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Abstract: To improve the efficiency and stability of an eccentric rotating wave energy converter
(ERWEC), the adaptive hydraulic power-take-off (PTO) system with an accumulator is designed and
developed. Experiments are performed to analyze the effects of trigger pressure, delay time, and
open state duration on average output power and power fluctuation index. The results show that the
effects of those three control parameters of accumulator on output power are strongly coupled. The
experimental examples are designed based on the optimal Latin hypercube sampling (OLHS) method,
and the nonparameterized agent models of control parameters to output power indices are established
based on the Gaussian process regression (GPR) method. With the help of sensitivity analysis, it is
found that the coupled effect of delay time and open state duration on the power fluctuation index
is greater than that on the average output power. Furthermore, the optimal combination of control
parameters is obtained by non-dominated sorting genetic algorithm-III (NSGA-III), which improves
the amount and stability of output power from a hydraulic PTO system. This paper is of important
significance for parameter setting of hydraulic PTO systems with an accumulator for wave energy
converter, and provides the basis for the real-time adjustment of control parameters under complex
sea conditions.

Keywords: wave energy; hydraulic system; hydraulic accumulator; Gaussian progress regression;
parameter optimization

1. Introduction

The development and utilization of clean and renewable energy provide a golden
opportunity to reduce fossil energy consumption, and it is a key way to meet the require-
ment of the Paris Agreement on reducing greenhouse gas emissions [1]. Wave energy is
a kind of clean and renewable energy with abundant reserves, which has attracted the
attention of scientists all over the world. Various wave energy converters (WECs) have
been designed according to the energy capture methods with different principles, such as
oscillating water columns (OWCs), wave-activated bodies, and overtopping devices. An
ERWEC can be categorized as a wave-activated body type WEC, which has the capacity to
absorb wave energy from all directions. The motion part of the ERWEC device is protected
within the closed hull to avoid direct contact with the corrosive seawater, resulting in better
survivability and lower maintenance costs.

To date, several ERWEC devices have been studied. In [2], the technical and economical
development over three generations of SEAREV WECs have been reviewed. The authors
pointed out that the high levelized cost of energy was still the main reason preventing the
devices from accessing a grid-connected utility electricity market. PeWEC was designed at
Politecnico di Torino, which was a vertical pendulum-based floating WEC absorbing the

J. Mar. Sci. Eng. 2023, 11, 792. https:/ /doi.org/10.3390/jmse11040792

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse11040792
https://doi.org/10.3390/jmse11040792
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse11040792
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11040792?type=check_update&version=2

J. Mar. Sci. Eng. 2023, 11,792

20f22

wave energy from a uni-direction. The experimental tank testing and numerical modeling
of a 1:12 scale PeWEC were described in [3]. The results showed that the numerical
model could be used for the design of the full-scale WEC device and optimization of the
parameters of the system. Another typical example of the horizontal eccentric rotor device
was the Penguin WEC developed by the Wello Oy company [4]. The full-scale prototype
has been tested in a real sea state, and the results showed the superiority of harnessing
energy from all directions. The above are relatively mature ERWEC devices, and relevant
theoretical research can be found in [5-8].

The WEC devices mentioned above are based on the direct mechanical drive PTO
system, which has a relatively short lifetime, high maintenance cost, and poor output
power stability [9]. The direct linear drive system is an available energy conversion system,
which has the ability to swap from motor to generator model at any given moment to
provide reactive power for some control strategies [10]. The hydraulic PTO is a mature
energy conversion system, which is suited to absorbing energy under the condition of large
load and slow speed, with the characteristics of effective shock absorption and easy energy
storage. A large number of WEC proposals have incorporated hydraulic PTO systems
in their designs, such as Pelamis WEC [11]. In [12], a critical comparison of load control
algorithms for hydraulic system generator power converters was investigated and the
proposed torque control algorithm proved to be suitable for hydraulic PTO. Liu et al. [13]
developed a latching control strategy for a raft-type WEC with a hydraulic PTO. To the
best of our knowledge, such an application in an ERWEC device has not been performed.
Meanwhile, the parameters of the PTO system are difficult to determine due to the com-
plexity and coupling effect. An optimization process is necessary to obtain a reasonable
PTO structure and optimal conversion efficiency. Aiming at the parameter optimization
problem, some researchers have tried to improve the PTO system with advanced optimiza-
tion algorithms. In [14], to find the optimal PTO system parameters, several approaches
are incorporated to solve the nonlinear optimization problem. Yu et al. [15] developed
a hydraulic PTO model to trade off mean captured power and power fluctuation using
three different power smoothing methods. Neshat et al. [16] proposed a hybrid coopera-
tive co-evolution algorithm framework, which consisted of a symmetric local search plus
Nelder-Mead and a cooperative co-evolution algorithm with a backtracking strategy for
optimizing relative positions of buoys and PTO parameters for each buoy. Compared with
other popular evolutionary algorithms, it showed that the above algorithm framework had
better performance in both runtime and solving quality. Sheng et al. [17] proposed a simple
and fast-turnaround assessment method to optimize the linear PTO damping coefficient.
This method was suitable in the early design stage of the WEC devices and had a similar
effect with nonlinear PTO in optimizing the wave energy capture ability.

