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Abstract
A novel external buoy type wave energy device with hydraulic conversion system used for
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navigation lighted buoys, named floating external double buoys wave energy device, is put
forward and investigated by numerical calculations and model experiments. The hydrody-
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on the hydrodynamic performance of the device is tested. The results of numerical calcula-
tions and model experiments have shown that the appropriate selection of hydraulic damp-

ing coefficient is of great significance to improve the capture width ratio of the device, and
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effectively solve the problem of continuous power supply for middle and small types of
navigation lighted buoys.

1 | INTRODUCTION

small installations below 50KW are mainly used for aquaculture,
defence, marine monitoring and guiding [6].

With the decreasing of petroleum resources, renewable energy
is playing an increasingly important role in the energy struc-
ture. As one kind of renewable energy source, wave energy has
the advantages of wide distribution and long persistence and
is bound to be an important part of the future energy supply.
Research and development programs on wave energy extraction
have been carried out in most countries, such as the USA, Aus-
tralia, Europe, Norway, and Japan [1—4]. Thousands of patents
were granted on how to absorb wave energy and convert it to
electricity or other forms of energy. Wave energy device is cur-
rently used in two ways: The installations above 100KW are used
for utilities, such as power supply for offshore oil and gas plat-
forms which have very high-power demands [5] or islands, and

In the past, there is no continuous power supply for navi-
gation lighted buoys, which means they can’t work for a long
time unless replacing the battery. However, the need to replace
the battery is the main reason leading to the increase in opera-
tion and maintenance costs. This situation is not addressed until
the small wave energy converters (WECs) are proposed as an
energy supply for the navigation light buoys [7]. Whittaker et al.
[8—10] designed a Wells, self-rectifying turbine. The preliminary
sea trials have shown that this simple turbine-generator set oper-
ates satisfactorily in wave powered navigation buoys of the cur-
rent design. Blazauskas et al. [11] provided an overview of linear
generator development and testing experience of three differ-
ent prototype solutions applicable for small-scale wave energy
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converters, such as attaching a linear generator to a Single Point
Mooring Buoy to provide an additional source of energy for
marine navigation signs. NAGATA et al. [12] designed and
installed an OWC on navigation lighted buoy. Dunn et al.
[13] described LAN’, a geospatial data set that documents the
development of coastal lights that guided ships around Eng-
land and Wales from medieval times to 1911 and the num-
ber of navigation lights (all types) reported by benchmark
period in LAN have reached 551 in 1911. In the mid-1980s,
Guangzhou Institute of energy, Chinese Academy of Sciences
successfully developed a 10 w Wells turbine WEC [14,15]. After
more than ten years of development, there are many types
of products and many improvements, such as BD-102G [16].
At present, more than 600 sets of those products are used in
China’s coastal areas and exported to Japan and other coun-
tries. The commercialization of type BD-102G WEC [17] illus-
trated the successful use of wave energy on navigation lighted
buoys. With the development of water transportation and the
increase of various types of navigation lighted buoys, the navi-
gation lighted buoys have further requirements for the stability
and efficiency of energy supply, on condition that maintenance
funds and human resources are limited [18]. The small wave
energy device designed for navigation lighted buoys need to be
upgraded.

Generally, the wave energy device consists of two parts:
the energy capture system and the energy conversion system.
According to the working principle of capturing wave energy,
WEC could be classified into three categories: Oscillating Bod-
ies (OB), Oscillating Water Column (OWC) and Overtopping
[19]. OB devices absorb wave energy through relative motions
between different parts of the device, such as Power Buoy,
Duck, Oyster, Pelamis, and the Sharp Eagle [20-26]; OWC
devices absorb wave energy in a way that wave pushes and
draws air through a turbine and turbine drive generators to gen-
erate electricity, such as Limpet in England [27]; Overtopping
devices convert wave energy to gravitational potential and pro-
duce electricity through a turbine, such as Wave Dragon and
Wave Cat [28, 29]. The enetrgy conversion system of the wave
energy device can be divided into four kinds: linear motor,
hydraulic motor [30, 31], turbine, and mechanical conversion.
OWC and Overtopping devices through the turbine transform
compressed air or water energy into electricity, while OB devices
are achieved through the other three ways.

