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Abstract

The hydraulic power take-off (HPTO) is considered as the most promising method to convert wave power to electrical power.
This paper presents an experimental assessment of the power conversion of a wave energy converter using HPTO. Based
on the experimental results, a modification of accumulator pre-charged pressure and a control strategy were proposed to
improve the system performance. System design, the working principle and mathematical model of all components were
described. The proposed method was verified based on both simulation and experimental tests. The results showed that the
system always works at an optimal condition under different input wave conditions.
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1 Introduction

Electricity production by clean, safe and sustainable energy
sources is nowadays a priority for many industrialized coun-
tries due to increasing energy demand and reducing CO,
emissions. Wind, solar and wave energy have become great
candidates to provide the solution for a long time. Among
them, wave energy shows considerable technical advantages
compared to wind and solar. It is not only a substantial clean
energy supply but also more predictable, persistent and spa-
tially concentrated [1]. As stated by Johannes Falnes [1],
the power flow intensity of solar and wind energy can be up
to 2-3 kW/m? as they are converted to wave energy. This
increase in power intensity and the fact that wave energy
is more persistent than the others stimulate motivation for
developing wave power technology to a prosperous mature
level in the future. Although being underestimated as no
commercialized products are available in the market [2—4],
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still wave energy is a fresh, promising approach for a solu-
tion to the greenhouse gases (GHG) emission problem.

There are hundreds of concepts for WEC technologies
[2—4] but only a few full-scale devices have been investi-
gated in real sea conditions. Based on WEC development
[4], the point absorber type has received more attention,
because it is the simplest and cheapest type. Their diameters
are significantly smaller than the wavelength, and the point
absorbers can harvest wave energy in all directions. There
is a large number of existing works using point absorber.
Reacting to the wave motion, the buoy is forced to move
up and down. Then, these movements can be transmitted to
drive a translational motion of the linear generator [5]. This
type of power take-off (PTO) has faced several challenges
such as the linear generator is still in a premature stage, the
system size strongly depends on the rated force of the WEC
device and the wave conditions [6].

Another type is mechanical PTO WEC. The advantage
of this type is that the rotary generator can be used since a
mechanical transmission i.e. rack-and-pinion and gearbox
can convert the translational motion of the wave to rota-
tional motion [7-11]. Some previous studies also showed
that some subsystems can be applied to improve system per-
formance. Inertia [8], stiffness [9] and output speed [11] of
the system can be controlled using some extra mechanisms
to achieve higher efficiency. One drawback of this type is
necessary for frequent maintenance due to a large number
of short-lifetime-moving parts [6].
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The use of hydraulics PTO is the most appropriate
method for WEC due to its particular suitability for the
movements of wave devices, the pitching of a lever arm or
the vertical motion of a buoy against a stationary reference
can easily be used to drive a piston in a pump or a hydraulic
ram. The transmission efficiency can reach 90% [6]. Besides,
hydraulic components are available from commercial manu-
facturers. Another advantage is the ease of incorporating
energy storage, which can be done using a high-pressure
accumulator or a set of high-pressure/low-pressure accumu-
lators. Most of these existing technologies have shown good
concepts along with working principles [12—-17]. However,
the energy conversion efficiencies are limited by many fac-
tors such as loss for friction or viscous, improper working
conditions of equipment, etc. Some researchers have pro-
posed methods to increase the output power of hydraulic
PTO WEC. Do et al. [18, 19] and Tri et al. [20] found the
influence of the sliding angle of the buoy comparing to the
vertical direction to the power performance and proposed
their methods to achieve the optimal slope. Another method
was presented in [21] where they stabilized the output power
using the pressure coupling principle. Ahn [22] and Truong
[23] proposed a combination of mechanical-hydraulic PTO
to exploit the advantages of both types. The concept is prom-
ising but it lacks experimental results. As investigated by
Cargo [24-26], the component that contributes to the main
power loss in the circuit is the hydraulic motor, whose loss is
up to 40% of the loss in the hydraulic circuit. The motor has
an optimum working condition relating to the ratio between
speed and pressure. It is important to set the motor to work in
a high-efficiency working range. In this way, the loss caused
by the hydraulic motor can be reduced. Consequently, sys-
tem performance and efficiency will be increased.

