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Abstract: In order to enhance the power generation efficiency and reliability of wave energy con-
verters (WECs), an enclosed inertial WEC with a magnetic nonlinear stiffness mechanism (nonlinear
EIWEC) is proposed in this paper. A mathematical model of the nonlinear EIWEC was established
based on the Cummins equation and the equivalent magnetic charge method, and the joint simula-
tions were carried out using MATLAB/Simulink 2020 and AMESim 2020 softwares. The effect of
the magnetic nonlinear stiffness mechanism (NSM) on the performance of the EIWEC system was
investigated. The results show that the nonlinear negative stiffness property of NSM can significantly
improve the motion response and output power of EIWEC under low-frequency waves. Compared to
EIWEC without NSM (linear EIWEC), nonlinear EIWEC has a higher generation efficiency and wider
frequency bandwidth. Additionally, the effects of linear spring, internal mass body, and hydraulic
power take-off (PTO) system parameters on the energy conversion capability of the system were ana-
lyzed to provide a reference for the design of nonlinear EIWECs. In general, the proposed nonlinear
EIWEC could provide good development potential for the scale utilization of wave energy resources.

Keywords: wave energy converter; nonlinear stiffness mechanism; hydraulic PTO system; wide
bandwidth; AMESim

1. Introduction

With the rapid expansion of the global economy and population, the energy crisis and
climate change have reached a heightened level of urgency [1]. Various measures have been
implemented, including the United Nations Framework Convention on Climate Change [2]
and the Paris Agreement [3], aimed at mitigating the impact of global warming and
fostering sustainable development across economic, social, and environmental domains.
There is now a widespread consensus among the international community to change the
conventional fossil-fuel-based energy structure and actively advance the utilization of
renewable energy resources [4,5].

The oceans encompass 71% of the Earth’s surface and are abundant in energy re-
sources [6]. Wave energy, one of the typical ocean energy resources, has advantages such
as better availability, greater predictability, and higher energy density [7]. Wave energy
can provide electricity support for island communities, ocean observation instruments,
aquaculture activities [8,9], and hydrogen production and desalination [10], exhibiting vast
application potential.

In recent years, many wave energy converters (WECs) have been proposed, such as
oscillating buoy WECs, oscillating water column WECs, and overtopping WECs [11]. These
diverse design concepts have contributed to effectively developing and utilizing wave
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energy resources. However, the diversity of concepts is also detrimental, in the sense that
there is no “winning concept” at this moment. This hinders potential economies of scale
and standardization gains, as well as diluting the investments made into wave energy.
Moreover, in these concepts, almost all of the WEC’s units, such as the power take-off
(PTO) system, control system, and electrical system, are directly exposed to the marine
environment. The entire WEC will be affected by all processes: biofouling, corrosion,
extreme waves, etc. [12] These elements of the marine environment can make critical
units (especially the PTO system) less reliable. These situations can increase the LCOE,
either through lower efficiency, higher downtimes or greater expenditures in operation
and maintenance.

Enclosed inertial WECs (EIWECs) have attracted much attention from scholars because
of their outstanding survivability and reliable working performance [13]. Prominent
EIWECs include Searev [14], Pendulum WEC (PeWEC) [15], Inertial Sea WEC (ISWEC) [16],
the Wello Oy Penguin [17], the E-Motions [18], the Seaturns [19] and the WITT [20], and their
survivability has generally been verified under extreme wave scenarios. They feature the
enclosure of every PTO component inside a rigid and watertight buoy. The encapsulation
structure protects all the internal parts from potential risks of corrosion or flooding [21].
Under wave excitation, energy harvesting is achieved by relative motion (linear or rotational
motion) between the buoy and the internal mass body [16,22,23]. Therefore, this study will
focus on performance analysis and optimization of the EIWECs.

Improving the generation efficiency of the WECs plays an essential role in reducing
the LCOE. Efficient power extraction from the ocean in EIWECs with linear stiffness
springs (linear EIWECs) is achievable when the system operates near resonance [24].
However, wave energy is primarily distributed within a period range from 5 s to 15 s,
exhibiting broadband and low-frequency characteristics [25]. It is difficult for linear WECs
to adequately harvest energy from the wide frequency band of the ocean waves, thereby
leaving most of the wave energy unutilized [26]. The natural frequency of the WEC is
determined by the stiffness of the hydrostatic force, which is typically very high, resulting
in a natural frequency much higher than the dominant frequencies in the spectrum of
the incoming ocean waves [27]. For instance, for a point absorber with a diameter of
4 m, its natural frequency is about 1.78 rad /s, which means that the system can resonate
at a wave period of 3.5 s [28]. This value is considerably lower than the common wave
period. To accommodate the low-frequency characteristics of ocean waves, larger-sized
buoys are necessary to achieve reduced intrinsic frequencies of WECs [29]. According to
Kurniawan et al. [29], to resonate at 8 s (typical Wave Period), a point absorber would need
a diameter of approximately 30 m. However, the large-sized floats may pose additional
challenges, including wave-structure interactions, economies of scale and costs. Moreover,
these larger-sized floats might be less hydrodynamically efficient than smaller bodies due
to opposing forces over the body surface [30].

Numerous techniques have been put forth to enhance efficiency, including modifying
the mass moment of inertia and actively controlling the PTO system [21,31-33]. These
methods typically involve real-time parameter tuning based on estimating the wave excita-
tion force and are challenging to implement in practice [34]. The prediction deviation of
wave information might cause a significant decrease in control performance. Furthermore,
these control strategies required extra control units, inevitably increasing installation and
maintenance expenses.

