1 — Hs1)Fes + (Haa -+ rHa — Hap ) Ms)

(10$)
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where, det [Z] is the determinant of the impedance matrix, and Hyare the
cofactors corresponding to elements of the adjugate matrix, specifically:
det [Z] = Z11(Z22Z33 — Za3Zza) — Z12(ZnZzs — ZozZs1) + Z13(Za1Z32 —
Z22Z31), H11 = Za2Z33 — Za3Z32, Hia = Zo3Z31 — Z21Z33, Ha1 = Z13Z32 —
Z13233, Hoo = Z11233 — Z13Z31, H31 = Z12Z23 — Z13Z22, H3o2 = Z13Z231 —
Z11223.

The excitation force and torque are related to wave amplitude A by
Fe3 = f3(w)A and Mes = mes(w)A, where f.3(w) and mes(w) are the
transfer functions of the heave excitation force and pitch excitation
torque, respectively.

Therefore, the Response Amplitude Operator (RAO) of the relative
displacement can be expressed as:

|2 ()] 1

A det[Z]

Similarly, the RAO for heave and pitch motions of the buoy are
respectively:

1
RAO, (w) = ‘m [(Z22Z33 — Zos Zsa)f s (0) — (Z12Z33 — Z13Z32)Mes ()] ‘
12
1
RAOé]s (60) = ‘m [(Zzszsl *221233) e3 ((D) + (211233 - 213231)me5 (w)'
13)

The average output power of IDWEC can be expressed as:

Applied Ocean Research 172 (2026) 105120

where Aw is the sampling interval of the discretized frequency. The
time-average absorbed power of the IDWEC in random waves is equal to
the sum of the absorbed power at each discrete wave frequency, that is:

P=>p, 18)
where
Py = 5 Cenow?[5(o) 19

For irregular waves, the average wave energy power per unit width
in deep water can be expressed as:

= [(Hll +1rHy — Ha )fes(w) + (Hi2 + erlesz)mes(w)] 11)

pg*H?T,
= s¢ 2
i e (20)
where, H; is the significant wave height, T, is the energy Period
(T, ~ 0.9T,), and T, is the peak period.

The power generation efficiency of IDWEC can be expressed as:

P,

=t _100% 21
=P Py xD (21)

where, D is the width of the buoy, D = 2.5m.

2

1 _ 1 1
Pye() = E'Cprowz\zr\z = =-Cpro*|=——— [(Hy1 + rH — Ha1 )fes (@) + (Hyz + rHpp1Hsz)mes ()] | A® a9

2 det [2]

For regular waves, the average wave energy power per unit width in
deep water is (Thiruvenkatasamy and Neelamani, 1997):

p _PEHT
T 321

(15)

where, H is the wave height, T is the wave period.

In real seas, waves are typically random. A common approach to
handling random waves is to decompose them into regular wave com-
ponents whose amplitudes are determined by a discrete wave spectrum.
The standard JONSWAP spectrum is one of the most commonly used
wave spectra and is defined as (Deng et al., 2023):

7(”]*0}1;)2
B 2%  5/wp\* P |: 20202
S(w) = 0.204H L exp 4(w ) 3.3 (16)

where ¢ = 0.07 when » < w,, and 6 = 0.09 when w > w,, @, is the peak
frequency and H is the significant wave height.

For the n —th discretized regular-wave component with the fre-
quency w;, the wave amplitude is

a; = v/2S(wn) Aw a7

2.3. Verification of the mathematical model

Table 1 presents the basic parameters of the buoy. The total mass of
the buoy is 1660 kg, its moment of inertia about the RY-axis is 724.33
kg-m?, and its waterplane area is 4.902 m?.

Fig. 4 presents the RAOs of the buoy for heave and pitch motions,
obtained from Eqs. (12) and (13), respectively, compared with AQWA
results. The results exhibit good agreement, effectively validating the
reliability of the mathematical model established in Section 2.2.

