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ABSTRACT

Wave power in China has an energy density that is one-tenth of that of the wave power in Europe. Therefore,
Chinese developers cannot simply replicate and transplant European devices and facilities to East Asia. Instead,
to exploit the conditions in East Asia, a combined-oscillating-buoy-based wave energy convertor (WEC) is pro-
posed as an array-type WEC. Sea trials of a 10 kW pilot device confirmed the feasibility of its buoy array and
hydraulic pressure system (HPS) for wave-energy conversion. Field test data indicated that the energy-
converting efficiency of the direct-drive design was relatively low, suggesting the urgency of developing ener-
gy storage systems to the increase of power take-off productivity. A hydraulic accumulator system (HAS) was
designed to replace the original direct-drive operating mechanism for a 100 kW final-prototype device. It was
expected that the system will exhibit an improved ability to collect and store energy from smaller waves to
enhance the total converting efficiency. Experimental studies were performed to investigate the hydrodynamic
characteristics of the heaving buoys under the damping effects, and the operating performance of the accumu-
lator system. A numerical wave-to-wire model based on Simulink, Matlab was set-up to study the energy out-
put of the HPS-HAS under the wave conditions of the test site. It was shown that four buoys could charge ten
accumulators in half an hour under local actual sea conditions. Furthermore, in a same running time, the out-
put energy of the HPS-HAS is over forty times larger than that of the HPS without any energy storage device. In
addition, energy discharging from three accumulators only could reach about 20 kW output power. The num-
bers of buoys and accumulators should be optimized to improve wave-energy storage and power generation in

the future.

© 2016 International Energy Initiative. Published by Elsevier Inc. All rights reserved.

Introduction

Wave energy is one of the most important offshore forms of renew-
able energy. The global wave energy potential is of the same order of
magnitude as the world's consumption of electricity energy (Cruz,
2008). The exploitable limit of this resource is approximately 10-25%
(Melo and Huckerby, 2011). Marine energy, including wave energy,
is also believed to have the potential to play an important role in the
future electricity mix in China. As a result, 200 million RMB per year
have been allocated from the centre budget since 2010 to financially
support the development of ocean renewable energy through State
Ocean Administration (SOA) (NOTC, 2014).

Compared to traditional wave-energy-converting technologies such
as the oscillating water column and overtopping devices, the oscillating-
body type wave energy converter (WEC) is classified as a 3rd generation
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device (Falcdo, 2010). Its advantage is the ability to work in the deep sea
to capture more wave power. A heaving buoy was proposed as an
oscillating-body wave energy device, which is also called a point ab-
sorber (Astariz and Iglesias, 2015). Furthermore, a two-body heaving
buoy was suggested to operate against the tide oscillations (Titah-
Benbouzid and Benbouzid, 2014). In addition, a many-body system
with arrays of oscillating buoys was tested in a wave basin to study
the feasibility study of a wave farm (Stratigaki et al., 2014). Through a
grant from SOA, Ocean University of China (OUC) developed a 10 kW
buoys-array pilot WEC as the phased achievement of the final aim,
which is a 100 kW prototype device. It comprises four normal-sized
buoys instead of one large floater, in order to capture more wave energy
under low-density conditions (Shi et al,, 2016).

In order to convert the energy captured by the heaving buoy, two
direct-driving technologies, namely, a rack & pinion system and a linear
generator have been proposed and used. In the rack & pinion system,
the ratchet wheels are used to cause the unidirectional rotation of the
generator (Zhang et al., 2012). Because of the unavoidable mechanical-
fragility resulting from the expansion of the buoy size, the rack & pinion
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system was found to be employed only in small WECs with an installed
capacity of 1 KW at most (Liu et al., 2015). The linear generator, which
used a permanent magnet, was employed in a few heaving-buoy WEC
prototypes (Leijon et al., 2005; Polinder et al., 2005; Elwood et al.,
2010). Recently, a linear generator was designed and tested for an
installed capacity as high as 50 kW (Hodgins et al., 2012). A control
method to improve the performance of linear generators was proposed
by Nie et al. (2013). The effects of electrical damping of the linear gen-
erator on the optimization of the power output were elucidated by
Ekstrom et al. (2015).

