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Abstract: The power take-off (PTO) stability is one of the most important concerns for wave energy
converters (WECs). The PTO unit converts the mechanical energy produced by the wave absorber
(WA) unit into useful electrical energy. Due to the drastic input energy variation of real wave motions,
the generated electrical power from the PTO unit significantly fluctuates and is potentially harmful
to electrical and electronic appliances. This paper proposes an improved hydraulic PTO (HPTO) for
the WECs. An improved HPTO unit comprises a dual high-pressure accumulator (HPA) module
and fluid energy control (FEC) module, which significantly enhances the generated electrical power
from the generator under irregular wave circumstances. A complete model of wave absorber device
with conventional and improved HPTO units was built in MATLAB/Simulink using a Simscape
fluids toolbox. The parameters of the FEC control strategy were optimized using a genetic algorithm.
The improved HPTO unit model was simulated with five irregular wave inputs to evaluate its
performance in irregular conditions. The effects of the HPA pressure constraints on the improved
HPTO unit performance were also investigated. Overall, the simulation results indicate that the
improved HPTO unit was able to generate a stable power up to 87.3% of WECs in an irregular
sea state.

Keywords: wave energy conversion system; hydraulic power take-off; power fluctuation mitigation;
control strategy

1. Introduction

Renewable energy sources have a vast potential to reduce the negative impacts caused
by the combustion of fossil fuels. Ocean waves are one of the emerging renewable energy
sources that have a great potential to contribute to global green energy production. Over the
past several decades, the generation of electricity from the ocean waves has received much
interest among researchers [1,2]. As a result, several wave energy converter system (WECs)
concepts through various harnessing techniques have been designed, developed, tested,
and patented worldwide [3-5]. These existing WECs can be categorized according to their
operational principles, such as overtopping, oscillating water column, and wave-activated-
body (WAB) devices [6-8].

Basically, WECs are made up of three primary parts: the wave absorber (WA) unit,
power take-off (PTO) unit, and control system (CS) unit. The WA unit is a front-end device
that captures energy from ocean wave motions. The PTO unit is a device that converts
the mechanical energy produced by the WA into useful electrical energy. The CS unit is
used to monitor and control the operation of the WA and PTO units. The PTO unit is one
of the most important element of the WECs. The performances of the PTO unit directly
correlate to the amount of generated electricity from the absorbed ocean wave energy. In
addition, the size and mass of the PTO unit can directly contribute to the overall design
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and behavior of the WA unit. From the literature, the various concepts of the PTO unit
have been invented for different types of WA [9,10]. These PTO concepts can generally
be classified into four main categories: direct-mechanical drive, direct-electrical drive,
direct-turbine drive, and mechanical-hydraulic drive [10,11]. From the recent study by the
authors in [10], the hydraulic PTO (HPTO) is among the most efficient PTO for various
kinds of WA devices due to its significant advantages, such as being well-adapted to any
ocean wave condition, high efficiency, and high controllability [12]. The HPTO unit is
easy to build using standard hydraulic components that are widely applied in different
hydraulic system applications [13].

From the literature, many kinds of HPTO concepts have been developed for different
types of WECs [9,10,14]. Commonly, the HPTO unit combines several modules, such as
actuation, rectification, fluid energy storage, power generation, and reservoir [10]. The ac-
tuation module, which commonly comprises single or multiple hydraulic actuators, is used
to absorb the mechanical energy produced from the interaction of the ocean waves and WA
device into fluid energy. From previous studies, several different types of hydraulic actua-
tors, such as single-acting cylinder [15], double-acting cylinder [16,17], and multi-chamber
cylinder [18-20], have been utilized in the actuation module of the HPTO unit. Aside
from that, the rectification module is used to ensure the unidirectional flow through the
generation module. The configuration of the rectification module directly depends on the
actuation module configuration. Normally, the rectification module is a combination of two
or four non-return valves, and its structure depends on the configuration of the hydraulic
actuation module [10]. In a few studies [18-21], the rectification modules based on the
combination of some electronic directional valves were proposed to increase the efficiency
of the HPTO unit. Moreover, the fluid energy storage module consists of a single or multi
hydraulic accumulator. The fluid energy storage module is used to smooth the overall
pressure and prevent cavitation incidents in the HPTO unit. Finally, the power generation
module converts the fluid energy to usable electrical energy. The power generation module
combines the hydraulic motor and electrical generator.

The electrical power generated from the WECs majorly depends on the efficiency of the
HPTO unit. According to [22], two major issues of the HPTO unit need to be emphasized in
order to improve the efficiency of the HPTO unit, as follows: (1) an appropriate selection of
the HPTO unit architecture and (2) the accurate selection of the parameters of the HPTO unit
components. Several works have been conducted by researchers to increase the efficiency of
the HPTO unit by optimizing the architecture of the HPTO unit. In [20], the use of a multi-
chamber or hydraulic actuator in the actuation module and the digital rectification module
were proposed in the HPTO unit architecture. In [23], several incremental modifications
to the HPTO unit architecture were carried out, such as adding more accumulators in
the energy storage module, using two kinds of rectification modules, and adding bypass
circuits in the generation module. In [24,25], the hydraulic transformer unit was applied
in the generation module to solve the variable pressure of the HPTO unit. In [26], several
numbers of hydraulic accumulators have been added to the energy storage module of
the HPTO unit, and the experiment result shows the HPTO unit was able to generate
electricity at smaller wave conditions. In [27], multi hydraulic actuators in the actuator
module sharing a single generation module were presented, and the experiment results
indicated that the WECs could generate more stable energy.

Moreover, the HPTO unit efficiency can also be enhanced by optimizing its important
parameters. In [28-33], several important HPTO unit parameters were identified, including
the hydraulic actuator size, hydraulic accumulator capacity, hydraulic motor displacement,
etc. In [28-30], the influences of the important HPTO unit parameters on the WECs effec-
tiveness in various sea conditions were investigated. The overall result indicates that these
important parameters highly influence the efficiency of the HPTO unit. For this reason,
several studies have been conducted to enhance the efficiency of the HPTO unit by optimiz-
ing its important parameters [22,34-38]. Authors in [22] employed the genetic algorithm
(GA) and non-linear programming by quadratic Lagrangian (NLPQL) for determining
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the optimal parameters of the HPTO unit. While in [38], the HPTO unit optimization was
conducted for different sea states using the optimization toolbox in MATLAB software.
Similarly in [36], the optimization of the hydraulic energy storage module was conducted,
and the result indicated that optimization of the hydraulic energy storage module helps to
increase the system efficiency and the electrical energy generated from the HPTO unit.

