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Abstract

Wave energy is one of the primary sources of marine energy, representing a readily avail-
able and inexhaustible form of renewable clean energy. In recent years, wave energy gener-
ation has garnered increasing attention from researchers. To study wave energy generation
technology, we have constructed a real wave energy generation system and designed wave
simulation and hydraulic energy storage systems. The wave simulation system is mainly
composed of a frequency converter and an electric boost pump, while the hydraulic energy
storage system consists of a hydraulic control unit and hydraulic motors. Corresponding
mathematical models have been established to investigate the characteristics of wave
energy generation. Specifically, a mathematical model for wave input using the double-
parameter JONSWAP wave spectrum has been created for wave simulation in the wave
simulation system. For the hydraulic energy storage system, known as the Power Take Off
(PTO) system, mathematical models have been developed for double-acting hydraulic cylin-
ders, energy storage devices, and precise displacement hydraulic motors, taking into con-
sideration fluid Reynolds numbers and leakage. During the generation of wave energy,
there is a problem of prolonged power interruption when wave conditions are unfavorable,
which hinders continuous power generation. To address this issue, a system structure with
an energy storage unit and two parallel generator sets, as well as a power operation optimi-
zation scheme, have been proposed. This system structure and optimization approach effi-
ciently and reasonably utilize wave energy, achieving the goal of uninterrupted power
supply in the hydraulic wave energy generation system.

1 Introduction

As energy demand continues to rise, there is a steady increase in the share of sustainable and
renewable energy sources. The oceans house various forms of renewable energy, including
tidal, temperature, salt, and wave energy. Experts have increasingly emphasized and researched
wave energy in recent years due to its significant development potential. Research indicates
that approximately 1200 TWh of tidal energy, 44,000 TWh of temperature difference energy,
1650 TWh of salt difference energy, and 29,500 TWh of wave energy are potentially
exploitable. Projections suggest that ocean energy capacity could reach 352 GW by 2050 [1].
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Wave energy exhibits greater spatial concentration and predictability compared to wind and
solar energy. For instance, a 1 km2 expanse of sea surface has the potential to generate approxi-
mately 200 MW of wave energy [2], suggesting that the global wave energy reserve could be as
extensive as 2.5 TW.

The study of wave power generation dates back to the 1970s. The wave energy power gener-
ation device functions by converting the oscillating and rocking motion of the floating body
under wave action, the change of wave pressure, or the wave climbing along the coast into the
kinetic and potential energy of water. Currently, countries such as China, Japan, Britain, Ire-
land, Norway, Spain, Portugal, Sweden, Denmark, Australia, and the United States have estab-
lished wave power generation devices floating on the sea or fixed on the coastline [3, 4]. In
recent years, wave power generation devices have experienced rapid development and are rap-
idly progressing towards commercialization and practical application.

With the advancement of wave energy technology, a variety of systems for converting wave
energy to electrical energy have been developed [5-7]. The machinery used in the process of
converting wave energy into electricity is collectively known as wave energy converters, which
can be categorized into Oscillation Water Column(OWC), Overtopping Devices, and Wave
Activated Bodies according to the principle of operation. The OWC utilizes the motion of
waves to drive the moving part of the device in reciprocating motion, which drives the
mechanical system or hydraulic system, which further drives the generator to generate electric-
ity [8]. Overtopping technology utilizes a water circuit to introduce waves into a high level res-
ervoir, where the outflow of water from the reservoir’s downward-extending outlet pipe
generates gravitational potential energy, which drives a turbine generator to produce electricity
[9]. Oscillation buoy type wave energy generators are one of the more commonly used genera-
tors [10]. However, due to the reciprocity and instability of the airflow within the pneumatic
device, the conversion efficiency of the wave energy converter cannot be significantly
enhanced [11]. Different types of wave energy generators are optimized in various ways, with
the goal of increasing the device’s overall generating capacity. From gathering wave energy to
generating electrical energy, wave energy power generation devices are influenced by a num-
ber of elements, including offshore wave conditions, component type, device construction,
and so on.

Wave energy’s changing nature causes substantial changes in output power and intermit-
tent generation [12, 13]. There are a number of different technologies and devices included in
a wave energy generation system, each with its own specific parameters. The design parameters
of various types of wave energy converters have a considerable impact on power generation in
wave energy converters. Lawrence V et al. [14] investigated the wave energy converter location
problem and discovered that the best distance between two devices reduces as uncertainty
increases. Liguo Wang and Ringwood [15] researched optimal raft module dimensions and
discovered the best design solution for a certain sea state situation. Sarkar et al. [16] discuss the
hydrodynamics of the modular concept of wave energy device-the Oscillating Wave Surge
Converter. Using a tightly spaced modular system to generate several resonances has the ability
to leverage these resonances to capture more energy, improving the overall power output.
However, the ability to achieve an optimized wave energy generation system by optimizing the
structure is limited, so control techniques are again introduced to optimize the system. Guo
etal. [17] and Zheng et al. [18] proposed nonlinear absorption devices with nonlinear stiffness
and damping mechanism respectively. In an oscillating water column wave energy power
plant, Ebrahim Zarei et al. [19] proposed a model predictive current control for a three-phase
four-switch converter coupled to a surface permanent magnet synchronous generator. When
compared to existing control methods for this type of power plant, the suggested control
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method minimizes the current reference tracking error and is suited for power decoupling sys-
tems used in wave energy converters.