Another method to convert the wave energy transmitted by the
heaving buoy is to employ a hydraulic pressure system (HPS) (Hong
et al.,, 2014). A HPS can adapt better to the slow motion of WECs
(Pizer et al,, 2005; Haun, 2015), and smoothen the irregular fluctuations
in the random-wave energy using an oil/gas accumulator (Lopez et al.,
2013). Therefore, the HPS were applied in different kinds of WECs,

such as Pelamis (Henderson, 2006), Pendulum (Lin et al., 2013),
Wavestar (Hansen et al., 2013), and Duck (Zhang et al., 2014). The fea-
sibility and reliability of HPSs and accumulators have been proven
through in-house experiments and actual sea trials.

The motions of the oscillating bodies of a WEC are strongly affected
by the variation in the pressure of the HPS. The interactions between the
wave-driven bodies and the power take-off (PTO) modules of the HPS
have significant effects on the energy-conversion efficiency of the
WEC. As the desktop tool, a mathematical model based on a simplified
mass-spring-damper system was employed to simulate the interaction
of the HPS and an oscillating buoy (Falcao, 2007). Based on this assump-
tion, a few real-time control techniques and optimization strategies
were proposed for improving the PTO efficiency (Li et al.,, 2012; Fusco
and Ringwood, 2013; Abraham and Kerrigan, 2013; Cargo et al., 2014;
Sheng et al.,, 2014; Clement and Babarit, 2012). In addition, the latching
control method was found to be suitable for enhancing the wave-energy
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Fig. 1. 10 kW oscillating-buoys-array WEC in operation at test site.
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Fig. 2. Sea trial data for 10 KW prototype WEC.

conversion efficiency; however, it made the controlling system more
complicated (Falcdo, 2008; Sheng et al., 2015). It should be noted that
most of these numerical models focused on the hydrodynamics of the
heaving buoys under effects of the HPS. On the other hand, there have
been few reports on the operating performance of the HPS and accumu-
lators with respect to buoys.

In contrast to computer programs, laboratory experiments can pro-
vide more convincing and useful data for designers and engineers
(Choi et al., 2012; Lasa et al., 2012). Based on the validation of experi-
mental data, a numerical model called “wave-to-wire” can realize the
prediction from the incident wave energy to the output electrical-
power directly under specific devices, including SEAREV (Josset et al.,
2007), the hyperbaric converter (Garcia-Rosa et al., 2014), the oscil-
lating water column device (Kelly et al., 2015) and the array of WEC
(Forehand et al., 2016). The energy transmission, loss, and related
dynamic interactions between each two energy converting stages can
be all considered during these calculations. Compared to the former
numerical models which only can deal with an individual energy-
converting stage, the wave-to-wire model is a promising desktop
method for fully understanding of the performance of the wave energy
converter.

From the presented literature review, it is clear that few studies have
investigated the operating performance the hydraulic accumulator sys-
tem (HAS) coupled with the HPS for wave energy conversion. Further,
the related wave-to-wire model of the combined heaving-buoys WEC
has not been studied extensively. In this study, the sea trial data of the
10 kKW pilot WEC is analyzed to demonstrate the importance of HAS in
the low-wave-energy density conditions. Further, a new hydraulic sys-
tem for the 100 kW final-prototype WEC is designed and investigated.
An accumulator system is coupled to the HPS to store and transmit
the hydraulic power. Laboratory experiments for the heaving buoys
and HAS are conducted for feasibility analysis. A wave-to-wire model
based on Matlab Simulink is developed and validated using the experi-
mental data. Numerical simulations of the energy-conversion and stor-
age system are carried out. Finally, the performance of the HPS-HAS

system with respect to the energy charging and discharging is analyzed
for further optimization.

