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Abstract: According to the inherent characteristics of the hydraulic power take-off (PTO) system,
the output power of a generator tends to be intermittent when the wave is random. Therefore, this
paper aims to improve the effective utilization of wave energy and reduce power intermittency by
constructing a topology with two branches to transmit electrical energy. Firstly, the wave-to-wire
(W2W) model of the system is constructed. Secondly, the W2W model is simulated by using synovial
and quasi-proportional resonance (QPR) control with regular and irregular incident waves, and the
results of PI control are compared. Then, the control strategy in simulation is verified by experiments.
The simulation and experimental results show that the control strategy has better performance, and
the stability of the system output power is greatly improved.

Keywords: wave power-generation system; hydraulic PTO; W2W models; QPR control

1. Introduction

Nowadays, the global energy demand has increased significantly, and in order to
reduce the exploitation of limited fossil energy, countries are trying to develop new energy
industries to promote smart energy [1]. The ocean, which covers 71% of the Earth’s surface
area, is a treasure house of green energy. It contains a large amount of energy, and wave
energy is considered to be one of the most promising ocean energy sources, so it has received
a great deal of attention and research [2,3]. Although wave energy has the advantages
of large storage capacity, high energy density, and green and clean attributes [4,5], the
complexity of the ocean environment and the randomness of waves in time and space also
make the acquisition of wave energy challenging [6-8].

In recent years, the efforts of researchers have led to the development of hundreds
of wave energy converters (WEC) [9], many of which have been applied in practice [10].
According to the way of capturing wave energy, most WECs can be categorized as oscillat-
ing water column type [11-13], oscillating body type [14], and overtopping type [15,16],
among which the oscillating body type is most widely used. Oscillating body type is
characterized by the relative motion between a single body and the seabed or multiple
bodies under the action of waves, converting wave energy into kinetic energy of the body
and later converting kinetic energy into electrical energy by the energy-transfer mechanism.
Single floating body type, also known as point absorption type, is the simplest type of
oscillating wave generator [17,18]. The oscillating body mainly includes two kinds of
energy transfer mechanisms: one is the direct-drive power take-off (PTO), and the other is
the hydraulic PTO, which are described in [19]. The direct-drive PTO uses wave absorption
float motion to drive the reciprocating linear motion of the generator, and the generator
directly converts the captured wave energy into electrical energy [20]. In contrast, the
HPTO has an additional intermediate energy storage link than the direct-drive PTO and
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thus has the characteristics of three-stage energy conversion. At the same time, because
the accumulator realizes wave and generator decoupling, there is no maximum power
point in the hydraulic energy storage wave power-generation system. Therefore, it is not
possible to achieve the maximum power output of the system by controlling the speed of
the generator. From the obtained research results, it is clear that the hydraulic PTO can
better adapt to the randomness of wave energy variation, which can improve the power
quality [21]. Thus far, many scholars have conducted extensive research direct-drive PTO
and hydraulic PTO, respectively. In [22], the application of a linear permanent magnet
generator in direct-drive PTO was summarized and compared comprehensively, along
with numerical and experimental analyses. In [23], the nonlinear model prediction method
was introduced to direct-drive PTO, and the optimal damping of a permanent magnet
linear generator was experimentally investigated under the guidance. The connection
between the average output power of the direct-drive PTO, the intrinsic impedance, and
the equivalent impedance of the generator was discussed in [24], and the maximum power
point tracking was realized based on the hill-climbing method. The application of hydraulic
PTO technology in WEC was reviewed in [25], and a novel wave-plus-photon hybrid WEC
structure combined with solar cell technology was proposed. In [26], the composition
of the hydraulic PTO and various control strategies were introduced in detail, and the
advantages and disadvantages were also discussed. The concept of oil-hydraulic power
take-off was proposed in [27], and the use of a hydraulic transformer in the hydraulic PTO
was confirmed to be beneficial by simulation analysis of three sea conditions.