The goal of this paper is to investigate an experimental
case study of a hydraulic PTO and propose a control strategy
to improve system performance. First, the PTO mechanism
was described. Then, a numerical model of the floating buoy
system was presented to investigate the performance of the
system under ocean waves. The hydrodynamic behavior
of the floating buoy was analyzed by linear potential wave
theory and simulation was performed in Matlab/Simulink
environment. These results were sent to control the test
rig. Finally, the control strategy was presented and verified
through both simulation and experiment.

2 System Configuration, the Working
Principle and Test Rig

The hydraulic PTO WEC typically consists of the hydrau-
lic cylinders, rectifier valves (control manifold), the
hydraulic motor, the accumulators, the safety valves and
the connecting hoses. A rotary generator driven by the

hydraulic circuit is then employed to produce electricity.
In a full-scale system, several hydraulic cylinders are con-
nected to a single hydraulic circuit (multi-float system)
to take advantage of the hydraulic transmission and to
reduce the system cost. Based on this configuration, the
structure of an experimental test rig is shown in Fig. 1. As
given, the proposed system can be divided into two parts:
a wave—buoy simulator and an energy recovery system.

The wave—buoy interaction simulator contains five
bottom cylinders and a hydraulic power pack that has an
electric motor driving a hydraulic pump. The power pack
supplies hydraulic fluid to five bottom cylinders through
five proportional valves. The bottom cylinders represent
the buoy motion under the wave. To mimic the real condi-
tions, wave frequencies and amplitudes were calculated
based on the hydrodynamic model of ocean wave and a
floating buoy. Then, the wave profile and wave forces were
used as the reference to control each cylinder. The veloc-
ity and position of the cylinder were separately controlled
by PID controllers to achieve the wave motion. A relief
valve (RLV3) was placed at the outlet port of the hydraulic
pump. The force of the cylinder depends on the pressure
of the system. Therefore, by using the relief valve, the
pressure in the circuit and the force of the cylinder can
be adjusted respect to the different wave conditions in the
ocean.

The energy recovery system includes five upper cylinders,
check valves, a high-pressure accumulator (HPA), a hydrau-
lic motor, a hydraulic pump and a relief valve. By coupling
each pair of top and bottom cylinders, the motions of five
upper cylinders are also driven to follow the wave motions.
The five upper cylinders convert the wave energy from
mechanical power into hydraulic power. The pair of check
valves were placed in opposite directions allow the hydraulic
fluid in the bore chamber is pressed to high-pressure and go
to the high-pressure hydraulic circuit when these cylinders
go up and pump oil fluid from tank return to the bore cham-
ber when they move down. During the moving up process,
one part of the flow is used to drive the hydraulic motor and
the excess is stored in the (HPA). The HPA keeps the operat-
ing pressure constant, then the speed of the hydraulic motor
is stabilized. In the test rig, we used a hydraulic pump and a
relief valve coupled with the hydraulic motor to simulate the
load of the generator instead of a real generator. The resistive
load causes by the pump can be adjusted by adjusting the set
pressure of the relief valve (RLV2). A relief valve (RLV1)
was also installed for safety. Some sensors such as load cell,
pressure sensors and flow sensors are installed to monitor
the current states of the WEC system.

The experimental setup was built to verify the perfor-
mance of the proposed control strategy for the WEC system.
A test rig was assembled as shown in Fig. 2. The total system
includes the main parts as described above. The parameters
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Fig. 1 Schematic diagram of the WEC system

of the experimental system are shown in Table 1. System
parameters were chosen so that it can produce up to 5 kW
output power based on the wave data of some offshore sites
in South Korea [27].