Sea trials of 10 kW pilot WEC

A pilot WEC rated to 10 kW and developed by OUC was deployed at
the test site, which is located at the south of Zhaitang Island, on January
10, 2014. As shown in Fig. 1 (a), a cubic frame was employed to support
the four oscillating buoys. A submerged floating body was fixed to the
frame bottom to provide buoyancy and keep the frame motionless.
The frame was also connected to a concrete ballast using steel wires
and ultrahigh-molecular-weight polyethylene ropes. A 500-ton crane
boat, used in conjunction with a semi-submerged barge, deployed the
device and the ballast together. This technology is also available for fu-
ture salvage operations.

As shown in Fig. 1 (b), a hydraulic ram was installed on the top of
each buoy. During the oscillation of the buoys, the hydraulic rams
could operate such that they exhibited both up and down motions.
The high-pressure oil from four buoys was collected directly to drive
the hydraulic motor on the platform without using any accumulator.

77 §Y

/) Motor —

gGenerator

HP Accumulators

Fig. 3. Accumulators in the hydraulic power transmission system.



Z. Liu et al. / Energy for Sustainable Development 34 (2016) 100-110

~] Hydraulic Ram

e o=
A |~ ] '
e ME®
Motor' /&

o

2 g

7
(a) Schematic of buoy and HPS

(Snapshot of heaing buoys in the waves ]

103

——eT L s

Fig. 4. Hydrodynamic experiment for heaving buoys under damping effects of HPS.

An electricity control & management system presented on the platform
was used to consume all the generated electricity on-site. Four heaving
buoys were originally expected to oscillate in different phases under in-
cident wave conditions to generate relatively constant oil flows to drive
the generator.

The data from a series of sea trials are shown in Fig. 2. The record-
ing period was 20 days, extending from January 10 to 29, 2014, imme-
diately after the deployment of the device. As illustrated in Fig. 2 (a),
the mean wave height, H,,, from 10th January to 22nd January was
0.38 m, which is typical for winter in this sea area. This value increased
to 0.65 m during the next week because of two gales. The no-load volt-
age during a single day (14:00, January 10 to 14:00, January 11, 2014)
is displayed in Fig. 2 (b). The maximum voltage did not exceed 110 V.
Although the device could operate under the low-wave-energy-
density conditions (H,, = 0.38 m, H;;;x = 0.64 m), the maximum
and mean values of the output power were only 2.46 kW and
0.36 kW, respectively (see Fig. 2 (c)). As shown in Fig. 2 (d), the aver-
age power generated per day from 10th January to 22nd January was
0.43 kWh and 2.55 kWh in the next week. The accumulative electricity
power in this period was 557 kWh. The relationship between the time-
averaged (1 h) electric power and wave power is shown in Fig. 2 (e);
the curve shows 480 points for 20 days. The mean energy-conversion
efficiency was 18.2%, which is close to the efficiency in the initial
design.

The mean wave height during this period was smaller than the
annual-averaged value of 0.6 m. This indicates that the heights of
dominant waves were quite small. On the other hand, the hydraulic
system required a continuous flow of oil at a high-pressure to keep
the hydraulic motor rotating at a constant speed, in order to ensure a
better electricity output. Although some large waves could drive the
WEC to generate a few high-pressure peaks, the wave train was unable
to provide a constant flow of oil to keep the generator rotating. The

generator was kept in the start/stop switching status, which resulted
in a low operational-efficiency.

The direct output voltage could not meet the battery-charging or
local grid-transformation demands. In order to fully utilize all the dis-
crete high-pressure peaks, an energy storage system with an accumula-
tor is required (Falcdo, 2007; Shi et al., 2016). The bladder accumulator
can collect all the small oil flows at high pressures and then release
them continuously (Gaspar et al., 2015). Based on the data collected
from the sea trials of the 10 kW pilot WEC and the results of previous
studies, a new energy conversion and storage system was designed for
the final-prototype WEC. The HPS was equipped with a HAS to satisfy
the demands of high pressure oil flows to drive the 100 kW generator.
The HAS was responsible for collecting all the discrete high-pressure
flows from the hydraulic rams under the low-wave-energy-density
conditions.