The accumulator is the critical part of the hydraulic PTO system, which affects the out-
put power efficiency and stability. The hydraulic PTO, including a high-pressure hydraulic
circuit and a gas accumulator, has been modeled in [18], which laid a theoretical foundation
for the design of a hydraulic PTO system with an accumulator. In the work of [19], the
influence of accumulator parameters, such as initial volume and pre-charge pressure, on
the power conversion ability of the two-raft-type WEC has been analyzed and discussed.
Hansen et al. [20] have analyzed the influence of multiple accumulators on output energy.
However, the influence of control parameters, such as trigger pressure and working dura-
tion of the accumulator, on the power conversion performance has not been fully studied.
It has the potential to improve power generation and reduce costs significantly, combined
with parameter optimization and advanced control strategies [21,22].

In this research, a novel application scheme of the hydraulic PTO system for ERWEC
devices is proposed. The influence of accumulator control parameters on power conversion
performance is analyzed experimentally, and the optimal parameter tuning method is
proposed. This paper is structured as follows. In Section 2, the novel hydraulic PTO system
of the ERWEC is introduced in detail. In Section 3, the experimental procedure is described,
and the results are discussed. In Section 4, the multi-objective optimization techniques used
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to determine optimal control parameters are proposed. In Section 5, the main conclusions
are summarized and suggestions for future research are made.

2. ERWEC System
2.1. Mechanical Structure of ERWEC

The schematic representation of the ERWEC is shown in Figure 1a. The motion of the
bottom case activated by wave excitation makes the eccentric rotor no longer located at
the position with the lowest gravitational potential energy. With the help of gravity, the
eccentric rotor will tend to move to the position with the lowest gravitational potential
energy. The rotational motion of eccentric rotor around vertical axis could be used to
generate electric energy. The 3D schematic diagram of the device designed according to
the principle of ERWEC is shown in Figure 1b. The hydraulic PTO is installed in a closed
hull composed of a cover shell and a bottom case, to be completely isolated from seawater.
Therefore, the corrosion caused by seawater and the damage caused by extreme waves to
PTO are mostly avoided, and the reliability of the WEC will be enhanced significantly.

Cover Shell PTO

Vertical Axis
Eccentric Rotor

(a) (b)

- \ B s e 2 P
W /iy & Cover Shell

~ Bottom Case

Figure 1. (a) The schematic representation of ERWEC, (b) 3D schematic diagram of wave energy
device, and (c) 1:5 scaled model.

Furthermore, the 1:5 scaled model of the ERWEC, based on Froude similitude and
made of steel plate, was developed, as illustrated in Figure 1c. Two transparent silica gel
observation windows are installed on the cover shell, which makes it convenient to observe
the operation state of the internal hydraulic PTO system and weakens the shielding effect
of the closed metal hull on the wireless data transmission between inside and outside
electronic modules. Considering the size limitation of the scaled physical model, only one
small hydraulic accumulator is used in the closed shell.

About the scaled model, the length of the bottom case is 1500 mm, the width is
1000 mm, the overall height is 862 mm, the draught is 320 mm, the center of buoyancy is
110 mm below the waterline, and the center of gravity is 60 mm above the waterline.
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2.2. Principle of Hydraulic PTO
The schematic diagram of hydraulic PTO is presented in Figure 2.
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Figure 2. The schematic diagram of hydraulic PTO, 1—hydraulic cylinder for eccentricity regula-
tion, 2—spring, 3—piston rod, 4—eccentric rotor, 5—relief valve, 6—electromagnetic switch valve,
7—electric generator, 8—hydraulic motor, 9—flowmeter, 10—proportional flow control valve, 11—oil
tank, 12—filter, 13—ball valve, 14—speed increase gearbox, 15—hydraulic pump, 16—check valve,
17—pressure transmitter, and 18—hydraulic accumulator.

According to the components of hydraulic PTO, the hydraulic pump could convert
low-pressure oil to high-pressure oil. In order to adapt to the change of the rotation
direction of the eccentric rotor, the two-way gear hydraulic pump is used. Moreover,
four check valves are used to compose the hydraulic rectifier circuit, which will make
hydraulic oil enter the accumulator from the oil tank, no matter the rotation direction
changes of the hydraulic pump. The pressure transmitter (a) is installed on the main oil
circuit to monitor the oil pressure of the hydraulic accumulator, which is a key parameter to
decide whether to open the electromagnetic switch valve. The hydraulic accumulator, with
the help of the electromagnetic switch valve, is used to store the unstable high-pressure
oil from the hydraulic pump, and drive the hydraulic motor as stably as possible. The
hydraulic cylinder is used to adjust the eccentricity of the eccentric rotor. Benefited from
the spring, the eccentricity can be adjusted automatically according to the oil pressure. The
proportional flow control valve is designed to control the rotational speed of the hydraulic
motor to make the output electric energy stable, which will be studied in the future. The
hydraulic motor can be driven by high-pressure oil and then drive the electric generator to
produce electricity. If the oil in the hydraulic circuit is too high, the relief valve will work to
ensure the security of hydraulic PTO.

