
Journal of

Marine Science 
and Engineering

Article

Investigations of Hydraulic Power Take-Off Unit Parameters
Effects on the Performance of the WAB-WECs in the Different
Irregular Sea States

Mohd Afifi Jusoh, Zulkifli Mohd Yusop, Aliashim Albani, Muhamad Zalani Daud and Mohd Zamri Ibrahim *

����������
�������

Citation: Jusoh, M.A.; Yusop, Z.M.;

Albani, A.; Daud, M.Z.; Ibrahim, M.Z.

Investigations of Hydraulic Power

Take-Off Unit Parameters Effects on

the Performance of the WAB-WECs in

the Different Irregular Sea States. J.

Mar. Sci. Eng. 2021, 9, 897. https://

doi.org/10.3390/jmse9080897

Academic Editor: Eugen Rusu,

Kostas Belibassakis and George

Lavidas

Received: 13 July 2021

Accepted: 13 August 2021

Published: 20 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Renewable Energy & Power Research Interest Group (REPRIG), Eastern Corridor Renewable Energy Special
Interest Group, Faculty of Ocean Engineering Technology and Informatics, Universiti Malaysia Terengganu,
Kuala Nerus 21030, Terengganu, Malaysia; mohd.afifi.jusoh@gmail.com (M.A.J.); zul_12521@yahoo.com (Z.M.Y.);
a.albani@umt.edu.my (A.A.); zalani@umt.edu.my (M.Z.D.)
* Correspondence: zam@umt.edu.my; Tel.: +60-96683328

Abstract: Hydraulic power take-off (HPTO) is considered to be one of the most effective power
take-off schemes for wave energy conversion systems (WECs). The HPTO unit can be constructed
using standard hydraulic components that are readily available from the hydraulic industry market.
However, the construction and operation of the HPTO unit are more complex rather than other types
of power take-off, as many components parameters need to be considered during the optimization.
Generator damping, hydraulic motor displacement, hydraulic cylinder and accumulator size are
among the important parameters that influence the HPTO performance in generating usable electricity.
Therefore, the influence of these parameters on the amount of generated electrical power from
the HPTO unit was investigated in the present study. A simulation study was conducted using
MATLAB/Simulink software, in which a complete model of WECs was developed using the Simscape
fluids toolbox. During the simulation, each parameters study of the HPTO unit were separately
manipulated to investigate its effects on the WECs performance in five different sea states. Finally,
the simulated result of the effect of HPTO parameters on the amount of generated electrical power
from the HPTO unit in different sea states is given and discussed.

Keywords: ocean wave energy; wave-activated-body; hydraulic power take-off

1. Introduction

Ocean waves are considered as one large untapped and predictable renewable energy
resource on earth. Ocean waves contain tremendous of usable energy and have the potential
to contribute to a significant share of global renewable energy sources. Ocean wave
energy has many advantages such as high energy density, high source availability, source
predictability and low environmental impact compared to other renewable energy (RE)
sources [1]. The energy density of ocean waves is the highest among all renewable energy
sources, which is around 50–100 kW/m [2]. Approximately, 8000–80,000 TWh/year ocean
wave energy is available globally [2]. Due to its advantages, electrical energy production
from the ocean waves has received a great deal of attention over the past several decades.
Numerous wave energy converter systems (WECs) with different harnessing methods
have been invented to convert the kinetic energy contained in the ocean waves into usable
electricity, as reported in [3–6]. The existing WECs can be classified into wave-activated-
body (WAB), oscillating water column (OWC) and overtopping device based on their
working principles.

The WAB wave energy converters (WAB-WECs) are also known as oscillating bodies
wave energy converters and point absorber wave energy converters. WAB-WECs can be
defined as a single body or multiple bodies devices being oscillated by the wave excitation
force [7]. WAB-WECs covers a kinds of WEC and recent development of WAB-WECs
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around the world has been reported in [4,6,8,9]. In general, these WAB-WECs consist
of three main subsystems, namely wave energy converter (WEC), power take-off (PTO)
unit, and control system (CS) unit. WEC is a front-end device that absorbs the kinetic
energy from the ocean waves. The absorbed energy is then converted to electricity through
the PTO unit, whereas the control system unit is used to optimize the electrical energy
produced from the WECs during its operation.

PTO is one of the most essential subsystems of WAB-WECs. In recent decades, a wide
variety of PTOs have been designed, developed and experimentally tested for numerous
types of WEC device, as reported in [10]. The various kinds of PTO concepts can be
classified based on their main working principles, such as mechanical–hydraulic, direct
mechanical, direct electrical drive, air and hydro turbine. The hydraulic power take-off
(HPTO) unit is one of the most reliable and effective PTOs for the WECs [11,12]. The HPTO
unit has excellent characteristics, such as high efficiency, wide controllability, well-suited
to the low-frequency and large power density of ocean waves, etc. The HPTO unit can
also be assembled using standard hydraulic components that are readily available from
the hydraulic equipment suppliers. In [11], a review of the most popular HPTO concepts
used in WAB-WECs is reported. From the study, the HPTO concepts can be classified into
two main groups, i.e., a variable-pressure and a constant-pressure concept. The constant-
pressure concept has received more attention. Based on the report in [13], the efficiency of
the constant-pressure concept is much higher than that of the variable-pressure concept,
which can reach up to 90%. According to [14], several crucial parameters may influence the
efficiency of the HPTO unit, such as the mounting position and piston size of the hydraulic
actuator, volume capacity and pre-charge pressure of the accumulator, displacement of
hydraulic motor and damping coefficient of the electric generator.