The offshore floating wave energy device put forward in
the present paper, named floating external double buoys wave
energy device belongs to OB devices. This device consists of
an absorption buoy, underwater substrate, and hydraulic sys-
tem. The hydraulic system consists of a low-pressure tank, high-
pressure accumulator, hydraulic motor, generator, and hydraulic
cylinder. The absorption buoy and the underwater substrate are
interconnected by hinge, and can rotate around the articulation
point to produce relative motion.

The energy capture efficiency of this device depends strongly
on the relative motion between the absorption buoy and the
underwater substrate. The motion response of such system
can be predicted during the design stages, and the key of
it is to model the multi-body hinged by rigid constraints,

which requites the representation of the constrained multi-body
dynamics. There are two mainly methods that the researchers
use to tackle this. One is the Lagrange multiplier method [32].
Sanghwan Heo et al. [33] studied the merits of the augmented
formulation based on the Lagrange multiplier method for cal-
culating the rotational motion of the floats considering the con-
straint forces. The results indicated that the validity of this
method is verified, and is more efficient than the classic method.
The other is the generalized modal method. Newman et al. used
the generalized modal method to study the effect of elastic stiff-
ness on the motion response of the system and the interac-
tion between waves and clamped polyhedral boxes with hinges
[34, 35]. As discussed by Taghipour and Moan [36], using the
mode expansion technique can reduce the amount of calcula-
tion and storage, because fewer radiation problems need to be
considered. What’s more, the generalized modal method has the
advantages that it is easy to program. According to its advan-
tages, the generalized modal method, is used to analyse the
device in this paper.

In the present paper, the hydrodynamic performance of the
floating external double buoys wave energy device is investi-
gated by numerical calculations as well as model experiments,
and the optimal damping and the suitable wave period range of
this device are found.

2 | NUMERICAL MODELLING
METHOD

By assuming the water is homogenous, incompressible and
with no viscosity, the flow is irrotational, and the fluid and
buoys motions are small, the linear potential flow theory can
be applied. The fluid and the buoys have the harmonic motions
under the incident wave with the circular frequency w, and then
all the time-dependent quantities can be separated. The space
velocity potential ¢ can be further decomposed into:

P x) =1 +¢p—iw ) &9, (1)
=1

here, ¢y, ¢ and ¢@; are, respectively, the incident wave velocity
potential, the wave diffraction velocity potential, and the radi-
ation velocity potential that occurs when the buoys oscillate at
unit speed. 7 indicates the imaginary part. # indicates the amount
of motion components. & i is the / motion displacement of the
buoys in the frequency domain.

The incident wave velocity potential ¢;(x, y, z) undet limited
water depth is as follows:

—igA cosh[k(z + D)] .,
) cosh(&h) ‘ ?

$r(x,0,%) =

here, g is gravity acceleration; 4 is incident wave amplitude; 4 is
the water depth; £ is the wave number, and the wave number
& meets the dispersion relationship w?= gktanh(kh) under the
limited water depth.
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The diffraction velocity potential ¢y (X, y, z) and the radiation
velocity potential ¢;(x,y,z) are expressed in $i(x,y,2) below,
which satisfies the following definite conditions:

In the calculation domain:

Vi =0 S)
Free surface Sp boundary condition:

o,

2
w
a_z|g=() - ?45/ =0 4)

Seabed surface Sy boundary condition:

=0 ®)
Object surface S, boundary condition:

% =4 % = 5¢/ ©6)
On 7 On On

Finite radiant surface S;, boundary condition:
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,00) is the first type of Han-

—ilt

here, Hr(i)(m =0,1,--
kel function, corresponding to the time factore™ to form
the outer wave and the subscript » trepresents the order;
K, is the second type of modified Bessel function, and
K (k,r) exponentially decreases with the 7 increase, so
the item associated with K (k,r) is the local disturbance
,00,m = 1,2,---,00) are

the complex coefficients to be determined.

wave; 2, bypand ¢, (n = 1,2, ---

The radiant surface Sy is a cylindrical surface, which sut-
rounds the oscillating buoys and takes the z-axis as the centre
at a limited distance. The interior of the cylinder is the compu-
tational domain.