With the wave excitation, the eccentric rotor will rotate around the vertical axis (as
shown in Figure 1) and drive the input shaft of the speed increase gearbox to rotate, which
results in a larger speed of the output shaft and drives the hydraulic pump to rotate. When
the hydraulic pump rotates clockwise, the hydraulic oil flows to the hydraulic accumulator
through check valve (d) and check valve (b), in sequence. On the contrary, the hydraulic
oil flows to the hydraulic accumulator through check valve (a) and check valve (c), in
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sequence, when the hydraulic pump rotates counterclockwise. Thus, the two-way rotation
of the eccentric rotor is able to drive the PTO system to generate electricity through the
hydraulic circuit formed by the four check valves.

Under the same wave excitation, the increased eccentricity will increase the force arm
and the torque acting on the central shaft. Then, a large rotation speed of the eccentric rotor
can be obtained, which will make a large output flow and a large output pressure of the
hydraulic pump. When the wave conditions change, the pressure of hydraulic oil entering
the rod cavity of hydraulic cylinder through port B (as shown in Figure 2) increases with
the increasement of the speed of the hydraulic pump, causing the reduction in the rotor
eccentricity as the spring is compressed and the piston rod retracts. The reduced eccentricity
results in a lower speed of the eccentric rotor. On the contrary, if the hydraulic pump has a
low speed, the eccentricity will be increased due to the difference between the spring force
and the force from hydraulic oil pressure. Hence, the eccentric rotor will be sped up. With
the help of the spring in the rodless chamber of the hydraulic cylinder, the hydraulic PTO
system implements the sea state adaptive energy capture process of the ERWEC. The active
control module of the hydraulic PTO system consists of electromagnetic switch valve and
proportional flow valve. The former is used to control the energy accumulation and release
of the hydraulic accumulator, and the latter has the capacity for real-time adjustment of the
PTO damper. The coordination of the two valves can achieve the regulation of PTO under
complex working conditions.

2.3. Physical Model of Hydraulic PTO System

On the basis of the schematic diagram of the hydraulic PTO system, the physical
model has been constructed, as shown in Figure 3.

Data Collector and Controller™~\: &’;"g{
=  /aTTTH

W& dSpeed Increase |

M. & 1 :Gearbox

{-j;. >

Figure 3. Physical model of hydraulic PTO system.
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The data collector could acquire the measurement values of the pressure transmitter
in the hydraulic PTO system and the output power values of the electric generator, such as
output voltage and output current. The collected data could be transferred to a computer
wirelessly. In the computer terminal, the control parameters could be sent to the controller
to generate a control signal, and then the control process of the electromagnetic switch
valve could be achieved. The state of the electromagnetic switch valve could directly affect
the process of energy accumulation and release of the hydraulic accumulator. Thus, the
control signal of the electromagnetic switch valve is equivalent to the control signal of the
hydraulic accumulator. The electric generator is connected with a fixed resistance in series
to measure the output current and the load on the electric generator is unchanged. The oil
tank is used to store the oil needed to ensure the work of the hydraulic system.

In order to analyze the effects of control parameters of the accumulator on the energy
conversation performance, the natural parameter of each hydraulic component in the PTO
system should be determined. According to scale factor and energy input capacity, the rated
power of the electric generator was set as 50 W. Considering the relation between output
efficiency and rotational speed of hydraulic motor, the rated speed electric generator was
set as 500 r/min, which was the reasonable value to make most hydraulic motors achieve
optimal efficiency. In terms of hydraulic pump, the optimum rotational speed was about
1000 r/min. The rotational speed of the eccentric rotor was not high, from about 10 r/min
to 50 r/min, so the speed increase gearbox with a large ratio was needed. The ratio of speed
increase gearbox was set as 40:1. Under the artificial input motion conditions, the hydraulic
pressure was from about 3 MPa to 5 MPa. Then, the displacement of the hydraulic pump
can be calculated by the equation of P = pg/60, where P and p can be set as 50 W and
3 MPa, respectively, and the calculated result of displacement was 1 cc/rev. According
to mass conservation law, the displacement of the hydraulic motor was about 2 cc/rev.
Considering the space limitation of the physical model, the volume of the accumulator was
set as 6.3 L. According to the manual of hydraulic components, the output pressure of the
appropriated hydraulic pump was 10 MPa considering the displacement and efficiency,
and the parameters of the hydraulic components in the PTO system are shown in Table 1.

Table 1. The parameters of hydraulic PTO system components.