Moretti Giacomo et al. [20] constructed and presented a dielectric elastomer generator-
based wave energy converter with a peak power output of up to 3.8 W shown experimentally
via a wave flume, corresponding to a maximum power of several hundred kilowatts under real
sea conditions. The acquired results demonstrated the tangible possibility of developing a
DEG-based WEC device for large-scale electrical energy production. Yapo Wang et al. [21]
proposed a combined concept consisting of a 5SMW braceless semisubmersible floating off-
shore wind turbine (FOWT) and an annular-type wave energy converter. The kinematic
mechanism of the structural response is realized by altering the interface stiffness and damping
coefficients between the WEC and the semi-submersible float. Noad et al. [22] investigated the
performance and optimal configuration of WEC arrays. In addition, a numerical optimization
method was used to determine the optimal parameters of individual WEC devices and it was
concluded that the gap length is the key factor affecting the power output. Yongxing Zhang
etal. [23] used the analytic hierarchy process (AHP) to develop a comprehensive multi-index
model to evaluate the existing water resource utilization efficiency from five aspects: energy
acquisition, technical cost economy, reliability, environmental friendliness, and adaptability.
The results demonstrated that the MDWEC (multi-directional wave energy converter) has
good comprehensive performance and a wide application range in the field of wave energy uti-
lization and development.

Ting Li et al. [24] suggested a hybrid AC-DC transmission system based on modular multi-
level converter (modular multilevel converter) to formulate a composite control approach to
govern the power quality of wave energy generation. The method is shown to efficiently limit
the three-phase voltage drop of the power supply network while assuring high grid accuracy
by evaluating voltage harmonic distortion and current distortion. However, only the power
quality issue of transient voltage dips was evaluated, and no other difficulties were investigated.
J. E. Pan et al. [25] proposed a complementary compensation power generation scheme using
two asymmetric bilateral linear switched reluctance generators (ABLSRGs) to address the
issues of low output energy and poor robustness in wave power generation systems based on
single linear generator schemes. Experiments showed that the proposed complementary
power generation control scheme could ensure both voltage control accuracy and system
robustness.

The Power Take-Off systems (PTOs) in wave energy generation systems can be categorized
into two main types: electric and hydraulic [26]. Electric PTOs convert wave energy directly
into electrical energy, mainly using linear generators and rotary generators with gearboxes
[27]. Hydraulic PTOs convert wave energy into hydraulic energy, which drives a turbine to
generate electricity [28]. Hydraulic PTOs are more adaptable to powerful waves at low speeds
than electric PTOs, and they are smaller and lighter, less expensive, and easier to install and
maintain [29]. Dong Wang and Lu [26] designed a hydraulic energy storage and conversion
system and detailed modeled it to evaluate the system’s control strategy and efficiency. The
connection between system pressure, storage capacity, and cost was investigated. Hong Gao
et al. [30] studied the impacts of hydraulic power output parameters and generator damping
on pumping energy, output power, and efficiency in a wave energy hydraulic conversion sys-
tem with vibrating harvester. The hydraulic parameters are optimized based on genetic algo-
rithm to maximize the motor output power for three working conditions: conical, cylindrical
and hemispherical for a given sea state. The effect of parameters such as working area of the
hydraulic cylinder piston, motor displacement, and hydraulic conversion efficiency on the out-
put of the motor was investigated. McDonald S. P. et al. [31] compared two power converter
topologies for power PTOs. This EPTO replaces the conventional MPTO and generator with a
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permanent magnet linear generator directly coupled to the WEC. Comparative topologies
include current-source converters or voltage-source converters as generator interfaces in com-
bination with DC-DC converters and energy storage systems. The results show that the current
source converter topology is advantageous at higher switching frequencies. Wei Zhang [32]
examined the dynamic response of a wave energy device’s hydraulic transmission system
under random settings, developed a mathematical model of hydraulic transmission, and clari-
fied the factors linked to electrical energy output. The experimental results show that changing
the load, accumulator charging pressure, and throttle opening can significantly increase the
efficiency and stability of the output electrical energy. Because of the significant volatility of
wave energy, YH Yu et al. [33] believed that wave energy converter components should be able
to bear loads many times greater than the average load. The hydraulic PTO model is studied in
detail and combined with a time domain fluid dynamics model (WEC-Sim). The problem of
the unit’s fluctuating maximum power was greatly decreased by employing three different
power smoothing methods, namely, energy storage, pressure release mechanism, and power-
based set point control method, all of which trade off power output and fluctuation.

With the development of artificial intelligence technology, in recent years, for the power
optimization of wave energy converter, some optimization methods based on artificial intelli-
gence technology have been proposed [34]. As the complexity hydrodynamic interactions
among WECs, the evaluation of each parameter setting is computationally expensive. To tackle
the challenge of optimising the positions of WECs in a wave farm, Neshat et al. [35] propose a
novel multi-swarm cooperative co-evolution algorithm and exhibit better performance com-
pared with other meta-heuristics methods. He et al. [36] present a parameter optimization
method for an oscillating buoy-type wave energy converter from the perspective of submerged
buoy volume. the differential evolution algorithm and linear potential flow theory are used to
investigate the effects of submerged buoy volume on the optimal power capture.

Both early and modern wave power generation technologies generate power from the
energy of the waves, and the randomness of the waves affects the quality of the generated
power. Ensuring the stability and reliability of wave power generation and improving its
power quality are key and difficult aspects of wave power generation technology.