3. Coupling response characteristics of the integrated system

This section analyzes the motion response and energy conversion
characteristics of the buoy-IDWEC integrated system under various

Table 1
Basic parameters of the buoy.
Parameter Unit  Value  Parameter Unit Value
Diameter of the m 2.5 Total moment of inertia  kg. 724.33
buoy m?
Mass of the buoy kg 1660 Displacement of the m® 1.623
buoy
Buoy draft mm 900 Waterplane area of the m? 4.902

buoy
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Fig. 9. Response characteristics of the integrated system for varying m and w.

parameters using the boundary element method. It also serves as a
reference for selecting parameters in the subsequent physical model of
IDWEC.

3.1. Hydrodynamic parameters and buoy model

Fig. 3(b) shows one of the most common types of marine buoys. This
paper takes the 2.5 m diameter marine buoy as an example to study the
coupled response characteristics of the buoy-IDWEC integrated system.
Fig. 5 presents the model of the 2.5 m diameter marine buoy, along with
the layout of the IDWEC within the integrated system. A Cartesian co-
ordinate system O-xyz is set up with the center of the buoy's waterplane
area as the origin, and the buoy's center of gravity is located directly
below this origin. Since the total mass of the buoy and the IDWEC is
constant, the buoy's displaced water volume and its hydrodynamic pa-
rameters remain unchanged.

A marine buoy with a diameter of 2.5 m was modeled using AQWA
software, as shown in Fig. 6(a). The hydrodynamic parameters of the
buoy for heave and pitch motions are presented in Figs. 6(b)-(f). Ac-
cording to the mathematical model in Section 2.2, the coupled motion
response of the IDWEC-buoy integrated system in waves can be obtained
by substituting these hydrodynamic parameters into the model.

3.2. Coupling resonance frequency of the integrated system

Damping and external forces do not affect the system's resonant
frequency. Therefore, when analyzing the coupled resonant frequencies
of an integrated system, damping can be neglected. Thus, the equations
of motion for the integrated system can be written as:

M —m+ Az Ass 0 §3 Css + kpro rkpro —kpro & 0
As3 Is+Ass 0| |&| + rkpro Css +kpro  —Tkpro | | &3 | = | O (22)
0 0 m| | 0s —kpro —kpror kpro Os 0
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Fig. 10. Response characteristics of the integrated system for varying kpro and o.

Eq. (22) can also be expressed in the frequency domain as: By expanding the determinant, a cubic characteristic equation in

terms of w? can be obtained.

—w? (M —m+ A33) + (C33 + kpn)) —a)2A35 + rkpro —kpro &3 0
—*As3 + rkpro —a*(Is + Ass) + Css + *kpro —rkpro S| =10 (23)
—kpro —kpror —o*m + kpro 0s 0
The resonance frequency satisfies: a (w2)3 b (w2)2 ‘e (wz) td—0 (25)
—@*(M —m + Ag3) + (Cs3 + kpro) —w*Ass + rkpro —kpro

det —w*Asz + rkpro
_kPTO

—w*(Is + Ass) + Css + ’kpro
—kpror

—rkpro =0 (24)
—w?*m + kpro

10
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Fig. 11. Response characteristics of the integrated system for varying Cpro and w.
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where,

a=m [AzsAs3 — (M —m+As3)(Iis + Ass)]

b =m(Cs3 +kpro) (Iis + Ass)
+ (M —m+Ass) [(Css +r*kpro)m + kero(Iis +Ass )]
— mrkpro(Ass + Ass) — kproAssAss

¢ = kproCss(M —m+ Asz) — m(Cas + kpro) (Css + kPTOrz)
— kpro(Css + kpro) (Iis + Ass ) + kago (mr? +Is + Ass)

d = Cs5Csskpro.

Fig. 7 presents cloud plots of the resonant frequencies of the inte-
grated system as functions of varying m and kpro whenr =1 m. In Fig. 7
(a), the first resonant frequency ®; decreases with increasing m but in-
creases with increasing kpro. @1 exhibits significantly higher sensitivity
to variations in both m and kprp. In Fig. 7(b), the second resonant fre-
quency wy similarly decreases with increasing m and increases with
increasing kpro. However, w, shows significantly lower sensitivity to
variations in m and kpro, and remains approximately at 3.7 rad/s — close
to the pitch resonance frequency of the buoy. This indicates that ws
depends primarily on the inherent pitch characteristics of the buoy itself.
In Fig. 7(c), the third resonant frequency ws also shows relatively low
sensitivity to variations in m and kpro, remaining approximately at 4

11

rad/s.