3 Wave—Buoy Interaction Model, Hydraulic
System Model

3.1 Wave—Buoy Interaction Model

Figure 3 shows the schematic diagram of the wave and buoy
interaction of a WEC using a floating buoy coupled with a
hydraulic power take-off cylinder. The hydrodynamic force
acting on the floating buoy such as excitation force, radia-
tion force, hydrostatic force and reactive force from the PTO
system [28] defines the motion of the float. The buoy motion
under the wave elevation is denoted as z. The hydrodynamic
equation of buoy motion is obtained by Newton’s second
law:

My =Fy — Fpro @8

where M, is the buoy mass, F; is the hydrodynamic force
and Fpy, is the resistive force from the cylinder.

The hydrodynamic force, which is the sum of the excita-
tion force F,, the radiation force F,, and the hydrostatic force
F,,, is calculated by:

Fy=F,+F +F, )
where

F, =f,(w)Y (o) (3a)
F,. =-m,(0); - R.(0)z (3b)
Fys =gV, (3e)

There are some hydrodynamic coefficients defined by:
/. is the excitation force coefficient, Y is the wave ampli-
tude; m, is the added masses, R, is the radiation damping
coefficient; where p is the water density, g is the gravita-
tional acceleration and V), is the submerged volume of the
buoy.

These hydrodynamic coefficients can be calculated by
using the WAMIT commercial software (version 7.0) [29].

The resistive force is computed by:

FPTO = PboreAbore (4)
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Fig.2 Experimental setup for the WEC system

where P,,,, and A,,,, are the pressure of fluid inside the cyl-
inder bore chamber and area of bore chamber, respectively.

3.2 Hydraulic System Mathematical Model

Five cylinders work as a hydraulic pump to convert
wave energy into hydraulic energy of the fluid flow. The

@ Springer KE;E

Table 1 Parameters of the simulation model and system specification

Components Capacity Unit
Cylinder
Piston diameter 40 [mm]
Rod diameter 20 [mm)]
Length 0.45 [m]
Max pressure 130 [bar]
HPAs
Volume 20 [L]
Gas pre-charged pressure 70 and 110 [bar]
Max pressure 250 [bar]
Hydraulic motor
Displacement 28 [cc/rev]

Fig.3 Wave and buoy interaction of the floating buoy in WEC
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3

L]
Fig.4 Hydraulic power take-off system

hydraulic diagram of one cylinder and the hydraulic circuit
is shown in Fig. 4. Consider the ith cylinder, with i from
1 to 5, the pressure inside the bore chamber is denoted by
P;, which can be calculated using this equation:

dP; p

—_— = (AZz.-0.,: e
dt VOi +Ac(_zi) ( i chll + QLVZI) (5)

where f is the bulk modulus of fluid; A, is the piston area
in the bore chamber; V|, is the initial volume, Q,;; and Q..,,;
are the flow rates through the check valve 1 and check valve
2, respectively. The flow rates are obtained by:

2(P;—P,) .

chli = CdAnl — |if Pli > Pm
1 Pr (6)
\chli:O’ if PliSPm
( 2P, -P) |

ch2i = CdAD2 — |if Pt > Pi
1 Pr @)
\ch2i=0’ if Ptspi

where C, is the discharge coefficient, A, and A, are the
working area of each check valve, p; is the fluid density, P,
is the pressure of the fluid inside the tank, and P, is the pres-
sure in the main hydraulic line connected to high-pressure
accumulator and can be obtained by the continuity equation:

dp,, B 2
& TV v\ 20 =m0 ) ®)

where Q,,, 0, and Q, are the flow rates through the hydrau-
lic motor, into the HPA and through the relief valve RLV1,
respectively; V, is the volume of the fluid inside the seg-
mented pipe which connects the check valve 1 and the port
in of the motor, and V), is the entered fluid volume in the
accumulator.

The flow rate Q),,, and fluid volume V), ,, which enters
the accumulator are calculated using:

0, if P, <P,

Vipa = ' 9

e v, 1—<p—°> ,if P, >P, ©)

Pm
0, if P, <P,

Qha=th= P %PP

S A ) TR T N
n P, P2

(10)

where V; is the accumulator capacity, Py is the pre-charge
pressure and n is the specific heat ratio.