Apart from that, the voltage fluctuations generated from the electrical sources are
potentially harmful to electrical and electronic appliances [39,40]. Thus, the stability of
the electrical energy generated from the HPTO unit is a crucial issue that should be em-
phasized; however, it is challenging to stabilize the electrical energy generated from the
HPTO unit. The instability of the generated electrical energy from the HPTO unit is due
to the unstable speed of the electrical generator and the hydraulic motor, which depends
on the internal pressure of the HPTO unit. Authors in [10], suggest that the HPTO unit
pressure can be regulated by controlling several components of the HPTO unit, such as
hydraulic motor, hydraulic accumulator, hydraulic rectifier, battery energy storage, etc.
Several solutions have been proposed to improve the stability of the generated electrical
energy from the HPTO unit as addressed in [16,41-48]. In [41], the control strategy based
on the fuzzy controller was designed to regulate the displacement of the hydraulic mo-
tor. The simulation results for the irregular wave condition verified that the proposed
control strategy could mitigate the fluctuations in the output of the HPTO unit; however,
the variable-displacement hydraulic motor requires more expense and more attention than
the fixed-displacement hydraulic motor, as reported in [10]. In [42], a control strategy
for the HPTO unit was proposed to realize the flexible rectification and hydraulic motor
speed control simultaneously. From the results, the control strategy was able to accelerate
the hydraulic motor slowly during the starting operation of the HPTO unit to reduce the
negative impact on the power grid; however, the regular wave input was in used instead of
irregular wave input in [42]; thus, the efficiency of the control strategy in irregular wave
condition was unidentified.

The primary goal of this paper is to improve the stability of the generated electrical
power output from the HPTO unit of WECs. The main contributions of the present paper
are given as follows: (1) a novel fluid energy control (FEC) to regulate the flow of fluid
entering the hydraulic motor is proposed; (2) a novel control strategy for FEC module for
improving the stability of the generated electrical power from the HPTO unit is proposed.
This paper is organized in four sections. Section 2 presents the technical descriptions of the
considered WECs, including the configuration and the operation of the improved HPTO
unit. Section 3 describes the dynamic modeling of the WA device and improved HPTO
unit. The findings and discussions are presented in Section 4. Finally, Section 5 discusses
the conclusion and future work.

2. WECs Concept

A similar concept of WECs in [22] was considered in the present study; however,
several modifications to the HPTO unit are proposed to improve the quality of the electrical
power generated from the WECs. In this section, the descriptions of WA device are firstly
presented. Then, the configuration of the improved HPTO unit concept are described.

2.1. Descriptions of WA Concept

The simplified layout of the considered WECs in the present study is given in Figure 1.
From the figure, the WA device consists of a floater and hingeable arm attached to automatic
floater level control and the static platform facing the dominant ocean wave direction.
An automatic floater level control is designed in the wave absorber device to ensure the
wave absorber device can operates at any sea level. Thus, the effect of the sea tide level
can be significantly reduced. The WA device is then connected to the HPTO and the CS
units, separately located in the HPTO house through a hydraulic actuator (HA) module.
A single-rod double-acting type of hydraulic cylinder is utilized as a hydraulic actuator
to ensure the mechanical energy produced during the bi-directional pitch motion of the
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WA device can be maximally absorbed, as suggested in [10]. The hydraulic actuator barrel
is attached to the fixed platform, while the piston rod is connected to the floater’s arm.
The hydraulic actuator is then connected to the rest of the HPTO unit components using
two hydraulic hoses. The working principle of the considered WA device is almost similar
to the WA device concept used in [19,20]. The passing ocean waves through the floater
initially cause the WA device to pitch up and down. The WA device directly drives the
hydraulic actuator and operates the HPTO unit.

Actuator

HPTO
house

Auto level
control

Arm

Floater \

M
M, 'V 'HPTO

Figure 1. Schematic diagram of the considered WECs. (A) A complete system diagram, and (B) the
enlarged diagram of the interconnection between the WA device and the HPTO unit.

2.2. Descriptions of the Improved HPTO Concept

Figure 2 illustrates the simplification of the conventional HPTO concept previously
was used in [22] and the improved HPTO unit concept proposed in the present study. In the
conventional HPTO concept, the hydraulic actuator module is connected to the rectification
module, which consists of the four non-return check valves (CVy, CV,, CV3, and CVy)
through hydraulic hoses. By relating Figures 1B and 2A, the CV; inlet and CV, outlet
terminals are connected to the top side of the hydraulic actuator barrel. The inlet and outlet
terminals of CV3 and CV; are connected to the bottom side of the hydraulic actuator barrel.
The rectification module is then connected to the generation module, which includes a fixed
displacement hydraulic motor (HM) coupled with the permanent magnet synchronous
generator (G). The fluid energy storage module comprises two bladder-type hydraulic
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accumulators, namely a high-pressure accumulator (HPA) and a low-pressure accumulator
(LPA), placed between the rectification module and generation module. Additionally,
the pressure relief valve (RV) is installed on the high-pressure line to avoid the over-
pressurized event in the HPTO unit.
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Figure 2. Schematic diagram of HPTO unit concepts. (A) Conventional HPTO unit from [22] and (B)
an improved HPTO unit proposed in the present study.

During the operation, the back-and-forth motions of the hydraulic actuator due to the
WA device motion generate high-pressure fluid in the hydraulic actuator barrel. The high-
pressure fluid from the top side of the hydraulic actuator barrel flows through CVy, HPA,
HM, LPA, and CV;, to the bottom side of the hydraulic actuator barrel during the upward
pitch motion. Conversely, during the downward pitch motion, the high-pressure fluid
from the bottom side of the hydraulic actuator barrel flows through CV3;, HPA, HM, LPA,
and CVjy to the top side of the hydraulic actuator barrel. Finally, the high-pressure fluid
flowing through the hydraulic motor forces the hydraulic motor and generator to rotate
synchronously in the same direction, resulting in useful electrical power; thus, the generated
electricity from the generator significantly depends on the hydraulic motor speed, which is
subjected to the ocean wave input characteristics.

In [22], the operation of the conventional HPTO unit was optimized using a genetic
algorithm. The optimization process was intended to maximize the generated electrical
power from the HPTO unit. Seven important parameters of the conventional HPTO unit,
for example, hydraulic motor displacement, hydraulic cylinder size, hydraulic accumulator
capacity, etc., were considered during optimization process. Overall, the findings demon-
strated that the conventional HPTO unit could generate electrical power reached up to 62%
of the rated capacity under irregular wave circumstances; however, the generated electrical
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power from the conventional HPTO unit highly fluctuated under irregular wave circum-
stances; thus, as suggested by the authors, some improvements should be implemented on
the conventional HPTO unit to ensure it can generate a better quality of electrical power at
the maximum capability.