Component Name Parameter
. Displacement 1cc/rev
Hydraulic pump Output pressure 10 MPa
Hydraulic motor Displacement 2 cc/rev
Speed increase gearbox Speed ratio 40:1
Rated power 50 W
Electric generator Rated voltage 28V
Rated speed 500 r/min
Accumulator Volume 6.3L
. Maximum pressure 25 MPa
Pressure transmitter M o
easurement accuracy 0.5%

In this research, the influences of hydraulic accumulator control strategy on the energy
conversion process were emphasized, and that of eccentricity was negligible. In the
experiment process, the eccentricity was mechanically set at 250 mm.

3. Experimental Process and Result
3.1. Control Strategy of Hydraulic Accumulator

The physical model experiment of the hydraulic PTO system was carried out on land.
The dry experiment has been widely used to analyze the dynamics of the proposed PTO as
well as its feasibility and reliability. Due to the lack of wave excitation conditions, artificial
excitation was used to make the eccentric rotor oscillate in the horizontal plane, as shown
in Figure 4.
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Bottom Case

Figure 4. Oscillating law of eccentric rotor.
The oscillating angle variation law of the eccentric rotor can be defined as

0= (% + A(tw)> Sin(ﬁrg“(tw)tw> (1)

where the values of 77/2 rad and 2.25 s represent the oscillating angle amplitude and period,
respectively, t;, is the oscillating time, A(t,) and T(t,) are the disturbances of oscillating
angle amplitude and oscillating period, respectively. Both A(t,) and T(t,) are imprecise
terms produced by artificial excitation, which can be used to simulate the motion of the
pendulum with uncertain disturbance and analyze the energy conversion effect of the
hydraulic PTO system.

During the experiments, when the electromagnetic switch valve 6 was always in the
open state, the energy accumulation and release process of the hydraulic accumulator could
not be actively controlled. The output power time history curve of the electric generator is
shown in Figure 5.

12

10

ce

power(W)
(3]

B

o LUV UUNVUVUNUVUUUUYVY

0 5 10 15 20
time(s)

Figure 5. The output power time history curve when the electromagnetic switch valve is always in
the open state.
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It can be seen from Figure 5 that the output power of the electric generator is unstable.
The maximum power is about 9 W, the minimum peak power is about 5 W, the minimum
power is 0 W, and the change period is about 1.1 s.

The accumulator, which is employed as an energy storage device, has the capacity
of stabilizing the flow and pressure of the hydraulic PTO system. The desired power-
smoothing effect is subject to several constraints, such as volumes and pressures [14,18].
Aiming to improve the adaptive capacity of the device, an electromagnetic switch valve
is employed to control the energy storage process of the accumulator. Three parameters,
i.e., trigger pressure, delay time, and open state duration are particularly important to
achieve the optimal power-smoothing and conversion. A reasonable control strategy of the
hydraulic accumulator has been designed, as shown in Figure 6.

Monitoring <
pressure value

Whether the pressure
value reaches p

Close the electromagnetic
switch valve and the
accumulator accumulates

Generate trigger

ignal
sng‘na energy
Delay time ¢ NO

v

Open the electromagnetic
switch valve, the
accumulator releases energy

v

Duration dt

Whether the pressure

value 1s higher than p

Figure 6. Control logic block diagram of hydraulic accumulator.

1. When the pressure value monitored by pressure transmitter 17 (a) reaches the trigger
pressure p, the controller generates a trigger signal to open the electromagnetic switch
valve. After delay time {, the electromagnetic switch valve will be opened, and the
accumulator begins to release the accumulated energy. Then, Step (2) is executed.

2. After the electromagnetic switch valve remains open for the time of open state dura-
tion dt, Step (3) will be executed.

3. To determine whether the pressure value is higher than p repeatedly. If the pressure
value is still higher than p, repeat Step (2). Otherwise, Step (4) will be performed.
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4. To close the electromagnetic switch valve, the accumulator will switch to the state
of energy accumulation. Repeat Steps (1-3) successively after the pressure value
reaches p.

Therefore, the trigger pressure p, the delay time f between the generation of the trigger
signal and the release of the accumulated energy, and the open state duration dt of the
electromagnetic switch valve keeping the open state are selected as the control variables.
During the experiments, the trigger pressure p was set to 2.5 MPa, 3.0 MPa, 3.5 MPa, and
4.0 MPa, respectively, the delay time t was set to 0.5s,1.0 s, 1.5 s, and 2.0 s, respectively,
and the open state duration dt was set to 3.0 s, 4.0 s, 5.0 s, and 6.0 s, respectively. Then, the
influences of control variables on output power were analyzed.

The total amount value of output power produced by the electric generator over a
certain period and the stability of output power are important indicators to evaluate the
energy conversion performance of the hydraulic PTO system. Therefore, the average output
power and power fluctuation index are used to measure the amount value and the stability
of output power, respectively.