Recently, several kinds of research into the HPTO in WAB-WECs have been published
for various objectives, for example in [15–21]. From the literature, most of the studies have
concentrated on the performance of the HPTO unit without investigating the influence
of the important parameters of HPTO. Only a few studies have discussed this issue,
e.g., [14,16]. In [14], the influence of the HPTO unit parameters on the power capture
ability of two-raft-type of WEC was studied. However, the HPTO concept used in [14]
is very different from the HPTO concept considered in the present study. The effects of
the HPTO unit on the percentage of power reduction were not discussed in this study.
Meanwhile, in [16], the sensitivity of the generator damping coefficient on the average
generated electrical power was investigated. From the simulation results, the authors
concluded that the generator damping coefficient is relatively sensitive to the changes
in wave height and period. However, the sensitivity of the other HPTO parameters was
not discussed in [16]. Since there is a lack of published articles on this issue, the present
study proposes an investigation of the HPTO unit parameters on the performance of the
WAB-WECs. The main objective of the study is to investigate the effect of these important
parameters on the electrical power generated from the HPTO unit. The findings can be a
useful reference to other researchers for improvement of WECs in future.

The remainder of this paper is organized as follows. Section 2 presents the design of
the considered WECS and Section 3 describes the simulation study for investigation of the
HPTO parameters. Section 4 presents the results and discussion. Finally, the conclusion
and future work are discussed in Section 5.

2. Design of WEC with HPTO Unit

The WEC concept based on [20] is considered in the present study. The simplified
concept is shown in Figure 1A. The WECs consist of a single floating body (floater) attached
to the fixed body via a hinged arm, which is also known as the WEC device. This WEC
device design is almost similar to the concepts used in [13,22–24]. The WEC device is unique
due to its ability to convert both wave kinetic energy and wave potential by utilizing the
pitch motion of the floater and hinged arm, as presented in Figure 1A. In this system, the
WEC is connected to the fixed-body directed to the dominant wave direction to optimally



J. Mar. Sci. Eng. 2021, 9, 897 3 of 21

absorb the kinetic energy from the ocean waves. The WEC device is then connected to the
HPTO and the CS unit is placed in the HPTO house to convert the mechanical energy from
the WEC device into usable electricity.

Figure 1. An illustration of WEC with the HPTO unit concept. (A) A complete layout design, and (B) Enlarge image of the
interconnection between HA, floater’s arm and fixed structure.

Figure 1A presents the simplified diagram of the HPTO unit which includes a hy-
draulic actuator (HA), hydraulic hose (HH), check valve rectifier module (CV1, CV2, CV3 &
CV4), oil tank (OT), high-pressure and low-pressure accumulators (HPA & LPA), pressure
relief valve (RV1 & RV2), hydraulic motor (HM) and electric generator (G). In this concept,
double-acting with a single rod type of HA is considered. HA is used as a linear pump
to absorb the mechanical energy from the reciprocating motion of the WEC. The piston
rod of the HA is attached to the floater’s arm using a rod end clevis while the barrel of the
HA is attached to the fix-structure. Then, the HA is connected to the check valve rectifier
module, an arrangement of four check valves in a bridge circuit configuration, as shown
in Figure 1A. The check valve rectifier used in this HPTO unit is similar to the Graetz
bridge concept, which is used for conversion of an alternating-current (AC) input into
a direct-current (DC) output. For the HPTO, the check valve rectifier module is used to
control the fluid flow direction (QA & QB) from the HA to the HM. Thus, the large chamber
(chamber A) of the HA barrel is connected to the inlet and outlet of CV1 and CV4, while
the small chamber (chamber B) of the HA barrel is terminated to the inlet and outlet of
CV2 and CV3, respectively. The check valve rectifier module is then connected to the HPA
and LPA. The HPA is included in the HPTO unit to constrain the pressure of the HM in
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the desired ranges. Finally, the generation module which consists of fixed-displacement
of HM coupled to G is placed between the HPA and OT. In addition, the pressure relief
valves RV1 & RV2 are placed to prevent the HPTO unit from over-pressurized fluid flows.

During the operation of WECs, the passing of ocean waves causes a WEC device to
pitch upward and downward simultaneously. Then, the reciprocating motion of the WEC
device causes back-and-forth motions of the piston and directly generates the high-pressure
fluid flow from the HA chambers. During the upward movement of the WEC device, the
high-pressure fluid flows from chamber A to chamber B through CV1, HPA, HM, LPA, and
CV2. On the other hand, during the downward movement, the high-pressure fluid flows
from chamber B to chamber A through the CV3, HPA, HM, LPA, and CV4 of the WEC
device. The high-pressure fluid flowing through the HM causes the HM and G to rotate
simultaneously in one direction and thus produces usable electricity. Overall, the speed
and torque of the HM depend highly on the characteristics of ocean wave motions such
as speed, frequency, wavelength, and amplitude [25]. They also depend on the important
parameters of the HPTO unit itself.

2.1. Formulation of Hydrodynamic Pitch Motion of WEC

The hydrodynamic pitch motion of WEC in real waves can be formulated in the time
domain to account for the non-linear effects such as the hydrodynamics of a floater, HPTO
force, etc. So, the equation for the pitch motion of the WEC device can be expressed by:

MD = Mex −Mrad −Mres −MHPTO (1)

where MD is the D’Alembert moment of inertia, and Mex, and Mrad are the moments due
to the diffracted and radiated ocean waves. Mres and MHPTO are the moments due to
hydrostatic restoring and HPTO unit interactions, respectively. The hydrodynamic pitch
motion of the WEC equation above can be extended as follows:

(JWEC + Jadd,∞)αWEC(t) +
t∫

0

krad(t− τ) ωWEC(t) + kres θWEC(t) + MHPTO(t) =
∞∫
−∞

hex(t− τ)ηW(τ)dτ (2)

where JWEC is the moment of inertia of WEC (includes floater and hinged arm), Jadd, ∞
is the added mass at the infinite frequency. τ is the time delay. θWEC, ωWEC and αWEC
are the angular position, angular velocity and angular acceleration of WEC during the
pitch motion, respectively. θWEC = 0 corresponds to the WEC device at rest. krad and
kres are the radiation impulse response function and the hydrostatic restoring coefficients.
hex is the excitation force coefficient and ηW is the undisturbed wave elevation at the
center point of the floater. The coefficients of krad, kres and hex can be determined from
the dynamic diffraction analysis using computational fluid dynamics (CFD) software,
such as ANSYS/AQWA, as previously implemented in [20,26–30]. Alternatively, these
coefficients also can be obtained using the boundary element method (BEM) toolbox in
WAMIT software, as suggested in several studies [31–35].