Fig. 8 illustrates the resonant frequencies of the integrated system
under varying m or kpro. In Fig. 8(a), with kpro = 500N/m and r = 1m
held constant, w1, w2, and w3 all decrease as m increases. In Fig. 8(b),
with m =100 kg and r = 1m held constant, w1, w3, and w3 all increases as
kpro increases. When m increases, the frequency gap between the @; and
w3 first narrows and then widens; when kprpincreases, this gap contin-
uously narrows. These results indicate that for this integrated system, by
setting appropriate values of m and kpro, the resonant frequency range of
the integrated system can be broadened, thereby enhancing the power
generation capacity of the IDWEC under different wave conditions.

3.3. Effect of w and m

Fig. 9 illustrates the response characteristics of the integrated system
for varying m and w, with kpro = 500 N/m, Cpyo = 100 N.s/m, r =1 m,
and wave amplitude A = 0.25 m. In Fig. 9(a), as m increases, the relative
displacement z, curve gradually shifts from a single-peak shape to a
double-peak shape. Furthermore, the effective frequency bandwidth
between the two peaks gradually increases. In Fig. 9(b), as m increases,
the average power Pg, curve also transitions from a single-peak to a
double-peak shape. However, the maximum Py, first increases and then
decreases with increasing m. This indicates that a larger m is not
necessarily better; it needs to be appropriately matched with kpro to
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Fig. 12. Response characteristics of the integrated system for varying r and w.

X. Zheng et al.
1.2
1.0 4
0.8
E 06
Sy
0.4
0.2 4
0.0 ! : , . | P
0 1 2 3 1 AR !
(rad/s)
(a). Relative displacement
50
40 4
—~ 30
N
z
& 204
10 4
0 T
0 1
S =0
1 —e—es 0=15 (c)
08d Nl 0=30 (°)
' ——--0=45 (°)
—~ 0.6 4 P =) (0)
CHE Y 72 N U 0=75 (%)
N 04 =90 ()
0.2 1
0.0 4

0 1 2 3 4 5 6 7
m(rad/s)

(a). Relative displacement

500

- 0=15 (%)
6=30 (°)
— - 0=45 (%)
o 660 (°)
------- 0=75 (°)
——0=90 (°)

0 1 2 3 4 5 6 7
o (rad/s)

(b). Average power

Fig. 13. Response characteristics of the integrated system for varying 6 and .

achieve better power generation. In Fig. 9(c), the double-peak charac-
teristic of the power generation efficiency #,, curve becomes less pro-
nounced as m increases. The maximum #,, also first increases and then
decreases with increasing m, exceeding 50%. It can be observed from
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Fig. 9 that the response characteristics of the integrated system are
significantly affected by both the natural pitch frequency of the buoy
and the natural frequency of the spring-mass-damper system inside the
IDWEC.
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Fig. 16. Response characteristics of the integrated system with and without an end-stop.

3.4. Effect of w and kpro

Fig. 10 illustrates the response characteristics of the integrated sys-
tem for varying kpro and w, with m =100 kg, Cpro =100 N.s/m, r = 0.5

m, and wave amplitude A = 0.25 m. In Fig. 10(a), as the spring stiffness
kpro increases, the relative displacement z, curve gradually shifts from a
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dual-peak shape to a single peak and then back to a dual-peak shape. The
maximum 2, value first increases and then decreases. 2, reaches its
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Fig. 18. Nonlinear response characteristics of the integrated system for varying L and Cpro.

maximum when the natural frequency of the spring-mass-damper sys-
tem inside the IDWEC approaches the natural pitch frequency of the
buoy. In Fig. 10(b), the average power Pg, curve similarly transitions
from a dual-peak shape to a single peak and then back to a dual-peak
shape as kprp increases. The maximum Py, first increases and then de-
creases with increasing kpro. When kpro is either large or small, the
emergence of dual-resonance frequencies enhances the IWEC's adapt-
ability to different wave conditions. However, the maximum average
power exhibits a significant reduction compared to that at the single-
peak resonance frequency. In Fig. 10(c), the power generation effi-
ciency 7, exhibits the same response characteristics as the average
power Pg,,, with a maximum efficiency exceeding 70%.
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3.5. Effect of w and Cpro