Currently, the main focus in research on WEC is to improve wave absorption efficiency,
while some other studies also consider all components from wave to the grid, also known
as W2W models. In [28], an optimization procedure was developed to find the optimal
resistive loading of the WEC under irregularly incident waves and was studied based on
developed W2W models, which showed a significant increase in the power-generation
capacity of the device. A high-fidelity model with generality was proposed in [29]. The
comparison between the constant pressure hydraulic PTO model and the variable pressure
model shows that the efficiency of the WEC is not necessarily proportional to the power
generation. In [30], a fully coupled time-domain model based on the hydrodynamic,
mechanical and electrical response of the WEC was constructed, which can be used to
monitor the interactions among the devices in the WEC and respond to wave state or
grid emergencies. Numerical simulation and experimental research on W2W models were
mainly introduced in [31].

In this paper, in order to reduce the power intermittency in the wave power-generation
system based on hydraulic PTO, a two-branch power-generation topology is constructed,
as shown in Figure 1. Simulations and experiments show that the two generators can
effectively improve the utilization of wave energy and extend the operating time of the
whole system through reasonable coordination. In addition, this paper makes a general
comparison with some other references in terms of system output power, as shown in
Table 1. This paper is organized as follows. Section 2 presents the mathematical model of
the PTO system in the W2W model in detail. Section 3 shows the control block diagram of
the wave power system and provides a detailed description of the control strategy. Section 4
presents a simulation study of the wave power system under regular and irregular incident
waves. Section 5 provides experimental validation of the simulation. Conclusions are given
in Section 6.
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Figure 1. Double-branch hydraulic energy storage wave power-generation system.

Table 1. Comparison of system output power.

This Work Daewoong Jose F Gaspar LiGuo Wang Kunlin Wang

Son et al. [23] etal. [27] et al. [28] etal. [32]
Country China USA Portugal China China
Energy output Hydraulic Direct-drive Hydraulic Direct-drive Hydraulic
method power take-off ~ power take-off  power take-off  power take-off  power take-off
Power
intermittency Small Small Large Small Large
Power
fluctuation Small Large Large Large Small

2. Mathematical Model of Hydraulic PTO System

The hydraulic PTO system mainly includes a hydraulic cylinder, check valve, accu-
mulator, and hydraulic motor. The working principle is as follows: the rod cavity and
rodless cavity of the hydraulic cylinder work alternately under the action of the wave
energy absorber, and the hydraulic oil in the compressed tank enters the accumulator,
converting mechanical energy into hydraulic energy stored in the accumulator. When
the pressure in the accumulator reaches the set value, the hydraulic autonomy system
controls the hydraulic valve to open, and the hydraulic oil with high pressure impacts the
hydraulic motor, which drives the generator to generate electricity to realize the conversion
of hydraulic energy into electrical energy. The specific implementation of the hydraulic
PTO system in the simulation is as follows: the waves simulated by the wave spectrum are
used as velocity signals to produce the hydraulic cylinder motion, and the flow through
the accumulator is simultaneously calculated based on the motion model of the hydraulic
cylinder. The flow through the accumulator minus the flow of the hydraulic motor is the
final flow into the accumulator. The pressure value in the accumulator is calculated from
the inflow, and this pressure value is used to control the start and stop of the generator.

In addition, it is important to note that in order to ensure the safety of the system,
when extreme sea conditions lead to excessive pressure in the accumulator, the system
must stop working and stabilize itself with the mooring system.
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2.1. Mathematical Model of Hydraulic Cylinder

The double acting hydraulic cylinder has hydraulic fluid between both chambers,
providing hydraulic fluid transfer in both directions.

43 dj
q=0ox7mx (=1 (1)
md?
‘IZIUXTl 2)

where g1 is the flow rate of the rod chamber, g5 is the flow rate of the rodless chamber, v is
the movement speed of the hydraulic rod, d; is the diameter of the hydraulic cylinder, and
dy is the piston rod diameter.