Energy conversion and storage system
System design

The accumulators were used as the key facilities to store the incident
wave energy in the front end in the form of hydraulic power, as shown
in Fig. 3. The accumulators were connected to the hydraulic motor in-
stead of the hydraulic rams in order to reduce the fluctuations in the
pressure and the flow rate and ensure a better electrical-power output.
The number of accumulators was chosen so as to balance the conflict
between the energy charging and discharging periods.

The HAS divides the hydraulic-power transmission process into two
stages: energy charging and discharging. In the energy charging stage, it
is important to set the upper/lower limits of accumulators based on the
buoy-driven forces, which, in turn, are determined by the maximum en-
ergy of the incident waves. The requirements of the hydraulic motor

------------------ without PTO

Displacement (m)

with PTO

Velocity (m/s)

with PTO

without PTO

T
(a) Displacement

oT
(b) Velocity

Fig. 5. Time histories of displacements and velocities of heaving buoy (H=0.20 m, T = 2.5 s).
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with respect to the hydraulic pressure and oil flow rate also should be
considered and be in keeping with the rated power of the electrical
generator.

During the energy-discharging stage, the output electric-quantity
can be considered as an estimating standard. In addition, the voltage
of the generator should stay above the threshold for battery charging.
Frequent start/stop switching of the hydraulic motor should be avoided.
A continuous flow of oil at high pressures depends on the oil-release
controlling strategy of the various accumulators.

Experimental tests of heaving buoys

In order to investigate the dynamic characteristics of heaving buoys
under the damping effects of the HPS, a hydrodynamic experiment for a
four-buoy array was performed in a wave basin, located in the Ocean
University of China. Each buoy was connected to the HPS through four
hydraulic rams, as shown in Fig. 4 (a). The shape parameters of the
gyro-like buoys included the upper cylinder diameter of 0.9 m and
height of 0.375 m and the bottom inverted-cone height of 0.25 m.
Regular waves were employed as incident waves. The wave height H
varied from 0.15 m to 0.25 m, and the period T varied from 1.5 s to
2.5 s. The displacement of the hydraulic motor was 8.2 cm? per revolu-
tion. The installed capacity of the generator was 50 W. A snapshot of the
heaving buoys in the waves is shown in Fig. 4 (b).

As shown in Fig. 5 (a), the typical time history of the displacement
of the left-hand front-row buoy under the damping effects of the HPS
(with PTO) is compared with that of a free-oscillating buoy (without
PTO). The incident wave height was 0.20 m, and the period was
2.5 s. The position of the buoy was measured by a linear displacement
sensor. The displacement curve of the free oscillation is very close to
sinusoidal in shape. The peak height of the curve with PTO effects de-
creased to approximately half of the free oscillation. Moreover, the lag
phenomena are observed when the buoy moves to the bottom. While
the buoy at the top has the gravity as a recovery force, the buoy at the
bottom requires a longer time for a larger wave force to restart and
move up.

Accordingly, the linear velocity can be directly derived from the time
derivative of the displacement. As shown in Fig. 5 (b), the curves both
with and without PTO effects present pseudo-sinusoidal shapes. The
positive and negative peaks in velocity with the PTO effects are also ap-
proximately half of those for the free- oscillation velocity. The steps
at the zero points of the curve with the PTO effects are caused by the
lag of the buoy at the bottom of the displacement cycle. The heaving
buoys under other wave conditions also showed behaviours similar to
those observed in Fig. 5.