In order to study the wave power generation, we established the simulation model of each
module of the wave power generation system, and designed the wave power generation experi-
mental system. The mathematical models of wave input, double acting hydraulic cylinder,
accumulator and hydraulic motor are established. During the research, it is found that the per-
formance of the energy storage wave energy generator system is greatly affected by the wave
conditions and system parameters, which is prone to the problem of power generation inter-
ruption. In order to solve this problem, we further designed the topology of a wave energy
power generation system with one accumulator and two generators, and studied how to solve
the problem of unreasonable energy utilization by controlling the energy distribution between
the two units, so that the accumulator pressure changes more smoothly and the power genera-
tion rate is uninterrupted.

The paper is organized as follows. Section 2 introduces the establishment of hydraulic wave
energy power generation model. In Section 3, one accumulator and two unit system is pro-
posed to mitigate power interruption. In Section 4, the experiments are exploited to demon-
strate the advantages of the proposed model. Section 5 provides some helpful conclusions.

2 Modeling of hydraulic wave energy power generation system

The wave energy power generation system operates on the principle of wave energy conversion
into hydraulic energy. This is accomplished through the use of a wave-absorbing floating body
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Fig 1. The structure of hydraulic wave energy power generation system.

https://doi.org/10.1371/journal.pone.0293209.9001

and hydraulic cylinder that stores the hydraulic energy in an accumulator. The hydraulic cylin-
der continues to operate, resulting in the incremental rise of the accumulator pressure. Once
the pressure surpasses the upper threshold, the hydraulic control system initiates the hydraulic
motor, causing the generator to produce electrical power in conjunction with the motor. If the
wave conditions are favorable, the generator will continue to produce power continuously.
Conversely, if the wave conditions are suboptimal, the accumulator pressure will decrease, and
once it falls below the lower threshold, the hydraulic control system will disengage the hydrau-
lic motor, transitioning the system into the next stage of energy storage and power generation.
A schematic of the system structure is presented in Fig 1.

2.1 Wave model
In all sea states, the JONSWAP spectrum are employed to simulate waves [37].

—4 2
0 2 a4 5 1| W T )
S(w)71—6~ scW,ew e ;P (1 —-0.287-Iny) -y - o

' (1)

2n
W, =
T,

Where, H; is significant wave height and its unit is 7, w,, stands spectral peak frequency and its
unit is rad/s, w represents wave frequency and its unit is rad/s, v is spectral peak factor, o is
peak shape parameter. If w < w,, 0= 0.07, while w > w,, 0 = 0.09. T stands peak period and
its unit is s.
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Assuming the wave propagation is unidirectional, the problem is simplified to a two-
dimensional linear wave. According to the linear wave theory, the two-dimensional linear
waves are comprised of an infinite number of linear regular waves, characterized by different
amplitudes, periods, and wavelengths. Inherently, the phases of each regular wave are random.
Consequently, the expression for the height of an irregular wave can be derived.

H(t) =X a,-cos(k,-x —w, -t + ¢,) (2)
Considering that the frequency cannot be infinite, we have

H(¢) zZilai-cos(ki-x—wi-t—i—(pi) (3)

Since only the heave motion of the system is considered and the displacement of the still
water surface is not considered, set x = 0. The amplitude of the regular wave of each constitu-
ent unit can be taken as

a,=/2-S(w) - Aw, (4)

where, g, is the amplitude of the ith regular wave. w; is the frequency of the ith regular wave. S
(w) is the JONSWAP wave energy spectrum formula. Aw; is the difference between adjacent
frequencies.

As it is difficult to integrate within the frequency range of [0, o], it is generally believed
that the energy of JONSWAP wave energy spectrum is concentrated near the spectral peak fre-
quency, so the calculated frequency range is [wy, wy]. In order to obtain the random wave
waveform of regular wave superposition, this paper uses the equal frequency method to divide
the calculated frequency range into k equal parts, and the frequency interval is:

_ Wy — Wy
Aw = B (5)

For each frequency interval, w;, any frequency value can be selected from within the range
of that interval. If i < K, then “-"+ € [i — 1,i).if i = K, then wx € [K - 1, K]. The phase angle
¢; of the wave elevation can take any value in [0,27].

2.2 Double acting hydraulic cylinder

In view of the necessity to replicate the fundamental operation of hydraulic cylinders with
improved numerical efficiency, the current study postulates the neglect of pertinent factors,
namely fluid compressibility, friction, and leakage. To entirely suppress any potential oscilla-
tion at the end of the stroke, a completely inelastic hard stop is employed. The hydraulic cylin-
der configuration is depicted in Fig 2.
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Fig 2. Hydraulic cylinder structure.
https://doi.org/10.1371/journal.pone.0293209.9002

The model can be described by the following equation [38, 39]:
F=AP, — AP, — F,
Q=4
Q= Apy

(x — x5)Kpv, if x > x,0 > 0

F.=1¢ (x—x,)Kpv,if x < x50 <0
. )
xXp=S8—x,
Xp = —X,

Where, F is cylinder rod thrust; v is the cylinder rod speed; vg, vc Absolute speed of cylinder
rod and cylinder body respectively; A, is the area of side a piston; A is the piston area at side
B; P, is the pressure at cylinder port a; Py is the pressure at cylinder port B; Q, is the flow into
the cylinder through port a; Qg is the flow from the cylinder through port B; x is the piston
position; x, is the initial distance between the piston and cover a; F¢ is the hard stopping force;
xg is the absolute distance that the piston extends from the initial position; xx is the absolute
distance that the piston retracts from the initial position; Kp is the penetration coefficient; S is
the piston stroke.

