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Abstract: The hydraulic power-take-off mechanism (HPTO) is one of the most popular methods in wave energy
converters (WECs). However, the conventional HPTO with only one direction motion has a number of
drawbacks that limit its power capture capability. This paper proposes an adjustable moving angle wave energy
converter (AMAWEC) and investigates the effect of the moving angle on the performance of the wave energy
converter to find the optimal moving angle in order to increase the power capture capability as well as energy
efficiency. A mathematical model of components from a floating buoy to a hydraulic motor was modeled. A
small scale WEC test rig was fabricated to verify the power capture capability and efficiency of the proposed

system through experiments.

Nomenclature g gravitational acceleration, m/s’
mp - mass of the floating buoy kg

A, : relief valve throttling area, nt ms - mass of the moving shaft, kg
Acvo © cross—section of the check valve CVO n : adiabatic coefficient
A, : relief valve throttling area, nt po - pre—charged pressure, Pa
Cy discharge coefficient Do - pressure high—pressure hose, Pa
Cp : drag coefficient in water Salf) . spectral density of the represented sea
D : bore diameter of cylinder, m states, m’s
Dya: maximum  displacement of hydraulic motor,  Vj @ volume of the hoses, m’
cc/rev V, @ initial volume of the HPA, m®
fi - random frequencies of wave component, Hz y(t) . displacement of the floating buoy, m

Y(¢t) : irregular wave displacement, m

z : submerged level of the floating buoy, m
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the motor, Pa

Tl = volumetric efficiency of hydraulic motor

T © mechanical efficiency of hydraulic motor
p  density of water,kg/m’

orana, ;- Tandom phases of wave component, Rad
v wave velocity, m/s

1. Introduction

The demand for energy is rapidly increasing;
fossil resources get scarcer and scarcer. Many
studies in the field of wave energy and various
technologies of wave energy conversion systems,
or wave energy converters (WECs) are currently
being developed, such as overtopping devices (for
example, the Wave Dragon), attenuators (Pelamis)
and point absorbers (WaveBob, OPT PowerBuoy),
as noted in . The prior principle of WEC is that
wave motion 1s used to create a high-pressure
fluid, which is used to drive a hydraulic motor
coaxially connected to an electric generator. One of
the simplest and most popular wave energy
converters is point absorber type, mentioned in ?
and”. However, wave energy is absorbed in only
one direction: either vertical or horizontal.
Therefore, this limits the total efficiency of the

converter. Heikkinen et al. in”

proposed a new
structure of and cylindrical wave energy converters
oscillating in two modes. This approach can absorb
energy in two directions to improve the total
efficiency, but similar to the seabed-mounted
bottom-hinged wave energy converter in”, it still
difficulty in
maintenance; corrosion and oil leakage.

has some drawbacks, such as:

To overcome the drawbacks of the above wave
energy converters and enhance the total efficiency,
an adjustable moving angle wave energy converter
(AMAWEC) is proposed in this paper. Besides, the
three
corresponding to weak, normal and strong wave

experiment was done in conditions
conditions; and, moving angle is varied from O
(vertical) to 20 degree to investigate an optimal
moving angle of each wave condition.

The rest of this paper is organized as following:
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section 2 describes the wave simulator and
AMAWEC's test rig, section 3 presents the
mathematical model of AMAWEC; section 4 shows
the experiments and analysis of the experimental
results. Finally, conclusions and future works are

presented in section 5.

2. Description of wave simulator and
adjustable moving angle wave energy
converter

2.1 Wave simulator

— Propulsion cylinders
] ,~ Wave making wall

. Water surface
Air
Water +
N

,— Moving direction P
Sma L¢ { Ly

1 L w

Fig. 1 Schematic diagram of wave simulator

— Water tank ]
Damping net A\ <

A wave simulator with adjustable amplitude and
frequency is employed, as in Fig. 1. The wave
simulator includes a wave making wall moved by
propulsion hydraulic cylinders, placed in a water
tank. A slope damping net attached at the opposite
side of the wave making wall can eliminate the
reflex wave to avoid inexpectant noise. The motion
of a wave making wall and cylinders are set up
and controlled by a computer and sensors to
achieve an exact wave amplitude and frequency.

Table 1 Parameters of wave simulator

Parameter Symbol | Value
Length Lt 50m
Water tank Width Wr 20m
Height Ht 2m
Damping length Lq Sm
Water depth h Im
Max. stroke of wave making S 0.5m
wall
Bore diameter D, 50mm
i Rod diameter dp 28mm
Propulsion
cylinder Length 1, 0.7m
Quantity q 10
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The working principle of wave simulator in this
research is rather similar to the wave maker in®.
The main parameters of the wave simulator are

presented in Table 1.