A comparison of mean velocities between the buoys in the front and
rear rows is shown in Fig. 6. The difference in mean velocity for the
buoys in the front and rear rows is small. Most differences under various
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Fig. 6. Comparison of mean velocities between buoys in front and rear rows.
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Fig. 7. Distribution of relative velocity-amplitudes.

wave conditions are below 10%. This indicates that the velocity differ-
ence between the buoys in the front and rear rows can be ignored in
the numerical simulation.

Fig. 7 shows the distribution of the relative velocity-amplitudes v,
defined as the ratio of the velocity-amplitude of the heaving buoys to
the velocity-amplitude of the wave elevation. The value of v varies
from 0.35 to 0.75 under the HPS effects. The distribution characteristics
are correlated to the wave height. However, the amplitude increases
as the incident wave period is increased. In addition, the variation
of v is more gradual between 1.75 s and 2.25 s than in other zones.

Experimental tests of HAS

A set of three accumulators was used to establish a simple HAS to ex-
perimentally verify the feasibility of the design concept. This HAS could
be easily expanded to the prototype HAS with the same working pres-
sures, which would have the desired number. The controlling strategy
of the HAS as determined from in the experiments could also be used
in the prototype WEC.

A schematic of HAS experiment-system is shown in Fig. 8 (a). The
high-pressure oil is pumped to the accumulators by the HP station
under a constant pressure and at a fixed flow rate. The upper and
lower limits of the charging pressure are determined by the pre-set
values of the high-low pressure switches. The charging process is
stopped as soon as the higher limit is reached. During the discharging
of the HAS, the oil in different accumulators is released in turn
by opening the electromagnetic directional valves in the correct
order. The valves are turned off once the lower limit is reached. The re-
leasing strategy should reduce the fluctuation in the flow rate, so as
to keep the rotation speed of the motor as constant as possible. The var-
iations in the pressures in the accumulators and flow rates in the pipes
are also monitored using the pressure transducers and flowmeters,
respectively.

As shown in Fig. 8 (b), oil charging is operated manually using the
HP station, while the discharging is done automatically using the control
panel. The throttle valve and the pilot-operated pressure relief valve are
used as the substitutable devices of the hydraulic motors linked to the
generator. The upper and lower limits of the accumulator pressure
values are set to 25.0 and 5.0 MPa, respectively. The nominal volume
of the bladder accumulators is 100 L.

During the charging, the input flow rate was fixed at 15 L/min. The
oil pressure was set at 12 and 13 MPa, given the capability of the HP
station. The relief pressure of Valve 10 in Fig. 8 (a) varied from 5.5 to
10 MPa. The opening of the throttle valve was kept unchanged. It was
observed that the charging durations under the same input pressure
value were similar; the durations for the upper pressure limits of 12
and 13 MPa were approximately 10 and 10.5 min, respectively.
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Fig. 8. Experiment set-up of the HAS.

During the discharging process, three accumulators were triggered
sequentially. First, A8-1 began to release immediately after the charging
pressure reached the upper limits. Next, A8-2 and 8-3 were triggered,
once the previous accumulator's flow rate decreased to a certain value
(40 L/min in this study). When the discharging pressure values reached
the lower limit, Valves 3-1-3-3 were then turned off sequentially. A
comparison of the flow rates under the various upper/lower discharging
limits is shown in Fig. 9. It can be seen that the mean flow rates
increased significantly when the difference between the upper and
lower limits was larger than 6 MPa. The largest flow rate was as high
as 89.9 L/min. On the other hand, the maximum mean value was
54.3 L/min for the case corresponding to 13 to 5.5 MPa. It can be con-
cluded that the primary design of the HAS was feasible and a reasonable
one. Experimental tests can also provide useful data to further validate
numerical models.