Fig. 11 illustrates the response characteristics of the integrated sys-
tem for varying Cpro and w, with m = 100 kg, kpro = 500 N/m, r = 0.5m,
and wave amplitude A = 0.25 m. In Fig. 11(a), as the damping coeffi-
cient Cprp increases, the relative displacement z, curve gradually tran-
sitions from a dual-peak shape to a single-peak shape, and the maximum
z, value decreases progressively. When Cpro is small, the emergence of
dual-resonance frequencies enhances the IWEC's adaptability to
different wave conditions. However, the significant increase in the
maximum 2, value increases the stroke length L required within the
IWEC to accommodate the sliding body's motion. In Fig. 11(b), the
average power Pve curve similarly transitions from a dual-peak shape to
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a single-peak shape as cPTO increases. The maximum Pyy, first increases
and then decreases with increasing Cprp. In Fig. 11(c), the power gen-
eration efficiency 7, exhibits response characteristics identical to the
average power, with a maximum efficiency exceeding 25%.

3.6. Effect of w and r

Fig. 12 illustrates the response characteristics of the integrated
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system for varying r and w, with m = 100 kg, kpro = 500 N/m, Cpro =
100 N.s/m, and wave amplitude A = 0.25 m. In Fig. 12(a), as the lever
arm r increases, the relative displacement 2, curve transitions from a
single-peak shape to a double-peak shape. The frequency of the second
peak corresponds to the buoy's natural pitch frequency, and the
maximum 2, increases monotonically. In Fig. 12(b), the average power
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Fig. 21. Influence of different resistances on the motion response and power
generation performance of the IDWEC.
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P, curve similarly shifts from a single peak to a double peak as the lever
arm r increases, with the maximum Py, also increasing with larger r. In
Fig. 12(c), the power generation efficiency #,, exhibits the same response
characteristics as the Py, with the maximum efficiency exceeding 40%.
The above results demonstrate that increasing the lever arm r has a
unidirectional and significant effect on improving the performance of
the IDWEC.

3.7. Effect of  and 0

Fig. 13 illustrates the response characteristics of the integrated sys-
tem for varying 6 and o, with m = 100 kg, kpro = 500 N/m, Cpro = 100
N.s/m, r = 1 m, and wave amplitude A = 0.25 m. In Fig. 13(a), as the
wave incident angle 6 increases, the relative displacement 2, curve
gradually transitions from a double-peak shape to a single-peak shape,
and the maximum Z, value gradually decreases. In Fig. 13(b), the
average power Py, curve similarly shifts from a double-peak to a single-
peak shape as @ increases, and the maximum P,, decreases with
increasing 6. The above results indicate that the effect of the wave
incident angle @ is equivalent to only changing the lever arm r. When the
wave incident angle = 90°, r is 0 m.

Fig. 14 illustrates the average power of the integrated system for
varying 0, with m = 100 kg, kpyo = 500 N/m, Cpro = 100 N-s/m,r=1m,
and wave amplitude A = 0.5 m. In Fig. 14(a), for a wave period of T = 3
s, the average power Pg,, reaches its maximum value of 345.5 W at § =
0° and its minimum value of 218.91 W at § = 90° Over the full range of
from 0° to 360°, Pqy, varies between 218.91 W and 345.5 W. Similarly, in
Fig. 11(b) for T = 4 s, Py, ranges from 21.04 W to 24.07 W. In Fig. 14(c)
for T =55, Pgy ranges from 3.70 W to 3.89 W. These results demonstrate
that the wave period significantly impacts the IDWEC's performance.
When arranging the position of the IDWEC, it should be oriented such
that the wave incident direction should be as parallel as possible to the
connection between the center of gravity of the IDWEC and the center of
gravity of the buoy.