The boundary integral equation satisfying the above defined
conditions (3)—(8) was established by the boundary element
method as follows:

—6(p) // [qb/(p) D _ g ¢’@) ©)

here, a the stereo angle of the surface corresponding to a point.

Sis the boundary surfaces of the entire computational domain

. 1
and can be written as S = Sp+Sp+S,+S; G (p,q) = G
pq

is the distance from

is the simple Green functionand rp,
the field point p to the source point ¢ on the boundary
surfaces.

The boundary integral Equation (9) is discrete by the con-

stant panel method [37] and can be written as follows:

¢,

Eplbi=1Ey) 5 (pg = 1,25 N)  (10)

here, the coefficient matrix Epq = 5 +qu » Bpg= o f fgqan -
Pa

ds, 5pq is the Kronecker Delta Function; and the coefficient

1 1 .
= — [J. —ds, IV is the number of panels. By
428 Sk
1 Tpq

solving the linear Equation (10), the velocity potential on the

matrix FP

object surface S, can be obtained.

The wave excitation force fj, caused by the incident veloc-
ity potential ¢; and the diffraction velocity potential ¢y on the
device in the £-mode motion direction is as follows:

Jok =// ipw(p; + $p)neds (11
s,

The radiation force FE on the float can be expressed in terms
of the additional mass and the radiation damping coefficient.
Based on the generalized mode method:

i = [ Relpwte it g | nas

S0

= Re ,szg/(?_[-w’/¢/ﬁkd§‘|
| S0

= Re | pa€ / [Re ($,) + ilm (@)VM]

S0

= Re | pw’¢; _”’J’/Re (¢/) n/gds]

S0

+Re lz'pcuzg/»e_jw’ / Im (gb/) n/@dx]

50
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= / Re (@) neds - Re [~ =]

50
- ,oco/ Im (45/) nyds - Re [—z'cog/»e_iw’]
S0
= —apX; = bk (12)
here, aj and bik are, respectively, the additional mass and radi-

ation damping produced by the /mode motion of the device

in the £-mode motion direction.kj and 5%/' are, obviously, the

instantaneous velocity and acceleration. The expressions of

aj = p// Rel[@ ], ds (13)
s,

Sy

5,(t) = Re[—iw& "] (15)

them are as follows:

X;(7) = Re [—w?E 7] - (16)

In the /mode motion, the radiation velocity potential pro-
duces radiation force flg in the 4-mode motion direction.

Knowing that FEz Re[fiEe_ﬂt] , the radiation force f]E in the
frequency domain is obtained by separating the time factor £
and can be written as:

[ = @ ap +iwb)g, a7

Since the actual energy conversion process is complex and
cannot be finely simulated in numerical calculations, only the
effect of the external damping generated by the hydraulic system
on the device is considered. The PTO system of WEC is typi-
cally modelled as a combination of a linear damping and a linear

hydraulic cylinders
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: 7
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FIGURE 1
energy device

Schematic diagram of floating external double buoys wave

spring. As the mooring system is not considered, the total forces
comprise the gravity of the device, wave force, elastic stiffness
force, and external damping force [38]. In this paper, we study
the relationship between the PTO damping and the conversion
efficiency of this device to find the optimal damping, so the elas-
tic stiffness is not the major concern and is set as zero [39, 40)].

The external damping force F/J exists in the rotation direction
[41] between the absorption buoy (floaterl) and the underwater
substrate (floater2) as shown in Figure 1, can be written as:

J_ S
1= O

here, ijk is the external damping coefficient matrix.

Based on the generalized mode method, the motion equation
of the device in the frequency domain is obtained as follows:

(M~ @y — iwby — iwC,+ Gy = fu (1)

here, Mjy is the mass matrix, Cifk is the matrix of restoring force

coefficients, the expressions of them are as follows:

my + 0 m =) m(F = 2)
0 my + 7ty —m(x, = xp)  —m(r = X))
Mje = 1 1 1, 7 20)
m R —z0)  —mx = Xp) Iy + L 0
mEE =) —mbd = x) 0 I+ I
[0 0 0 0 1
|0 eedi+ g —pal}" —pal;?
= 0 —ogl; " pally + 1) = gz — %) 0 -
0 —pgt” 0 Pl + 1) — oz — 20)
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12

(e = oxp by

L

where myand mj are, respectively, the mass of the floaterl and
floater?2. (Xi, yi, zl) and (Xg, yf, zg) is the gravitational centre of
floaterl and floater2, respectively. (x,y,20)is the hinge point
between floater] and floater2. Vi, Ajand V,, Ajare the volume
of displacement and waterplane area of floaterl and floater2
respectively.