Numerical model

As mentioned above, the HAS divides the energy conversion process
into two stages. Two parameters have to be optimized for the energy
charging stage: the upper charging limit and the charging duration.
The upper charging limit is actually determined by the maximum
pumping forces on the ram, which is driven by the wave forces. On
the other hand, the charging duration also should be considered so as
to match the wave conditions. A shorter charging duration is definitely
better for capturing more energy from the waves. Moreover, different
control strategies for the discharging of the HAS should be tested in
order to compare their effects on the final electrical power output
during battery charging.

The block diagram of a wave-to-wire model that describes the con-
version process of energy from wave energy to electricity is shown in
Fig. 10. In the wave module, both regular and irregular waves are
employed; their various parameters include the wave height, period,
and spectrum. The buoy motion is simply considered to correspond to

120 T T T T T T

one-degree of freedom. The transfer function v(t) describes the veloci-
ties of the hydraulic rams (the oscillating velocities of the buoys under
PTO effects), which can be determined based on the experimental re-
sults in Figs. 6 and 7. As a simplification, a linear-fitting equation can
be employed to describe the relationship between the wave elevation
velocities and the oscillating velocities of the buoys. An incident irregu-
lar wave train can be discretized to a combination of the regular waves,
thereby the velocities of the rams can be derived (Ma, 2013; Qu, 2015).
For the energy storage and wire modules, the governing functions and
equations for the flow rate Q (t), pressure variation P(t), rotation
speed n(t), torque T(t), charging voltage U(t), and current I(t) were de-
fined based on the works of Garcia-Rosa et al. (2014) and Ghodrati and
Rashid (2014).

The wave-to-wire model was implemented in the Simulink, which is
run by using a script in Matlab. All the parameters could be defined and
modified in the Simulink, while the dynamic simulations were carried
out in Matlab. The system losses, such as those owing to friction in the
pipes and devices, were also taken into account, in order to match the
actual conditions.

The simulation results of the charging/discharging of a bladder ac-
cumulator (#8-1 in Fig. 8) are compared with the experimental data
in Fig. 11, in order to validate the numerical model. It can be seen
that the slope of the curve for the numerically determined pressure
in the accumulator before 450 s is higher than that of the curve of
the experimental data in Fig. 11 (a). The slope decreased subsequently,
resulting in the simulated pressure reaching the upper limit (12 MPa)
slightly later. In addition, the simulated pressure curve for the
discharging process agreed well with experimental results. Further,
as can be seen in Fig. 11 (b), the initial flow rate for the numerical
model was higher than that of the real accumulator and decreased
sharply till the end. Generally, the results obtained using the numeri-
cal model were in good agreements with the experimental data and
can be used for further evaluating the dynamic performance of the
HAS.
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Fig. 9. Flow rates during the discharging process.
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Simulation results In order to account for the effects of the actual sea conditions on the

Analysis of energy-charging process

The shape of the buoys in the simulation was the same as that in the
10 kW pilot device and the model in the experiments. The shape param-
eters for the 100 kW final-prototype WEC are four times larger than the
size of the buoys in the experiments. The significant wave height was
0.6 m and the corresponding period was 3.3 s; these were measured
at the sea-trial testing site (Zhaitang Island, Qingdao). The JONSWAP
has been validated as being the appropriate spectrum for the local sea
area (Wu et al., 2015). The initial pressure inside the accumulator was

set at 4 MPa.

The time histories of the charging parameters in one of the accumu-
lators for regular waves (H = 0.6 m, T = 3.3 s) are shown in Fig. 12. It
can be seen that the pressure in the accumulator increased rapidly
for a large flow rate in the pipeline in the initial stage. With an increase
in the charging time, the slopes of the curves of both the pressure
and the flow rate decreased gradually. Since the numerical model in
Simulink was physically ideal, the air in the bladder could be com-
pressed infinitely under the forced pumping of the hydraulic rams.
Therefore, a pressure threshold of 14.7 MPa was set as the upper limit;
this was derived from the hydrodynamic analysis using the CFD soft-
ware ANSYS-AQWA. The charging time was 11.6 h, at which point the
pressure in the accumulator reached 14.7 MPa. This means that one
buoy needed almost half a day to charge an accumulator under the

existing excitation conditions.

charging process, an irregular wave train was employed next. The spec-
trum of the wave train was validated using the data derived from the
test site (see Fig. 13). The error was less than 8%. The numerical spec-
trum matched the real conditions well, confirming that the wave train
could be used in the simulations performed next.