Table 2 Parameters of AMAWEC

Parameter Symbol Value

Bore diameter D 25mm
Cylinder Rod diameter d 12mm

Length 1 0.5m

Volume Vo 3L
Accumulator | Pre-charged

press. Po dbar
Hyd. motor Displacement Dn 12.5¢cc/rev
2.2 Adjustable moving angle wave energy

converter
The test rig of AMAWEC includes two parts, as
in Fig. 20 PTO part and hydraulic
transmission part. In the PTO part, a floating buoy

shown

attached to a moving shaft can be moved by wave,
as in the upper photograph of Fig. 2. The moving
shaft is ensured to move in with low friction by
rollers in a predefined moving angle o by an
electric actuator.

The moving shaft connects to a hydraulic
cylinder which functions as a hydraulic pump to
generate pressurized fluid. The moving angle
adjustment is carried out by a rotation mechanism
with electric actuator and potential meter. The
control signal is given by a PID closed-loop
controller from a computer. The PTO part and
hydraulic transmission part are supported by a
frame and conjoined via hydraulic hoses. A low
pressure hose lets low pressure fluid from tank to
the hydraulic cylinder while a high pressure hose
lets pressurized fluid from the cylinder go to high
pressure accumulator and hydraulic motor of the
hydraulic transmission part as in the lower
photograph.

The hydraulic circuit of AMAWEC is shown in
Fig. 3. When the cylinder is extended, fluid is
sucked from the tank to the full bore chamber of

the cylinder. The check valve CVI allows

low-pressure fluid from the low—pressure hose into
the cylinder but prohibits the opposite direction.
When the cylinder is compressed, fluid in the full
bore chamber is pressurized and pumped to the
high-pressure accumulator (HPA). The check valve
CVO lets high—pressure fluid from the cylinder into
the high-pressure hose to charge the HPA but
prohibits the opposite direction. The hydraulic
motor is driven by high-pressure fluid from the
HPA. By employing HPA, the operation pressure is
smoothened and the fluctuation of hydraulic motor
velocity is reduced. The relief valve RLV; releases
pressure in the HPA to protect the hydraulic
circuit if the operating pressure becomes too high.
(MR) brake
simulate the load of a generator. A torque and

A Magnetorheological 1s used to
speed sensor 1s placed between the hydraulic motor
and the “generator”- herein MR brake for output
power calculation. Parameters of components of
AMAWEC are shown in Table 2.

The data of wave, floating buoy motion, buoyant
force, pressure of cylinder and accumulator,
hydraulic motor’s flow rate, output torque and
speed are collected from corresponding sensors to
computer via a data acquisition card. A Matlab
Simulink program is built for moving angle control

and data processing.

3. Mathematical modeling of the
adjustable moving angle wave energy
converter

3.1 Wave Model

An irregular ocean wave can be represented as
the sum of single waves as described by the
Pierson-Moskowitz spectrum as in Fig. 4 from
7).Theirregularwavespectrumisrepresentedbythesignif
icantwaveheightHs and the peak wave period 7).

An irregular wave can be generated as a sum of
wave components as discussed in "

=SB s o)

cajole - HEE 20159 27



Investigation of Moving Angle of Power Take off Mechanism on the Efficiency of Wave Energy Converter

@ HPA
CVvO

AN
—
CVI

Position
sensor

Pres. Sensor 1
Pres. Sensor 2

g E Wave
sensor

7~ Signal processing

Floating
buoy

Fig. 3 Hydraulic circuit of AMAWEC
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Fig. 4 Wave spectra for sea states
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Wave propagation

Fig. 5 Detail view and force analysis of PTOM

3.2 Hydrodynamic model of a floating buoy
The motion of a floating buoy can be described
using the following equation:

(m, +m,)3(t)=F, cosy—Fu, )

where Fpro is the force to move the cylinder
piston to make high—pressure fluid, and F,, is the
resultant force from wave on the floating buoy, as
in Fig. 5, included vertical component F.; and
horizontal component Fi-

Fw = E/ert + F;zor (3)

According to ¥, the vertical force exerted on the
floating buoy can be represented as a superposition
of three components: the hydrostatics force; the
excitation force applied by an incoming regular
wave to a fixed float; and the radiation force
experienced by an oscillating float, which is the
sum of the forces created by the motion of the
other buoys floating on the water. Vertical force
from the wave is defined as:

F, =F+F, +F,—F; 4)

Here, Fp is the buoyant force, Fp, 1S the
excitation force and Fy is the radiation force,
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produced by an oscillating body creating waves on
an otherwise calm sea.
The buoyant force Fp is calculated as:

Fy=pgV, 5)

Here, Vi is the volume of the floating buoy that
is below the water surface, as in Fig. 6, defined as:

. 7(3R-z)z*/3, 0<z<R
" |272R*/3+7R*(2=R), R<z<R+h ©6)

The excitation force Fp, is expressed as in '

Fp =0.5T(o,)Hsino,t 7)

where T'(w,) is the excitation force coefficient,
which is dependent on the body’s shape and the
wave frequency (w,,) as discussed in ®?, and H is

the wave height (from peak to peak).

I'(w,)=+2¢'pB(®,) @, (8)

The coefficient B(w,) depends on the wave
frequency.

The radiation force is expressed as:
Fp=—(m,,y+b,,») 9)

where bq 1s the Impulse response function
describing the hydrodynamic damping. The term
maq represents the “added mass”; this term is
included to account for the effect that, when a float
oscillates, it appears to have a greater mass due to
the water that is displaced along with it, as in 7.

Fg is the gravity force, calculated as:
Fy =(m,+m)g (10

Horizontal force from a wave is called as drag
force, defined as:

Ezor = O'SPVZCDAbh (11)

Fig. 6 Buoy shape and water level

where Ap, is the wet cross section of the buoy
on a plane perpendicular to the direction of the
wave:

R [arcsin((z —R)/R):| + 0.5sin2[arcsin((z—R) / R)]+O.57r, 0<z<R

o = 0.57R*+2R(z~R), R<z<R+h (12)

3.3 Model of hydraulic cylinder

In this approach, a cylinder was employed as
hydraulic pumps to convert the Kinetic energy of a
floating buoy into potential energy stored in the
HPA. The floating buoys are moved by waves, and
then fluid in cylinders is pressurized. Define x(t) as
the x—coordinate of the piston. The cylinder rod is
fixed to the floating buoy, so:

X(#) = y() (13)

As the piston of the cylinder moving, the
continuity equation of the bore chamber is:

dp, /dt= ﬂ(A,,x"‘ch _QCVO) / (ApLO - Apxi) (14)

where ApL, is initial volume of the bore

chamber; Ap is the piston area in n7:
A, =zD*/4 (15)

Qcvr 1s the mput flow rate from the tank to the
cylinder via check valve CVI.

0 _{CdACVI\/2|pt_pl|/p’ if p,>p
S/

0, else (16)
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Qcvo 1s the output flow rate from the cylinder to
the HPA via check valve CVO:

_Cideyor2| =il oy if B>
cvo —
0, else (17)
p1 1s the pressure at the cylinder port defined by
Eq. (14); po is the pressure of the fluid in the
high-pressure hose;
The cylinder force is calculated as:

Foroi = ApltAp + Ffm (18)
Where
Ap“ =p—D (19)

Fj;i is the friction force of the cylinder, defined
as:

Fpo=|0p4,|(1-7,) (20)

The cylinder friction Fjy. is defined such that the
cylinder has a friction coefficient #..

3.4 Modeling and calculation of the HPA
In the proposed system, we employed a bladder
accumulator, which was filled with nitrogen gas.

11)

According to */, the nitrogen gas is assumed to

compress and expand based on the adiabatic gas
law:

an = pOI/Un = pmaXVn;lin (21>
Then the fluid volume in the HPA is derived as:

0 i Py <1
HPA Vo(l—po/pz)w, else (22)

3.5 Model of connecting hose
Using the flow continuity equation, the pressure
in the high-pressure hose is expressed as:
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dpz/dt:ﬂ(QcVo_QHPA_Qr_Qm)/Vh (23)

where Qcvo represents the flow rate through the
check valves CVO, as formulated in Eq. (17);
Qnpa 1s the flow rate into the HPA, derived based
on Eq. (22) as:

: 0, if py < p
QHPA = VHPA = (1-n)/n . 5
VO(I—pO/ph) poph/(nph), else
(24)

Q- 1s the flow rate through the relief valve RLV.
According to 2, @, can be expressed as:

O’ lf‘ ApZt < Apset
0= _
CdAv 2Ap2t / p’ lf‘ ApZt Z Apset (25)

@ 1s the actual flow rate of the hydraulic motor
as in Eq. (28), and 4ps is the pressure difference
between the high—pressure hose and low-pressure
hose, which is considered to be the pressure in the
tank py:

Ap,, =p,—p, (26)

3.6 Model of the hydraulic motor
The ideal flow rate of the hydraulic motor is
defined as:

Qm[ = aMDmawa (27)

The actual flow rate and actual output torque of
the piston hydraulic motor are expressed by Eq.
(28), (29), respectively.