The motion characteristics of the double acting hydraulic cylinder match the wave motion
characteristics, so the double acting hydraulic cylinder model is adopted.

2.3 Air bag accumulator

The air bag accumulator is well-suited for the high-pressure conditions encountered in wave
energy generation. The structure of the air bag accumulator can be depicted in Fig 3.
The hydraulic air bag accumulator meets Boyle’s Law [40]:

PoVy =PV, (8)

Where, ¥ is the adiabatic index, a dimensionless quantity. It is typically characterized by a
value of 1.4 and associated with a value of 1 in the isothermal process. P is the initial pressure
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https://doi.org/10.1371/journal.pone.0293209.g003

of the air chamber; Vq is the initial volume of the air chamber; P, is the chamber pressure; V.
is the volume of the air chamber.

The accumulator operates on the principle that fluid enters the accumulator and com-
presses the gas to store energy when the flow pressure at the inlet exceeds the gas pressure in
the airbag. The power generation process involves two processes: oil filling (gas compression)
and oil discharge (gas expansion). The gas state in the accumulator’s gas chamber undergoes
adiabatic change within 3 seconds, while the gas state change process after 3 seconds is
isothermal.

According to Boyle’s law, the formula for describing the air bag accumulator can be defined
in the following form,

(Ppr + Pm'r) Vucc = (Pacc + Pair) (Vucc - Vf)

(PPr + Puir) szcc (9)
acc Vac’: _ Vf air

Where, V. is accumulator volume (m3); Py, is pre inflation pressure (Pa); P,;, is atmospheric
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pressure (Pa); Vyis the volume of hydraulic oil in the fluid chamber (m3); P,,. is the accumula-
tor pressure (Pa), and the pressure of the gas cavity is the same as that of the liquid cavity.
Under the same accumulator, V.. Py, P,y are fixed values, and the accumulator pressure Py,
is a function of the volume of hydraulic oil Vin the fluid chamber.

For a given accumulator, V., Py, P,;r are constant values, so the accumulator pressure P,
is a function of the volume of hydraulic oil Vyin the fluid chamber. By controlling the volume
of hydraulic oil in the accumulator, it is possible to regulate the pressure of the accumulator.

The volume of hydraulic oil in the accumulator is influenced by two factors. Firstly, the
hydraulic oil flow into the hydraulic cylinder, and secondly, the hydraulic oil flow from the
hydraulic motor to the oil tank. It should be noted that a portion of the hydraulic oil flows into
the oil tank from the overflow valve when the pressure is excessively high. If the two flows are
maintained in equilibrium and the volume of hydraulic oil in the accumulator is constant, the
accumulator pressure will remain stable.

2.4 Hydraulic motor

The hydraulic motor is an essential component in hydraulic power generation systems,
responsible for converting energy. In order to meet the requirements of high working speed
and reliability, the axial piston quantitative motor is commonly used. This motor offers
numerous advantages, including stable and reliable performance, high speed capability, low
moment of inertia, easy starting and braking, and high energy conversion efficiency. The flow
equation for the hydraulic motor can be expressed as follows [39, 41].

Qm = QmO + le
_ Inm
QmU - 60 (10)
le = leAp

Where: Q,, is the theoretical flow of hydraulic motor and its unit is m>/s; Q,, is the leakage
flow of hydraulic motor and its unit is m*/s. g,,, is the displacement of hydraulic motor and its
unit is m*/r. n,,, is the rotational speed of the hydraulic motor and its unit is r/min. C,,,; is the
leakage coefficient of hydraulic motor. Ap is the pressure difference between the inlet and out-
let of the hydraulic motor, which is controlled by the hydraulic autonomous system.

Then the flow equation of the hydraulic motor Q,, is as follows.

R 60

In reality, the flow rate Q,, through the hydraulic motor is equivalent to the hydraulic flow
rate Q. during the energy release process of the accumulator. As such, when the leakage coef-
ficient is disregarded, the two flows can be considered equal.

qm nm
—0 =In"m 12
Q. =Q, =1 (12)

Given that atmospheric pressure p,;, is significantly lower than the working pressure, and
the temperature of the accumulator remains constant, the atmospheric pressure can be disre-
garded. Utilizing the ideal gas state equation, the gas state equation under real-time pressure of
the accumulator can be determined through the simultaneous utilization of the accumulator
flow and volume relationship formula.

t -n
p(t)(vucc - VfO + K qm6—0mdt) = szccppr (13)
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Where: Vy, is the volume of hydraulic oil in the initial liquid chamber (m?). The agreed
hydraulic flow is positive when it flows out of the accumulator.
Thus, the real-time pressure equation of the accumulator can be obtained.