In the field of mechanical vibration energy harvesting, nonlinearities and instabilities
are typically introduced into the system to increase frequency bandwidth and the dynamic
range of the excitation amplitude. Scapolan [35] and Giorgi et al. [36] introduced a time-
varying damper, tackling the problem of the performance enhancement of a mechanical
energy harvester, in terms of both frequency bandwidth and response amplitude, via time
variations of the PTO damping coefficient. Some WECs adopted parametric resonance
to improve the energy conversion performance of the system. To meet the configuration
requirements for parametric resonance, the float is usually connected to the pendulum for
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inertial coupling in some schemes [37]. According to Giorgi [38], nonlinear hydrodynamics
are also capable of inducing parametric resonance between different degrees of freedom of
the float. In addition to the foregoing methods, the nonlinear stiffness approach, such as the
bistable mechanism [39] and the collision mechanism [40], can also improve the frequency
bandwidth and performance of the WECs. The bistable mechanism has two potential wells
and a potential barrier, which can be obtained through the inclined structural configuration
of springs or repulsive force between magnets [41,42]. For a bistable WEC system, there are
three main motion patterns: periodic intrawell, interwell, and chaotic motion [43]. Among
them, interwell motion can travel across the potential barrier and oscillate continuously
between two potential wells, can generate a larger motion amplitude, and is considered
to be a desirable high-energy orbit [28]. Recently, bistability has also been applied to
EIWEC. Wang et al. [44] investigated the performance of a bistable snap-through PTO
system operating inside a submerged EIWEC, highlighting the significance of the bistable
mechanism in improving efficiency. Todalshaug et al. [45] proposed a bistable mechanism
called “CorPower” and performed experiments on a 1/16-scale model. The results indicate
that CorPower can provide phase control to the system, significantly increasing the power
performance. The component was applied to the CorPower prototype [46]. Additionally,
a novel X-shaped structure, offering an innovative bistable and quasi-zero stiffness, was
applied in the EIWEC, thereby greatly enhancing the wave energy conversion capabil-
ity [47]. These studies indicated that the utilization of nonlinear stiffness properties enables
the passive tuning of the system. Nonlinear stiffness mechanisms are advantageous in
adapting the system to wave frequency variations since the frequency bandwidth of the
system is increased. However, this benefit is limited to large amplitude wave scenarios;
when the wave height is small, the nonlinear stiffness may hinder the power extraction
of EIWECs.

In our previous study, a novel magnetic nonlinear stiffness mechanism (NSM) was
proposed and applied to a point absorber WEC (PAWEC) [28]. The NSM system exhibited
a lower potential barrier, facilitating the buoyancy of PAWEC to generate high-energy
interwell motions even in low amplitude waves. This characteristic significantly enhanced
the energy harvesting efficiency and expanded the frequency bandwidth of the PAWEC. In
this study, we extended the application of NSM in EIWEC (nonlinear EIWEC) and further
assessed the influence of the nonlinear stiffness mechanism on the dynamics and power
conversion performance of EIWEC.

Because of its great adaptability to low frequency waves and high efficiency, the hy-
draulic power take-off (PTO) system is a popular option for energy conversion in WECs [48].
Choi et al. [49] constructed and tested a 50 kW hydraulic PTO system, confirming the posi-
tive role of the accumulator in smoothing the power output. Gao et al. [50] considered the
nonlinear effect of the hydraulic system and analyzed the influence of wave and hydraulic
component parameters on motion response and performance. Liu et al. [51] employed the
hydraulic PTO system to capture wave energy in a two-raft-type WEC. They discussed
the variation in the optimal hydraulic PTO parameters with wave state. To improve the
efficiency and stability of the rotating EIWEC, an adaptive hydraulic PTO system was
designed and tested by Xue et al. [52]. The effects of the precharged pressure, delay time,
and open state time of the accumulator on the average output power and power fluctuation
index were experimentally analyzed.

The hydraulic PTO system typically consists of multiple hydraulic components, and
variations in component parameters will result in complex energy conversion and force
reaction characteristics [48]. To the authors” knowledge, in the field of wave energy har-
vesting, few studies focused on the analysis and performance evaluation of hydraulic PTO
systems coupled with nonlinear stiffness mechanisms. In previous studies of WECs with
nonlinear stiffening mechanisms [28,39,40,43,53], the PTO system is frequently modeled
as a linear relationship between the damping coefficient and the velocity. In this paper,
the hydraulic PTO system was further introduced into the nonlinear EIWEC to ensure
that the analysis more closely resembles a real scenario. However, the complex dynamic
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behavior of the NSM will increase the design difficulty of the hydraulic PTO system. To
address the issue, this paper investigated the effects of critical hydraulic PTO parameters
on the performance of the nonlinear EIWEC system. The novelty of this paper is in two
main aspects: (a) An enclosed inertial wave energy converter with a nonlinear stiffness
mechanism was designed and proposed. The encapsulation structure can protect critical
hydraulic PTO components from potential risks of corrosion or flooding. The nonlinear
stiffness mechanism can increase the motion response and frequency bandwidth of the
system, improving the operating performance of the EIWEC. (b) The hydraulic PTO system
was further introduced into the nonlinear EIWEC. The results are expected to be a helpful
reference for the hydraulic PTO system design of the nonlinear EIWEC.

The remainder of the paper is organized as follows. Section 2 describes the schematic
design and models of the nonlinear EIWEC. In Section 3, the influence of nonlinear stiff-
ness mechanisms and critical hydraulic PTO parameters on the motion response and
performance of the system is discussed. Section 4 presents the main conclusions.

2. Schematic Design and Modeling
2.1. Schematic Design

The proposed enclosed inertial wave energy converter with a nonlinear stiffness
mechanism (nonlinear EIWEC) is illustrated in Figure 1. As depicted in Figure 1a, the
nonlinear EIWEC primarily consists of an energy harvester and a nonlinear stiffness
mechanism (NSM), which are connected via a rod.

Spring

Guiding axle
Mass body

(a)

Fixed plate
Hydraulic cylinder

Hydraulic PTO system

Nonlinear stiffness

mechanism ] o
Inner magnenc rnng

Outer magnetic ring

Figure 1. Nonlinear enclosed inertial wave energy converter (nonlinear EIWEC). (a) Working scenario,
(b) internal structure.

Figure 1b shows a schematic diagram of the internal structure. The energy harvester
comprises an inner mass body, a buoy, a linear spring, and a hydraulic PTO unit. These
components are encapsulated inside a rigid and watertight buoy. The encapsulation
structure can protect all the internal parts from potential risks of corrosion or flooding.
The relative heaving motion between the buoy and the internal mass body can drive the
hydraulic PTO system to generate electricity.