The average output power of the electric generator at t duration can be defined as

t
—_ p(tT)dT )

Pt
The average value of the first-order differential cumulant of output power is adopted
as the power fluctuation index, which can be defined as

n
‘Zz\pi = pi-1l
i=
pe=——— ®)
n-py
where p;, p;_1 are the power at time i and i—1, respectively, # is the number of time intervals,
7, is the average output power defined in Equation (2), and p, is the power fluctuation
index. The difference in output power reflects the continuous change in output power. It
has the capacity of capturing periodic stability of output power approximating a square
wave. Therefore, Equation (3) is used to reflect the characteristic of stability.

3.2. Influence of Trigger Pressure on Output Power

The delay time t and the open state duration dt are fixed at 1.0 s and 4.0 s, respectively.
The trigger pressure is changed to analyze its influence on the output power of the electric
generator. The time history curves of output power obtained from the experiment are
shown in Figure 7. The time history curves of pressure values recorded by transmitters 17 (a)
and 17 (b) when the trigger pressure is 4 MPa are taken as an example, as shown in
Figure 8, which is related to Figure 7d. It can be seen that the output power is obtained
one second after the pressure value at transmitter 17 (a) reached the trigger pressure.
Meanwhile, the pressure value at transmitter 17 (a) decreases lightly, and the pressure value
at transmitter 17 (b) increases greatly. The energy output process lasts for four seconds.
Then, the pressure value at transmitter 17 (b) decreases to zero suddenly, and the pressure
value at transmitter 17 (a) increases lightly. Thus, the pressure changing curve illustrates
the power changing curve clearly.

The average values of output power and power fluctuation index under different
trigger pressure conditions are shown in Figure 9.

It can be seen from Figure 9 that the average power has a tendency of decreasing
first and then increasing. The average power reaches a low point at a trigger pressure of
3.0 MPa. As the trigger pressure increases, the power fluctuation index gradually drops to
its lowest point. When the trigger pressure is 4 MPa, the average output power reaches
the maximum and the power fluctuation index is the minimum, indicating that the output
energy of the hydraulic PTO system is large and that the power conversion process is stable
under this condition.
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Figure 7. Output power under different trigger pressures.
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Figure 8. Time histories of pressure transmitters 17 (a) (solid line) and 17 (b) (dash-dotted line).
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Figure 9. The average values of output power and power fluctuation index under different trigger
pressure conditions.
3.3. Influence of Delay Time on Output Power

The trigger pressure p is kept at 3.5 MPa, and the open state duration dt is kept at 4.0 s
to analyze the influence of delay time ¢ on the output power. The time history curves of
output power obtained from the experiments are shown in Figure 10.

0 (a) p=3.5MPa, t=0.5s, dt=4s 30 (b) p=3.5MPa, t=1.0s, dt=4s

3
EZO %20
R P
] 2
210 210
2 2
0 5 10 15 20 0 5 10 15 20
time(s) time(s)
30 (c) p=3.5MPa, t=1.5s, dt=4s 30 (d) p=3.5MPa, t=2.0s, dt=4s
EZO EZO
R P
L L
210 210
2 2
0 5 10 15 20 0 5 10 15 20
time(s) time(s)

Figure 10. Output power under different delay times (trigger pressure is 3.5 MPa).

The average output power and power fluctuation index under different delay times
are shown in Figure 10.

It can be seen from Figure 11 that the average output power has the smallest value
when the delay time is 0.5 s; meanwhile, the power fluctuation index is at its maximum,
which indicates that the hydraulic PTO system has bad output energy ability and poor
power conversion stability. When the delay time reaches 1.0 s, the power fluctuation index
is the minimum, but the average output power value is not large. The average output
power reaches the maximum point at a delay time of 1.5 s, but the power fluctuation
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index has a larger value as well. When the delay time is 2.0 s, a relatively large average
output power, and a small power fluctuation index can be obtained, indicating that the
performance of the hydraulic PTO system is acceptable under this condition.

1 (a) Average Power

10

p (W)
oo

4
0.5 1.0 15 2.0

delay time(s)

(b) Power Fluctuation Index
0.45 -

04
0.35

03
0.25

0.2

0.15

0.5 1.0 1.5 2.0
delay time(s)

Figure 11. The average output power and power fluctuation index under different delay times

(trigger pressure is 3.5 MPa).

Furthermore, the open state duration dt is maintained at 4.0 s, and the trigger pressure
p is increased to 4.0 MPa. The influence of delay time ¢ on the output power of the
electric generator is analyzed. The time history curves of output power, the average output
power, and the power fluctuation index under different delay time conditions are shown in

Figures 12 and 13.
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Figure 12. Output power under different delay times (trigger pressure is 4 MPa).
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Figure 13. The average output power and power fluctuation index under different delay times
(trigger pressure is 4 MPa).

It can be seen from Figures 11 and 13 that the average output power increases and the
power fluctuation index decreases visibly after increasing the trigger pressure. The power
fluctuation index is at a lower level and does not change as the delay time increases. This
phenomenon reveals that the power fluctuation index is not sensitive to delay time under
the trigger pressure of 4.0 MPa.