2.2. Mathematical Model of the Bladder-Type Accumulator

The structure of the hydraulic accumulator is bladder type, which is mainly composed
of an air chamber and a liquid chamber. The working principle is that if the fluid pressure
at the inlet of the accumulator is higher than the pressure of the internal air chamber, the
fluid will enter the accumulator and compress the air chamber, thus storing energy. During
the power-generation process, the accumulator uses the compression and expansion of the
air in the air chamber to store and release the hydraulic energy. According to Boyle’s gas
law, the relationship between pressure and volume is as follows:

pvi=C 3)

where P is the pressure, V is the volume of the gas, and [ is the variable process index of the

gas, which is 1.4 for the adiabatic process and 1 for the isothermal process; C is a constant.

During the operation of the system, the accumulator can be considered to be working

in an isothermal state, so the gas in the gas chamber of the accumulator satisfies the
following equation:

Vﬂ(Ppr+Pair) = (Vﬂ_vf)(Pc+Pair) 4

where V; is the volume of the accumulator, Py, is the gas chamber pre-charge pressure,
Pyjr is the standard atmospheric pressure, Vy is the volume of hydraulic fluid in the liquid
chamber, and P, is the pressure of the accumulator.

The hydraulic flow in the accumulator is expressed as follows:

_ Wy

fa =4 @)

2.3. Mathematical Model of Hydraulic Motor

The hydraulic motor is an important energy-conversion element to convert hydraulic
energy into electrical energy in the hydraulic power-generation system. It requires fast
working speed and high reliability, so the axial piston-type quantitative motor is used. In
addition, the quantitative motor has a fixed displacement and does not need an additional
control unit, which also avoids the failure of the control circuit of the variable motor. The
flow rate and output torque of the hydraulic motor are expressed, respectively, as follows:

Qm = an/60 - kleakAp (6)

T = quApYmin )

where g, is the displacement of the hydraulic motor, 7 is the hydraulic motor speed,
kieqr is the hydraulic motor leakage coefficient, Ap is the hydraulic motor inlet and outlet
pressure difference and, in the whole power-generation process, can be approximated as
Ap = Pc. 1y is the hydraulic motor mechanical efficiency, and 77, is the hydraulic motor
volume efficiency.
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3. Control Strategy of Hydraulic Storage Wave Power-Generation System

The control block diagram is shown in Figure 2, where the * represents the reference
value. The speed outer loop and current inner loop on the generator side are controlled
by sliding mode control (SMC)and QPR control, respectively, where the reference value of
speed uses the optimal pressure-speed curve [32], as shown in Equation (8). The grid side
uses the voltage outer loop and QPR-controlled current inner loop to realize grid-connected
unit power factor control.

1500, P. > 16.67MPa
{Nopt(P)}, jmin = { 90P;, 10MPa < P, < 16.67MPa 8)
0 ,P. < 10MPa

Isie
@ 4

SVPWM| SVPWM|

Figure 2. Control block diagram of hydraulic storage wave power-generation system.

3.1. PR Control

PR control is based on the inner membrane principle, and structurally, it was developed
by introducing two poles on the imaginary axis of the PI controller transfer function, which
can be expressed as follows:
kiS

Gpr(s) =k -—
PR() P+Sz+w%

©)
where k, is the proportional gain, k; is the integral gain, and wy is the angular frequency.

Ideally, the amplitude gain of the PR controller resonance at the two poles tends to
infinity, thus achieving zero steady-state tracking for a given quantity. Compared with PI
controller, PR controller can realize the tracking of AC signal, and the control system does
not contain a feedforward compensation and decoupling term related to motor parameters,
which reduces coordinate transformation, so it reduces the difficulty of implementing the
control algorithm and improves the robustness of the system. Moreover, it has much larger
gain at the fundamental frequency than PI, so the steady-state error is smaller. However, the
ideal PR control is difficult to implement in digital systems because its narrow frequency
gain bandwidth will lead to poor immunity to interference, poor dynamic stability, and
a relatively significant drop in gain beyond the resonance point. Therefore, quasi-QPR
control is introduced, and its transfer function is expressed as follows:

2k;w.s

_— 10
2 + 2wcs + w3 (10

where w, is the cut-off frequency of the QPR controller.