Since the non-linear effect of the HPTO unit is considered in Equation (2), the moment
due to the HPTO unit MHPTO can be described using Equation (3). According to Figure 1B,
FHPTO is the feedback force of the PTO unit applied to the WEC device. L1 is the perpendic-
ular distance between HA and point C, which can be obtained using Equation (4), where L2
and L3 are the distance between points A-C and B-C, respectively. L4,0 is the initial distance
between points A-B. θWEC,0 and θWEC are the initial and instantaneous angle of the WEC
device. xp is the linear displacement of the piston. Based on Equation (4), L1 is always
relatively changes according to the change of the arm angle, as illustrated in Figure 1B.

MHPTO = FHPTOL1 (3)

L1 =
L2L3 sin(θWEC,0 − θWEC)

L4,0 + xHA
(4)
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xp = L4,0 −
√

L22 + L32 − 2L2L3 cos(θWEC,0 − θWEC) (5)

2.2. Formulation of HPTO Unit

Technically, the force generated by the HPTO unit, FHPTO is represented by the feed-
back force applied by the HA to the WEC device. The nonlinear FHPTO is generated due to
the dynamic pressure in chambers A and B (PA & PB) and the piston friction force (Ff ric)
of the HA. The FHPTO can be expressed using Equation (6), where Ap,A and Ap,B are the
sectional areas of the piston in chambers A and B, respectively. Ap,A and Ap,B can be
obtained using Equations (7) and (8), where dp and dr are the piston and rod diameter of
the HA. Meanwhile, the dynamics of PA and PB can be calculated according to the fluid
continuity function, as described in Equations (9) and (10), where βe f f is the bulk modulus
of the hydraulic fluid. QCV1 to QCV4 are the flow rates across the check valves CV1 to CV4.
Ls, xp and

.
xp are the stroke length, linear displacement and linear velocity of the piston,

respectively.
FHPTO = PA Ap,A − PB Ap,B + Ff ric (6)

Ap,A = πdp
2/4 (7)

Ap,B = π
(

dp
2 − dr

2
)

/4 (8)

d
dt

PA =
βe f f

Ap,A
(

Ls − xp
) ( .

xp Ap,A + QCV4 −QCV1
)

(9)

d
dt

PB =
βe f f

Ap,B
(

Ls − xp
) ( .

xp Ap,B + QCV2 −QCV3
)

(10)

The flow rates QCV1 to QCV4 can be generally calculated using Equation (11), where
Cd and ACV are the discharge coefficient and the working area of each check valve. PCVin
and PCVout are the inlet and outlet pressure of each check valve. ρoil is the hydraulic oil
density.

QCV =

Cd ACV

√
2

ρoil
|PCVin − PCVout| , i f PCVin > PCVout

0 , i f PCVin < PCVout
(11)

On the other hand, the fluid volume (VHPA) and flow rate (QHPA) which enters the
accumulator can be calculated using Equations (12) and (13), where VHPA,cap is a capacity,
PHPA,0 is the initial pressure and PHPA,in is the inlet gauge pressure of HPA, and n is the
specific heat ratio, respectively. The initial pressure in the accumulators depends on the
pre-charge pressure of the nitrogen gas in the HPA bladder.

VHPA =

VHPA,cap

[
1−

(
PHPA,0
PHPA,in

) 1
n
]

, i f PHPA,in > PHPA,0

0 , i f PHPA,in ≤ PHPA,0

(12)

QHPA =
.

VHPA =

 1
n VHPA,cap

(
1− PHPA,0

PHPA,in

) 1−n
n PHPA,0

.
PHPA,in

PHPA,in
2 , i f PHPA,in > PHPA,0

0 , i f PHPA,in ≤ PHPA,0

(13)

Meanwhile, the flow rate across the HM (QHM) and the actual torque of HM (τHM)
can be obtained using Equations (14) and (15), where DHM, ωHM and ∆PHM are the
displacement, angular speed and the internal pressure difference of HM. ηHM, V and
ηHM, M are the volumetric and mechanical efficiency of HM.

QHM = DHMωHM/ηHM,V (14)

τHM = ∆PHMDHMηHM,M/2π (15)



J. Mar. Sci. Eng. 2021, 9, 897 6 of 21

Finally, the electric power generated by the electric generator (PG) can be expressed
using Equation (16), where ωG, τG and ηG are angular speed, the torque and overall
efficiency of the electrical generator. Since the electrical generator and HM are rotating
simultaneously, the ωG and τG are equal to ωHM and τHM, respectively.

PG = 2πωGτGηG = 2πωHMτHMηG (16)

2.3. Main Parameters of HPTO Unit

As previously mentioned in [14], there are several important parameters affecting
the performance of the HPTO unit such as piston diameter, the volume capacity of HPA,
displacement of HM, etc. Table 1 provides the important parameters of the HPTO unit
that are summarized from Equations (3)–(16). For some parameters, the higher and lower
values can reduce the performance of the HPTO unit. To investigate this problem, a detailed
study regarding the influence of these parameters on the overall performance of WECs is
performed in the present study.

Table 1. Important parameters of the HPTO unit.

No. Important Parameters of HPTO Unit

1 Vertical mounting of HA, L2 m
2 Piston diameter, dp m
3 Volume capacity of HPA, VHPA,cap L
4 Pre− charge gas pressure of HPA, PHPA,0 bar
5 Displacement of HM, DHM cc/rev
6 Damping coefficient of the generator, dG Nm/(rad/s)

In the present study, the complete simulation investigation of HPTO unit parameters
was implemented in the MATLAB/Simulink software (Version: 2018b). The detailed
methodology of the present study is described in the following subsections.