Figure 2 illustrates a working schematic of the nonlinear EIWEC. The buoy and inner
mass body are connected by a linear spring that can transfer the wave energy captured by
the buoy to the inner mass body. The cylinder and piston rod of the hydraulic cylinder
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wave

H,

'

are mounted on the inner mass body and the buoy, respectively. Because of the relative
motion between the inner mass body and the buoy, the upper and lower chambers of the
hydraulic cylinder produce a pressure difference, allowing the oil to flow into the hydraulic
PTO system (Figure 2a). Four check valves rectify the oil flow in the hydraulic motor into
one direction. An accumulator is utilized to absorb flow fluctuations within the pipeline
and stabilize the output speed of the hydraulic motor. After that, the oil flows into the
hydraulic motor through the throttle valve. The hydraulic motor rotates and drives the
generator to produce electrical energy.

D,
| D] ______________________________________ |

Linear
Accumulator
Check valve

Throttle valve

A

’spring
I |
[ | 1

e

=l Hydraulic, motor
Mass Hydraulic Relief valve ' %@
H, Generator
body cylinder o =
Oil tank
Buoy it
Repulsive 'y Inner magnet ring (b)

magnet

)

0.5Ah

Attractive

0.5Ah

—

magnet

Outer magnet ring

Figure 2. Working schematic of nonlinear EIWEC. (a) Hydraulic PTO unit, (b) nonlinear stiffness
mechanism (NSM).

Figure 2b shows the three-dimensional structure of the NSM, and it comprises an
inner and an outer magnetic ring. The inner magnetic ring is connected to the buoy via the
rod, following the buoy to produce a heaving motion. The outer magnetic ring consists of
two types of sector magnets with opposite magnetic poles and is mounted in the housing
fixed to the seabed. The sector magnets with the same pole direction as the inner magnetic
ring are ‘repulsive magnets’. The remaining sector magnets are ‘attractive magnets’ [28].
The primary role of the NSM is to provide nonlinear stiffness force to the buoy to increase
the motion amplitude and improve the energy conversion performance of the EIWEC.

2.2. Mathematical Modeling

According to Guo et al. [40], under wave excitation, the buoy of a wave energy
converter moves mainly in the heave direction. To simplify the model, we only consider
the heaving motion response in terms of the structural design of the EIWEC. The nonlinear
stiffness mechanism is mounted on the seabed, connected to the float by a rigid linkage. As
a result, the buoy of the EIWEC can only generate a motion response in the heave degree
of freedom.

As shown in Figure 3, the nonlinear EIWEC consists of three stiffness terms: hydro-
static stiffness kyj;, linear spring stiffness k, and magnetic nonlinear stiffness k,,. When
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analyzing the effect of k;, on the system’s performance, the effect of the other two stiffness
terms should also be considered. The effects of k;, and k on the motion response of the
EIWEC are evaluated in this section since kj is a constant term.

Mass Body —T L:

il
Bu:IJ _T o

Hij

Figure 3. Vibration model of a nonlinear EIWEC.

o
AAAAAAA
AAAAALS

k m k hs

AAAAAA
VYWY

The buoy is mainly subjected to wave excitation force F,, radiation force F,, hydrostatic
restoring force Fy;, axial magnetic force of NSM F;;, and interaction force between the
buoy and the mass body F;. The dynamic model of the nonlinear EIWEC can be expressed
as follows:

mizy = Fo + Fr + Fys + Fu + F, 1

where m; denotes the mass of the buoy, and z; is the acceleration of the buoy in the
heave direction.
The equations of motion of the internal mass body are as follows:

myzy = —F; )

where m, denotes the mass of the mass body and z; is the heave acceleration of the mass
body. The interaction force F; depends on the relative motion between the buoy and the
mass body and can be written as

Fi Zk(Zz—Z1) +FPTO’ (3)

where k denotes the stiffness coefficient of the linear spring and Fprp denotes the reaction
force of the hydraulic PTO system. z; and z, represent the displacements of the buoy and
the mass body, respectively. z3 = zp — z1, z3 represents the relative displacement between
the inner mass body and the buoy.

In addition, considering the limited internal space of the buoy, we use the initial
elongation Al instead of the spring stiffness k to avoid choosing some impractical stiffness.

mg

Al = PR

(4)

In regular waves, the wave excitation force F, acting on a buoy can be expressed
through the Haskind relation as [54]:

/2¢3pB; (w
FF=A %g()cos(wt +9¢), (5)

where A is the amplitude of the wave, p is the density of seawater, g is the acceleration of
gravity, B;(w) is the radiation damping coefficient, w is the frequency of the wave, and ¢ is
the phase of the wave.
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According to the Cummins equation [55], the wave radiation force F, can be given as
. t .
F = —meozy —/ ke(t — 7)z(T)dT, (6)
0

where mq, represents the mass and added mass at infinite frequency of the buoy. k() is
the impulse response function (IRF) of the radiation force, which can be obtained by:

2 [eo]

k== [ Ba(w)cos(whdt, @)

Wave excitation and radiation forces are modeled using linear hydrodynamic coeffi-
cients, including added mass and radiation damping coefficients. ANSYS-AQWA 2020 is a
standard simulation package, and it can calculate these hydrodynamic parameters using
a frequency domain potential flow boundary element method (BEM) solver. The BEM
solutions of added mass and radiation coefficients are obtained by solving the Laplace
equation for the velocity potential of the float, which assumes that the flow is inviscid,
incompressible, and irrotational [56]. The added mass A, and radiation damping B, are

shown in Figure 4.

Radiation damping

10,000
E
Z 5,000
v[\'
m
0 .
0 1 2 3 4 5
w (rad/s)
15,000 . Added mass '
E 10,000 | :
&
<N 5,000 1
0 . . . .
0 1 2 3 4 5
w (rad/s)

Figure 4. Added mass A, and radiation damping B,.