From the transfer function, QPR control introduces w, to PR control, for which the
gain at the resonance point is not as high as PR control but also has a very high amplitude
and still has a good tracking performance. In addition, the presence of w, broadens the
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bandwidth of the resonant frequency gain and reduces the impact due to frequency shift,
thus improving the dynamic performance of the system.

3.2. Design of QPR Controller

From Equation (10), the QPR controller needs to design three parameters. Determining
the appropriate kj, k;, and w, through the design can push the system stability and anti-
interference ability to their most optimal levels. In this paper, the bode diagram of the
amplitude-frequency and phase-frequency characteristics of the QPR controller when each
parameter is varied is obtained using the control variable method, as shown in Figure 3.
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Figure 3. Bode diagram of QPR when kj, k;, and w. change. (a) k, change; (b) k; change;
(c) w¢ change.

It can be seen from Figure 3 that when only k), is changed, the bandwidth of controller
and the amplitude at the fundamental frequency do not increase much, while the amplitude
outside the frequency band increases with the increase of kj,, which means that k;, mainly
affects the amplitude outside the frequency band. When only k; is changed, the bandwidth
of controller and the gain at the fundamental frequency increase with the increase of k;,
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while the amplitude gain outside the frequency band basically remains unchanged, which
means that k; mainly affects the bandwidth of the controller and the gain at the fundamental
frequency. When only w, is changed, the bandwidth of the controller increases with the
increase of w., while the amplitude outside the frequency band and the amplitude at the
fundamental frequency basically remain unchanged, which indicates that w, has good
selectivity to the signal and mainly determines the bandwidth of the controller.

In order to facilitate the QPR control to be implemented programmatically, it needs
to be discretized. In this paper, Tustin is used for discretization, and the discretization
transformation equation is shown below:

21—zt

£ = 11
° T, 14271 (1)

Substituting Equation (11) into Equation (10), the difference equation for the QPR
controller can be solved as follows:

y(k) = boe(k) + bye(k —2) — ary(k — 1) — azy(k — 2) (12)
The controller can be controlled using the differential equation.

4. Analysis of Simulation Results under Regular and Irregular Incident Waves

The simulation parameters of the system mainly include the permanent magnet
synchronous motor, accumulator, hydraulic cylinder, hydraulic motor and line, etc. The
specific values are given in Table 2.

Table 2. System Simulation Parameters.

Device Parameters Value
Stator resistance 0.05 Q)
Permanent magnet synchronous Stator inductance 0.45 mH
generators Pole pairs 3
Permanent magnet flux 1.0108 Wb
Volume 60 L
Accumulator Pre-charge pressure 9 MPa
Initial hydraulic oil volume 28 L
. . Cylinder bore 90 mm
Hydraulic cylinder Piston rod diameter 40 mm
Motor displacement 125 mL/r
Quantitative hydraulic motor Volumetric efficiency 0.92
Mechanical efficiency 0.9

Effective value of grid phase voltage 220V

DC bus voltage 900 V

Fundamental frequency of grid 50 Hz

Li Switching frequency 10,000
mne Grid-side inductance 552 uH

Converter-side inductance 1150 uH
Filter capacitor 98 uF
DC bus support capacitance 2mF

4.1. Waves Spectrum

Waves can be generated by a variety of factors, but usually the dominant force is wind
waves, which are generated by the wind blowing across the surface of the sea. In order to
describe fluctuations more accurately, there are several commonly used spectra, such as
the JONSWAP spectrum, the Wallops spectrum, the Pierson-Moskowitz spectrum, and the
Bretschneider spectrum, etc. Among them, JONSWAP spectrum and Pierson-Moskowitz
spectrum are more widely used. For well-developed oceans with sufficiently long wind
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distances, the Pierson-Moskowitz spectrum is generally used. For limited wind distance,
the JONSWAP spectrum is more recommended.