3. Simulation Investigation of HPTO Unit Parameters
3.1. Simulation Set-up of WEC with HPTO Unit

The MATLAB/Simulink software was used in this study to model a complete WEC
system shown in Figure 1. The WECs consists of two main parts, the WEC model and the
HPTO model. The WEC model was developed using a mathematical function block based
on Equations (1)–(5). The wave elevation data, ηW and FHPTO are the inputs, while the xp
is the output of the WEC model. According to Equations (1) and (2), the hydrodynamics
parameters of the WEC device such as krad, kres, hex, added mass coefficient (kadd) and
impulse response function (kimp) are required to develop the considered WEC model. The
hydrodynamic parameters of the WEC model from the previous study in [20] were used,
since a similar WEC concept was considered in this study. In [20], these hydrodynamic
parameters were obtained from the frequency domain analysis study that was carried out
using ANSYS/AQWA software. The obtained hydrodynamic parameters are presented in
Figure 2.



J. Mar. Sci. Eng. 2021, 9, 897 7 of 21

Figure 2. Hydrodynamic parameters of WEC device. (A) Excitation force coefficient, (B) Added mass
coefficient, (C) Radiation damping coefficient, and (D) Impulse response function.

Meanwhile, the Simscape SimHydraulic toolbox in MATLAB/Simulink was used to
develop the HPTO unit model. The snapshot of the developed model in MATLAB/Simulink
is depicted in Figure 3. As illustrated in the figure, xp is the input of the HPTO unit. Using
xp signal, the linear velocity of the piston,

.
xp is obtained using a first-order lag-based linear

displacement to linear velocity converter. The double-acting hydraulic cylinder (DAC)
component was used as HA. In the Simscape SimHydraulic toolbox, the DAC component
is constructed based on the translational hydro-mechanical converter and translational
hard stop blocks. The rod motion is limited with the mechanical translational hard stop
block. The ideal force sensor block was connected to the HA rod to measure the FHPTO.
The pressure and flow rate sensor blocks were also connected to the HA to measure the
dynamic pressure and flow rate of HA. To account for the friction loss along the pipe length
and the fluid compressibility, the hydraulic pipeline blocks were used to connect some
of the components, as illustrated in Figure 3. The thermodynamic transformation in the
HPA was assumed to be isentropic, which is reasonable considering the cycle time in the
device. Furthermore, for ease of control, a simple rotational damper with varying damping
coefficients was used to represent the electric generator unit. In this way, the resistive
torque imposed by the electric generator can be manipulated by varying the value of the
damping coefficient (dG). The generated electric power from the electric generator can be
calculated using Equation (16). In this study, the initial parameters of the HPTO unit were
manual tuned. However, these parameters are not optimal yet. The detailed specifications
of each component in the developed HPTO model are provided in Table 2. Finally, the
developed HPTO unit model in MATLAB/Simulink was then experimentally validated
using an actual HPTO test rig in the dry lab environment.
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Figure 3. A complete model of WEC with HPTO unit in MATLAB/Simulink. (A) WEC device model, and (B) HPTO unit
model.

Table 2. Detailed specifications of the developed HPTO unit.

Component Descriptions Value Unit

Hydraulic actuator

Piston diameter, dp 0.035 m
Piston rod diameter, dr 0.022 m

Stroke length, Ls 0.3 m
Initial stroke length, Ls,0 0.15 m

Vertical distance mounting, L2 0.5 m
Horizontal distance mounting, L3 0.5 m
Initial rod length (point A to B), L4 0.766 m

High-pressure accu-
mulator

Pre-charge pressure, PHPA,0 46.9 bar
Volume capacity, VHPA,cap 2.8 L

Adiabatic index, γ 1.4 -

Low-pressure accu-
mulator

Pre-charge pressure, PLPA,0 3.2 bar
Volume capacity, VLPA,cap 4.0 L

Adiabatic index, γ 1.4 -

Hydraulic motor

Displacement, DHM 8.4 cc/rev
Nominal shaft angular velocity, ωHM, nom 200 rpm

Volumetric efficiency at nominal condition, ηHM, V 0.92 -
No-load torque, τHM, no 0.05 Nm

Electric
generator

Rated power, PG, rated 100 W
Rated speed, ωG, rated 200 rpm
Rated torque, τG, rated 6.0 Nm

Damping coefficient, dG 0.03 Nm/(rad/s)
Moment of inertia 0.0036 kg/m2

Fluid
properties

Density, Doil 50 kg/m3

Viscosity, Visoil 850 cSt
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3.2. Simulation of WEC with HPTO Unit Using Five Irregular Sea States

The simulation analysis was started with the performance evaluation of the WEC with
the HPTO model, using five different irregular wave input conditions. This simulation
was intended to evaluate the effect of the significant wave height (HW) and the peak wave
period TW on the electrical output power produced by the HPTO unit. Five different sea
states were considered as summarized in Table 3. Sea state A is the nominal wave condition
for the developed WEC with the HPTO model, in which the significant wave height and
the peak wave period were set to 0.8 m and 2.5 s, respectively. Sea state B and C were
considered for wave height case studies, while sea state D and E are for wave period case
studies. For sea states B and C, the significant wave heights were set to 0.6 m and 1.0 m,
which is ±0.2 m of the wave height in sea state A. Meanwhile, the peak wave periods for
both states were maintained at the nominal value. For sea states D and E, the significant
wave height was maintained at the nominal value, while the peak wave periods were set
to 2.0 s and 3.0 s, which is ±0.5 s of the nominal wave period.

Table 3. The parameters of five different sea states.