3.4. Influence of Open State Duration on Output Power

The influence of open state duration dt on the output power of the electric generator is
analyzed at the trigger pressure p of 3.5 MPa and the delay time ¢ of 1.0 s. The time history
curves of output power obtained from the experiment are shown in Figure 14.

(b) p=3.5MPa, t=1.0s, dt=4s

0 (a) p=3.5MPa, t=1.0s, dt=3s
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Figure 14. Output power under different open state durations (trigger pressure is 3.5 MPa).
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The average output power of the electric generator and power fluctuation index under
different open state durations is shown in Figure 15.

(a) Average Power 45(b) Power Fluctuation Index
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0357
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Figure 15. The average output power and power fluctuation index under different open state
durations (trigger pressure is 3.5 MPa).

It can be seen from Figure 15 that the average output power remains roughly constant
at around 7 W. However, the power fluctuation index changes significantly with the open
state duration. This shows that the average value of output power under this condition is
not sensitive to the open state duration, while the power fluctuation index is the opposite.

Moreover, the delay time t is maintained at 1.0 s and the trigger pressure p is increased
to 4.0 MPa to analyze the influence of the open state duration t on the output power. The
time history curves of output power obtained from the experiment are shown in Figure 16.

0 (a) p=4.0MPa, t=1.0s, dt=3s 30 (b) p=4.0MPa, t=1.0s, dt=4s
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Figure 16. Output power under different open state durations (trigger pressure is 4.0 MPa).
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As shown in Figure 17, when the open state duration is 4.0 s, the average output
power falls to a low point, and it reaches the peak at the open state duration of 6.0 s. The
power fluctuation index does not change with the increase in the open state duration,
indicating that the power fluctuation index is not sensitive to the open state duration under
this condition.

(a) Average Power 45(b) Power Fluctuation Index

12 0.
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Figure 17. The average output power and power fluctuation index under different open state
durations (trigger pressure is 4.0 MPa).

3.5. Analysis of Experimental Results

Based on the experimental results, it can be seen that the trigger pressure is the most
significant factor affecting the output power amount and stability of the hydraulic PTO
system. More energy will be accumulated if the trigger pressure has a larger value. Then,
the role of the accumulator in reducing flow and pressure fluctuation will be amplified to
make the output power more stable. However, the internal pressure of the accumulator
also acts on the outlet of the hydraulic pump to cause resistance torque, which will affect
the rotational motion of the eccentric rotor. When the internal pressure of the accumulator
is too large, it may even make the eccentric rotor unable to oscillate. Therefore, a large
trigger pressure does not mean good power performance. A reasonable range of trigger
pressure should be determined to optimize the power conversion of hydraulic PTO.

Under different trigger pressures, the effects of delay time on average output power
are similar, but the effects on the power fluctuation index are rather different. By setting
the delay time, it is possible to reduce the spurious triggering phenomenon on the elec-
tromagnetic switch valve caused by the pressure fluctuation of the hydraulic PTO system.
When the trigger pressure is small, the pressure fluctuation is more likely to cause the
spurious triggering phenomenon and make the accumulator enter the energy-releasing
state in advance. Therefore, a longer delay time should be set. However, a too-long delay
time also has the possibility of making the high-pressure energy in the hydraulic PTO
system unable to be released in time. The oscillation of the eccentric rotor will be affected
due to the increase in the internal pressure of the hydraulic accumulator. Therefore, a
reasonable delay time should be selected under the determined trigger pressure.

Similar to the influences of delay time, under different trigger pressure conditions, the
influence of the open state duration of the electromagnetic switch valve on the average
output power is small, but there is a significantly different effect on the power fluctua-
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tion index. By setting the open state duration, the amount of energy released from the
accumulator can be controlled. If the open state lasts for a short time, the energy of the
accumulator cannot be fully released, resulting in the low energy conversion efficiency of
the hydraulic PTO. If the open state lasts for a long time, the accumulator cannot reach
a high energy storage pressure under the open state of the electromagnetic switch valve
after the energy of the accumulator is completely released. That will weaken the energy
storage effect. Therefore, there is also an optimal range for the open-state duration of the
electromagnetic switch valve.

Compared to the studies in [23,24], the results show that the proposed PTO system
has the capacity of increasing the stability of output power in the power generation phase.
In addition, it can be seen from the experimental results that the influences of the three
factors of trigger pressure, delay time, and the open state duration have a coupled relation-
ship with the output power performance. Therefore, it is necessary to use an intelligent
optimization algorithm to obtain the optimal value range of three control parameters of the
hydraulic accumulator.