When articulation is considered, the degrees of freedom of
the floaterland the floater2 become 4. &; is the overall surge
motion and &, is the overall heave motion. &5 and &, are the
pitch motion of the floaterl and the floater2 respectively. The
power P, absorbed by the device from the wave energy can be
calculated by:

,
By = 1 / F/8dr (23)
r 0

where 7" is the wave period, 6=§; — &, is the relative angu-

lar displacement, as well as the relative angular velocity
0 = w(B;coswt— Oy sinwt).
Thus, the power P, can be express as:

Py = %wch(ga 54)@3 €4 24)

here, (&3 — &,) represents the complex conjugate of (§' 53— &),
The input power P, of the wave within the unit width is:

= [mhA%pg/ sinh(Amh/A) + A2pgd 4]/ T  (25)

The capture width ratio 7) is as follows:

LN 26
1= g X 100% 6)

Here, b is the width of the device.

This numerical model has been validated in eatlier work [42].
The correctness of the numerical models for the motion of rect-
angular and hemispherical bodies under waves is verified, by
comparing the results in the literature with analytical solutions.

3 | NUMERICAL CALCULATION

The structure part of floating external double buoys wave
energy device, as shown in Figure 1, consists of two main part:

the absorption buoy and the underwater substrate, with a total
width of 0.7 m, a total length of 3.6 m, a total height of 1.4 m,
the draft of 0.74 m. This device is designed based on the “Sharp
Eagle” WEC [43], using an absorption buoy with an eagle beak
shape to capture wave energy and a novel underwater substrate
is designed. The pontoon installed on the underwater substrate
is 0.22 m long, 0.18 m high, and 0.7 m wide. The absorption
buoy of the device is 0.7 m wide with the hydraulic conversion
system as Power Take-Off (PTO) system.

In the case of the physical model corresponding to the real
sea conditions, the device works as follows. After the floating
device is subjected to waves, the relative pitch motion which is
capable of capturing the wave energy, of the absorption buoy
and underwater substrate around the hinge point is produced.
The energy is absorbed by the rotation angle [44] difference
between them around the hinge point. The hydraulic cylinder
accordingly pumps the low-pressure oil into the high-pressure
accumulator. When hydraulic energy accumulates to a certain
pressure in the accumulators, high-pressure hydraulic oil will
be released by automatic controllers to drive hydraulic motors,
then generate electric power. Through the accumulator, the
unstable wave energy can be converted into a relatively stable
energy output. However, in addition to the wave energy cap-
ture motion, there are other modes of motion. The presence of
other modal motions will cause the captured motion to weaken,
which means that less energy will be captured by the device.
Thus, when developing floating wave energy devices, attention
should be paid to make the capture motion larger and weaken
other ineffective motions of the device. The usual method is
to use a stable underwater substrate [45]. To improve the sta-
bility of the underwater substrate, it is designed to be equipped
with a pontoon. The pontoon of underwater substrate is hinged
to the absorption buoy, and can slide up and down along the
circular pipe in the centre to overcome the influence of tidal
range.

The previous study indicates that the selection of external
damping is of great important to improve the performance of
this device. In order to figure out the optimal damping of this
device under different working conditions, a series of numerical
calculations are carried out. The working conditions we decided
are that the incident wave is a regular wave with a height of 1 m,
an incident angle of 0°, and a petiod range of 1.0-3.15s.