The output power of the generator, as well as the frequency of the electricity, can be
maintained if the hydraulic motor speed remains consistent. For the variable-displacement
hydraulic motor case, the hydraulic motor speed can be controlled either by adjusting
the volumetric displacement or the volumetric flow rate of the hydraulic motor; however,
the variable-displacement hydraulic motor requires more expense and more attention than
the fixed-displacement hydraulic motor [10]. Since the fixed-displacement hydraulic motor
was considered in the conventional HPTO concept, the hydraulic motor speed only can
be controlled by adjusting the volumetric flow rate of the hydraulic motor. To reduce the
hydraulic motor speed, mechanical fluctuation, and electrical power fluctuation, several
modifications to the conventional HPTO concept were proposed, as presented in Figure 2B.
First, a dual HPA module is used instead of a single HPA module was used in the conven-
tional HPTO unit. Second, the FEC module is added to provide a less-fluctuated and more
constant fluid flow to the hydraulic motor by managing the charge/discharge processes of
the dual HPA module and controlling the volumetric flow rate.

In the modified HPTO unit, the dual HPA module is used to eliminate the fluctuations
of the hydraulic oil flow to the hydraulic motor. HPA; is used as a primary fluid energy
storage, while HPA, is used as a backup fluid energy storage. As indicated in Figure 2B,
the HPA; and HPA, with similar volume capacity are connected in parallel to the FEC
module. FEC module consists of a hydraulic check valve (CVs), 3-way direction control
valves (DCV; and DCV5), an electrical motorized flow control valve (FCV), a control
strategy, and other electronic components. CVs5 is added at the charging line to prevent
the reverse hydraulic oil flow from the HPA; and HPA, during their high-pressure state.
DCV; and DCV,m which is operated by the electric solenoid valve are used to control the
charging and discharging processes of the HPA; and HPA, by regulating their hydraulic
flows directions. DCV; and DCV, are composed of three ports and three blocks. Ports 1
and 2 of DCV; and DCV;, are connected to the charging and discharging lines. Ports 3 of
DCV; and DCV,; are connected to the HPA; and HPA,, respectively. In addition, FCV is
used to control the volumetric flow rate from the HPA; and HPA; to hydraulic motor. In the
improved HPTO unit model, the FEC module was assumed to be powered by external
power supply, such as solar power or local power sources.

The overall operation of the FEC module is driven by a proposed control strategy,
as depicted in Figure 3. The control strategy is divided into two parts. Part A is designed to
control the charging and discharging process of the dual HPA module within the pressure
constraint. The minimum and maximum hydraulic oil pressure constraints of HPA; and
HPA; are set to 47 Bar and 48.5 Bar, respectively. The feedback output of the HPA; pressure
is used as input for the control strategy in part A. The reference positions of DCV; and
DCV; (xpcvi,ef and Xpeya,ref) are the outputs from the control strategy in part A. Part B
of the control strategy is designed to regulate the volumetric flow from HPA; and HPA,; to
the hydraulic motor. Figure 4 presents a closed-loop PID controller that is used in part B
of the control strategy. The generator rated power (P; s.¢) and the instantaneous electrical
power generated output (P;) are the inputs of the closed-loop PID controller. In this case,
the Pg s, is set to 100 W. A proportional-integral-derivative (PID) controller automatically
adjusts the FCV flow coefficient (Crcy) with respect to P set- Crcv ref is the output from
the closed-loop PID controller.

The operation of the FEC module is started with analyzing the pressure state of HPA;
(PHpa1), whether it reaches the lowest (Pypa1,min) or highest (Pypa1,max) of considered
constraints. When Pgpg; reaches Pgpai may, the FEC module controller automatically
regulates DCV; and DCV, to positions C and B in order to change HPA; and HPA; to
discharge and charge mode. Conversely, the FEC module controller automatically regulates
DCV; and DCV; to positions B and C once Pypg; reaches Prpaj iy in order to change
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HPA; and HPA; to charge and discharge mode. During Pypa; is within the constraint,
DCV; and DCV;, positions remain as previously mentioned. The charging and discharging
processes of HPA; and HPA; are completed once Pyps; reaches Prpa1 min and Prpai1 max,
respectively. Finally, the PID controller automatically regulates Crcy s according to the
deviation of Pg s+ and Pg. The overall FEC module process iteratively loops until the end
of the HPTO unit operation.

Part A
| Measure
Ppa()
Yes
No
Check No
Xpeyq(t-1)
Yes DCV1
Regulate Regulate
ﬁ (—
Xpcv(t) =B Xpeyi(t) =C
v v
Regulate Regulate
Xpeva(t) =C Xpcva(t) =B
Regulate Cry, (1)
> assisted by PID controller [«
(Figure 4)
I Part B

Figure 3. A proposed control strategy of FEC module.

Feedback
Power

Figure 4. A closed-loop PID controller for flow control valve.

3. Wave-to-Wire Model of the Considered WECs
3.1. Irregular Wave Inputs

In the present study, five different irregular wave profiles are created in order to
evaluate the robustness of the proposed control strategy in mitigating the power fluc-
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tuations of HPTO unit. The different irregular wave profiles are created based on the
Pierson-Moskowitz spectrum using AQWA toolbox in ANSYS (Pennsylvania, United
States). The characteristics of five different irregular wave profiles with different Hs and T,
are summarized in Table 1. Sea state A is considered as the nominal wave condition. Sea
states B and C are used for the different Hy cases, while sea states D and E are considered
for the different T, cases. For sea state A, the values of Hs and T), are set to 0.8 m and
4.5 s. For sea states B and C, the H; is set to 0.6 m and 1.0 m (+0.2 m of nominal Hjy),
while Tp is maintained at the nominal value for both cases. Meanwhile, for sea states D
and E, H; is maintained at the nominal value while T), is set to 2.5 s and 6.5 s (+-2.0 s of
nominal T,). The wave profiles of sea states A to E are generated for a 500 s time period.
The wave spectra and the example of generated irregular wave profiles for 50 s time period
are presented in Figures 5 and 6.

3.0
—— Sea state A
| —— Sea state B
25 —— Sea state C
—— Sea state D
= 2.0 —— Seastate E
=
=
S
1.5 A
g
35
»” 1.0 A
0.5 -
0.0 T " ;
0 2 4 6 8
o (rad/s)
Figure 5. Wave spectra for different sea states.
1.5
—— Sea state A
—— Sea state B
1.0 4 —— Sea state C
—— Sea state D
—— Sea state E
~ 0.5 4
g
S
0.0 ~
-0.5 4
_1.0 T T T T
0 10 20 30 40 50

Time (s)

Figure 6. Examples of five different irregular wave profiles for 50 s time period.
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Table 1. The characteristics of five different irregular wave profiles.

Sea State Hg T, Remarks
A 0.8 4.5 Nominal Hs & Tj
B 0.6 45 Lower H;
C 1.0 ’ Larger H;
D 08 2.5 Lower T),
E 6.5 Larger T)

3.2. Dynamic Model of the WA Device

The hydrodynamic pitch motion of the WA device in the actual ocean waves are
described based on the time-domain equation as given in Equation (1) [19,38]. Jwa and
Jadd - refers to the inertia moment of the WA device and the added mass at the infinite
frequency. hey is the excitation force coefficient, k,,; is the radiation impulse response
function coefficient, and ks is the hydrostatic restoring coefficient. Gy, 0y and Oy, are
the instantaneous angular acceleration, velocity, and position of the WA device during the
pitch motion, respectively. In the present study, the hydrodynamic diffraction analysis using
ANSYS/AQWA computational fluid dynamics (CFD) software was used to determine the
hex, kyaq, and ky,s coefficients, as previously implemented in [49-51]. The results from the
preliminary hydrodynamic diffraction simulation are presented in Figure 7.