In this paper, the JONSWAP is used for the study. The JONSWAP spectrum can be
expressed by the following equation:

—4 ol — w—wp 2
S(w) = 15—6-Hs2w;1,w’5 exp[—1.25(wﬂp) (1 0.2871In(7)) P @ )T (13
27
Wy = — (14)
p Tp

where H; is the effective wave height, T, is the spectral peak period, <y is the spectral peak
factor, and ¢ is the peak shape parameter.

Figure 4 shows the JONSWAP spectrum for waves with a spectral peak period of 6 s
and an effective wave height of 1.2 m.

: (m)

© o

o o W —_
T

Incident wave

|
—_
T

1 1 1 1
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Time (s)

o

Figure 4. The incident wave with a spectral peak period of 6 s and an effective wave height of 1.2 m.

4.2. Analysis of Simulation Results under Regular Incident Waves

Based on the linear theory, the simplified JONSWAP spectrum of the SIN function is
used to simulate the regular incident wave under stable wave condition within 60 s, as
shown in Figure 5, and is used as the input to the hydraulic cylinder. Figure 6 shows the
pressure variation of the accumulator under regular incident waves. From Figure 6, it is
seen that the hydraulic control valves are all in the open-valve state due to the high initial
accumulator pressure, at which time the two hydraulic motors drive the two generators
(i.e., G1 and G2) to work, respectively. The accumulator receives the energy transferred
from the mechanical work of the hydraulic cylinder and at the same time provides energy
to support the hydraulic motor to drive the generator to generate electricity so as to realize
the conversion of mechanical energy to hydraulic energy to electrical energy. When the
energy provided by the hydraulic cylinder is less than the total energy consumed by the
operation of G1 and G2, the accumulator pressure starts to drop. After 20 s, when the
accumulator pressure drops to the preset closing pressure (i.e., 11 MPa) of the hydraulic
control valve of G1, G1 stops working, and the speed is reduced to zero by the braking
resistor connected to the system. At this point, G1 enters an intermittent power-generation
state and waits for the next generation cycle. When G1 stops working, the output energy
of the hydraulic cylinder is greater than the energy consumed by G2, the pressure of the
accumulator will rise slowly, and because the accumulator pressure is always greater than
the closing pressure of the hydraulic control valve of G2, G2 is always in working condition.

During the entire power-generation process, the operating speed of G1 and G2 follows
the set optimal pressure-velocity curve, as shown in Figures 7 and 8. The difference is that
the velocity outer loop in Figure 7 is controlled by PI, while Figure 8 is controlled by SMC.
In Figure 7, the speed overshoot is 16.6%, and the dynamic response time is 0.05 s, while in
Figure 8, the overshoot of speed is 1.3%, the response time is 0.04 s without steady-state
error. From the control effect of SMC and PJ, it can be seen that the SMC control has
better performance.
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The power curves of G1 and G2 are shown in Figure 9, and it can be seen from
Equation (7) that the power is directly related to the accumulator pressure. When the power
drops to about 40% of the rated power, G1 stops working. By shutting down G1 in time to
slow down the consumption of wave energy, the operating time of G2 is increased. This
extends the operating time of the system, keeping the system in a generatable power state
and maintaining critical system load demand. The voltage and current of G1 and G2 are
shown in Figures 10 and 11. The voltage waveform is for the complete simulation period,
and the current is 1 s. As shown in Figure 10, the trend of voltage variation is similar to
the speed curve throughout the generation process. In addition, it can be seen from the
current waveform that the current dynamic response time is about 0.075 s under the regular
incident waves.

Power(kW)

10

0 20 30 40 50 60 120 10 20 30 40 50 60
Time(s) Time(s)
(a) (b)
Figure 9. Power Curve. (a) Power of G1; (b) power of G2.
R —— N
300 0 | AL
|
= 250 05 T_T5_ 1 —~
£200 1%
2 150 =
>
100 =2
50
0 10 20 _30 40 50 60 200010 20 30 40 50 &0
Time(s) Time(s)
(a) (b)

Figure 10. The phase voltage waveforms under regular incident waves. (a) Phase voltage of G1;
(b) phase voltage of G2.