4. Nonlinear constraints between IDWEC and buoy

Fig. 15 illustrates the schematic structure diagram of the IDWEC.
During actual operation, the motion of the sliding body is constrained by
the internal structural space of the IDWEC, particularly in the vertical
direction. The sliding body has a stroke length L. When the relative
displacement of the sliding body exceeds +L/2, it collides with the upper
and lower end-stops of the IDWEC, thereby reducing its kinetic energy.
Eq. (26) gives the expression for the PTO force under both collision and
non-collision conditions of the sliding body.
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Fig. 22. Influence of different spring stiffness on the motion response and
power generation performance of the IDWEC.
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Fig. 23. Influence of different sliding bodyes on the motion response and
power generation performance of the IDWEC.

Fpro = {

where, k. is the spring stiffness of the end-stop, which can be considered
infinite.

Fig. 16 shows the relative displacement and power of the integrated
system with and without an end-stop under the conditions of wave
period T = 4 s, wave amplitude A = 0.75 m, m = 100 kg, kpro = 500 N/
m, Cpro = 100 N.s/m, r = 1 m, and stroke length L = 0.8 m. In Fig. 16(a),
for the integrated system without end-stops, the maximum relative
displacement z, is 0.72 m. In contrast, for the integrated system with
end-stops, the maximum z, is 0.4 m. For the system with end-stops, when
zr exceeds L/2, it collides with the end-stop and rebounds immediately.
Furthermore, Fig. 16(b) shows that collision with the end-stop results in
a reduction in instantaneous power. Consequently, the overall average
power of the integrated system with end-stops is significantly lower than
that of the integrated system without end-stops.

pr'm(gg + T”'.95.* &s) — kero(&; + 105 — &) 2| <L/2
—Cpro(&s + 165 — &3) — (kpro + ke) (&3 + 105 — &i3) |27 > L/2
(26)

4.1. The optimal spring stiffness of the integrated system

According to Eq. (24), for a given wave frequency o, if det(Z) = 0, the
integrated system resonates. At this time, the output power of the system
reaches its maximum. Thus, the expression for the optimal spring stiff-
ness coefficient kj, can be derived as follows:

wzm{ [7602 (M7m+A33) +C33] [7602 (155 +A55) +C55] — (CU4A§5) }

[~ (M—m-+Ags)+Css] [~ 0 (Iss +Ass) +Css | — (0*A%5) +0’m
{2(7w2A35)r7 [7w2(M7m+A33)+Cg3]r2 — [7&)2 (155+A55)+C55] }
27)

¥
PTO

Fig. 17 shows the optimal spring stiffness kj,, of the integrated
system for varying m and r at a given wave frequency w. From Figs. 17(a)
to (f), it can be observed that the mass m exerts a significant influence on
kjro- When m is small, the effect of the lever arm r on k},, is minimal and
almost negligible. However, as m increases, the influence of r on kj,
becomes increasingly pronounced. For a spring-mass-damper system,
the resonant spring stiffness can be expressed as w?m. Consequently,
when m is small, kj;, closely approximates this formula.

4.2. The nonlinear response characteristics of the integrated system

Fig. 18 illustrates the nonlinear response characteristics of the inte-
grated system for varying L and Cpro, withm =100 kg, kpro =kppo, r=1
m, wave amplitude A = 0.25 m, and a given wave frequency w = 2 rad/s.
In Fig. 18(a), for both stroke lengths L = 0.8 m and L = 1.0 m, the
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Fig. 26. Instantaneous and average power of the IDWEC under JONSWAP spectrum and regular waves.

relative displacement amplitude z, initially remains constant and then
gradually decreases as Cpro increases. This constant region is caused by
the end-stop restricting the motion of the sliding body. The Cpro values
corresponding to points A and B are 115 N.s/m and 145 N.s/m,
respectively. In Fig. 18(b), the average power Py, first increases and
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then decreases with increasing Cprp. For stroke lengths L = 0.8 m and L
= 1.0 m, the maximum Pg,, values are 45 W and 52 W, respectively,
achieved at corresponding Cprp values of 145 N.s/m and 115 N.s/m.
From these results, it can be observed that for a given wave frequency o
and stroke length L, the optimal Cpro occurs when 2, reaches L/2.
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Table 2

(a). Side view

Main parameters of the full-scale testing model.
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(b). Top view

Fig. 27. Schematic diagram of a full-size test model.