In order to improve the calculation speed of the radiation force, a state space model

(SSM) was used instead of the convolution integral term fo (t —1)z(7T)dT.

{ x( t) = AX(t) + Bz (1) @)
fo (t —1)z(T)dt = CX(t)

where X(f) is the n-order state vector. A, B, and C are constant coefficient matrices of the

SSM. Zr(t) is the approximate value of k,(t). z1(7) is the velocity of the buoy. A, B, and C
are constant coefficient matrices of the state space model that can be determined using the
realization theory approach.

—-5539 —-51.02 -—-176.5 —-646.6 —991.7 —978.8

1 0 0 0 0 0
0 1 0 0 0 0
A= 0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0

B=[1 000 0 0
C=[17340 98150 745500 2352000 6298000 —82460]
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In the time domain, the hydrostatic restoring force Fy,; can be expressed as:

1
Fys = —1P8 ntD2%z1 (t), )

where D; is the diameter of the float, and D, = 4 m in this study.

Figure 5 shows the equivalent magnetic charge model for coaxial inner and outer
sector magnets. The axial magnetic force of the NSM F;;, can be calculated based on the
equivalent magnetic charge theory [28].

_ B2 ra % Ry Ry 213(7) 224(r) 223(r) zl4<7)
Fn = T Jo 7—a le fRs CIREG () L] | Taredridrdfdo—
3 724 23 114
(10)
B2 ® % Ry rRy zl3<”) ZZ4<H) 223(“) 214(“)
a0 S SRS SRy | TEwT T TR w T w] T Ty | T1r2dnidradds,
13 124 123 14

where P; is a point on the magnetic pole surface S; of the inner sector magnet (i = 1,2),
and P; is a point on the magnetic pole surface S; of the outer sector magnet (j = 3,4). r?]
is the position vector between points P; and P}, and z;; is the axial component of r?] The

superscripts (r) and (a) denote repulsive and attractive magnets, respectively. B, is the
residual magnetic flux density. yg is the vacuum permeability.

(a) u}\ (b) ° S L Outer sector
§ 0, :\ magnet
' P, S,
h, | 1
B ! 1
-0 Outer sector S P. I
magnet 2 2 I
R R Inner sector
R R & 4 magnet
2 : X P, S, X
Inner sector
4 magnet [

Figure 5. Equivalent magnetic charge model for coaxial inner and outer sector magnets. (a) Front
view of the magnetic charge model, (b) Top view of the magnetic charge model.

The reaction force of the hydraulic PTO system acting on the buoy can be calculated by:

Fpro = (pt — pv) Ap, (11)

Ay = n(Rf, - R%), (12)

where Rj, and R, are the radius of piston and rod, respectively. p; and p; are the oil
pressure of the upper and bottom chamber of hydraulic cylinder, respectively. The value of
p: is approximately equal to the accumulator pressure p,., which can be given by [49]:

Pt = Pac, (13)
pac Gac

= —K—, 14

Ppre VgO (14

where p . is the pre-charged gas pressure of the accumulator; Vi is the initial gas pressure
of the accumulator; « is the gas adiabatic index; and g, denotes C(ihe flow rate of oil into the

accumulator. g, can be obtained by

Gac = qt — qo, (15)
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q = (21 — )4, (16)

where g; denotes the flow rate of o0il out of the upper chamber and g, denotes the outlet
flow rate of the throttle valve.

The throttle valve is used to regulate the oil flow into the hydraulic motor. In this
study, the outlet flow rate of the throttle valve can be expressed by [49]:

go = CaAo 2(pMpg pec), (17)

where C; is the flow coefficient, A, denotes the valve port through-flow area, p is the oil
pressure at the inlet of the hydraulic motor, and py is the density of the hydraulic oil.

Neglecting the compressibility and leakage of the hydraulic oil, the angular velocity
wy of the hydraulic motor can be determined by:

gm = Dywpm, (18)

where g is the flow rate into the hydraulic motor, g = gv, and Dy is the displacement of
the hydraulic motor.
The kinetic equations for the hydraulic motor and generator are given by:

Jiwp = Dm(pm — Prank) — Ta, (19)

where J; is the total rotational inertia of the hydraulic motor and generator, p;,, is the tank
pressure taken as 0, and T is the resistive torque of the permanent magnet synchronous
generator. When the electrical load is purely resistive, the value of T can be calculated by

EZ

= T%’ (20)

T
where R is the load resistance; wg is the angular velocity of the generator, wg = wyy; and E
is the phase electromotive force of the generator, which can be calculated by

E_ 444Nk unce,

0 (21)

where N is the number of series turns per phase winding; k, is the electromotive force
winding factor; u is the number of pole pairs of the generator armature windings; ¢, is the
magnetic flux; and ng is the generator rotational speed with ng = 27twg.

The mean output power of the generator during period ¢ to t + T can be defined as

EZ
P= — 22
== 22)
1 pt+T
Pu=g [ Pedt, (23)
T J:

where P, is the instantaneous power of the generator, and Py, is the mean power of the
generator.

To evaluate the motion response of the nonlinear EIWEC, the buoy, mass, and relative
RAOs are defined as [40]:

RAO, = (1) (24)
A
RAO, = max(z2) (25)
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max(z3)

RAO; = =27, (26)

where A is the wave amplitude.

2.3. Software Application and Configuration

The calculation framework of this study is shown in Figure 6. Wave excitation and
radiation forces are modeled using linear hydrodynamic coefficients, including added mass
and radiation damping coefficients, which can be obtained by ANSYS-AQWA. A joint
simulation calculation between MATLAB/Simulink 2020 and AMESim 2020 is applied for
the time domain analysis. The former provides the motion response signals to the latter,
and the latter transmits the computed PTO forces to the former.