Figure 12 shows the active and reactive power curves of the grid connection. From
Figure 12, the grid-connected reactive power is zero, and the unit factor power control is
realized. Meanwhile, it can be seen from the figure that the whole system has been in the
state of transferring power to the outside, which greatly improves the intermittent power
generation due to the work of a single generator, thus improving the stability of the system
power supply. Figure 13 shows the bus voltage curve, from which it can be seen that the
bus voltage can reach the given value and remain stable within a short time after the system
starts working, and the fluctuation range does not exceed 1 V. Figure 14 shows the FFT
analysis of the grid-connected current, where PI control is used for the current inner loop
in Figure 14a and QPR control in Figure 14b. It can be seen from Figure 14 that the total
harmonic distortion rate after QPR control is 0.87% lower than that of PI control, and the
amplitude of higher harmonics is effectively reduced, which is sufficient to demonstrate
the superiority of QPR control.
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Figure 11. The phase current waveforms under regular incident waves. (a) Phase current of G1;
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Figure 13. DC bus voltage under regular incident waves.

4.3. Analysis of Simulation Results under Irreqular Incident Waves

To better fit the actual situation, a combination of large, medium, and small waves
was used to simulate irregular incident waves by changing the effective wave height and
frequency of the JONWAP spectrum. The first 30 s are large waves with an effective
wave height of 2.4 m, the middle 40 s are medium waves with an effective wave height of
1.2 m, and the last 20 s are small waves with an effective wave height of 0.5 m, as shown
in Figure 15. Under the irregular incident waves, the accumulator pressure is shown in
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Figure 16. For the whole system, from the energy point of view, the input energy is greater
than the energy consumed by G1 and G2 due to the continuous input of large waves in
the first 30 s, resulting in a rising pressure of the accumulator. At this point, if the pressure
exceeds the maximum safety pressure of the accumulator, the measures to protect the
accumulator should be started immediately to prevent damage to the system. During
the first 30 s of the medium waves, the input energy is less than the energy consumed
by the generators, at which point the accumulator pressure begins to drop. Since both
generators are equipped with larger displacement hydraulic motors, the pressure drop is
more obvious, and in about 60 s drop to the hydraulic motor shut-off pressure of G1, G1
stops working.

F08F | Fundamental (50Hz) = 111.6, THD=2.63%
£ 07t .
5 0.6 1
2051 1
=5 04 B .
5 03f |
2 0.2f <

20.1F
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Figure 14. FFT analysis of grid-connected currents. (a) FFT under PI control; (b) FFT under
QPR control.

—_
|

Incident wave(m)

0 10 20 30 40 50 60 70 80 9%
Time(s)

Figure 15. Irregular incident waves.

Afterwards, during the last 10 s of the medium waves, although only G2 was working
alone, the accumulator pressure did not rise to the open-valve pressure of the hydraulic
motor of G1, so G1 was in a continuous off state. In the case of small waves, the input
energy still is less than the energy consumed by G2 working, the accumulator pressure still
drops, and eventually, G2 stops working around 85 s because the energy of the wave is too
small. During the whole operation, the speed curves of G1 and G2 are shown in Figure 17. It
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can be seen from Figure 17 that the overshoot of speed is very small, the dynamic response
is fast, and there is no steady-state error, which also shows the superiority of the control
strategy in this paper.
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Figure 16. Accumulator pressure under irregular incident waves.
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Figure 17. Speed curves. (a) Speed of G1; (b) speed of G2.