Buoy IDWEC Mooring System
Parameter Value Parameter Value Parameter Value
Diameter of  2.5m Mass of 40 kg Number of 3
buoy sliding body anchor chains
Mass of 1660 Stroke length 0.8 m Length of 45 m
buoy kg anchor chain
Draft of 0.9 m Spring 300 Diameter of 50 mm
buoy stiffness N/m anchor chain
Lever arm 0.8 m PTO 75 N. Break load of 2660,000
damping s/m anchor chain N
726
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(a) wave scatter diagram of the South China Sea in 2022

5. Model experiment in wave tank

This section describes the physical model of the IDWEC integrated
with a buoy and presents regular/random wave testing conducted on the
integrated system in a wave tank. First, the consistency between nu-
merical simulation data and wave-tank experimental data was vali-
dated. Then, the effects of the sliding body, spring stiffness, and external
electrical load on the IDWEC’s power generation performance were
analyzed.

5.1. Experimental setup and model

Fig. 19 shows the schematic diagram and physical model of the
wave-tank experiment, including the main parameters of the IDWEC and

N

W E
— | 124
SW SEmminsi <25

_—0 S <12
S — <05

(b) Rose chart of significant wave height and wave direction

Fig. 28. Distribution of wave conditions in the South China Sea in 2022.

Table 3

The maximum tension load of anchor chains under several extreme wave conditions.
Wave conditions Anchor Chain Number Wave conditions Anchor Chain Number

1MN) 2 (N) 3(MN) 1(N) 2(N) 3(MN)

T, =7s, Hi =45m 116,280 8925 9271 T, =95, H; =55m 141,942 16,463 18,073
T, =75s, H, =45m 83,001 18,574 6563 T, =95s, H, =5m 31,898 7636 2934
T, =8s, H, =55m 114,391 6970 13,793 T, =10s, HL =45m 25,720 2686 2503
T, =85s, H, =55m 86,508 8508 8766 T, =105s, H; =4m 10,580 1587 2191
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Fig. 29. Average power of the IDWEC under different random wave conditions.

the buoy. The wave tank is 130 m long, 18 m wide, and 6 m deep, and
can simulate regular and random waves with wave heights ranging from
0 to 0.6 m. The main parameters of the buoy and IDWEC are shown in
Fig. 19(c). The buoy was loosely moored near the center of the wave
tank using three anchor chains positioned at 120-degree intervals. A
wave gauge was installed 5 m in front of the buoy to record the time-
history curve of the wave-surface elevation. A miniature displacement
sensor was installed inside the IDWEC to measure the relative
displacement between the sliding body and the buoy. The alternating
current (AC) generated by the IDWEC’s generator was first rectified
through a bridge rectifier before being converted into direct current
(DC) to supply power to the external electrical load.

5.2. Experimental results and analysis

To verify the consistency of the numerical calculation results, a
comparison was conducted between the numerical calculations and the
wave tank testing results. Fig. 20 presents the comparison of the relative
displacement of the sliding body between the wave tank testing and
numerical calculation under regular wave conditions with a 3 s wave
period and 0.25 m wave height, while maintaining identical parameters.
The comparison revealed that the numerical calculations exhibited good
agreement with the wave tank testing results, thereby validating the
reliability of the established mathematical model.

The external electrical load of the IDWEC employs a sliding rheostat
with adjustable resistance. Fig. 21 shows the influence of different re-
sistances on the motion response and power generation performance of
the IDWEC under test conditions of regular waves with a period of 3 s,
wave height of 0.25 m, m =30 kg, and kpro =132 N/m. The relative
displacement Z, initially increases gradually with increasing resistance
and then stabilizes. The main reason is that higher resistance leads to
smaller current in the circuit, resulting in reduced impedance from the
PTO system, thereby enhancing the motion of the sliding body. How-
ever, since the motion of the IDWEC is constrained by its finite stroke
length L, the relative displacement z, remains constant at higher resis-
tance values. As the resistance value increases, the average power P, of
the IDWEC initially increases and then decreases. The maximum Py, is
achieved when the maximum z, reaches half the IDWEC's stroke length
(L/2). This result is consistent with the findings shown in Fig. 18, vali-
dating the response characteristics of the integrated system described
above.
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Fig. 22 shows the influence of different spring stiffness values on the
motion response and power generation performance of the IDWEC
under test conditions, which included regular waves with a period of 3 s,
a wave height of 0.25 m, m = 30 kg, and a 5 Q load resistance. Both the
relative displacement z, and average power Py, initially increase with
spring stiffness P, but then decrease upon further increase. The
maximum Z and Py, occur when the resonance frequency of the IDWEC's
internal spring-mass-damping system approaches the wave frequency.
These results indicate that when selecting spring stiffness, the natural
frequency of the spring-mass system should be tuned as close as possible
to the most probable wave frequency in real sea states.