) t , o
(Jwa + Jadd,eo)Owa (t) + /0 kyaa(t — T)0wa (t) + kresBwa (t) + Mupro(t) = /_oo hex (t — T)npw dT

h,, INI

k,., [N*s/m]

x10*
2.5

(A)
2.0

1.5
1.0

0.5

0.0

00 02 04 06 08 1.0 12 14
Wave frequency (Hz)

x10°

1.2
1.0
0.8
0.6 1
0.4
0.2
0.0

©)

00 02 04 06 08 1.0 12 14

Wave frequency (Hz)

k. kgl

ki, [N*s/m]

x10°

1.5

1.0

0.5

(B)

0.0

00 02 04 06 08 1.0 12 14

Wave frequency (Hz)

x10°
3

(D)

0 2 4 6 8

Time (s)

M

Figure 7. Hydrodynamic parameters of wave absorber device from preliminary simulation in
ANSYS/AQWA. (A) Excitation force coefficient; (B) Added mass coefficient; (C) Radiation damping
coefficient; (D) Impulse response function.
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Meanwhile, the moment of due to the HPTO unit force (Mgpro) in Equation (1)
can be calculated using Equation (2), where Fypro refers to the feedback force from the
hydraulic actuation module applied to the WA device during the pitch motion, as depicted
in Figure 1. L, is the perpendicular length from point C to the hydraulic actuator rod. L,
can be calculated using Equation (3), where Ly, L3 and L4 are the length from points A to C
and B to C and A to B, respectively. 8y, ¢ is the angular position of the WA device during
the default position. x4 refers to the linear displacement of the hydraulic actuator, which
can be described using Equation (4).

Mpypro = FuproLy @)
LrL3sin(0 -0
L, = L2 3sin(Bwao — Owa) (3)
Ly +xHaA
XHA = Ly — \/L% + L% — 2L L3cos(0wa0 — Owa) @

The WA device submodel was built based on the hydrodynamic pitch motion functions
in Equations (1)—(4) using a mathematical function block, as depicted in Figure 8A. The in-
puts of the WA device submodel are the irregular wave profile (1), and the feedback force
from the hydraulic actuation module of the HPTO unit, Fyypro. The linear displacement
of the hydraulic actuator, x4 is the output of the WA device submodel. The hydrody-
namic coefficients of the WA device, such as hey, k44, and ky.s were determined from the
hydrodynamic diffraction analysis conducted using ANSYS/AQWA software (version
2019 R3).

3.3. HPTO Unit Models

The HPTO unit submodels were built using the Simscape Fluids toolbox provided in
the MATLAB/Simulink based on the conventional and improved concepts in Figure 2A,B.
The HPTO unit submodels were built using the available hydraulic components in the
Simscape Fluids toolbox. The detail descriptions of each components in the Simscape Fluids
can be obtained in [52]. For hydraulic actuation module, a single rod double chamber
with a fixed body actuator was used. This actuator model includes pressure dynamics
in the volumes either side of the piston and viscous friction. The piston diameter, rod
diameter, stroke length, and initial piston displacement are some examples of the important
parameters used in the hydraulic actuator. The ideal translational velocity source block was
used to convert x4 input from the WA device submodel into velocity dimension (X1 4).

For rectification module, a combinations of four spring check valve blocks (CV; to
CV,) were used. In these check valve models, a functional hysteresis was specified to the
model in order to take into account dry friction effects. The maximum cross-sectional area
and flow discharge coefficient are the main parameters of the check valve model. For the
fluid energy storage, the blocks model of a gas-charged accumulator (HPA;, HPA; and
LPA) were used. The accumulator blocks consists of a precharged gas chamber and a fluid
chamber. The accumulators gas were assumed to obey an adiabatic polytropic gas law,
where the hydraulic fluid within the accumulators were assumed to have the same pressure
as the gas. The gas precharge pressure, accumulator volume, and adiabatic index are the
vital parameters of the accumulator blocks.

For the generation module, the fixed displacement hydraulic motor block was coupled
with a rotational damper with a variable damping. A rotational damper with a variable
damping was used to replicate the electric generator behavior of the generation module in
order to reduce the HPTO submodel complexity. The damping coefficient of the considered
generator (dg) was used in the rotational damper to represent the actual resistive torque of
the electric generator imposed on the hydraulic motor. The instantaneous electrical power
produced by the generator (Pg) was calculated using Equation (5), where wg is generator
speed, 7 is generator torque and 7 is generator efficiency.

P = 2nwgtsnc ®)
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Figure 8. A developed WECs simulation model in MATLAB/Simulink. (A) WA device submodel;
(B) Conventional HPTO unit submodel; (C) Improved HPTO unit submodel.

For the improved HPTO unit model, the FEC module was modeled using 3-way direc-
tional valve (DCV; and DCV;) and variable orifice valve (FCV) blocks. The 3-way direc-
tional valve block represents a directional control valve with three ports and two positions,
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or flow paths. The dynamic behavior of the 3-way directional valve blocks were set based
on the second-order system between input signal and valve opening. The model param-
eterization of DCV and FCV blocks were set based on the maximum cross-sectional area
and valve opening factor. The detail descriptions of the DCV and FCV blocks parameters
setting can be obtained in [52]. The flow charge coefficient, leakage area, and maximum
opening area are the important parameters of the DCV and FCV blocks. Furthermore,
the control strategy of the FEC module was modeled using mathematical blocks and PID
controller block based on the concept in Figure 3.

In addition, the hydraulic pipeline block was used to connect all the modules in the
HTPO unit models. The hydraulic pipeline block accounts for friction loss along the pipe
length and for fluid compressibility. In addition, several sensors such as force, pressure,
flow rate, etc., were included in both HPTO unit models. Finally, all the parameters setting
of both HPTO unit models are given in the Table 2.

Table 2. HPTO models parameters.

Descriptions Value Unit

Actuation module

Piston diameter 0.035 m
Rod diameter 0.022 m
Stroke length 0.3 m
Initial displacement of piston 0.15 m
Rectification module
Flow discharge coefficient 0.75 -
Maximum cross-sectional area 0.003 m?
Fluid energy storage module
HPA; & HPA,; pre-charge pressure 47 bar
LPA pre-charge pressure 3.2 bar
HPA; & HPA; volume capacity 2.8 L
LPA volume capacity 4 L
Adjiabatic index 14 -
Generation module
Rated power of generator 100 W
Rated speed of generator 200 rpm
Rated torque of generator 6 Nm
Damping coefficient of generator 0.024 Nm/rpm
Efficiency of the generator 0.95 -
Volumetric displacement of hydraulic motor 8 cc/rev
Volumetric efficiency of hydraulic motor 0.95 -
Mechanical efficiency of hydraulic motor 0.95 -
Fluid energy control module *
Flow discharge coefficient of DCV;, DCV, & FCV 0.7 -
Leakage area of DCV7, DCV, & FCV 1x 10712 m?
Maximum opening area of DCV; & DCV; & FCV 0.5 x 1074 m?