According to the calculation results, the maximum capture
width ratio is defined as the optimal capture width ratio under
the same wave period, and the corresponding external damp-
ing is the optimal damping. The optimal capture width ratio of
it, as shown in Figure 2, can be obtained by propetly optimiz-
ing the external damping when the water depth of 5 m and an
incident wave angular frequency of 2.0-6.0 rad/s. It can be seen
obviously from Figure 2 that the curve of the optimal capture
width ratio is a bimodal curve over the entire wave period range,
reaching the peak value of 79% in the wave period of 1.25 s and
the other peak value of 48% in the wave period of 2.1 s. The
optimal damping of this device for different wave period under
the same working conditions represented above is also shown in
Figure 3. It can be seen that the optimal damping of this device
shows a trend that increases monotonically with the increase of
wave period.
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FIGURE 2 The optimal capture width ratio of floating external double

buoys wave energy device
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FIGURE 3  Optimal damping with different wave period

The motion RAO of this device corresponding to the opti-
mal capture width ratio at different wave periods is shown in
Figure 4. The displacement of surge and heave motion are both
divided by the incident wave amplitude .4 to obtain dimension-
less RAO in Figure 4. The pitch motion displacement is divided
by the wave steepness £4 to make it dimensionless.

Figure 4 shows that over the entire wave period range, as the
wave period increases, the overall surge and heave motion RAO
of this device gradually increases. Additionally, the pitch motion
RAO of the underwater substrate is small and increases slowly
until the wave period reaches 2.0 s. The relative pitch motion
RAO is the difference between the pitch motion RAO of the
absorption buoy and the underwater substrate. According to the
curve of relative pitch motion RAO, the pitch motion displace-
ment of the absorption buoy is always larger than that of the
underwater substrate over the entire wave period range, and the

FIGURE 4 The motion response amplitude operator (RAO) of the
device under optimal capture width ratio
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FIGURE 5 The overall surge motion RAO of the device

relative pitch motion RAO has an extreme value in the wave
period of 1.4 s.

The effect of the external damping coefficient on the motion
of the device is shown in Figures 5-8. The overall surge motion
and the overall heave motion are shown in Figures 5 and 0.
The pitch motion of the underwater substrate can be seen in
Figure 7, while the relative pitch motion among absorption
buoy and underwater substrate can be seen in Figure 8.

As seen from Figures 5 and 6, with the increase of exter-
nal damping, the change of the overall surge motion and heave
motion RAO over the entire wave period range are small, within
1.2, which means the effect of external damping on those two
motions are small.

Over the entire wave period range, the pitch motion dis-
placement of the underwater substrate increases with the
increase of wave petiod, as we can see from Figures 7 and 8.
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FIGURE 9  Test model

The relative pitch motion between the underwater substrate
and absorption buoy decreases rapidly with the increase of
the external damping coefficient, as we can see from Figure 8.
This phenomenon is more pronounced after the wave period
reaches 2.0 s. The reason is that the pontoon of the underwater
substrate floats on the water surface, which increases the water-
plane of the underwater substrate. When the external damping
increases, the device is more likely to generate overall pitch
motion under the wave excitation, and attenuate the relative
pitch motion related to capturing wave energy. Under the same
external damping conditions, the performance of the relative
pitch motion is different with the different wave periods. When
the relative pitch motion between the absorption buoy and
the underwater substrate decreases, the ability of the hydraulic
cylinder to convert the wave energy into hydraulic energy is also
weakened simultaneously, which affects the performance of the
device.

4 | MODEL EXPERIMENTS

To further study the performance and conversion efficiency
of this device, the model experiment is conducted in a two-
dimensional wave tank of Guangzhou Institute of energy, Chi-
nese Academy of Sciences.

4.1 | Model parameters

The experiment is carried out in a two-dimensional wave tank
with a depth of 0.9 m, as shown in Figure 9, and the parameters
of the test model of floating external double buoys wave energy
device are consistent with those in the numerical calculation.
The main part of the test model is the underwater substrate,
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TABLE 1 The regular wave parameters in experiments

Wave period Average wave
Number T (s) height H (mm)
1 1.0 40
2 1.1 47
3 1.2 55
4 13 64
5 1.4 73
6 1.5 82
7 1.6 91

which is comprised of two parts: a pontoon and the damping
plate. The other part of it is the absorption buoy with a width of
0.7 m, which is used to capture wave energy. The pontoon used
as a buoyancy chamber with adjustable height to provide buoy-
ance is 0.22 m long, 0.18 m high and 0.7 m wide. The hydraulic
cylinder is respectively connected with the upper surface of the
absorption buoy and the truss on the underwater substrate and
captures the wave energy through the relative pitch motion of
the absorption buoy and the underwater substrate. The floating
state of the absorption buoy can be adjusted by placing a ballast
weighing up to 10 kg on top of it. Additionally, the power 2,*
absorbed by the device in the model experiments is equivalent
to the gravity power of the damping loads, and can be expressed
as:

R =" e
where 7 is the mass of damping loads, /7 is the displacement of
the hydraulic cylinder.