Vacc(ppr +pai7) _ p
(V - Vfo + fotqm.,,m dt) air

acc 60

p(t) = (14)

According to the power calculation and power balance formula of the hydraulic motor, the
input power P;, and output power P,,, of the hydraulic motor are

n
Rﬁ@wM:%fM

Pnu[ = nM'/IVPin = mem

(15)

Where 7, and 17y are the mechanical efficiency and volumetric efficiency of the hydraulic
motor respectively; T,, is the output torque of the hydraulic motor (N-m).
The relationship between rotational speed and mechanical angular speed is as follows

60

=—w
m o ™

n (16)
If the leakage coefficient is ignored, the output mechanical torque of the hydraulic motor
can be further expressed as

9,1y AP
T —=2mMIVZEY A 17
. o p (17)

Where, k = g,,namv/27 is the parameter coefficient of the hydraulic motor system. The above
formula shows that the generator input torque (the hydraulic motor output mechanical tor-
que) T,, is determined by the hydraulic motor efficiency, the pressure difference between the
inlet and outlet of the hydraulic motor, and the displacement of the hydraulic motor. Simulta-
neously, owing to the fact that the hydraulic motor’s efficiency and displacement are both con-
stant values, the resultant output torque of the hydraulic motor is directly proportional to the
pressure of the accumulator. This correlation results in the formation of a linear functional
relationship between the two variables. That is

T, = kAp (18)

3 One accumulator and two unit system

The traditional wave energy generation model only has a single unit. This structure can lead to
long periods of power interruption when the wave conditions are not good, and cannot pro-
vide continuous uninterrupted power supply. To address this issue, we propose a strategy of
parallel operation of an energy storage device and two generator sets to achieve continuous
uninterrupted power supply for a sustainable wave energy generation system. The new wave
energy generation system includes a wave absorbing float, a hydraulic system, an accumulator,
a control valve block, a hydraulic motor generator set, and a hydraulic oil tank. The topology
structure of the power generation system is shown in Fig 4.

In hydraulic autonomous conditions without any operational control, the parallel operation
scheme is still susceptible to power interruption. The primary cause of power interruption is
inefficient energy utilization. The current study aims to address this issue by regulating the
energy distribution of the two units. Based on this problem, this paper proposes a power
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1-o1l tank:
2-check valve:
3-hydraulic cylinder;

4-accumulator:
S-control valve group:
6-hydraulic motor:

7- generator:
8-overtlow valve:

9-high pressure oil pipe:

10- oil return pipe:
11-AC/DC rectifier:

12-DC bus;

13 lithium battery:

14 commissioning oil pump:
G1- the first generator:

G2- the second generator;
MI- first hydraulic motor;

DC BUS M2- second hydraulic motor:

F1- first control valve group:

F2- second control valve group.

Fig 4. The topology structure of the power generation system.

https://doi.org/10.1371/journal.pone.0293209.9004

operation optimization approach to mitigate power interruption and enhance energy utiliza-
tion. In light of an assessment of the challenges encountered in the autonomous operational
mode, a comprehensive investigation has been conducted to explore a coordinated operation
approach that enhances the seamless and uninterrupted power output of wave energy power
generation systems.

In the commissioning stage, the hydraulic system is pressurized by the commissioning oil
pump, and the function of the amount of electricity W(P) that can be released by the accumu-
lator under any initial pressure (P, ~Ppay) is tested, and the amount of electricity W, that
can be generated by the accumulator pressure P,,,, is obtained.

W(P) = / Q(1)dt (19)

Pmin

Generator G1 generates electricity with a power of Q;, while generator G2 generates elec-
tricity with a power of Q,. Using the smallest generator G1 configured by the system, the maxi-
mum time T that the accumulator can maintain the auxiliary power is measured, which
should be close to the following values.

T, ~—= (20)

After the wave energy power generation system is put into operation, it starts to operate in
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autonomous mode. Calculate the average power Q,,. in the latest period 3T, in real time.

Que =g |(W(bw) = W(e) + [ Qe G1)

X

Where, W(P5r,) indicates the electric quantity that can be generated by the accumulator at the
time 37T, of real-time calculation, W(P,) is the electric energy generated by the accumulator at
time 0 is calculated in real time, Q(f) represents the total power generated.

Dynamic pressure setting and time parameters used in real-time calculation of electronic
control working mode.

Plin = Prins Prx = Pro (22)

P: =P’ + min (max(LPl, k+Q, /Qm) , le) (23)

P, = Py, — min(max (L, k,+Q,./(Q + Q,)) . H,) (24)
t = max(m, (T,*Q,, — T,*Q,)/Q,) (25)

Where,

P;- - - -starting pressure of Generator G1

P;- - - -Starting pressure of generator G2

k;- - - -Starting pressure coefficient of generator G1

k,- - - -Starting pressure coefficient of generator G2

t- - - -Indicates generator G2 operation time in TX cycle

t The calculation principle of P] is as follows. When Q. is large, generator GI starts earlier,
reducing the generator G2 start when the input energy of accumulator is locally large, which is
conducive to extending the continuous operation time of generator G1. Avoid frequent startup
when Qg is started in a small time and late time. The range limit value (L,,, Hp,) is given
according to the actual situation on site.

The calculation principle of P; is as follows. When Q,, is large, generator G2 starts earlier,
reducing the overflow valve action when the input energy of accumulator is locally large.
When Q. is small, it starts later to avoid frequent startup. The range limit value (L, Hp») is
given according to the actual situation on site.

The calculation principle of ¢ is as follows. In order to prevent the operation time from
being too short, it indicates the duration of operation of generator G2 in the cycle T,, and the
lower limit value is m (s).

After the above parameter calculation is verified to be correct, the control valve set is
switched to the electronically controlled working mode, and the power generation system will
automatically select the following two working conditions:

In the first working condition, when Q,,, < Qy, there must be a time period when the gen-
erating power is 0. When the oil pressure P > P}, the generator G1 operates. According to P}
the calculation principle, the starting time of generator G1 is calculated Q,,. in real time, and
the starting time is more reasonable. Making full use of the energy stored in the accumulator
can avoid unnecessary starting of G2.