Two threshold values were considered for the charging process in
the case of the irregular waves: 18 MPa was the nominal highest oper-
ating pressure of the hydraulic motor for the 100 kW electrical genera-
tor while 21.4 MPa was the maximum pressure that could be generated
by waves of Hqy. Therefore, 18 MPa was selected as the upper limit
for the irregular waves-related calculations. Moreover, it was evident
that not all the waves could drive the buoy to pump the oil. Based on
the experimental data (Qu, 2015), the effective wave height was set at
H=0.15m.

The velocities of piston-heaving, which was caused by the irregular
waves are shown in Fig. 14 (a). Further, as can be seen from Fig. 14 (b),
the charging time for one accumulator decreased significantly to 0.38 h
(23 min). Accordingly, the time required to charge to the rated pressure
(14 MPa) of the hydraulic motor was 0.22 h (13 min). The increase in
the pressure curve is steeper than that in the regular waves, because
the fluctuations in the irregular-waves forces were more severe. The
variation in the oil flow rate was also irregular (see Fig. 14 (c)). Since
the threshold of the wave excitation force kept increasing, as the time
elapsed, an increasing number of waves could not pump the oil. There-
fore, the generated flow rates exhibited a wide distribution in the later
period.
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Calculations were performed for a few more cases, in order to inves-
tigate the effects of the numbers of buoys and accumulators on the
charging duration. It was assumed that each hydraulic ram was con-
nected to just one buoy. A comparison of the obtained results is
shown in Fig. 15. It can be seen that the variation in the charging time
changed linearly with the number of accumulator. The buoys-array
can also evidently reduce the charging time for both upper pressure
limits. For ten accumulators being pumped by four buoys, the charging
time reduced to 0.51 h and 0.94 h, respectively, for the two limits.
Given the charging time, these numbers of accumulators and buoys
were determined to be suitable for the wave conditions in effect at the
test site.

Analysis of energy-discharging process

During the energy discharging of the HAS, a hydraulic motor was
linked to an electrical generator (100 rpm/100 kW/690 V), which was
used to charge a set of batteries (200 A-h/300 V/10% initial electric
quantity). According to the generating voltage and the parameters of
the batteries, the charging-voltage threshold was set to 227 V. In order
to demonstrate the advantage of utilizing of the HAS, direct compari-
sons of the parameters related to electrical- energy-output and
battery-charging between the HPS with and without the HAS are
shown in Figs. 16 and 17, respectively. An irregular wave train using
the spectrum in Fig. 13 was applied in the simulations. The running
time of the HPS without the HAS (direct drive mode) is 627 s, which is
the period of the complete energy charging and discharging process of
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Fig. 15. Effects of the number of buoys and accumulators on the charging time.

the HPS-HAS system. The HAS included three accumulators, and the
oil was released from the accumulators at the same time.