The flow rate Q, through the relief valve RLV1 is calcu-
lated as the following equation with p,,, is the maximum safe
pressure of the hydraulic system:

0’ if Pm < Pser
0, = : (11)
CdAv V 2(Pm - Pt)/ > if Pm > Pser
And the flow rate via the motor is defined as:

Dw
0, = " = (12)
v

where D is the motor displacement, w,, is the motor angular
speed, 7, is the volumetric efficiency.
The actual output torque of the motor is given as:

T, = nyApD (13)

T, =Jo, + Co,, + T, (14)

m

where Ap is the pressure difference between two ports of
the motor, #,,, is the mechanical efficiency. J, C and 7,
are respectively the motor inertial moment, viscous damping
coefficient and the load rated torque created by the pump.

The total efficiency is obtained by multiplying mechanical
and volumetric efficiency:

Mot = NepaMy (15)

4 Results and Discussion

4.1 Simulation and Experimental Progress

The progress of this study is shown in Fig. 5. The hydro-
dynamic parameters and coefficients were calculated by

WAMIT software based on the wave and buoy parameters.
Then using MATLAB/Simulink, we can obtain the wave

@ Springer KE;E
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Fig.5 Simulation flowchart to compute the buoy motion

profile, wave forces and hydrodynamic model which can
describe the wave—buoy interaction of the WEC system.
The information (cylinders motion and cylinders’ force)
was then sent to the controller of the experimental test
rig to achieve the mimic condition in the real environ-
ment. Consequently, the flow rate, system pressure, speed
and torque of hydraulic motor as well as output energy
and system efficiency can be obtained. As shown in the
figure, the program will collect the resistive force of the
PTO mechanism. This data will be used as input of the
MATLAB/Simulink simulation program to compute the
new value of the buoy/cylinder position at the next time
step. The data were analyzed to obtain the efficiency map
of the hydraulic motor. This map was embedded into the
hydraulic circuit in the simulation model which was built
in AMESim to easily apply control strategies and system
modification. AMESim provides an environment to model
fluid systems and control systems. It can help the user

@ Springer KE;E

Efficiency Ma
120 —— ‘ yrap :
110 + ‘\\ +0.824 b
100+ 0633 il
90 \ 1

Pressure Difference(bar)

L 0.729 1

L

100 200 300 400 500 600 700
speed (rpm)

Fig. 6 Efficiency map of the hydraulic motor based on experimental
results

investigate the dynamic behavior of hydraulic components
and analyze the performance of specific components (e.g.
hydraulic motor).

4.2 Motor Efficiency Map

As stated above, the motor contributes to the main power
loss in the hydraulic system. In Eq. (12), the oil leakage is
taken into account using the volumetric efficiency parame-
ter, while mechanical friction and hydro-mechanical losses
are taken into account using the mechanical efficiency in
Eq. (13). It is true to say that motor efficiency depends
on the rotational speed, the pressure difference between
two ports of the motor. The relation between these param-
eters called a motor efficiency map that can be found by
the manufacturer. However, if it is not available, we can
obtain it using the experimental test. As shown in Fig. 6,
the efficiency map of the hydraulic motor was built based
on the experimental data. Torque and speed were meas-
ured under different experimental conditions with varying
system pressure and flow rate by adjusting the wave con-
ditions as in the simulation algorithm. Then the mechani-
cal and volumetric efficiency map were derived based on
Eqgs. (12—13). The total efficiency was obtained by mul-
tiplying mechanical and volumetric efficiency. The map
range is limited since the maximum working pressure of
the hydraulic cylinder is 130 bar, and the threshold of the
cylinder speed was also set lower than the bandwidth of
the system. However, the map can still show the tendency
and the optimal working range of the hydraulic motor. As
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can be seen, bad selection in the working range can cause
up to 70% loss in the hydraulic motor. Based on this, the
next part of the paper will propose a control strategy to
improve system performance.