In the second working condition, when the oil pressure P is equal to or greater than P;, the
generator G1 starts, and when the oil pressure P is equal to or greater P;, the generator G2
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starts.

1,Q,,<Q&P>P;

sgn(Q,.) = {0 o s okrer (26)

Generator G2 stop conditions are as follows.

1. Once the operation time is t and the oil pressure P < P; — AP;, AP; ~ AP, /3, AP, is the
return error under autonomous working mode, and can be corrected by 1/3 according to
the site conditions.

2. Oil pressure P < P; — 2AP;.

Under either of the previously mentioned conditions, generator G2 will cease operation.

4 Experimental studies
4.1 Simulation of waveform for waves

The existing wave-making system covers a large area, has high cost and poor economy. In
order to save costs and space, we use a frequency converter and an electric booster pump to
create wave forces acting on the wave absorbing floating body and the action of a hydraulic cyl-
inder. The principle is shown in Fig 5. The frequency converter controlled electric booster
pump. Then the booster pump pumps the hydraulic oil from the oil tank into the accumulator.

The wave generated by the JONSWAP wave spectrum is a composite of an infinite number
of linear regular waves, each having distinct amplitudes, periods, wavelengths, and phases.
This approach allows for the precise control of the desired wave height and spectral peak
period, resulting in a more accurate simulation of the desired waves. Fig 6 displays the waves
generated under various significant wave heights and spectral peak periods.

4.2 Hydraulic system structure

The hydraulic energy storage module is comprised of an accumulator, a hydraulic control
unit, and a hydraulic motor. The accumulator plays a crucial role in providing a steady output
of hydraulic energy, ensuring the stability of the energy output. The hydraulic control unit, as
depicted in Fig 7, facilitates various functions such as system debugging, safety protection, sys-
tem startup, and shutdown.

The hydraulic control unit operates in three distinct modes, hydraulic autonomy, forced
stop, and forced work. In hydraulic autonomy mode, the solenoid valve is opened when the
experimental system reaches the hydraulic motor’s opening pressure, allowing the hydraulic
motor to drive the coaxial generator and generate power under normal working conditions.
Forced stop mode is activated in the event of a safety failure, serving as an emergency stop
valve for the experimental system. Lastly, forced work mode enables equipment debugging to
identify potential sealing issues and verify the normal functioning of the equipment. Fig 8
shows the hydraulic energy storage module.

The solenoid valves of the hydraulic motor can be either opened or closed, and only one
switch can be operated (either open or closed) at a time. The forced stop element serves the
purpose of redirecting the liquid from the accumulator directly back to the oil tank instead of
allowing it to flow into the accumulator. This is particularly useful during maintenance or
when the accumulator reaches full pressure.

The electric energy conversion module consists of a permanent magnet synchronous gener-
ator and a fully controlled rectifier. The permanent magnet synchronous generator is driven
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Fig 5. Wave simulation system. (a) The outline of wave simulation system and (b) Wave simulation equipment.

https://doi.org/10.1371/journal.pone.0293209.9005

by a coaxial hydraulic motor. The electricity generated by the generator is then rectified by the
rectifier and transmitted to the direct-current bus.

4.3 Continuous power generation of one storage and two units

The energy input is partitioned within a system comprising one storage and two units, with
the objective of achieving optimal charging through the implementation of a power operation
optimization strategy. The simulation parameters utilized are presented in Table 1, while the
simulation outcomes for varying wave conditions are illustrated in Figs 9 and 10.

Based on the simulation findings, the comparison between the black and red lines indicates
that the former represents the pre-optimization state while the latter represents the post-opti-
mization state for both small and medium waves. The accumulator pressure and power before
and after optimization are individually evaluated. In the case of small waves, the time taken for
power generation from the start is relatively prolonged, resulting in a relatively weak power
generation capacity. Conversely, for medium waves, the time required for power generation
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Fig 6. Wave diagram under different conditions. (a) H; = 1m, T, = 3s, (b) H, = 2m, T, = 5s, and (c) H; = 3m, T, = 6s.
https://doi.org/10.1371/journal.pone.0293209.9006

from the start is relatively shorter, thereby leading to a relatively favorable power generation
capacity. The application of the research method in optimizing the accumulator pressure
ensures a smooth and uninterrupted power supply throughout the entire generation cycle,
yielding commendable optimization outcomes.

5 Conclusion

In order to study wave energy power generation, the detailed mathematical models of wave,
hydraulic cylinder, accumulator, hydraulic motor and so on are established. In order to verify
the accuracy of the simulation model, the corresponding experimental system is designed. In
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Fig 7. Hydraulic control unit.

https://doi.org/10.1371/journal.pone.0293209.9007

the test system, the functions of the wave absorbing floating body and the hydraulic cylinder
are completed by the frequency converter and the electric booster pump. The frequency of the
frequency converter is adjusted to obtain the energy input of the required wave conditions.
The hydraulic energy storage module has three working modes: Hydraulic autonomy, forced
stop and forced work. A new structure of two units driven by a single accumulator is proposed,
and the power operation control strategy is designed to solve the problem of power interrup-
tion in the single unit wave energy power generation system. By measuring the generating
capacity function of the accumulator, the average generating power of the system is calculated
in real-time when the control valve group implements the autonomous working mode. Based
on this calculated average generating power, the dynamic pressure setting and operating time
parameters for the electronic control working mode are determined. Subsequently, the control
valve group is switched to the electronic control working mode to precisely regulate the open-
ing and closing of the corresponding hydraulic motor. This enables stable control of generator
power generation within the system.