Figure 18 shows the DC bus voltage under irregular incident waves, and it can be
seen that the voltage reaches the given value in about 0.4 s, and the steady-state amplitude
fluctuates within plus or minus 2 V. The power curves are shown in Figure 19. Figure 19
shows that the power of the two generators follows the accumulator pressure before they
stop working. During the medium waves phase, the operating time during the small-wave
period is extended by turning off G1 in time to prevent the whole system from stopping
immediately just after entering the small-wave period. Finally, during the small-wave
phase, G2 stops working due to the lack of wave energy. The voltage and current of G1 and
G2 are shown in Figures 20 and 21. The voltage waveforms have similar characteristics to
those under the regular incident waves, and both are similar to the speed curve. Further,
the dynamic response time of the current is 0.1 s, which is 0.025 s more than that under
the regular incident waves. The grid-connected power of the whole system is shown in
Figure 22, and the unit power factor control is realized.
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Figure 18. DC bus voltage under irregular incident waves.
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Figure 19. Power curves. (a) Power of G1; (b) power of G2.
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Figure 20. The phase voltage waveforms under irregular incident waves. (a) Phase voltage of G1;
(b) phase voltage of G2.
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Figure 21. The phase current waveforms under irregular incident waves. (a) Phase current of G1;
(b) phase current of G2.
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Figure 22. Grid-connected power.

5. Experimental Analysis

The experimental platform is shown in Figure 23, mainly using the upper computer,
RT-LAB, and oscilloscope for experiments, and the experimental parameters are kept
consistent with the simulation parameters.

Figure 23. Experimental platform.

Figure 24 shows the speed and power curves of the two generators under regular
incident waves, with G1 curve at the top and G2 curve at the bottom. From the Figure 24a,
it can be seen that the overshoot of the speed of both generators at start-up does not exceed
100 rpm, and they can operate stably throughout the working time. From the Figure 24b, it
can be seen that G1 has been generating intermittently during the whole working time, but
the presence of G2 has kept the whole system in working condition through reasonable
cooperation. The waveforms of speed and power of both generators are basically consistent
with the simulation analysis, which also verifies the effectiveness of the control strategy in
the simulation.

[

PreVu T 1 1 Tek PreVu [ 1§ 1
l\ K
" \ \
"\ " - W\'\I\.W 1 M»V\«A«
13 ]
—N” ,r"‘
W AN AN W
\'\“m f” \\ﬁ\ . ,,‘/“ . " /N,,/
¢ N(500rpm/div) : e e
T(10s/div) T(10s/div)
“«> o ¢ P(15.5kW/div) <«>
L
S00mV s s 500m! mY s s
s S+ = B, @7 )
(a) (b)

Figure 24. Speed and power curves of G1 and G2 under regular waves. (a) Speed curve of G1 and
G2; (b) power curve of G1 and G2.
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Figure 25 shows the speed and power curves of the two generators under irregular
waves. From Figure 25a, it can be seen that the speeds of both generators are stable at
1500 rpm during large waves and then change with the pressure value of the accumulator
during medium and small waves until they stop working. From Figure 25b, it can be seen
that the power of both generators increases with the increase of wave energy during large
waves; during the medium wave, the power shows a decreasing trend, and at the end of
medium waves, G1 stops working. During small waves, the earlier shutdown of G1 slows
down the consumption of wave energy, allowing G2 to remain operational for some time
during small waves. The analysis of the whole simulation process can also be verified in
the experiment.
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Figure 25. Speed and power curves of G1 and G2 under irregular waves. (a) Speed curve of G1 and
G2; (b) power curve of G1 and G2.

6. Conclusions

This paper proposes a new hydraulic storage wave energy-generation topology with
two branches to transmit electrical energy and conducts simulations and experimental
research. The simulation results show that reasonable coordination of the operation time of
G1 and G2 according to the magnitude of wave and accumulator pressure can effectively
improve the utilization of wave energy and reduce the intermittency of the system output
power. In addition, compared with PI control, the control strategy used in this paper
reduces the speed overshoot by 15% and the harmonic distortion rate of current by 0.87%.

The simulation verifies that the power-generation characteristics of the system are
essentially the same under regular and irregular incident waves. This implies that the
hydraulic energy-conversion system can convert the unstable wave energy into stable
electrical energy, thus also improving the power-generation quality.
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