Qm = Qmi /nvM (28)
T;n :aMApoaxnrM (29)

Here, @, and 71; are the loss flow rate and the

loss torque of the pump, respectively, which were

discussed in .
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4. Experiment

4.1 Wave condition and energy flux

Experiments are carried out as following: for
each wave condition, the moving angle a of floating
buoy is adjusted from 0 to 20°, with the step of 2°.
The experiment duration each angle is 30s. There
are three wave conditions: No. 1, No. 2 and No. 3
corresponding to weak, medium and strong are set

14)

up. According to ref.””, energy flux in 1 period for

shallow-water of the water tank is expressed as:
E=pg"*H>\[hTh/8 (30)

Based on the parameters in Table 3, the result of
energy flux in 1 period and 30s are calculated as in
Table 4.

Table 3 Parameters of floating buoy and water

Water . .
. Gravity g Buoy width b | Water depth h
T ims}) (m] [m]
1000 9.81 0.9 1

4.2 Investigation of the optimal moving angle
The experimental results of typical experiments
results of all

experiments are presented. In each condition, the

as well as some important
moving angle o of floating buoy is changed from
zero to 20°. By changing the moving angle, the
best efficiency regarding to the optimal moving
angle a, is found out. For each wave condition, the

optimal moving angle «, would be different.

Table 4 Wave energy flux

Energy
Wave hV\"ave Wflve Wave in 1 ‘Energy
condition eight period length period in 30s
H[m] T[s] A [m] vl 4
No. 1 0.124 2.4 7.468 127.559 1594.49
No. 2 0.151 2.8 8.991 220.682 2364.47
No. 3 0.205 1.8 5.145 261.478 4357.98
Firstly, detailed experimental results of

conventional moving angle (0°) and optimal moving
angle in wave condition No. 3 are considered as

typical experimental results. In here, based on
experimental results, the optimal moving angle in
wave condition No. 3 is 12°. The comparison of
detailed

moving angle (0°) and optimal moving angle (12°)

experimental results of conventional
in wave condition No. 3 are presented in through
Fig. 7-Fig. 14.

Fig. 7 and Fig. 8 show wave and buoyant
displacement, and buoyant speed in both cases of
conventional moving angle (0°) and optimal
(129).

condition, buoyant displacement is better or

moving angle With the same wave

longer in optimal moving angle case.

100/ — By - Vave

— = T - T — T —
20 21 2 23 24 25 26 2 28 2 D0
Time (s)

T T T T T T T T T
e 21 2 23 24 ) 26 7 28 2 30

Time(s)

Fig. 7 Wave and buoyant displacement, and
buoyant speed in conventional moving
angle (%
100+ ' . W . ' — —

2 21 2 23 24 25 26 27 28 2 30
Time (s)
04
0.3
%o.z
I 014
go.m
-0.14
%-O.Z«
-0.31
-04 T T T T
20 2 24 26 28 30
Time (s)
Fig. 8 Wave and buoyant displacement, and

buoyant speed in optimal moving angle (12°)

Comparison of flow rate of hydraulic motor and
buoyant force in optimal moving angle are a higher
than in conventional moving angle, as shown in
Fig. 9.
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The performance of AMAWEC is displaced by
driven torque and driven speed of the hydraulic
motor, compared in Fig. 10. Driven torque looks not
so different, however driven speed in optimal
moving angle is a higher than in conventional
moving angle.

N
o

o]
1

2

N

Motor flow rate (Lpm)

L2
%}
=

o %‘;\
==
}}
:;.

o

T T T
o} 5 10 15 25 30
Time (s)

Fig. 9 Comparison of flow rate and buoyant force

in conventional moving angle (0% and
optimal moving angle (129

Fig. 10 Comparison of output torque and speed
in conventional moving angle (0% and
optimal moving angle(12°)

Input power is calculated by the product of
buoyant force and buoyant speed, while output
power is calculated by the product of driven torque
and driven Then, the
input/output power is defined as
energy. Input/output power and input/output energy

speed. integral  of

input/output
in both conventional moving angle (0°) and in

optimal moving angle(12°) are shown in Fig. 11 and
Fig. 12. In both cases, the input power varies in
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wide range, but thanks to effect of the HPA, the
output power is steady.