* Applicable for an improved HPTO unit only.

3.4. Determination of Optimal Parameters of FEC Control Strategqy Using Genetic Algorithm

A FEC module control strategy consists of four important parameters, such as pro-
portional gain (kp), integral gain (k;), derivative gain (k;), and Pypa1,max- In this study,
the control strategy parameters were preliminarily determined using a genetic algorithm.
Figure 9 illustrates the generalized simulation set-up diagram for parametric estimation
using the genetic algorithm. In this estimation process, the genetic algorithm program
based on Figure 10 was separately built in the MATLAB/M-file. The parameter settings of
the genetic algorithm are gathered in Table 3. The genetic algorithm in the MATLAB/M-file
was then linked to the WECs model in MATLAB/Simulink. The irregular wave profile
based on the nominal condition (sea state A) was used as the wave input of WECs model.
A specific objective function (OF(x¢s)) was created for genetic algorithm based on the FEC
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module control strategy in Figure 3. OF(x¢s) can be described using Equations (6)—(8).
MAAPD is the moving average of the absolute power deviation (PD). T; is the simulation
period. Using OF(xcs), the P; generated from the HPTO unit is maximized by genetic
algorithm through selecting the best values for the FEC module control strategy parameters.

The parameters determination process using genetic algorithm was initially started by
randomly generating a population of chromosomes for ky, k;, ks, and Pypa1,may- Thereafter,
for the first iteration, the random values from the generated population were chosen
for each study parameter. The WECs model was then evaluated based on the OF(xcs).
The chromosomes of the population were then sorted according to the least cost or highest
fitness. Some percentages of the best chromosomes were transferred directly to the next
generation based on their merit. Then, three genetic algorithm operators named as selection,
crossover, and mutation were implemented to manipulate the rest of the chromosomes for
the next generation. During the selection rule, the parent’s chromosome that contributed
to the current population was selected for the next generation process. Then, pairs of
selected parents were recombined by a crossover operator to produce new chromosomes.
A mutation rule was then applied to the new chromosomes to avoid the genetic algorithm
converging to the local optimum. This process was iterated until the satisfactory fitness
level was reached.

Table 3. Parameters setting of parameters optimization using genetic algorithm.

Descriptions Value

Genetic algorithm setting

Population size 100
Reproduction ratio (%) 80

Maximum number of generations 20

Mutation probability (%) 10

Mutation amplitude 0.2

Seed 1

Final accuracy 0.01

Parameters constraints Min Max
kp 0.01 1
k; 0.01 1
kq 0.01 1
PHpA1,max 47 52

FEC control k, ki kg Genetic LR,| Calculate

1 | 1
1 | 1
1 | 1
! strategy < L algorithm [« “Linear |
! (Figure 3) Prat, max! ! (Figure 10) regression” !
1 I | I : 1 A 1
! Xpeviref Crev,ref ol MAAPD |
! XDCy2,ref I !
' | :
1
! P H Calculate PD Calculate !
1 3 G 1 1
[ w17 L) S rof S |
! & ! ! (Equation 8) (Equation 7) !
1 A 1 1
XHA T 2

: 11 ORaed  MATLAB/M-file :
I | Wave absorber (b - !
! device «— |
! (Figure 8A) w !
1 1

1
| MATLAB/Simulink !

Figure 9. Illustration of simulation set-up for optimization of control strategy using genetic algorithm
in MATLAB software.
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Figure 10. Procedure of parameters optimization using genetic algorithm.
OF(xcg) = min(LRy) (6)
1 t
MAAPD = — / \PD(t)| dt %
° 0
PD = PG,Rated - PG (8)

3.5. Simulation Analysis of the Improved HPTO Unit

The simulation analysis of the improved HPTO unit consists of two main parts.
The first part of the simulation study was aimed to compare the performance of the
conventional and improved HPTO unit under irregular wave circumstances; thus, the con-
ventional and improved HPTO unit models were simulated using five different sea state
inputs with different significant wave heights (H;) and the peak wave periods (T;). For the
second part, the simulation study was aimed to investigate the effects of the Prpa1 yax 0N
the generated electrical power from the improved HPTO units performance; thus, the sim-
ulation of the improved HPTO unit model was repeatedly performed by adjusting the
Prpa1,max value from 47.5 to 51.5 bar, respectively. In addition, three evaluation criteria, as
derived in Equations (7)—(9), were considered to evaluate the generated electrical power in
the simulation studies in part 1 and 2. Npp in Equation (9) represents the number of PD at

a certain level. N
OPpp = PD

- x 100 )

Y. Npp
0
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4. Results and Discussions

The simulation results are presented and discussed in this section: Section 4.1 presents the
optimal parameters of FEC control strategy obtained using genetic algorithm. Sections 4.2 and 4.3
present the evaluation of an improved HPTO unit under different irregular sea states. Section 4.4
describes the effect of the Prrpa1 jnqx on the improved HPTO unit performance.

4.1. Optimal Parameters of FEC Control Strategy

Figure 11 depicts the chronological variation of the best variable for objective function,
PID, and Pypa1 max parameters with the respect to the number of generations obtained
from the optimization process performed by genetic algorithm. From the figure, the red
vertical line indicates the termination point of the control strategy parameters optimization
process by the genetic algorithm. Figure 11A shows that the overall optimization process
of the best control strategy parameters was completed after 15 number of iterations once
the genetic algorithm had satisfied its accuracy requirement. The overall parameters
optimization process by genetic algorithm was carried out for 7 h 30 min. The lowest
objective function was found equal to 0.05601, as depicted in Figure 11A. Figure 11B
illustrates the chronological variation of the best variable for PID controller parameters
throughout the optimization process. From the figure, the best values for PID controller,
ky, ki, and k;, were found to be equal to 0.989, 0.869, and 0.112, respectively. Figure 11C
depicts the chronological variation of the best variable for Pypa; sqx parameter and the
optimal Pypa1 max Was equal to 48.5 bar.

The best feasible control strategy parameters
|
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Figure 11. Chronological variation of the best value obtained in each generation for (A) objective
function, (B) PID controller, and (C) Pypa1 max parameters.
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4.2. Evaluation of an Improved HPTO Unit Nominal Sea State (Sea State A)

This section presents the comparison of the conventional and improved HPTO unit
performances in the nominal sea state (sea state A). The performance evaluations were
conducted by comparing the quality and the amount of the generated electrical power, Pg
from both HPTO unit. Figure 12 presents the profiles of the electrical power generated
from the conventional (Pg ¢up.) and improved (Pg,iinp.) HPTO units for a 150 s of a 500 s
total time simulation period (for better visualization). The figure shows that the Pg 5.
frequently fluctuated below the rated capacity (100 W) and potentially fluctuates within a
second. The fluctuation of the generated electrical power is due to the irregular behavior
of the ocean wave input, which produces inconsistent high-pressure flow to the power
generation module.