Sea State
Significant

Remarks
Wave Height, HW (m) Wave Period, TW (s)

A 0.8 2.5 Nominal wave condition
B 0.6

2.5 Wave height case
C 1.0
D

0.8
2.0 Wave period case

E 3.0

3.3. Investigation Studies of HPTO Unit Parameters

A further simulation proceeded with the investigation of the HPTO unit parameters
study. As previously mentioned, the main purpose of the study is to investigate the
influence of the important parameters on the performance of the HPTO unit. Thus, from
this study, how the performance of the HPTO unit varies to its configuration parameters
was discovered. To achieve the objective, several case studies were conducted on the
developed simulation model of WECs. A summary of the case studies is provided in
Table 4. The regulating condition of each case was selected based on the availability of the
components from the hydraulic equipment market.

Table 4. Detailed of the case studies.

Case Important Parameters of HPTO Default Value
Regulating Condition

Unit
Ranges Step

1 Vertical Mounting of HA, L2 0.5 0.1–0.7 0.1 m
2 Piston diameter, dp 0.035 0.025–0.060 0.005 m
3 Volume capacity of HPA, VHPA,cap 2.8 0.5–10.5 2.0 L
4 Pre-charge gas pressure of HPA, PHPA,0 46.9 20–80 10.0 bar
5 Displacement of HM, DHM 8.4 6–18 2 cc/rev
6 Damping coefficient of the generator, dG 0.287 0.1–1.3 0.2 Nm/(rad/s)

4. Results and Discussion

The results from the investigation simulations are presented and discussed in three
sections. The first Section 4.1 presents the experimental validation of the developed WEC
with the HPTO unit model. The second Section 4.2 provides the performance analysis
of the developed WEC with the HPTO unit model in different sea states and the third
Section 4.3 presents the finding from the investigations of the influence parameters on the
HPTO unit performance.
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4.1. Experimental Validation of the HPTO Model

Figure 4A shows the hardware in the loop (HIL) test rig of the HPTO unit. In general,
the HIL test rig was developed based on the design of WECs in Figure 1 and several sensors
were installed to monitor the variations of HPTO force, oil pressure, the oil level in the oil
tank and as the hydraulic motor shaft speed, as illustrated in Figure 4B. The servo-electric
actuator was also installed in the HIL test rig to replicate wave-induced relative pitch
motion to drive the HPTO unit to capture the wave energy. A servo motor controller based
on Labview/Arduino integration and the data acquisition system for data collection from
the sensors were placed in the control system unit. The relative pitch motion generated by
the electric actuator is according to the input wave state. To simulate the condition that
is close to real-world application, the hydrodynamic parameters from the CFD analysis
and the feedback HPTO force were considered to calculate the produced excitation force
applied to the floater’s arm. The sinusoidal wave input with the amplitude and period of
0.4 m and 2.5 s were considered for the validation of HPTO model. The captured image of
maximum upward and downward motions of the HIL test rig during the experimental
validation of the HPTO unit is depicted in Figure 4C,D.

Figure 4. Experimental evaluation of WEC with hydraulic PTO unit. (A) A complete dry-lab test rig, (B) Enlarge image of
HPTO unit setup, (C) Maximum upward, and (D) Maximum downward position of the WEC device.

Figure 5 shows the results of the behaviour of the HPTO unit in a regular wave
condition with an amplitude and period of 0.4 m and 2.5 s. From the figure, it can be
seen that the simulation results of the developed WEC with the HPTO unit model in
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MATLAB/Simulink is in good agreement with the results obtained from the HIL test
rig. However, slight differences and some fluctuations in hydraulic motor speed and
HPTO force results were obtained during the experiment, as depicted in Figure 5A,B.
These differences and fluctuations may be attributed to the errors in the manufacture
and assembly of the test rig, the measuring errors of the transducers, the vibration of the
hydraulic motor, and the leakage in the hydraulic motor, cylinders and joints. Such a
good agreement presented in Figure 5A,B indicates that the developed WEC with HPTO
unit model in MATLAB/Simulink presented in the present study would be effective and
reliable as a tool for predicting the amount of power that can be generated from the ocean
waves.

Figure 5. Behaviour of HPTO unit in a regular wave condition. (A) Speed of hydraulic motor and (B)
HPTO force applied to the floater’s arm.

4.2. Performance of WEC with HPTO Model in Five Irregular Sea States

The simulations of the developed WEC with the HPTO unit model using different sea
states was first carried out in the present study. This simulation was intended to evaluate
the performance of the developed model against the different wave heights and periods.
The simulation was started with the nominal sea state (sea state A) and the results from
the simulation are presented in Figures 6 and 7. Figure 6A shows the responses of WEC
and the hydraulic cylinder piston against the irregular wave input in sea state A. The
figure shows that the displacement of the WEC device was slightly lower than the wave
elevation, particularly during the upward motion. This is due to influencing factors such
as the hydrostatic restoring moment, the moment due to the HPTO unit and the initial
moments of floater and arm [36]. Based on the results, the average displacement of the
WEC device and hydraulic piston was 70% and 15% of the wave elevation. The figure
also depicts that the displacements of the WEC device and piston were slightly delayed
from the wave elevation. Figure 6B presents the profile of the HPTO force applied to the
WEC device. On average, the HPTO forces applied to the WEC device during upward and
downward motion equaled 3.64 kN and 1.99 kN, respectively. The unbalanced HPTO force
applied to the WEC device is due to the unsymmetrical effective area of the piston. A larger
effective area of piston produced a higher force rather than a smaller effective area piston.
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Figure 6C shows the profile of HPA pressure. From the figure, the pressure of HPA reached
up to 49 bar several times, which was a 4.5% increased from its pre-charge pressure setting.

Figure 6. Performance of WEC with HPTO unit in sea state A, (A) Displacement of Wave, WEC and
hydraulic cylinder piston, (B) HPTO force applied to WEC device, and (C) Pressure of high-pressure
accumulator.