Fig 8. Hydraulic energy storage module.

https://doi.org/10.1371/journal.pone.0293209.g008
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Table 1. Simulation parameters.

Equipment #1 unit

#2 unit

Accumulator Pre inflation pressure: 4bar

Volume: 60L

Pre inflation pressure: 4bar
Volume: 60L

Hydraulic motor Opening pressure: 14MPa Opening pressure: 12MPa
Closing pressure: 10MPa Closing pressure: 8MPa
Maximum working pressure: 18Mpa Maximum working pressure: 18Mpa
Displacement: 125ml/r Displacement: 125ml/r
Rated speed: 1500r/min Rated speed: 1500r/min
Alternator Rated power: 30KW Rated power: 50KW

d. g-axis inductance: 0.45¢-3H
Internal resistance: 0.005 Q
Flux linkage: 1.0108
Rated speed: 1500r/min
Frequency: 50Hz

d. g-axis inductance: 0.15e-3H
Internal resistance: 0.0012 Q
Flux linkage: 1.0108
Rated speed: 1500r/min
Frequency: 50Hz

https://doi.org/10.1371/journal.pone.0293209.t001
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Fig 9. Comparison of small waves before and after optimization. (a) accumulator pressure and (b) power.

https://doi.org/10.1371/journal.pone.0293209.g009

16 not

—— opt

60

40 |-

pressure/pa
power/kw
w
o
:

20

—— not
——— opt

L L 1 1 L n L L

L L L L L L

0 5 10 15 20 25 30 35 40 45 o
time/s
(a) accumulator pressure

Fig 10. Comparison of medium wave conditions before and after optimization.

15 20 25 30 35 40 45
time/s
(b) power

(a) accumulator pressure and (b) power.

https://doi.org/10.1371/journal.pone.0293209.g010

PLOS ONE | https://doi.org/10.1371/journal.pone.0293209  February 15, 2024

17/19


https://doi.org/10.1371/journal.pone.0293209.t001
https://doi.org/10.1371/journal.pone.0293209.g009
https://doi.org/10.1371/journal.pone.0293209.g010
https://doi.org/10.1371/journal.pone.0293209

PLOS ONE

Hydraulic wave energy generation system

Author Contributions

Conceptualization: Zhigang Liu, Guoliang Feng.

Formal analysis: Shi Liu.

Investigation: Yi Yang.

Methodology: Shi Liu, Guoliang Feng.

Project administration: Wen Chen.

Software: Yi Yang.

Validation: Wen Chen.

Writing - original draft: Zhigang Liu.

Writing - review & editing: Guoliang Feng.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Abu dhabi. Innovation outlook: ocean energy technologies. International Renewable Energy Agency,
March 15,2020/ March 10, 2023.

Huang huisheng, wang yongzhi, tang yufeng, Zhang Jin. Discussion on issues related to wave energy
power generation under low carbon background. China engineering consulting, 2021, 10: 57-61.

Wei Peng, Fang Wang, Ji Wang. Development and utilization status and development suggestions of
marine renewable energy in China. Marine economy, 2022, 12 (03): 70-75.

Kuang C P, Liu P C, pany, et al. development of wave power generation technology. Advanced materi-
als research, 2012, 513: 905-909.

Halder P, Mohamed M H, Samad A. Wave energy conversion: Design and shape optimization. Ocean
engineering, 2018, 150: 337-351.

Zhang Y, ZhaoY, Sun W, et al. Ocean wave energy converters: Technical principle, device realization,
and performance evaluation. Renewable and Sustainable Energy Reviews, 2021, 141: 110764.

Ahamed R, McKee K, Howard |I. Advancements of wave energy converters based on power take-off
(PTO) systems: A review. Ocean Engineering, 2020, 204: 107248.

Brito-Melo A, Gato L M C, Sarmento A. Analysis of Wells turbine design parameters by numerical simu-
lation of the OWC performance. Ocean Engineering, 2002, 29(12): 1463-1477.

Falnes J., Lillebekken P.M. Budal’s latching controlled-buoy type wave-power plant. 5th European
Wave Energy Conference. Cork: 2003, Sep. 17-20.

Xie Q, Zhang T, Pan Y, et al. A novel oscillating buoy wave energy harvester based on a spatial double
X-shaped mechanism for self-powered sensors in sea-crossing bridges. Energy conversion and man-
agement, 2020, 204: 112286.

Aderinto T, Li H. Review on power performance and efficiency of wave energy converters. Energies,
2019, 12(22): 4329.

Rasool S, Muttaqi K M, Sutanto D. Modelling of a wave-to-wire system for a wave farm and its response
analysis against power quality and grid codes. Renewable Energy, 2020, 162: 2041-2055.

Nie H Z, Zhang M, Shen H, et al. Wave energy generator and their impact on power system. East China
Electric Power, 2013, 41(1): 190-195.

Snyder L, Moarefdoost M. Optimizing wave farm layouts under uncertainty. Proceedings of the 3rd
Marine Energy Technology Symposium (METS)(Washington, DC). 2015.

Wang L G, Ringwood J. Geometric optimization of a hinge-barge wave energy converter. European
Tidal and Wave Energy Conference Proceedings. EWTEC, 2019 (1389).

Sarkar D, Doherty K, Dias F. The modular concept of the oscillating wave surge converter. Renewable
Energy, 2016, 85:484-497.