10 T1'5() 2 e 20
Fig. 11 Input/output power and input/output

energy in conventional moving angle (0°)

T T T T T
o] 5 10 15 20 25 30
Time (s)

Fig. 12 Input/output power and input/output energy in
optimal moving angle (12°

18001 Input 70#11 rrrrrrrrrrrrrrrrrrrrr
ﬁ 16004
E 1400+
1200
L e —
T T T T T T T ! '
0O 2 4 6 8 10 12 14 16 18 20
om Moving ande (Degres)
popad TR Hydraulic effidency —e— Total effidency
L6150 | L oamemm
61253 7 e
g 61.00=- I
g 25] R S
24 —* e
28] 1
2 T T T T T T ’ '
0 2 4 6 8 10 12 14 16 18 20

Moving arde (Degree)
Fig. 13 Comparison of input/output energy and

efficiency regarding to moving angle

Input/output energy and efficiency regarding to
moving angle a (from zero to 20 degree) are shown
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in Fig. 13. The tops of input and output energy are
at 12 degree, called as optimal moving angle. It
means that the wave energy converter can perform
best at the optimal moving angle: more energy
absorbed (from wave) and more output energy
generated (by generator); therefore, the total
efficiency can be improved. The output energy in
30s of conventional moving angle case is 976],
whereas it is 1109] in the case of optimal moving
angle. So that 13.6% of output energy can be
improved. The hydraulic efficiency of AMAWEC is
calculated as the ratio of output energy and input
energy. As in Fig. 13, the hydraulic efficiency is
almost constant. The total efficiency of AMAWEC
is calculated as the ratio of output energy and
wave energy flux, calculated in Table 4. Fig. 13
indicates that the total efficiency regarding to
moving angle achieves the top value (25.45%) at
optimal moving angle compared to 22409 at

conventional moving angle (0°).

(b) Output energy
Fig. 14 Input/output energy regarding to
angle and wave conditions

carried out.
energy regarding to moving angle and wave

conditions. The top of input/output energy occurred
at the optimal moving angle. It can be found that
the optimal moving angle of each wave condition is
different from the others. In here, the optimal
moving angle of wave conditions No. 1, No. 2 and
No. 3 is 6% 10° and 12°, respectively.

moving

Experiments of other wave conditions are also
Fig. 14 presents the input/output

The efficiencies of AMAWEC regarding to

moving angle and wave conditions are shown in
Fig. 15. The hydraulic efficiency is almost constant
regarding to moving angle but it is better with the

stronger wave conditions. Nevertheless, the total
achieves top value regarding to moving angle as
well as better value with the stronger wave

conditions.

Ciency (%)

w
S
effi

.16

I 60.36 g
6156

8

3

T

fﬁc/ency (%)

Tota/ =)

(b) Total efficiency

Fig. 15 Efficiencies of AMAWEC regarding to

moving angle and wave conditions

cajoju HEE 2015.9 33



Investigation of Moving Angle of Power Take off Mechanism on the Efficiency of Wave Energy Converter

After all, this is an encouraging result that
efficiency of wave energy converter can be
mproved by finding optimalmoving angle of
floating buoy.

5. Conclusions and future works

This research proposed an AMAWEC, in which,
the moving angle can be adjusted to investigate the
optimal moving angle according to wave conditions.
All components of AMAWEC were mathematically
modelled. Moreover, experiments of three wave
conditions and the adjustment of moving angle

The
there

were carried out.
that
exists an optimal moving angle which made
the AMAWEC best
Typically, the experimental result
indicated that the output
energy can be improved 13.6% by operating at

from zero to 20°

experimental results illustrated

shown performance.
in wave
condition No. 3

optimal moving angle, and the total efficiency
at this angle 1s 25.45% compared to 22.40% at
conventional moving angle (0°).

The experimental results of the AMAWEC were
encouraging to develop the WEC in this way with
the demand of more efficiency. Hence, the future
works as the next step of this project, the
following issue would be considered. First, methods
to automatically achieve optimal moving angle need
to be proposed. Second, a full scale of with
multi—point absorber WEC needs to be developed.
This work has been done as the 2 year stage of
this project. And third, pressure coupling
principle would be applied for speed control
and improving the transmission efficiency.
of this,
hydraulic motor would be employed instead of

Because a variable displacement

the fixed displacement one. Finally, new

concept of AMAWEC has been currently
investigated and developed.
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