4.3 Proposed Control Strategy

Based on the efficiency map of the hydraulic motor, it is
important to drive it in the high-efficiency range. It should
be noted that the pressure of the hydraulic motor depends on
the wave force and the load conditions. While the speed of
the hydraulic motor depends on the flow rate goes through
it. The flow rate is a function of the cylinder motion since
the piston’s bore areas are constant.

The case in which the wave force is high is also the case
that the cylinder moves with high amplitude (can be seen in
Egs. 3a and 5, also in Ref. [27]). In this case, the input wave
power is high and flow rates from cylinders to the circuit are
also high then we need to adjust the load at a high level to set
the system working pressure as high level correspondingly.

In other cases, if the wave power is not high enough to
produce a high force acting on the cylinders, we should
maintain the flow rate at a high level to achieve high motor
speed. It can also be done by adjusting the load at the
medium or low level. If we set a high load level in this case,
the reactive force of the system is too high that can prevent
the cylinder motion thus reducing the flow rate.

Previous work [21] investigated and proved that the sys-
tem performance is higher with the use of the hydraulic
accumulator to prevent the fluctuation of the system pres-
sure and flow rate. The pressure and flow rate vary from 0
to its peak values can reduce motor efficiency as seen in the
map. In that work, we set two accumulators’ pre-charged
at 70 bar. In the case of high input power, the system pres-
sure can reach 130 bar. The previous results showed that it
took more than 20 s to charge the accumulator to reach a
stable value. This lag time can cause a loss in the system.
To reduce this, in this study we charged one accumulator to
110 bar to work in the high power condition and used the
70 bar accumulator to work in the medium power condition.
If the input power produces a pressure lower than 70 bar,
then no accumulator is used. In this case, only the load is
controlled. The proposed control strategy is shown in Fig. 7.

4.4 Results and Discussion

To fully investigate the system performance and evalu-
ate the effectiveness of the proposed control strategy, the
WEC system hydraulic model was built in AMESIM v15.2
as shown in Fig. 8. We added two control valves to active
one accumulator at a time depending on the input power
condition. The cylinders were controlled as a sinusoidal
profile with an amplitude of 0.2 m and a period of 6 s. The

Set the system initial
parameters

Measure the wave condition e

and generator load

70bar < P P> 110 bar
Pressure of system

70bar <P < 110 bar

y

High pressure
accumulator work

Medium pressure
accumulator work

Y

Operate the hydraulic
transmission system and <
control the resistive load level

Y

Fig.7 Proposed control strategy

superiority of charging one accumulator to 110 bar to work
in the high input power case is shown in Fig. 9. The system
worked under the same condition with two different accu-
mulators pre-charged pressure value [110 bar (HPA) and
70 bar (MPA)]. As can be seen, with the higher accumulator
pre-charged pressure, the system can reach a steady state
faster. System pressure, flow rate, torque, speed, and output
power were smoothed at a constant level for the whole time
and the hydraulic motor was working at optimal efficiency
value (HPA). While in (MPA), when the 70 bar pre-charged
pressure accumulator was used, it took 30 s to charge the
pressure to 110 bar to achieve the best working condition.
Although the motor efficiency reached maximum value
after 20 s, the power loss during that charge time can be
significant.

The proposed control strategy was investigated by
applying the wave power profile as in Fig. 10 to the
hydraulic simulation model. The wave power profile was
divided into three stages, the first 60 s is low power, the
next 60 s is high power and the last 60 s is medium power.
The system performance which was controlled by the pro-
posed strategy was compared to that with the load was
controlled at a fixed medium value. Figure 10 shows the
simulation results when the fixed load value was applied
as a conventional case. As can be seen, during the low
input power stage, the load at a medium level was still
larger than the input potential that caused the high force
acting on the buoy. This force prevented the buoy motion
that reduced the displacement a lot. The output power
was only 1 kW with the efficiency was about 0.68. The
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T {3)