For the direct drive mode, as can be seen in Fig. 16 (a), the flow rate
in the motor fluctuated severely between 0 and 200 L/min. On the con-
trary in Fig. 17 (a), the flow rate for the HAS was decreased gradually
from 526 L/min at the start to 337 L/min at the end. The pressure in
the motor was small and even the larger measurements did not exceed
0.8 MPa in Fig. 16 (b). This was caused by the rotation of the motor
at the low speeds (0-28 rpm), as shown in Fig. 16 (c). The pressure
for the HAS in Fig. 17 (b) was decreased from 8.1 to 2.2 MPa, and the
rotation speed decreased from 71 to 48 rpm accordingly, as shown in
Fig. 17 (¢). In Fig. 17 (d), discrete peaks of less than 0.8 kN-m were
widely distributed in the direct drive mode throughout the running-
time. This caused a low battery charging-power (that peaks at 2.0 kW,
see in Fig. 16 (e)). The accumulated energy in this process was only
1.9 Wh. On the other hand, the HAS generated a mild decrease in the
motor-torque from 8.4 to 2.0 kN-m (see Fig. 17 (d)). Furthermore, as
seen in Fig. 17 (e), the charging power was decreased mildly from
19.8 to 5.5 kW. The corresponding accumulated-energy was 76.7 Wh.
Although the time for energy charging is over 20 times longer than
that of discharging, the output energy of the HAS is over 40 times larger
than that of the direct-drive mode. This indicates that the direct drive
mode only has a disappointingly-poor effect on the performance of
the energy output. It is essential to spend time on the energy charging
by using the HAS.

In addition, three accumulators were used to simulate three
different discharging strategies: 1) discharging at the same time;
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Fig. 14. Charging process under irregular wave excitation.
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I) discharging sequentially with a flow rate trigger (240 L/min);
II) discharging sequentially. The changes in the battery-charging
power with time under the various strategies are shown in Fig. 18. It
can be seen that the power decreased gradually under Strategy I; how-
ever, no obvious power fluctuations were observed. The discharging of
only one accumulator lowered the amount of power generated because
of the smaller flow rates. Compared to Strategy III, it was found that
Strategy II could effectively reduce the fluctuations in the charging
power. Finally, there were no evident differences in the ending times
(approximately the 30th s) for the three strategies.

Additional information is listed in Table. 1. The flow rate and motor
output are the mean values. Same as those in Fig. 17 (e), the battery-
charging electrical energy is the integrated value. It can be seen that
the motor output power was only approximately one-fifth of the
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installed capacity; this was owing to the low discharging flow rate.
Accordingly, the amount of electrical energy delivered to the batteries

in one energy storage cycle was relatively small. Thus, a greater
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Fig. 18. Time histories of charging power under various strategies.
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Table 1
Energy-discharging-related parameters.
Strategy | Strategy Il Strategy III
Flow rate (L/Min) 372 330 300
Motor output power (kW) 22.8 16.1 109
Battery electricity (Wh) 73.2 65.0 55.1

number of accumulators should be released at the same time to in-
crease the flow rate to 536 L/min to reach the rated power output
limit.

Conclusions

The wave energy density in North China is relatively small because
of the sheltering effects of the island chain in the Western Pacific
Ocean. The feasibility of the buoys-array type WEC for wave energy
harvesting was confirmed through the sea trials of a 10 kW pilot device
developed by a team at OUC.

It was found that even four buoys could not pump a constant flow
rate of the oil under a high pressure to the motor. The generator was
kept in the start/stop switching status under the low wave energy
density at the local test site, resulting in a low operational-efficiency.
The direct output voltage could not meet the battery-charging or local
grid-transformation demands.

In order to fully utilize all the discrete high-pressure peaks, an ener-
gy storage system with an accumulator was designed for the 100 kW
prototype WEC. The hydrodynamic experiments for the heaving buoys
under the damping effects of the HAS were performed, and the relation-
ship between the oscillating velocities of the buoys and the elevation
velocities of the waves were found. The HAS was tested, and its feasibil-
ity and suitability with respect to wave energy accumulation and stor-
age under the low-wave-energy-density conditions were evaluated.

A numerical model based on the Simulink environment of MATLAB
was validated using the experimental data. It was found that the time
for charging ten accumulators with four buoys was 30 min under the
rated pressure of the hydraulic motor (14 MPa). In a same running
time, the output energy of the HPS-HAS is over forty times larger than
that of the HPS without any energy storage device. The energy
discharging from three accumulators only could reach about 20 kW
output power. The numbers of buoys and accumulators should be
optimized to improve wave-energy storage and power generation in
the future.
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