Fig. 23 shows the influence of the sliding body mass on the motion
response and power generation performance of the IDWEC under test
conditions of regular waves with a period of 3 s, wave height of 0.25 m,
kpro =132 N/m, and a 5 Q load resistance. Both the relative displace-
ment and average power exhibited proportional increases with sliding
body mass, showing linear growth trends. The above results indicate
that the mass of the sliding body should be increased as much as
possible, within the constraints of the IDWEC's allowable internal space,
to enhance the output power.

6. Coupling response characteristics of the integrated system
under real sea wave conditions

This section analyzes the motion response and energy conversion
characteristics of the IDWEC under the JONSWAP wave spectrum. The
average daily power generation of the IDWEC is predicted based on the
2022 wave scatter diagram for the South China Sea area.

6.1. Motion response and power generation performance of the IDWEC
under JONSWAP spectrum

Fig. 24 compares the wave surface elevation under the JONSWAP
spectrum with that of regular waves. The JONSWAP spectrum was
characterized by a significant wave height of 0.5 m and a peak wave
period of 3 s, while the regular waves had a wave height of 0.5 m and a
wave period of 3 s.

Fig. 25 shows the relative displacement of the sliding body under
both JONSWAP spectrum and regular waves, with test conditions of L =
0.8 m, kpro = 132 N/m, m = 40 kg, and Cpyp = 100 N-s/m. Under regular
waves, the relative displacement exhibits sinusoidal characteristics,
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whereas under the JONSWAP spectrum, it demonstrates randomness.

Fig. 26 presents the instantaneous power and average power of the
IDWEC under both the JONSWAP spectrum and regular waves. Under
the JONSWAP spectrum, the IDWEC achieved a maximum instanta-
neous power of 175 W and an average power of 17.85 W. In regular
waves, the maximum instantaneous power was 30 W, with an average
power output of 12.73 W. The results indicate that the IDWEC also
demonstrates reliable power generation capability under the JONSWAP
spectrum, with slightly higher power generation performance than that
in regular waves under this condition. This is primarily attributed to the
more frequent oscillations of the sliding body under the JONSWAP
spectrum.

6.2. Daily average power generation forecast of the integrated system

To analyze the power generation capability of the integrated system
under real sea states, a full-scale test model (shown in Fig. 27) was
developed. The test model comprises a buoy, an IDWEC, and a mooring
system. The parameters of the full-scale test model are detailed in
Table 2.

The water depth is 30 m, and the random wave conditions in this sea
area conform to the standard JONSWAP spectrum model described in
Section 2.2. The mooring system consists of three anchor chains, each 45
m in length, with a breaking load of 2660,000 N.

Fig. 28 presents the distribution of wave conditions in the South
China Sea for 2022. Fig. 28(a) shows the wave scatter diagram for that
year. Each cell records the total hours the corresponding wave condition
occurred (e.g., the value 77 at T, =3 s, H; =0.5 m indicates this condi-
tion lasted 77 h throughout 2022). The diagram reveals that wave pe-
riods are primarily concentrated between 3-8 s, while significant wave
heights are mainly distributed from 0.5 m to 3.5 m. Fig. 28(b) displays
the wave rose diagram for significant wave height and wave direction,
showing relatively concentrated wave directions, predominantly from
the NE (Northeast). Given this concentration, this study assumes all
waves originate from the NE direction when calculating the IDWEC's
daily average power generation prediction, setting NE as the 0° wave
direction.