Meanwhile, Figure 7A,B show the pressure and speed profile of the HM. It can be
seen from the figures that the pressure and the speed of the hydraulic motor reached up
to 49 bar and 200 rpm. The smoothing effect of the HPA unit on the hydraulic motor
pressure can be seen in Figure 7A. The HPA was able to reduce the fluctuation of the
hydraulic motor pressure, particularly after 50 s of HPTO operation. Figure 7C illustrates
the profile of the generated power from the HPTO unit. The average power generated
from the generator was 70.9% of its rated capacity (100 W). The figure also demonstrates
that some fluctuations exist in the generated power from the generator, particularly at the
early stage of the operation. The comparison simulation results of the WEC with HPTO
unit in each sea state are summarized in Table 5. From the table, the simulation result
showed that the significant wave height and peak wave period were affected by the overall
performance of the WEC with the HPO unit. First, the table reveals that the averaged
angular displacement of the WEC device was increased and decreased, relatively, with
increases and decreases of the significant wave height and peak wave period. From the
table, the angular displacement of the WEC device in sea states B and D were reduced by
38% and 33% (upward) and 24% and 21% (downward) of its angular displacement in the
nominal sea state. Meanwhile, the angular displacement in the sea states C and E were
increased by 21% and 16% (upward) and 28% and 18% (downward), respectively. The
increase and decrease of the angular displacements are due to the increase and decrease
HPTO force applied to the WEC device, which can be obtained in Table 5. The increase
and decrease of WEC displacement, relatively, also increase and decrease the generated



J. Mar. Sci. Eng. 2021, 9, 897 13 of 21

output power from the HPTO unit. As can be seen, the average power generated from the
HPTO unit in sea states B and D were decreased by 41% and 34% of power from sea state A,
while 15.5% and 10.4% were increased in sea states C and E. Overall, the generated power
from the HPTO unit in each sea state is below its rated capacity. Thus, several parameter
optimization methods, as suggested in [20], can be further implemented to increase the
generated power from the HPTO unit.

Figure 7. Performance of WEC with HPTO unit in sea state A (continue), (A) Pressure of hydraulic
motor, (B) Speed of hydraulic motor, and (C) Electrical power generated from HPTO unit.

Table 5. Performance of WEC with HPTO unit in different sea states.

Performance Description (Unit)
Sea State

A B C D E

Averaged Angular Displacement of WEC (◦) upward 5.73 3.53 6.94 3.84 6.67
downward 6.95 5.26 8.87 5.49 8.17

Averaged piston displacement (m) upward 0.033 0.019 0.041 0.022 0.038
downward 0.035 0.026 0.043 0.028 0.040

Averaged HPTO force (kN) upward 3.64 3.49 4.45 3.54 4.09
downward 1.99 1.63 2.42 1.73 2.24

Averaged operating pressure of HM (bar) - 36.5 27.4 41.9 29.2 39.7
Averaged speed of generator (rpm) - 149.5 109.1 173.6 117.2 164.4

Averaged generated electrical power (W) - 70.9 41.7 81.8 47.1 78.2

4.3. Investigation Studies of HPTO Unit Parameters

In this subsection, the influence of each HPTO unit parameter on the generator power
in five different sea states is discussed. From this subsection, how the power of the
generator varies with the considered HPTO parameters and their corresponding to the sea
states can be discovered in the following subsection.
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4.3.1. Case 1: Position of Hydraulic Cylinder

The influence of HA position on the power of the generator was firstly investigated in
this study. For this case, the position of HA was manipulated by adjusting the L2 and L3,
as indicated in Figure 1. In this case, L2 was incrementally varied by 0.1 m within the range
of 0.1 to 0.7 m. To be fair, during adjustment of the HA position, the initial rod length of
HA from point A to B (L4) was maintained as default for every sequence. Figure 8 depicts
that the averaged power generated from the generator varies with the vertical mounting
distance of HA for different sea states. The figure clearly illustrates that the averaged power
generated from the generator increases along with the increase of the horizontal mounting
of HA for all sea states. Then, it decreases after reaching the optimal mounting position.
From the figure, the optimal values for L2 are different for each sea state. For the small
wave height and period sea states (sea states B and D), the optimal value for L2 is smaller
than for the case of large wave height and period sea states. At the optimal mounting
position, averaged generated power for the sea states A to E were around 72 W, 42 W, 84 W,
47 W and 79 W, respectively. At the lower L2, averaged generated power for all sea states
were significantly reduced compared to the bigger value of L2, as depicted in Figure 8. For
example, at L2 equal to 0.1 m, the averaged generated power from the generator for the sea
states A to E were reduced by 88%, 91%, 82%, 90% and 84% of their optimal values. While
at L2 equal to 0.7 m, the averaged power generated from the generator for sea states A to E
were reduced by 43%, 53%, 32%, 51% and 38% of their optimal values, respectively. The
percentage of averaged power reduction also indicates that the mounting position of HA
relies on the wave height and wave period. The percentage of averaged power reduction
shows that the mounting position of HA was more affected by low height and a small
period for the sea states. Technically, the huge reduction of the averaged power generated
at the lower L2 is due to the larger HPTO force applied to the WEC device. So, from these
investigation results, it can be suggested that the distance of L2 should be equal or larger
than L3 to prevent huge losses due to the mounting position of HA.

Figure 8. Averaged power of generator versus horizontal mounting distance corresponding to
different sea states.