Fig.8 WEC system AMESIM hydraulic model

remaining time, the system only worked at a medium
potential since the medium load cannot increase the sys-
tem pressure. Although the motor efficiency can reach to
the optimal value, the output power was not high since the
system cannot absorb all potential input power. The out-
put power was 2.6 kW when the absorbed wave power was
only 3 kW for the remaining time. Figure 10 also shows
system performance when the proposed control strategy
was applied. The system load was controlled based on the
input power then the system worked at the optimal condi-
tion in all stages of wave power. Thanks to accumulator
switching, the system can easily achieve a stable state that
can improve motor efficiency. Output power was about
1.5 kW in case of low input power, 4 kW in case of high
input power and 2.6 kW in case of medium input power.
All cases had an efficiency higher than 0.8, and in the
case of high and medium input power, the system worked
at the highest efficiency range. These results from Figs. 9
and 10 show the effectiveness of the proposed control

@ Springer KE;E

Wave-buoy interaction Simulator

strategy. The system performance was improved and the
best working condition was achieved.

The proposed control strategy was also verified by the
experiment. Figure 11 shows the experimental results of
the hydraulic test rig under the same input conditions of
the simulation test. Although there was a small decrease
in the output power due to some frictions, the losses that
were not included in the simulation model, the results
express that the system was working at a very high per-
formance similar to the simulation results. The motor
efficiency was always kept at the optimal range.

5 Conclusions

This paper presented an experimental investigation on
the WEC using hydraulic PTO. The description of the
main parts and working principle, mathematical model,



International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:1515-1527 1523
120 80 1000 80
T 170 900 170
100
——HPA.Pressure 80—
- - -MPA.Pressure | | 60 T 160
- HPA.Flow Rate - 700 - P
= B S R MPA.Flow Rate | | 50 =] . -
] _ |
& E £ 600 50 g
s s £ 3
5 60 40 3 = 500 - ; —THPASpeed |40 2
H o 51 i // ! - - -MPA.Speed =
2 130 z S0 400 fif /. - HPA.Torque 5
= 40 E @ | /I ----- MPA.Torque | 130 &=
P 300
! 7 120 ! 120
201 e 200 ’
( 4 {10 ! {10
/ 100 ,'
7/ ’
0 va i i 0 0 ll ! 0
0 10 20 30 40 S0 60 0 10 20 30 40 50 60
Time(s) Time(s)
(a) (b)
6 [ 1 ~
0.9
5F -
0.8 7
4r /
—~ ! — HPA.Efficiency |
= 50‘7 A MPA.Efficiency
= G
531 £ 06 /
% / — HPA.Absorbed Power E ___________
A / ----- MPA.Absorbed Power 0.5 -
2 Vi - HPA.Generated Power )
V2 R e MPA.Generated Power
/ 0.4
1 /
/." 0.3
0 / ! i i i j 02 i i i i
0 10 20 - 30 40 50 60 . 10 20 30 40 50 60
ime (s) Time (s)
(c) (d)

Fig.9 Simulation results for the cases of high input power, high load with two different accumulators pre-charged pressure (HPA 110 bar, MPA

70 bar)

simulation and experiments were carried out. The hydrau-
lic motor has a major impact on the overall efficiency of
the transmission. By adding more accumulators and inde-
pendently activating them, the motor and hydraulic sys-
tem can reach a steady state faster which helps reducing
loss due to lag time. The control strategy was proposed to
maximize the efficiency by selecting the optimal combi-
nation of the accumulator pre-charged pressure and load
condition to meet a certain wave input power. The simula-
tion had been done to investigate the performance of the

system and compare it with that of the experiment. Good
agreement between experimental and simulation results
validated the improvement in efficiency using the pro-
posed strategy. During the low input power stage, the pro-
posed strategy can achieve 1.5 kW output power with 80%
efficiency while the conventional strategy only achieves
1 kW output power and 68% efficiency. And during the
high input power case, the proposed strategy can generate
4 kW output power while only 2.6 kW can be generated by
the conventional strategy. Future works will focus on the
variable hydraulic motor. In this type, maximize routine
can be achieved by selecting the optimal combination of
resistive load and displacement of the motor to meet the
working condition demand.
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Fig. 10 Simulation results of system performance using the conventional strategy and the proposed control strategy
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