4. Selection of Optimal Control Parameters
4.1. Experimental Samples Based on Optimal Latin Hypercube Sampling

Based on the analysis in Section 3, the ranges of trigger pressure p, delay time ¢, and
open state duration df are set as (3 MPa, 4 MPa), (0.5 s, 2 s), and (2 s, 6 s), respectively.
More experiments are needed to quantify the regression relationship between the three
independent variables of trigger pressure, delay time, open state duration, and the two
dependent variables of average output power and power fluctuation index. To reduce
experimental workload, the OLHS method is used to design experimental samples, in
which the sample space is covered as far as possible using fewer examples. According to
the ranges mentioned above, a total of 40 groups of physical model experiments are set up.
The combinations of parameters and results are shown in Table 2.

Table 2. The combination of parameters and results.

" p t dt Pt
(MPa) ) ®) W) Pe

1 3.152 0.930 2.863 5317 0.274
2 3317 1.424 5.699 4545 0.257
3 3.264 1.978 4469 5.435 0.223
4 3.082 1.637 4.824 5.410 0.295
5 3.643 1.831 5.853 6.558 0.115
6 3.370 0.542 3.019 5.474 0.333
7 3.675 1.620 3323 7.352 0.136
8 3.844 1.198 4124 7.040 0.148
9 3.708 1.784 2294 7.002 0.163
10 3.570 0.754 4682 5.139 0.168
1 3.895 1.699 5.988 7.245 0.128
12 3.148 1.921 4050 5.281 0.270
13 3.240 1.353 2522 5.235 0.268
14 3.013 0.975 2.161 5.424 0.315
15 3.185 1.502 4765 5.437 0.300
16 3511 1.450 3.249 6.837 0.177
17 3.056 1.568 5.415 5.162 0.293
18 3115 0.994 499 5.188 0.331
19 3.680 0.793 3.857 7.019 0.138
20 3.478 1216 2616 6.541 0.190
21 3536 1273 3.107 6.429 0.181
22 3.995 1.144 5.057 7.943 0.145
23 3.810 1.325 4263 7.784 0.142
24 3582 0.532 2371 6.212 0.201
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Table 2. Cont.

. p t dt Pt
(MPa) (s) ) (W) Pe

25 3.909 1.879 4361 8.161 0.144
26 3.946 0.864 2.028 7.365 0213
27 3281 0.662 4526 5.404 0.305
28 3.954 1.771 5132 8.738 0.137
29 3.744 1.030 2.942 6.830 0.176
30 3.794 1.387 3.624 7.237 0.149
31 3.611 0.639 5535 7.686 0.119
32 3.403 0.823 3.574 4.684 0.362
33 3.758 0.723 5.78 7.890 0.128
34 3.867 1.945 3911 7.471 0.143
35 3332 1.529 2452 5.463 0.303
36 3.035 1.086 3.724 5.889 0.306
37 3.381 1.103 5.344 4371 0.367
38 3.460 0.884 2.705 5.141 0.303
39 3216 1.731 5.252 5.109 0.285
40 3431 0.595 3.416 4573 0.388

4.2. Sensitivity Analysis of Output Power

The effects of trigger pressure, delay time, and open state duration on output power
performance are strongly coupled, and it is difficult to establish their parametric regression
models. The advantages of GP are that relationships among variables can be obtained, the
model interpolates the data, and the model is probabilistic so that the empirical confidence
intervals can be computed [25,26]. Therefore, the GPR method was used to establish a
nonparametric agent model between control parameters and the output power of the
hydraulic PTO system. The experimental groups of 1-5, 7-29, and 31-40 from Table 2 were
selected as training data to establish the Gaussian regression model. The hyper-parameters
of the kernel function were determined by the Bayesian optimizer [25]. The Gaussian
process GP1 was trained by taking the trigger pressure, delay time, and open state duration
as the inputs and the average of the output power as the output. The Gaussian process
GP2 using the power fluctuation index as an output parameter was obtained in the same
inputs as GP1. In order to verify the accuracy of the nonparametric agent model, the above
two Gaussian processes were used to predict average output power and power fluctuation
index. The predicted data were compared with the validating data, including the 6th and
30th experimental results. The comparison results are shown in Table 3.

Table 3. Comparison results between experimental data and predicted data.

n pr (W) Pe
Experiment Prediction Experiment Prediction
6 5.474 5.202 0.333 0.317
30 7.237 7.326 0.149 0.142

As shown in Table 3, the nonparametric agent model of GPR has high prediction
accuracy, which means it has the capacity of analyzing parameter sensitivity and optimizing
control parameters.

Furthermore, the weight factors of control parameters on output power characteristics
were calculated through the Sobol” global sensitivity analysis method [27]. In this process,
the numbers of input variables, sampling times, and total evaluation numbers were set as
3, 4800 and 24,000. The MATLAB SAFE toolbox is conventional to calculate the sensitivity
indexes based on the obtained Gaussian process models. Taking the total effect sensitivity
values of the power fluctuation index to the control parameters as an example, the variation
curves of the sensitivity coefficients with the number of evaluations are shown in Figure 18.