4.3.2. Case 2: Piston Size of the Hydraulic Actuator

The influence of the effective area of the piston in both hydraulic actuator chambers is
also a concern in this study. As previously shown in Equation (6), the effective piston area
relatively affects the amount of feedback HPTO force FHPTO applied to the WEC device.
From Equations (7) and (8), the effective area of the piston in both hydraulic chambers can
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be calculated via the diameter size of piston and rod (dp and dr). Since a double-acting
with single rod hydraulic actuator was considered in this study, the effective piston area in
chamber B is affected by the rod size. This means that the effective piston area in chamber
A is larger than that in chamber B. To investigate, the wide range of dp was used to examine
the performance of the HPTO unit. In this case, the values of dp was incrementally varied by
0.005 m within the range of 0.025 to 0.060 m. In this case, the minimum range was selected
based on the smallest piston size that is currently available in the hydraulic equipment
market. While the value of dr remains as the initial parameter setting. Figure 9 presents the
effect of the piston and rod diameter on the averaged power generated from the generator
in different sea states. From the figure, it can be observed that the averaged generated
power is influenced by the piston size of the hydraulic actuator. The figure depicts that
the averaged generated power first increases with the increase of the piston diameter size
and then starts to decrease after obtaining the optimal value of dp. From the figure, it is
clearly shown that the smaller significant wave height and peak period sea states were
more affected by the piston size. The result shows that the average generated power for
sea states B and D started to decrease after 0.045 m size of the piston, while for the bigger
wave height and period sea states, such as sea state A, C and E, the average generated
power started to decrease after 0.050 m and 0.055 m, respectively. This may be due to the
lower wave forces during sea states B and D compared to wave forces for sea states A, C
and E. Technically, more high-pressured fluid can be supplied to the hydraulic motor by
a hydraulic actuator with a larger piston size. As a result, the average generated power
at the optimal point for sea states A, C and E were found to be 94 W, 118 W and 110 W.
Meanwhile, the average generated power at the optimal point for sea states B and D were
found to be 64 W and 70 W, respectively.

Figure 9. Averaged power of generator versus piston diameter corresponding to different sea states.

4.3.3. Case 3: Volume Capacity of HPA

The accumulator plays an important role in mitigating the power fluctuation during a
dynamic process of wave power conversion. By using HPA and a robust control strategy,
the HPTO unit enables conversion of the high fluctuating wave power into a smooth and
continuous electrical power. Since the HPA is more important to the HPTO unit, a further
investigation into the main parameters of HPA, such as volume capacity (VHPA,cap) should
be conducted. Hence, the effect of the volume capacity of HPA on the HPTO performance
was explored in the present study. A wide range of VHPA,cap was used to evaluate its
effect on the averaged generator power corresponding to the different sea states. In this
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case, the value of VHPA,cap was incrementally varied by 2 L within the range of 0.5 to
10.5 L, as previously mentioned in Table 4. Figure 10 presents the effect of VHPA,cap on
the averaged generated power from the generator for the different sea states. The figure
showed that the averaged power generated from the generator is influenced by the increase
of VHPA,cap, particularly for large significant wave height and peak period sea states, while
there was a less significant effect for small significant wave height and peak period sea
states. From the result, the average generated power, particularly for sea states C and E
significantly reduced by the increase of VHPA,cap. By changing the value of VHPA,cap from
0.5 L to 10.5 L, the average generated power for sea states C and E were reduced by 28%
and 20%, respectively. This power reduction can be attributed to more energy accumulated
in the HPA, rather than directly flowing to the hydraulic motor when the large capacity of
the HPA is implemented.

Figure 10. Averaged power of generator versus volume capacity of HPA corresponding to different
sea states.

4.3.4. Case 4: Pre-Charge Pressure of HPA

The pre-charge pressure of HPA (PHPA,0) is another important parameter of the HPTO.
Technically, PHPA,0 determines how much hydraulic fluid will remain accumulated in
the HPA. The charging process of HPA begins when hydraulic fluid flows into the fluid
chamber when the HPTO unit pressure is greater than the PHPA,0. During charging, the
gas is compressed to store energy. Once the HPTO unit pressure is below PHPA,0 level,
the high-pressure nitrogen gas in the ballast forces hydraulic fluid from the fluid chamber
into the hydraulic motor. For such a dynamic process, the investigation of the effect of the
PHPA,0 on the power of the generator was considered. In this case, the value of PHPA,0 was
incrementally increase by 10 bar within the range of 20 to 80 bar. Figure 11 presents the
variation of PHPA,0 on the averaged generated power from the generator for different sea
states. As can be seen in the figure, for all sea states the average power of the generator
slightly increased, and then tended to be steady after the PHPA,0 reached an optimal of
PHPA,0. The figure showed that a higher level of PHPA,0 can be used for large significant
wave height and peak period sea states. For example, the level of PHPA,0 can be set up to
70 bar for sea states C and E, while, the highest PHPA,0 for sea states, B and D was only
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up to 40 bar. This difference is due to the different operating pressure of HPTO in each
sea state, in which the operating pressure of HPTO is higher in sea states C and E rather
than sea state B and D. The averaged generated power at the optimal point for sea state
A, C and E were reached up to 80 W, 124 W and 108 W, while for sea states B and D the
averaged generated power at the optimal point only reached 43 W and 49 W, respectively.

Figure 11. Averaged power of generator versus pre-charge pressure of HPA corresponding to
different sea states.

4.3.5. Case 5: Displacement of Hydraulic Motor

The fluid displacement of the hydraulic motor (DHM) is another important influencing
parameter in the HPTO unit. Referring to Equation (14), DHM directly affects the power and
torque of the hydraulic motor. Therefore, it is necessary to explore the effect of the DHM on
the power of the hydraulic motor and generator. From the preliminary survey, the smallest
size hydraulic motor currently available from the available hydraulic equipment for HPTO
application 6 cc/rev. Thus, the variation range of DHM was set within 6 to 20 cc/rev and
the value of DHM was incrementally varied by 2 cc/rev. Figure 12 illustrates the effect of
DHM on the averaged generated power from the generator corresponding to different sea
states. From the figure, it is clearly shown that the averaged generated power increases
with the increase in DHM and then starts to decrease after reaching an optimal value of
DHM for all sea states. The figure shows that a higher value of DHM can be implemented
with a large significant wave height and peak period sea states. The result indicates that
the value of DHM can be considered up to 10 cc/rev for sea states C and E, but only up to
8 cc/rev for sea states B and D. This may be due to the high operating pressure of HPTO
during the large significant wave height and peak period sea states. At the optimal value of
DHM, the average generated power for sea states A to E can reach up to 72 W, 44 W, 102 W,
50 W and 90 W, respectively. Apart from that, the result also shows that the overestimated
value of DHM was more affected in HPTO performance at the small significant wave height
and peak period sea states. For example, the average generated power in sea states B
and D was reduced by up to 59% and 60% once the value of DHM was increased from
the optimal (8 cc/rev) to 18 cc/rev; while for sea states C and E, the average generated
power in sea states C and E were reduced by up to 46% and 47% once the value of DHM
was increased from the optimal (10 cc/rev) to 18 cc/rev. However, this was vice-versa
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during the underestimated value of DHM, in which the HPTO performance in the large
wave height and period sea states was more affected by the DHM. The figure clearly shows
that the averaged generated power for sea states C and E were significantly reduced by
53% and 50%. Therefore, the result reveals that the underestimation and overestimation of
the DHM can significantly reduce the power generated from the generator.