Frequency-domain analysis Time-domain analysis

SolidWorks:

AMESim:

Geometry files for buoy Hydraulic PTO force calculation

Motionlresponse l PTO force

MATLAB/Simulink:

Frequency-domain 5 Y :
q 4 Time-domain calculation:

hydrodynamic calculation

ANSYS/AQWA:

Infinite added mass

Excitation force/Radiation
i 1 1 force/Hydrostatic force/Magnetic
= o Force
Added mass Radlat.lon Excitation

damping force : ’
[ [ H
P I B e
! State space Radiation
i Realization theory model force
1
: I
1
1
1

Figure 6. Calculation framework.

2.4. Validation of the Time-Domain Model

To validate the time-domain model of the WEC based on the state space model in this
study, the results were compared with published works. The response amplitude operator
(RAO) for the heave motion of the WEC system reported by Tampier and Grueter [57] was
used for comparison. From Figure 7, the simulation results are in good agreement with the
previously reported results, indicating that the proposed time-domain simulation model
can accurately simulate the motion response.

4
= = = = Present Simulink model
= = = = wamit in Tampier and Grueter (2017)
€3 i [ J Experiment in Tampier and Grueter (2017) ||
g \
2 /\
8o ¢ |
= ® \
R=] 7 \
o) R |
= Lpim = _lad \
\\
0 . . e
0 2 4 6 8 10
w (rad/s)

Figure 7. Comparison of RAO in heave obtained from the present time-domain model and simulation
and experimental results reported by Tampier and Grueter (2017) [57].
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3. Results and Discussion
3.1. Mechanical Property Analysis of NSM
3.1.1. Structural Parameters

The structural parameters of NSM are shown in Table 1. The outer magnetic ring
comprises four attractive magnets and four repulsive magnets. The attractive and repulsive
magnets have the same inner and outer diameters, and their height difference is Ah.

Table 1. Structural parameters of NSM.

Parameter Symbol Value
Inner diameter of inner magnetic rings (m) Ry 0.2
External diameter of inner magnetic rings (m) Ry 0.5
Inner diameter of outer magnetic rings (m) R3 0.6
External diameter of outer magnetic rings (m) Ry 1.0
Center angle of attractive magnet (°) o 18
Center angle of repulsive magnet (°) 90° —«x 72

Height difference between attractive and

- Ah 0.08
repulsive magnets (m)
Height of inner magnetic ring (m) hq 0.15
Permeability of vacuum (H/m) Ho 471 x 1077
Residual magnetic flux density (T) B, 1.25

3.1.2. Magnetic Force and Stiffness of NSM

Figure 8a shows the magnetic force F; as a function of displacement z;, and the
corresponding stiffness curves of the NSM are shown in Figure 8b. For comparison, the

variation curves of hydrostatic force F,; and hydrostatic stiffness kj; are also plotted in
Figure 8.

1

Force (N)
Stiffness (N/m)

-0.5 0 0.5 0.5 0 0.5
Displacement z (m) Displacement z, (m)

Figure 8. (a) Magnetic force of NSM, (b) stiffness of NSM.

From Figure 8a, because of the difference in magnetic field strength at various positions,
the magnetic force and stiffness of the inner magnetic ring exhibit a nonlinear variation. At
some positions, the NSM exhibits negative stiffness properties and has a good potential for
improving the frequency bandwidth and energy conversion efficiency of energy harvesting
systems. To investigate the effect of NSM on the EIWEC, we further analyzed the motion
response and output power of the nonlinear EIWEC in Section 3.2.

3.2. Effect of Nonlinear Stiffness Mechanism (NSM)
3.2.1. Motion Response Analysis

Figure 9 illustrates the RAO as a function of frequency for linear and nonlinear
EIWECs with different k. The simulation was executed for 300 s at each wave frequency
(the calculation time step is 0.01 s.), and then the maximum motion response amplitude in
the time range of 150 s to 300 s was then extracted as RAOs to eliminate transient effects in
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the initial stage. As depicted in Figure 9, the RAOs of the linear and nonlinear EIWECs are
plotted by blue dashed and red dotted lines, respectively. Notably, the maximum stroke
limit (end-stops) of the buoy for the device is £4 m. All of the displacements in Figure 9
are within the range. When the wave frequency is less than 1 rad /s, the RAOs of the buoy
and mass body of the linear EIWEC remain around 1, and the relative motion between
the buoy and mass body is small. As the wave frequency increases, the motion response
of the buoy and mass body first increases and then decreases. According to Figure 9¢,{,i,
the frequency bandwidth of the linear EIWEC is narrower compared with the nonlinear
EIWEC. Accordingly, the linear EIWEC is not capable of adequately capturing energy from
the wide frequency band of the ocean waves, leaving most of the wave energy unutilized.
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Figure 9. RAOs of the buoy, mass body, and relative motion. (a—c) Al = 1 m; (d—f) Al = 2 m;
(g-i) Al = 3 m. Simulation conditions: m; = 6670 kg, Dy, = 80 cc/rev, R =50 Q, ppre = 30 bar, and
Voo =40 L.

For a linear EIWEC, it resonates around 1.7 rad/s. Wave frequencies below or above
this value will cause a significant power reduction. According to Figure 8, the NSM has a
negative stiffness property, which can reduce the system’s natural frequency. Therefore,
when the wave frequency is less than 1.7 rad /s, the nonlinear EIWEC is close to the resonant
state, and the RAOs of relative motion are much higher than those of linear EIWEC. The
large amplitude relative motion provides favorable conditions for energy transfer and
conversion, contributing to the increase in output power of the EIWEC.

Meanwhile, the resonant frequency of the system is no longer a fixed value because
of the influence of the nonlinear stiffness property, resulting in multiple resonance peaks
in the RAOs curve of the nonlinear EIWEC. These characteristics effectively increase the
frequency bandwidth of the EIWEC system, enabling EIWEC to be more robust in the
face of the change in sea state. When the wave frequency is greater than 1.7 rad/s, the
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negative stiffness property of NSM causes frequency detuning of the EIWEC, and the low
natural frequency of the nonlinear EIWEC cannot match the high-frequency incident wave.
Therefore, the motion response of the nonlinear EIWEC decreases rapidly with strong
fluctuations. The response reduction for the nonlinear EIWEC occurs at periods of about
3.7 s. These results indicate that the nonlinear EIWEC is not adept at capturing wave energy
from high-frequency components, and its performance may even be lower than linear
EIWEC under some frequency conditions. However, this period value is relatively low in
actual waves and may not be of practical interest. According to Falnes et al. [25], the wave
period range is typically between 5 s and 15 s. In this period range, the motion response
of the nonlinear EIWEC is consistently at high values, which shows good development
potential for extracting energy from actual waves.