According to the wave conditions in the South China Sea, we
decide to take the wave height as 1/40 of the wavelength. The
parameters corresponding to wave period and wave height of
regular waves in experiments are shown in Table 1. The wave
height recorder is set at 6 m in front of the device. The test
results are subject to the measured wave parameters of the reg-
ular wave in Table 1.

4.2 | The optimal capture width ratio in
experiments

During the model experiments, the optimal damping load over
the entire wave period range, which can maximize the capture
width ratio of the model can be found by changing the weight of
the damping load on the hydraulic cylinder. The optimal capture
width ratio corresponding to different loads (from 20 to 80 kg)
for each period of the model experiment is measured, as shown
in Figure 10.

The capture width ratio of the test model in each period, as
seen from Figure 10, fluctuates slightly with the increase of the
damping load. The capture efficiency of the model reaches the
maximum and the capture width ratio is 39.3%, with the wave
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FIGURE 10 The capture width ratio of different loads in each period
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height of 73 mm, the wave period of 1.4 s, and the mass of
damping load of 60 kg As a result, with the same wave con-
dition, the damping loads with different mass will change the
energy capture efficiency and the optimal capture width ratio.

The capture width ratio of the model experiments ranges
from 30% to 40% under the wave period of 1.10-1.50 s, as we
can see from Figure 11. The numerical results presented in the
previous chapter show that the maximum capture width ratio of
the device reaches 79% in the wave period of 1.25 s. This device
performs well in the wave period range of 1.2-1.5 s, both in
model experiments and numerical simulations.

5 | CONCLUSION

A novel external buoy type wave energy converter for naviga-
tion lighted buoys is proposed in this paper. Accurate and effec-
tive numerical calculation and model experiments are carried
out to study the hydrodynamic performance of this device and
to figure out the effects of wave period and working load on this
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device. Based on the results of numerical calculation and model
experiments, some conclusions about the wave energy device
proposed in this paper are as follows:

1. Under different wave periods, the appropriate selection of
hydraulic damping coefficient ¢, is of great significance to
improve the capture width ratio of those devices. As a result,
the external damping coefficient corresponding to the high
capture width ratio can be used as a basis for hydraulic sys-
tem design. Different external damping coefficients have lit-
tle effect on the overall surge motion displacement of the
device. However, the external damping coefficient has a
greater impact on pitch motion. As the increase of the exter-
nal damping coefficient, the peak value gradually decreases.

2. According to the results of numerical calculation, the opti-
mum capture width ratio of floating external double buoys
wave energy device model reaches the peak value of 79% in
the wave period of 1.25 s and the other peak value of 48% at
a wave period of 2.10 s.

3. The results of model experiments showing that the maxi-
mum capture width ratio is 39.3% in the wave period of
1.40 s. Under the wave period of 1.10-1.50 s, the capture
width ratio of it remains between 30% and 40%.

4. In addition to the optimization of the hydraulic system, the
device has a suitable wave period range due to its own char-
acteristics. The suitable wave period range of the model is
1.20-1.5 s. This device shows good performance within this
period range, whether in the model experiments or the sim-
ulation calculations.

Generally speaking, floating external double buoys wave
energy device has excellent capture performance in a certain
wave range. Also, by adjusting the external damping, the capture
performance of the device can be improved in a certain wave
range, and has a good application prospect and can be expected
to solve the problem of continuous power supply for middle and
small types of navigation lighted buoys. However, the present
study has some limitations. The friction of the hydraulic cylin-
der and the reflected waves from the flume sidewalls are not
taken into account in the two-dimensional model experiments,
while the coupled motion of the anchor chain and the device is
not considered in the numerical calculation. We expect to con-
duct a 3D model experiment in the future to verify the results of
the simulation and further study the performance of this device.
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