Technically, the fluctuation occurrences in the mechanical and electrical side of the
HPTO unit may produce several negative impacts. For the mechanical side, the fluctuation
of high-pressure flow may cause sudden vibrations on HPTO unit components and directly
produce unnecessary noise and heat. The vibration also may increase the leakage potential
on the components involved [10]. For the electrical side, the fluctuation of the generated
electrical power from the HPTO unit may cause a disastrous impact on the electrical appli-
ances. The lower voltage generated from the HPTO unit causes the electrical equipment to
not function at the expected load. The higher voltage generated from the HPTO unit can
damage the equipment insulation.

The unnecessary power fluctuations in the generated electrical power were signifi-
cantly reduced by employing the improved HPTO unit, as illustrated in Figure 12. The fig-
ure indicates that the improved HPTO unit, which consists of the FEC module, can trans-
form the high-fluctuation electrical power to a more stable electrical power. The stability
power generated by the improved HPTO unit depends on the pressure level of HPA; and
HPA,;. During the high-pressure state of HPA; and HPA,, the improved HPTO unit can
generate electricity at its rated capacity. During a low-pressure state, the generation module
of improved HPTO unit is deactivated from the power generation process.

__-PG, Rated PG, conv. PC, imp.
120
Sea state A )

~ 807 H | 5"
g ] 1 EE
[} K - |
<" - I
40 -+ 13
; i

Time (s)

Figure 12. Comparison of P; generated from conventional and improved HPTO unit outputs in the
sea state A.

PD and OPpp evaluation criteria, as described in Equations (8) and (9), were used to
measure the quality of the generated electrical power in Figure 12. Figure 13 illustrates
the OPpp results of both HPTO unit cases for 500 s of WECs operation. PD represents
the power deviation between P; and Pg rueq; OPpp represents the percentage of PD
occurrences. The negative and positive value of PD refers to the higher and lower Pg rather
than the Pg raeq. PD equal to 0 W means the Pg is generated at the P ryeq level. PD
equal to 100 W means the electrical power is not generated from the HPTO unit. Figure 13
depicts that the PD occurrences for the conventional HPTO unit case were found between
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—20 W to 100 W. The Pg (ony. Was above the rated capacity during 12.8% of WECs operation.
For 38.1% of WECs operation, the Pg .o, Was below the rated capacity. The Pg ., Was at
the rated capacity only during 10.2% of WECs operation.

80

Sea state A

60 1

[l Conv. HPTO
B [mp HPTO

=20 0 20 40 60 80 100

PD (W)

Figure 13. A comparison of OPpp for conventional and improved HPTO unit models in sea state A.

Meanwhile, for improved HPTO unit case, PD was significantly found at 0 W, 10 W,
90 W, and 100 W only; therefore, the over-generated electrical power apparently does not
exist in the improved HPTO unit case. Pg,;ip. was at the rated capacity during 57.6% of
WECs operation. For 16.4% of WECs operation, PG ;. was lower than the rated capacity.
Figure 13 also indicates that the generation module in both HPTO units was not operated
(off-time) several times. The figure shows that the generation module off-time of the
improved HPTO unit was longer than the conventional HPTO unit. The longer off-time
may be due to the dual HPA module used in the improved HPTO unit instead of the
single HPA module used in the conventional HPTO unit. The occurrences of generation
module off-time for the improved HPTO unit was 25.9% of WECs operation. In contrast,
the occurrences of generation module off-time for the conventional HPTO unit was 10.2% of
WECs operation. Technically, a longer off-time can increase the lifespan of the components
in the generation module, such as the hydraulic motor and generator, due to the higher
heat reduction.

Figure 14 presents a comparison of moving average of absolute power deviation,
MAAPD for both HPTO units in sea state A. Ry and R; represent the linear regression lines
of MAAPD for conventional and improved HPTO units (MAAPD ;. and MAAPD ),
respectively. In overall, the variation of MAAPD ono. & MAAPDimp. can be linearized
based on the Ry and R; functions. The slope coefficients of R; and R; indicate the average
change rate of MAAPD oy, and MAAPD;yp,, where the greater slope coefficient indicates
the greater the rate of change. The slope coefficient of the R; and R, were obtained equal
to 0.066 and 0.057, as shown in Figure 14A. From the figure, the R, was higher than R
during the early state, which means that the MAAPD;,,y, was greater than MAAPD ou0.
during the early state. This due to a longer off-time of generation module (up to 20 s)
in improved HPTO unit during early state operation, as depicted in Figure 12. A longer
off-time of generation module at early state operation is due to the high charging process
of the dual HPA module; however, the R, was lower than R; after 320 s, which means
that the MAAPDimp_ was smaller than MAAPD oy, as depicted in Figure 14A. A smaller
MAAPD;,p. was due to the efficient control of FEC module used in the improved HPTO
unit. The intercept point between R; and R; was found at 177.5 s with the magnitude of
12.5 W, as depicted in Figure 14B.
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Figure 15 compares the moving average of Pg cony. and PG,imp.- To be fair, in com-
parison, the PG conp. and Pg iyp. were limited up to the rated capacity during the moving
average. Based on the figure, a longer off-time of the generation module of the improved
HPTO unit during the early stage operation does not affect the amount of PG yp.. The figure
shows that the final average of PG iy, was higher than that of Pg cono.- The final average of
PG, imp. and PG cony. Were equal to 69.77 W and 67.44 W, respectively.

40
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% PN R,
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Figure 14. A comparison of MAAPD for conventional and improved HPTO unit models in sea state
A, (A) MAAPD profile for 500 s and (B) enlarged image focused on the intercept point between R;

and Rj.
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Figure 15. A comparison of Pg 4, for conventional and improved HPTO unit models in sea state A.

The behavior profiles of selected components in the improved HPTO unit are depicted
in Figure 16. Figure 16A presents the active position of DCV; and DCV; profiles during the
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improved HPTO unit operation. At positions B and C, HPA; and HPA,; are, respectively,
connected to the charging and discharging line, as depicted in Figure 2B. Figure 16A shows
that the HPA; and HPA, operations were interchangeable throughout the HPTO unit
operation with respect to the HPA; pressure constraint. The switching periods of DCV;
and DCV; depend on the charging and discharging period of HPA;. Figure 16B illustrates
that the initial fluid pressures of HPA; and HPA, were set to 0 bar. At the initial operation
of the improved HPTO unit, the HPA; was first connected to the charging line since it
was assumed as a primary fluid energy storage, as depicted in Figure 16A. At the same
time, HPA, was connected to the discharging line. The charging and discharging process
were interchangeable after 25 s after Pyps; reached Pypai max constraint, as depicted in
Figure 16B.