J. Mar. Sci. Eng. 2023, 11,792

18 of 22

Sensitivity

0.8

0.6

0.4

0.2

12F i
10 i
0.8 | i

i P
% 06 t ]
804 o] |

=t
0.2 i
0 .
-0.2 .
L 1 k&R B L | I L L
0.5 1 1.5 2 2.5

number of evaluations 104

Figure 18. Variation curves of the sensitivity coefficients with the evaluation number.

It can be seen from Figure 18 that the sensitivity coefficient converges after the evalua-
tion number reaches 20,000. The sensitivity values of average output power and power
fluctuation index to control parameters are shown in Figure 19.

T T

mmain effects 1L gmmain effects

mtotal effects mmtotal effects
_— o B

08 | 4

06 | i

04 | 4

Sensitivity

02 |

(a) (b)

Figure 19. Sensitivity of average output power and power fluctuation index. (a) Sensitivity of average
output power. (b) Sensitivity of power fluctuation index.

It can be seen that the trigger pressure has a significant effect on the average output
power and power fluctuation index. Moreover, the influences of delay time and open state
duration on average output power and power fluctuation index are similar and are lower
than those of trigger pressure. The differences between the total effect and the main effect
can be regarded as the results of coupled effects. Therefore, the coupled effects of delay
time and open state duration on the power fluctuation index are greater than those on the
average output power.

4.3. Optimization of Control Parameters

In order to improve output power and stability, the three control parameters of trigger
pressure, delay time, and open state duration were optimized based on the PlatEMO [28]
and NSGA-III multi-objective genetic algorithms, where the minimum value of the recipro-
cal of average output power (e.g., the maximum average output power) and the minimum
value of power fluctuation index were taken as the optimization objectives. The NSGA-III
method could improve the capability of Pareto-based multi-objective evolutionary algo-
rithms for most objective optimization problems by modifying the diversity operator based
on a reference-point strategy [29]. The major procedure of NSGA-III is introduced in
Figure 20. Py and S; are the parents and descendants of sizes N at the tth iteration. The
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population of the offspring R; is 2N after combining P; and S;. Moreover, Fy, F; ... are the
non-dominated fronts, and #™#* is the maximum evaluation number. A detailed description
of NSGA-III can be found in [29,30]. In the multi-objective optimization algorithm of this
study, the size of the population was set as 200, and the evaluation number was set as
12,000. The Pareto frontiers of optimal solution sets for control parameters of the hydraulic
accumulator were calculated, as presented in Figure 21. Part of the solution sets are shown
in Table 4.

S
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[s=0i=1 |
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Compute niche count of reference point
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Yes

Figure 20. Flowchart of NSGA-IIL

According to the requirements of the ERWEC for the output power performance of the
hydraulic PTO system, the applicable control parameters of the accumulator, such as trigger
pressure, delay time, and open state duration, can be obtained based on the optimization
results in Figure 20 and Table 4. This process provides a reference for real-time regulation
of the hydraulic PTO system.
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Figure 21. Sets of Pareto solution.
Table 4. Part of Pareto solution sets.
. p t dt pt
(MPa) ®) ®) (W) pe
1 3.877 1.734 4.950 8.410 0.135
2 3.945 1.699 4.907 8.569 0.139
3 3.781 0.500 5.933 8.224 0.133
4 3.811 0.536 5.801 8.190 0.129
5 3.862 0.618 5.422 8.052 0.125

5. Conclusions

In this paper, the novel energy conversion principle of a hydraulic PTO system with an
accumulator of an ERWEC is presented. The experiments are conducted with the physical
model of the hydraulic PTO system to study the effects of trigger pressure, delay time, and
open state duration on average output power and power fluctuation index. Additionally, a
numerical method for deriving optimal control parameters of the hydraulic accumulator to
maximize output power and stability is put forward. The following significant and useful
conclusions can be obtained from the presented results:

(1) The effects of trigger pressure, delay time, and open state duration on average
output power and power fluctuation index of the hydraulic PTO system are strongly
coupled. Among them, trigger pressure has the largest weight factor. Thus, in the process
of setting control parameters, trigger pressure, namely the maximum working pressure of
the hydraulic accumulator, should be determined first, and then delay time and open state
duration could be set.

(2) The experimental examples are designed based on OLHS, and the nonparameter-
ized agent model between control parameters of accumulator and output power indices
is established based on GPR. The sensitivity analysis indicates that the coupled effect of
delay time and open state duration on the power fluctuation index is greater than that on
average output power. The delay time and open state duration should be considered at the
same time to improve the stability of output power.
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(3) NSGA-IIl is an effective method to obtain optimal control parameters of hydraulic
accumulator with the objectives of average output power and power fluctuation index. The
output power and stability are improved through the optimized control parameters.

The research results of this paper will provide bases for parameter settings and real-
time control of hydraulic PTO system with accumulators. In the future, the completed
physical model of ERWEC will be developed to verify the control parameters optimization
effect of the accumulator in the real wave excitation conditions, the effects of accumulator
volume and precharge on power conversion performance will be further analyzed, and the
real-time control of the PTO system will be achieved as well.
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