Figure 12. Averaged power of generator versus fluid displacement of HM corresponding to different
sea states.

4.3.6. Case 6: Damping Coefficient of Electrical Generator

The damping coefficient (dG) is different for each generator. As mentioned in [11], the
dG of each generator is subjected to its type, capacity, etc. Technically, generated output
power is affected by the dG. Since the generator is one of the major components of the
HPTO unit, the effect of the dG on the performance of the HPTO needs to be investigated.
Thus, the effect of dG on the generated power from the HPTO unit was investigated in
this study. In this case, the dG was varied from 0.1 to 1.2 Nm/(rad/s) with increments
of 0.1 Nm/(rad/s) in each sequence. Figure 13 depicts the effect of dG on the averaged
generated power corresponding to five different sea states. From the figure, it can be seen
that the optimal dG that achieves the highest averaged power was sensitive to changes in
significant wave height and peak wave period. During the nominal sea state, the optimal dG
was found to around 0.3 Nm/(rad/s), while, for the short and long peak wave period sea
states (sea states B and C), the optimal dG was found to be around 0.35 and 0.26 Nm/(rad/s).
Meanwhile, for the small and large significant wave height sea states (sea states D and E),
the optimal dG was found at around 0.34 and 0.24 Nm/(rad/s), respectively. The result
also indicates that the overestimation of dG badly reduced the averaged generated power
for all sea states, particularly sea states A, C and E. As can be seen in the figure, the average
generated power for sea states A to E was reduced by 73%, 62%, 72%, 63% and 74% of its
optimal value, respectively, due to overestimation of dG by up to 1.3 Nm/(rad/s). Hence,
from the results, it can be said that the generator damping coefficient needs to be optimally
controlled to maximize power absorption from the ocean. Thus, the use of several damping
control strategies, as suggested in [17], can be considered in the HPTO unit.
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Figure 13. Averaged power of generator versus damping of generator corresponding to different sea
states.

5. Conclusions

A comprehensive analysis of the effects of the important HPTO parameters on per-
formance in generating usable electricity was conducted in the present study. Six critical
parameters of the HPTO unit, including vertical mounting and the piston size of the HA,
volume capacity and pre-charge pressure of HPA, displacement of HM and damping
coefficient of the generator were considered. A simulation study was conducted using
MATLAB/Simulink software, in which a complete model of WEC with the HPTO unit was
developed using the Simscape fluids toolbox in MATLAB/Simulink. Five different irregu-
lar sea state inputs were used to evaluate the effect of each HPTO parameter against the
different significant wave heights and peak periods. From the investigation, the following
conclusion can be drawn:

(1) For case 1, the effect of the vertical mounting position (L2) of the hydraulic actuator
on the power generated by the generator was obtained. From the simulation result, it
was found that the averaged power generated increased along with an increase of L2
for all sea states and then decreased after reaching the optimal distance. At smaller L2
(0.1 m), the averaged generated power for sea states A to E was reduced by 88%, 91%,
82%, 90% and 84% of their optimal values, respectively. The value of L2 is sensitive to
the significant wave height and peak wave period, in which the best of L2 is larger
during the large significant wave height and peak wave period sea state.

(2) For case 2, the averaged power generated was increased along with the increase of
piston size (dp) for all sea states. However, the average power was decreased for the
over-sized of dp state. The simulation result shows a dp sensitive to the significant
wave height and peak wave period. Thus, a large size of dp should be used in the
large significant wave height and peak wave period sea state.

(3) For case 3, the simulation results demonstrate that the volume capacity of HPA
(VHPA,cap) is less sensitive to changes in small significant wave height and peak wave
period sea state, and inversely for a large significant wave height and peak wave
period sea state, where the increase of VHPA,cap reduced the averaged power generated.
This is due to more power accumulated in the HPA rather than directly flowing to
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the hydraulic motor. Thus, an appropriate VHPA,cap should be selected based on the
HPTO capacity to avoid this power reduction.

(4) For case 4, the simulation result shows that the pre-charge pressure of HPA (PHPA,0)
should be higher for the large significant wave height and peak wave period sea state
rather than the small significant wave height and peak wave period sea state.

(5) For case 5, the investigation results reveal that the underestimated and overestimated
hydraulic motor displacement (DHM) was significantly sensitive to wave height and
peak wave period. Thus, a variable displacement hydraulic motor with a robust
control strategy should be considered.

(6) For case 6, the simulation results found that overestimated damping coefficient of
the generator (dG) hardly reduced the averaged generated power. Thus, dG needs to
be optimally controlled using appropriate damping control strategies to maximize
power absorption from the ocean waves.

The present investigation studies may help researchers and engineers of WECs to
improve the efficiency of their systems. The optimization of the critical parameters above is
another attractive issue in terms of maximizing the generated power from the HPTO unit.
Thus, it is suggested that further research regarding the HPTO parameter optimization
using heuristic optimization algorithms should be conducted.
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