Guo B, Ringwood J V. Non-linear modeling of a vibro-impact wave energy converter. IEEE Transactions
on Sustainable Energy, 2020, 12(1): 492-500.

Zheng S M, Zhang Y H, Zhang Y L, et al. Numerical study on the dynamics of a two-raft wave energy
conversion device. Journal of Fluids and Structures, 2015, 58: 271-290.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293209  February 15, 2024 18/19


https://doi.org/10.1371/journal.pone.0293209

PLOS ONE

Hydraulic wave energy generation system

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ebrahim Zarei Mohammad Ramirez Dionisio Veganzones Nicolas, et al. Three-Phase Four-Switch
Converter for SPMS Generators Based on Model Predictive Current Control for Wave Energy Applica-
tions. Trends in Ecology & Evolution, 2020, 35(1): 289-302.

Giacomo Moretti, Rosati Papini Gastone Pietro, Daniele Luca, Forehand David, Ingram David, Vertechy
Rocco Fontana Marco. Modelling and testing of a wave energy converter based on dielectric elastomer
generators. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences,
2019, 475:20180566.

Wang Y, Shi W, Michailides C, et al. WEC shape effect on the motion response and power performance
of a combined wind-wave energy converter. Ocean Engineering, 2022, 250: 111038.

Noad | F, Porter R. Optimisation of arrays of flap-type oscillating wave surge converters. Applied Ocean
Research, 2015, 50: 237-253.

Zhang Yongxing, Zhao Yongjie, Sun Wei, Li Jiaxuan. Ocean wave energy converters: Technical princi-
ple, device realization, and performance evaluation. Renewable and Sustainable Energy Reviews,
2021, 141:110-764.

Li T, Zhao D, Zhang Y, et al. Compound control for power quality in grid-connected wave energy sys-
tem. 2021 4th International Conference on Electron Device and Mechanical Engineering (ICEDME).
IEEE, 2021: 88-95.

Pan J.F., Li Qianlong, Wu Xiaoyu, Cheung Norbert, Qiu Li. Complementary power generation of double
linear switched reluctance generators for wave power exploitation. International Journal of Electrical
Power & Energy Systems, 2019, 106: 33—44.

Wang D, Lu K. Design optimization of hydraulic energy storage and conversion system for wave energy
converters. Protection and Control of Modern Power Systems, 2018, 3: 1-9.

Zhang J, Yu H, Chen M. Direct-Drive wave energy conversion with linear generator: A review of
research status and challenges. IET Renewable Power Generation, 2023, 17(4): 1020-1034.

Jusoh M A, Ibrahim M Z, Daud M Z, et al. Parameters estimation of hydraulic power take-off system for
wave energy conversion system using genetic algorithm. IOP Conference Series: Earth and Environ-
mental Science. IOP Publishing, 2020, 463(1): 012129.

Drew B, Plummer A R, Sahinkaya M N. A review of wave energy converter technology. Proceedings of
the Institution of Mechanical Engineers Part A Journal of Power & Energy, 2009, 223(8):887-902.
https://doi.org/10.1243/09576509JPE782

Gao H, Xiao J. Effects of power take-off parameters and harvester shape on wave energy extraction
and output of a hydraulic conversion system. Applied Energy, 2021, 299: 117278.

McDonald S. P., Baker N. J., Espinoza M., Pickert V. Power-take-off topology comparison for a wave
energy converter. The Journal of Engineering, 2019, 18: 5012-5017.

Zhang W. Parameter adjustment strategy and experimental development of hydraulic system for wave
energy power generation. Symmetry, 2020, 12(5): 711.

YuY H, Tom N, Jenne D. Numerical Analysis on Hydraulic Power Take-Off for Wave Energy Converter
and Power Smoothing Methods. ASME International Conference on Ocean, Offshore and Arctic Engi-
neering. 2018.

Golbaz D, Asadi R, Amini E, et al. Layout and design optimization of ocean wave energy converters: A
scoping review of state-of-the-art canonical, hybrid, cooperative, and combinatorial optimization meth-
ods. Energy Reports, 2022, 8: 15446-15479.

Neshat M, Mirjalili S, Sergiienko N Y, et al. Layout optimisation of offshore wave energy converters
using a novel multi-swarm cooperative algorithm with backtracking strategy: A case study from coasts
of Australia. Energy, 2022, 239: 122463.

He Z,Ning D, Gou Y, et al. Wave energy converter optimization based on differential evolution algo-
rithm. Energy, 2022, 246: 123433.

Goda Yoshimi. A Commpative Review on The Functional Forms of Directional Wave Spectrum. Coastal
Engineering Journal, 1999, 41(1):1-20.

Yanjun LIU, Shuang WU, Dengshuai WANG, Ruohong WANG. Research progress of ocean wave
energy converters. Journal of Shandong University(Engineering Science), 2021, 51(5): 63-75.

Yanijun Liu. Design and manufacture of wave energy power generation device, chemical industry press,
2019.

Chao Bi, Chen Z, Zhang Libin. Mathematical Model and Simulation Analysis of Hydraulic Bladder Accu-
mulator. Aerospace Manufacturing Technology, 2017(2):6.

Yanjun LIU, Shuang WU, Dengshuai WANG, Ruohong WANG. Research progress of ocean wave
energy converters. Journal of Shandong University(Engineering Science), 2021, 51(5): 63-75.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293209  February 15, 2024 19/19


https://doi.org/10.1243/09576509JPE782
https://doi.org/10.1371/journal.pone.0293209