(A) Xpcvi Xpcvz
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Figure 16. The behavior profiles of selected components in the improved HPTO unit. (A) The active
position of DCV; and DCV,. (B) The oil pressure in HPA; and HPA,;. (C) The flow coefficient of FCV.
(D) Hydraulic motor speed.
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Figure 16C shows the variation of FCV flow coefficient, Crcy, throughout the im-
proved HPTO unit operation. The FCV operation depends on the hydraulic motor speed
as well as the generated electrical power from the generator, as depicted in Figure 4.
Technically, the Crcy can be varied between 0 to 1; however, in this case, the Cpcy was
approximately varied from 0.2 to 1 during the high-pressure to low-pressure states of the
Pripa1, as presented in Figure 16C. In this regard, the fluid flow through the hydraulic motor
was approximately regulated to 1.68 L/min during the highest pressure state to ensure
the hydraulic motor operates at its rated speed, as depicted in Figure 16D. In contrast,
the fluid flow from the dual HPA module to the hydraulic motor was unregulated during
the low-pressure state of Prypa;.

4.3. Evaluation of an Improved HPTO Unit in Different Significant Wave Height and Peak Wave
Period Inputs (Sea State B, C, D, and E)

The simulations of conventional and improved HPTO units were repeated using four
different sea states to ensure the robustness of the improved HPTO unit at the different
significant wave heights and periods. A similar power quality analysis used in Section 4.2
was carried out on the generated electrical power from both HPTO units in different
significant wave heights and wave periods. Figures 17 and 18 present the Pg ¢y, and
Pg,imp. profiles for different significant wave height and wave period cases, respectively.
By comparing Figure 12 to Figures 17A and 18A, the Pg conp. and Pg imp. in the lower
significant wave height and period (sea states B and D) cases fluctuated more than in the
nominal sea state. The Pg .,y,. in the sea states B and D mostly fluctuated below the rated
capacity, as indicated in Figures 17A and 18A. The conventional HPTO unit could not
generate reliable electricity during the lower significant wave height and wave period;
however, the fluctuation problem in the electrical power generation can be reduced by
using the improved HPTO unit. Figures 17A and 18A show that the improved HPTO unit
could generate more reliable electricity than the conventional HPTO unit. From the figure,
the improved HPTO unit generates less fluctuated electrical power after 30 s (sea state B)
and 32 s (sea state D) of WECs operation, respectively.

Meanwhile, for higher significant significant wave height and wave peak period cases
(sea states C and E), Figures 17B and 18B show that the Pg ¢oup. and Pg,imp. fluctuated less
than Pg conp. and PG imp. in the nominal sea state case, particularly from improved HPTO
unit. The improved HPTO unit generates better-quality electrical power in the sea states C
and E after 18 s (sea state C) and 25 s (sea state E) of WECs operation. The generator off-time
of the improved HPTO unit was reduced, particularly in sea state E. Moreover, Pg c0.
fluctuated more than the Pg .. The PG conp. Was frequently fluctuated below and above
the rated capacity, which is potentially up to 120 W, as indicated in Figures 17B and 18B.

Figures 19 and 20 illustrate the PD occurrences of conventional and improved HPTO
units for different significant wave height and wave peak period cases. Overall, the com-
parison of the PD occurrences in Figures 19 and 20 show that the PD occurrences of the
improved HPTO unit case in sea states B to E were lower than the conventional HPTO
unit case. The figures show that the PD occurrences of the conventional HPTO unit were
found between -20 W and 100 W in all sea states. For improved HPTO unit, the PD
occurrences mainly were significantly found at 0 W, 10 W, 90 W, and 100 W for all sea
states. Figure 19A,B indicate that the improved HPTO unit generates electrical power at
the rated capacity in sea states B and C during 34.3% and 78.6% of WECs operation. The
conventional HPTO unit generates electrical power at the rated capacity in sea states B and
C only during 21.4% and 32.1% of WECs operation. Meanwhile, the improved HPTO unit
generates electrical power at the rated capacity for sea states D and E during 37.3% and
53.7% of WECs operation, as indicated in Figure 20A,B. For the conventional HPTO unit,
the generated electrical power at the rated capacity in sea states B and C only during 25.4%
and 36.7% of WECs operation, respectively.
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Figure 17. Comparison of the Pgconp. and Pginp. profiles for the different significant wave
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Figure 18. Comparison of the Pg oy, and Pg iy, profiles for the different wave peak period cases.
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Figure 19. The PD occurrences of conventional and improved HPTO units” outputs for the significant
wave height cases.
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Figure 20. The PD occurrences of conventional and improved HPTO units” outputs for the significant
wave period cases.

In overall, the generation module off-time of the improved HPTO unit was significantly
higher than the generation module off-time of the conventional HPTO unit, particularly
in sea state B, D, and E, as depicted in Figures 19 and 20. The longer off-time of genera-
tion module did not affect the overall power generated from the improved HPTO unit.
Figures 21 and 22 present the comparison of MAAPD and LR, for conventional and im-
proved HPTO unit models for the significant wave height and wave peak period cases.
The figures depict that the MAAPD;y,, was lower than the MAAPD,y,». in all sea states.
For example, in sea state B, the final MAAPD and LR, of the improved HPTO unit were
equal to 55.77 W and 0.107, respectively, whereas the final MAAPD and LR, of the conven-
tional HPTO unit were equal to 57.52 W and 0.114, respectively. In sea state C, the MAAPD
and LR, of the improved HPTO unit were significantly lower than the MAAPD and LR,
of the conventional HPTO unit. This is due to the shorter generation module off-time,
as depicted in Figure 19B. In sea state C, the final MAAPD and LR, of improved HPTO
unit were equal to 9.8 W and 0.012, respectively, whereas the final MAAPD and LR,
of conventional HPTO unit were equal to 20.11 W and 0.036, respectively, as depicted
in Figure 21.
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Figure 21. A comparison of MAAPD for conventional and improved HPTO unit models for the

different significant wave height cases.
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Figure 22. A comparison of MAAPD for conventional and improved HPTO unit models for the

different wave peak period cases.