Meanwhile, the RAO curves of the nonlinear EIWEC show irregular fluctuations as
the frequency changes. The fluctuations may produce erratic, chaotic behavior and wear
out the device more in the long term. To explain the reason for the fluctuations and avoid
those sudden downward spike regions, we further analyzed the motion response of the
nonlinear EIWEC at different frequencies in terms of nonlinear dynamics.

Figure 10 illustrates the phase trajectories of the motion response of the buoy and the
internal mass body for nonlinear EIWECs with different spring stiffnesses when the wave
frequencies are 2.3 rad/s, 2.4 rad /s, and 2.5 rad /s, respectively.
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Figure 10. Phase trajectories of the motion response of the buoy and the internal mass body for
nonlinear EIWECs with different spring stiffnesses when the wave frequencies are 2.3 rad /s, 2.4 rad/s,
and 2.5 rad/s, respectively. (a,b) Al =1m; (c,d) Al =2m.

From Figure 10, when the wave frequencies are 2.3 rad/s and 2.5 rad/s, the buoy and
internal mass body of the nonlinear EIWEC produce complex chaotic motions. The chaotic
motion is irregular and contains inter-well and intra-well components, making the energy
output strongly random and fluctuating. At a wave frequency of 2.4 rad/s, the buoy and
the internal mass body are trapped in the middle potential well and can only produce
intra-well motion, causing a sudden drop in the output power. In practice, a nonlinear
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stiffness mechanism might make the system more sensitive at high-frequency conditions
(greater than the resonance frequency), and the EIWEC produces complex and diverse
nonlinear motions, resulting in irregularities in the RAOs curves.

The stiffness of the nonlinear mechanism changes drastically around —0.5 m and 0.5 m.
In order to investigate the effect of the change on the system, the phase trajectories of the
buoys of linear and nonlinear EIWEC are plotted for different stiffness conditions when the
wave height is 1 m and the frequency is 1 rad/s, as illustrated in Figure 11.
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Figure 11. Phase trajectories of the buoys of linear and nonlinear EIWEC for different stiffness
conditions when the wave height is 1 m and the frequency is 1 rad/s. (a) Al = 1 m; (b) Al =2 m;
(¢) Al =3m.

For the nonlinear EIWEC, the velocity of the buoy changes drastically at these two po-
sitions, which could cause fluctuations in the energy output. Interestingly, these stiffness
variations seem to bring remarkable gains to the system. For the linear EIWEC, the motion
response of the buoy is limited to these two threshold intervals. Due to the stiffness varia-
tions, the motion response of the float increases rapidly for the nonlinear EIWEC, which
favors the power output capability of the system.

3.2.2. Output Power Analysis

Figure 12a,b show the variation of output power for linear and nonlinear EIWECs
under different w and Al, respectively. The mapping distribution of output power in
the (w, Al) space is illustrated in Figure 12c,d. When the wave frequency is less than
1 rad/s, the output power of the linear EIWEC is nearly 0 W because of the small relative
displacement z3. The system exhibits a single resonance peak, and the output power
initially increases and then decreases with the increase in wave frequency (Figure 12a). The
effective frequency bandwidth of a linear EIWEC strongly correlates with the linear spring.
The frequency bandwidth of the linear EIWEC gradually increases as initial elongation
Al increases (Figure 12c). Therefore, selecting a larger Al facilitates the linear EIWEC to
harvest energy from a wider range of wave frequencies and improves the system’s energy
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capture performance. However, it is unreasonable and difficult to select a linear spring
with excessive Al for the EIWEC due to the limited internal space of the buoy.
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Figure 12. Distribution of generation power in the (w, Al) space. (a,c): Linear EIWEC; (b,d) nonlinear
EIWEC. Simulation conditions: my = 6670 kg, Dy,= 80 cc/rev, R =50 Q), pyre = 30 bar, and Voo =40 L.

As shown in Figure 12b, the output power of nonlinear EIWEC is noticeably improved
compared to linear EIWEC. The negative stiffness of NSM reduces the intrinsic frequency of
the EIWEC system, which facilitates the system to resonate more easily under low frequency
wave conditions. The effective frequency band of the system shifts to a lower frequency
range, and the output power and frequency bandwidth of the EIWEC is considerably
enhanced. Additionally, the NSM decreases the correlation between the linear spring
stiffness and the frequency bandwidth. In the frequency range from 0.4 to 1.5 rad/s, the
output power of the system is insensitive to changes in the wave frequencies and linear
spring stiffness. These characteristics increase the power output robustness of the EIWEC
against sea state changes and reduce the design difficulty of the linear spring.

3.3. Effect of Mass Body and Linear Spring

The mass body and linear spring of EIWEC are the critical components for energy
harvesting and conversion. This section investigates the effect of mass ratio 7 of the
internal mass body and initial elongation Al of the linear spring on the performance of the
nonlinear EIWEC. The mass ratio 7y is defined by Equation (27). Ocean waves typically
have periods between 5 and 15 s (0.42 rad /s to 1.26 rad/s). Figure 13 shows the output
power of nonlinear EIWEC as a function of v and Al under typical wave period conditions
(T=5s,75s,10s,12.5s,and 15 s).

v = my/(my + mp) (27)
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Figure 13. Output power of nonlinear EIWECs as a function of v and Al under typical wave period
conditions. (a) T=5s,(b) T=7.5s,(c) T=10s,(d) T=12.5s,and (e) T=15s.