The daily average power generation of IDWEC can be obtained
through the following equation:

10555 )
B Lai=3 Zj:o.stijPij

DT ISNI05555 o *24
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(28)

where, i represents the peak period, j represents the significant wave
height, Py represents the average power of the IDWEC under peak period
i and significant wave height j, and Hj represents the number of hours
corresponding to peak period i and significant wave height j.

Table 3 presents the maximum tension forces experienced by
different anchor chains under several extreme wave conditions depicted
in Fig. 28(a). The maximum tension force on an anchor chain occurs
under the wave condition of T, = 9 s and H; = 5.5 m, specifically on
Anchor Chain 1, reaching 141,942 N. This value is less than the anchor
chain's breaking load of 2660,000 N. Therefore, the buoy can operate
safely under the wave conditions shown in Fig. 28(a).

Fig. 29 presents the average power generation forecast of the IDWEC
under different wave conditions modeled using the JONSWAP spectrum.
The wave conditions correspond to those in Fig. 28(a). Except for the
tested wave conditions, all other parameters remained unchanged: the
wave direction was fixed at 0°, the stroke length L = 0.8 m, the PTO
damping was set to 75 N.s/m, and the spring stiffness was maintained at
300 N/m. As the peak period increased, the IDWEC's average power
gradually decreased, while larger significant wave heights led to a
progressive increase in its average power. By combining the results from
Fig. 28(a) and Fig. 29 and utilizing Eq. (28), the daily average power
generation of the IDWEC under random wave conditions in the South
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China Sea in 2022 was forecast to be 455.92 Wh. According to the
research by Wang et al. (2022) and Chen et al. (2025), the
hydro-meteorological sensors installed on the buoy collect and transmit
data every 10 min, requiring a daily energy consumption of 395.92 Wh.
Therefore, the IDWEC designed in this study, with parameters Cpro = 75
N.s/m, kpro = 300 N/m, r = 0.8 m, and m = 40 kg, is sufficient to meet
the buoy's daily power requirements.

7. Conclusions

To address the frequent power shortages faced by marine buoys in
deep-sea environments, this paper proposes a novel IDIWEC. The IDWEC
can be installed within a buoy to form an integrated system. As the
IDWEC does not directly contact seawater, it exhibits enhanced reli-
ability and survivability. To establish an effective wave energy capture
mechanism, a mathematical model for the integrated system's energy
conversion was developed using the Boundary Element Method. This
paper investigates the influence of various factors on the motion
response and energy conversion characteristics of the IDWEC, analyzes
its performance differences under regular and irregular waves, and
validates the numerical results through wave tank experiments. Based
on the numerical simulations and experimental results, the following
conclusions can be drawn:

1. The IDWEC-Buoy Integrated System features three distinct resonance
frequencies. These resonance frequencies can be adjusted by
changing the mass of the sliding body or the spring stiffness to match
the wave conditions in the target sea area, thereby enhancing power
output.

2. When the mass of the sliding body is small, the three resonance
frequencies correspond respectively to the natural heave frequency
of the buoy, the natural pitch frequency of the buoy, and the natural
frequency of the internal spring-mass-damper system within the
IDWEC. This latter natural frequency can be approximately w?m.

3. The optimal spring stiffness is independent of the PTO damping co-
efficient. However, for an IDWEC with limited internal volume, the
optimal PTO damping—and thus the maximum power output—is
achieved when the relative displacement amplitude of the sliding
body under the optimal spring stiffness is precisely equal to half of
the device's stroke length (L/2).

4. Based on the 2022 wave scatter diagram for the South China Sea
area, the IDWEC system with m =40 kg, kpro =300 N/m, Cpro=75N/
(m/s), L =0.8 m, and r =0.8 m achieves a daily average power
generation of 455.92 Wh under random wave conditions. This output
meets the daily average power demand of 395.92 Wh required by the
sensors in 2.5 m diameter buoys.

Both the numerical and experimental results demonstrate that the
IDWEC performs excellently under random waves, showing promising
potential for providing power to deep-sea buoys. Considering that the
optimal spring stiffness and PTO damping vary with wave conditions,
the development of advanced intelligent controllers to automatically
adjust these parameters in response to changing sea states—thereby
improving the IDWEC's daily average power generation—will be a pri-
mary focus of future research.
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