There are some differences in the power distribution of the system under various wave
periods. As illustrated in Figure 13a, when the wave period is 5 s, nonlinear EIWEC can
obtain higher output power by selecting a larger mass ratio v and initial elongation Al.
Within a reasonable parameter range, increasing the mass of the internal mass body and
decreasing the stiffness of the linear spring will have a positive effect on enhancing the
energy conversion performance of the system. According to Figures 9 and 12, the system
is close to resonance at this time, and the influence of the NSM on the motion response
and output power is reduced. The motion response of the system is close to optimal,
and increasing the mass of the internal mass body can convert more wave energy into
available kinetic energy. Therefore, in short-period wave scenarios, the nonlinear EIWEC is
more sensitive to parameter variations in the internal mass body and linear spring. There
are differences in wave conditions in different deployment areas. It is necessary to first
determine the dominant wave frequency of the target deployment area. After that, the
structural parameters (y and Al) will be determined according to this frequency to ensure
maximum power output.

As the wave period increases to 7.5 s, 10 s, and 12.5 s, multiple high-power regions
(red areas) appear in Figure 13b,c, and these high-power regions extend into the parameter
domain of the low mass ratio and initial elongation. These results suggest that efficient
energy conversion can also be achieved by choosing low mass ratios and large spring
stiffnesses in seas dominated by medium wave periods, significantly reducing the design
difficulty of mass bodies and linear springs. When the wave period is 15 s, the system’s
average power is insensitive to changes in the mass body and the linear spring. Nonlinear
EIWECs with different mass ratios and initial elongations have similar energy conversion
capabilities. At this time, the NSM plays a critical role in adjusting the intrinsic frequency
of the system. When different internal mass bodies and linear springs are selected, the
nonlinear negative stiffness characteristics of the NSM can adaptively modify the motion
response to ensure the stable output of the system. Accordingly, the choice of parameters
will become more convenient under long-period wave conditions.



J. Mar. Sci. Eng. 2024, 12,191

17 of 23

3.4. Influence of Hydraulic PTO Parameters
3.4.1. Effect of Pre-Charged Pressure of Accumulator

The pre-charged pressure p,r. and initial gas volume Vg are two critical parameters of
an accumulator. Choosing different p,r and Vo affects the buffer capacity of the hydraulic
PTO system, which will further change the efficiency and stability of the energy conversion
and output. Sections 3.4.1 and 3.4.2 investigated the effect of the precharged pressure and
initial gas volume of the accumulator on the average output power P, and power standard
deviation o, respectively. Among them, the power standard deviation is used to measure
the stability of the output power.

Figure 14a,b present the average output power P, and power standard deviation o as
a function of the pre-charged pressure of accumulator pyy, respectively. The output power
of the system remains constant and the power standard deviation is relatively low when
the pre-charged pressure pyr. is below 30 bar. Notably, a low o means less pressure and
flow fluctuations in the hydraulic PTO system and more stable output power produced by
the generator.
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Figure 14. Average output power Py, and power standard deviation o as a function of the pre-charged
pressure of accumulator pyr.. (a) Average output power, (b) power standard deviation.

When p,,. was greater than 30 bar, the average output power changed significantly
under all wave period conditions, and P, showed an overall trend of increasing and then
decreasing. As pyr increases, the power standard deviation increases dramatically, and
the electrical output stability of the PTO system deteriorates. These results suggest that
choosing a lower pre-charged pressure of the accumulator can allow the pulsations in
the hydraulic PTO system to be fully absorbed, which facilitates the improvement of the
electric energy quality in nonlinear EIWEC. Although increasing the pre-charged pressure
can improve the power generation of the system to some extent, it weakens the stability of
the power output.

To further investigate the influence mechanism of the pre-charged pressure on the
stability characteristics of the output power, Figure 15 illustrates the time-varying curves
of accumulator inlet pressure g,., instantaneous power Pg;, and PTO force Fprp when
Ppre = 20 bar and 60 bar, respectively. Due to the introduction of the NSM, the change in
relative displacement z3 increases, resulting in sharp pressure and flow pulsations in the
hydraulic PTO system. When p . is set to 20 bar, the g, is steadily maintained at 40 bar
(Figure 15a). The oil in the hydraulic line can flow continuously and smoothly into the
hydraulic motor, ensuring the stability of generation power (Figure 15b). Meanwhile, the
constant pressure allows the hydraulic system to provide smooth PTO force (Figure 15¢),
helping to improve the work reliability and service life of the hydraulic cylinder. When
Ppre = 60 bar, the accumulator can only open and release the oil to flow into the hydraulic
motor when the system pressure accumulates to 60 bar. As illustrated in Figure 15a,b,
the excessive pyre causes discontinuity in the oil flow and intermittent operating issues
in the PTO system. Consequently, the power output of the generator exhibits unstable
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fluctuations resembling a sawtooth pattern. Additionally, the intermittent pulsations
of pressure and flow can cause high-frequency vibration in the hydraulic components,
potentially compromising the reliability of the sealing elements and valve body.

Pore = 40 bar

Pore = 20 bar

0
250 255 260 265 270 275 280 285 290 295 300

—-20,000
250 255 260 265 270 275 280 285 290 295 300

Time (s)

Figure 15. Time-varying curves corresponding to the pre-charged pressures of 20 bar and 60 bar
when the wave height is 1 m and the period is 7 s. (a) accumulator inlet pressure g,, (b) instantaneous
power P;, and (c) PTO force Fpro.

3.4.2. Effect of the Initial Gas Volume of the Accumulator

The initial gas volume of the accumulator Vo plays the role of a buffer spring. Different
initial gas volumes can affect the absorption effect of flow and pressure pulsations in the
hydraulic system and change the dynamics and power output characteristics of nonlinear
EIWEC. Figure 16a,b show the variation in the average output power and power standard
deviation with the initial gas volume of accumulator Vg, respectively.

T=5s T=9s —f—— T=13s

T=T7s ¥ T=l11s P— T=15s

20 40 60 80 0 20 40 60 80

Initial gas volume (L) Initial gas volume (L)
g

Figure 16. Variation in the average output power and power standard deviation with the initial gas
volume of accumulator V. (a) Average output power, (b) power standard deviation.

As shown in Figure 16a, under short period wave conditions (T =5s,7 s, and 9 s),
as Vo increases, the output power of the system first increases and then decreases and
finally tends to a constant. For medium and long period waves (T =11s, 13 s, and 15 s),
the effect of initial gas volume on output power is relatively small. The increase in Vg
causes the average output power to decrease slightly and quickly tends towards a constant
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value. According to Figure 16b, when Veo is less than 10 L, the power standard deviation is
relatively high, which indicates that the output power generated by the PTO system has
a high degree of volatility. This is mainly because the accumulators with the small Vg
are of limited buffer capacity and incapable of adequately absorbing pressure and flow
fluctuations in a hydraulic PTO system. The pressure and flow fluctuations will cause the
hydraulic motor and generator speeds to vary dramatically, thus generating an unstable
power output.

With the increase in Vg, the buffer capacity of the accumulator is enhanced, and
the power standard deviation decreases rapidly to a constant value. This indicates that
increasing the initial gas volume of the accumulator Vg helps reduce electricity fluctuations
and improve output power stability in the hydraulic PTO system. Accordingly, under the
premise of meeting the installation space requirements, selecting an accumulator with a
larger initial gas volume can enhance the quality of electrical output. For the proposed
nonlinear EIWEC system, an accumulator gas volume of at least 10 L is required to ensure
optimal energy conversion performance.

3.4.3. Effect of Diameter of Throttle Valve

The throttle valve is installed at the inlet of the hydraulic motor to control the flow of
the hydraulic system. Figure 17 shows the average output power of the nonlinear EIWEC
as a function of diameter of throttle valve D,.

6000 —&— T=55 *— T=9s —f— T=13s
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Figure 17. Average output power of the nonlinear EIWEC as a function of throttle diameter D,.
Simulation conditions: m; = 6670 kg, Dy, = 80 cc/rev, R =50 Q, pyre = 25 bar, and Veo =40 L.

As Dy, increases, the output power gradually increases and then remains constant.
When the throttle diameter is less than 10 mm, the control effect of the throttle is more
pronounced, and the output power of the system is proportional to the diameter of the
throttle valve. Within this parameter range, changing the value of D, can regulate the flow
rate of the hydraulic system and the speed of the hydraulic motor to control the electrical
performance of the nonlinear EIWEC system. As D, continues to increase, the through-flow
area of the throttle valve increases. The local pressure drops caused by the throttle valve
gradually decrease, and the flow rate and output power of the hydraulic system tend
to stabilize.

3.4.4. Effect of Displacement of the Hydraulic Motor and Load Resistance

The displacement of the hydraulic motor and the load resistance directly affect the
torque of the generator, which in turn changes the power output and dynamic response of
the PTO system. Therefore, this subsection further investigates the effect of the displace-
ment of hydraulic motor D,, and the load resistance R on system performance.

Figure 18 shows the variation in the output power of nonlinear EIWEC with wave
frequency under different D;, and R conditions. When R = 10 (), increasing D,, helps to
improve the energy conversion performance of the nonlinear EIWEC. As D,;, increases,
the output power of the system gradually rises. Meanwhile, the nonlinear EIWEC system
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transitions from a single-peak frequency response to a multi-peak frequency response,
effectively expanding the frequency bandwidth and work efficiency of the system. Conse-
quently, the nonlinear EIWEC can exhibit stronger robustness in the face of the change in
wave frequencies.
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Figure 18. Variation in the output power of nonlinear EIWEC with wave frequency under different
displacements of the hydraulic motor and load resistance conditions. (a) 10 2, (b) 30 €2, (c) 50 (3, and
(d) 70 Q). Simulation conditions: my = 6670 kg, ppre = 25 bar, and VgO =40 L.

As the load resistance increases, the output performance corresponding to small mo-
tor displacements (40 cc/rev and 80 cc/rev) gradually improves. Conversely, the energy
conversion capability of large motor displacements (120 cc/rev and 160 cc/rev) gradu-
ally declines. These findings indicate the existence of optimal matching values between
the displacement of the hydraulic motor and load resistance for the nonlinear EIWEC.
Increasing the hydraulic motor displacement enhances the energy conversion performance
when the equivalent resistance of the external load is low. Conversely, lowering D,, will be
advantageous when the equivalent resistance of the external load is large.

4. Conclusions

This study proposed a nonlinear EIWEC. A mathematical model of the nonlinear
EIWEC was established based on the Cummins equation and the equivalent magnetic
charge method, and the joint simulations were carried out using MATLAB/Simulink 2020
and AMESim 2020 software. Performance evaluation and motion response analysis were
conducted for linear and nonlinear EIWECs. The influence of different structural and
hydraulic PTO parameters on the power performance of the system was analyzed to
determine reasonable design parameters. The key conclusions are presented as follows:

(1) Compared to linear EIWEC, the introduction of NSM increased the motion response of
nonlinear EIWEC. The large amplitude relative motion provided favorable conditions
for energy conversion.



J. Mar. Sci. Eng. 2024, 12, 191 21 of 23

(2) The nonlinear negative stiffness property of the NSM reduced the intrinsic frequency
and broadened the frequency bandwidth of the EIWEC. The effective frequency band
shifted to a lower frequency range, and the output power of the nonlinear EIWEC
was considerably enhanced.

(3) Within the typical wave frequency range, the output power of the nonlinear EIWEC
is insensitive to changes in the wave frequencies and linear spring stiffness. This not
only increases the robustness of the system but also reduces the design difficulty of
the linear spring.

(4) Increasing the mass of the internal mass body and decreasing the stiffness of the linear
spring will have a positive effect on enhancing the power performance of the system.

(5) Choosing an accumulator with lower pre-charged pressure and larger gas initial
volume can fully absorb the pressure and flow pulsations in the hydraulic PTO
system, which is favorable to the smooth power output.

This study demonstrates the advantages of nonlinear stiffness mechanisms for ap-
plication in enclosed inertial wave energy converters, and it focuses on parametric and
performance analysis of the nonlinear EIWEC system. In the future, we will conduct
wave-tank tests to confirm the reliability of the simulation results.
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