Further analysis of the generated power from the improved HPTO unit in different
sea states based on the overall average power was performed to ensure the average of
PG, imp. is not significantly lower than the average of Pg cono.- Figures 23 and 24 compare
the average of PG cono. and Pg imp. for the different significant wave height and wave period
cases. The overall results in Figures 23 and 24 indicate that the average of the Pg iy
was higher than the average of the Pg ... in all sea states after 500 s of WECs operation.
For example, during the lower significant wave height case (sea state B), the average
of PG imp. reached up to 44.36 W, while the average of the PG conp. Only reached up to
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42.86 W, as illustrated in Figure 23A. In the higher significant wave height case (sea state C),
the average of Pg . reached up to 90.48 W, while the average of the Pg oy, Only reached
up to 87.29 W, as indicated in Figure 23B. During lower and higher wave peak period sea
states, the average of the Pg ;. reached up to 50.44 W and 67.04 W, as indicated in Figure 24.
The average of the Pg ¢, Was only equal to 47.86 W and 64.81 W, as shown in Figure 24,
respectively. In summary, Figures 23 and 24 verified that the improved HPTO unit could
generate a better quality and amount of electrical power compared to the conventional

HPTO unit.
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%0 7 (A) Sea state B
40 1
E 30 A
5 20 ] T=500s
Ay 1 P.,..=4286 W
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Figure 23. The average PG cono. and PG iy, for the different significant wave height cases.
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Figure 24. The average PG cono. and PG imp. for the different significant wave period cases.
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4.4. Effect of HPA; Pressure Constraint on the Improved HPTO Unit Output

Further simulations of the improved HPTO unit with the different HPA; pressure
constraint were conducted. These simulations were intended to investigate the effect of
the upper-pressure constraint of HPA; (Pgpa1,max) On the generated electrical power from
the improved HPTO unit. Technically, Pypa1 max is one of the parameters influencing the
accumulation period and the accumulated energy in HPA;. The lower and higher value of
Prpa1, max affects the accumulation period and the accumulated energy in the HPA;. At the
lower Pypa1 max setting, the accumulation period is short, and the accumulated energy is
low. Conversely, the accumulation period is long and the accumulated energy is high at the
higher Prpa1 max setting. Subsequently, the accumulation period and accumulated energy
in HPA; influence the hydraulic motor speed as well as the electrical power generated from
the generator. In short, the Pypa1 i,y setting influences the generated electrical power from
the HPTO unit. Figure 25A,B present the example of Pg ;. profiles for the lower (47.5 bar)
and higher (49.5 bar) Pypa1 max cases. The comparison of results in Figure 25A indicates
that, at the lower Pypa1,max setting, the Pg ;. can be generated earlier (within 18 s) than the
optimal Pypa1,max setting (within 25 s). On the contrary, Pg iy, was slightly delayed (within
30 s) than the optimal case using the higher Prps 4y setting, as indicated in Figure 25B.

120 =48.5 bar ——P,,, ..=47.5 bar
= 80 1
2
)
Q( 40 -
0 Al :I T b T T

60 80 100 120 140
—P =49.5 bar

HPA1,max

HPAI,max=48'5 bar

Py (W)

0 T I :I T | : T
0 20 40 60 80 100 120 140

Time (s)

Figure 25. The profiles of the generated electrical power from the improved HPTO unit for different
PHPAl,max cases. (A) PHPAl,mux =475 bar; (B) PHPAl,max =495 bar.

Figure 25 illustrates the effect of the Pypa1 iy setting on the PD occurrences in the
generated electrical power from the improved HPTO unit. Overall, the PD occurrences in
the generated electrical power were reduced by increasing the Pypa1 mqy setting. As indi-
cated in Figure 25, Pg iy more fluctuated during the lower Pypa1,mqy setting while less
fluctuated during the higher Prpa1 max setting. Figure 26 compares the PD occurrences of
Pg,imp. for three different Pypa1,max settings (47.5 bar, 48.5 bar, and 49.5 bar). The Pypa1,max
setting effects on the PD occurrences of Ig iy, can be clearly observed from the figure.
The improved HPTO unit with the higher Pypa1 yqx setting could generate more stable
electrical power (PD = 0 W). As indicated in Figure 26, the improved HPTO unit with a
higher Prpa1 max setting could generate electrical power at the rated capacity during 60.7%
of WECs operation. The generated electrical power from improved HPTO unit with lower
Prpa1 max setting only up to 44.7% of WECs operation. The figure also depicts that the gen-
erated electrical power with 10% power fluctuation (PD = 10 W) also was lower during the
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higher Prpa1 max setting, which only up to 8% of WECs operation. A more stable electrical
power from the improved HPTO unit with a higher Pypa1 ,uqx setting was due to the higher
fluid energy accumulated in the HPA;. Furthermore, the higher Pypai mqx setting also
increased the off-time of the generation module in the improved HPTO unit (PD =100 W).
As indicated in Figure 26, the off-time of the generation module was longer, up to 28.1% of
WECs operation. A longer off-time of the generation module was due to the larger pressure
constraint during the higher Prpa1 mqx setting. A larger pressure constraint required a more
extended energy accumulation period of HPA;. Figure 27 depicts the average of PG . and
LR, corresponds to different Pypay ynqy- The dotted-red line indicates the optimal Prpa1 max
setting, which corresponds to the average of Pg iy, and LR,. From the figure, the lower
and the higher Pppa1 mqy setting significantly influences the average of Pg iy, and LR,.
The increasing and reducing of the Pypa1 may setting significantly increased the overall LR,
of the improved HPTO unit. As shown in Figure 27, the LR, was increased from 0.05601
(optimal) to 0.05915 and 0.05855. An increase in LR, has reduced the average of Pg .,
as presented in Figure 27. The figure shows that the average of Pg ;. was reduced up to
69 W and 67.4 W when the Pypa1 mqy setting was set to 47.5 bar and 51.5 bar, respectively.
The detailed findings of the Pypa1,max effects on the Pg ;. are summarized in Table 4.

80
B P =475bar
. PHPAI,mzzx =48.5 bar
60 1
Pripat oy = 49.5 bar
S
2 40
&
Q
20 A
0 - T r———
0 20 40 60 80 100
PD (W)

Figure 26. The PD occurrences of the generated electrical power from the improved HPTO unit for
different Prrpa1 max cases.
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Figure 27. The average of PG ;. and LR, corresponds to different Pypa1,nax-
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Table 4. The detailed findings of the Pypa1,max effects on the the Pg i,

L . Pypat,max

Descriptions Unit

47.5 48.0 48.5 49.0 49.5 50.0 50.5 51.0 51.5
OPpp
100 W 21.96 2475 25.95 2695 2814 2814 2954 3054  29.94
90 W 3.79 2.59 2.00 1.40 0.60 1.20 0.80 1.00 1.00
80 W 2.40 1.00 0.60 0.40 0.40 0.40 1.00 0.60 0.40
70W 0.40 0.80 0.40 0.40 0.60 0.20 0.40 0.00 0.00
60 W 1.60 0.60 0.40 0.40 0.40 0.00 0.20 0.00 0.40
50 W 1.20 0.20 0.40 0.40 0.20 0.80 0.00 0.20 0.00
4OW % 0.60 0.00 0.00 0.20 0.20 0.20 0.00 0.20 0.20
30W 0.60 0.20 0.20 0.00 0.40 0.20 0.20 0.00 0.20
20W 0.60 0.20 0.00 0.40 0.40 0.20 0.40 0.20 0.20
10W 22.16 18.36 12.38 10.38 7.98 8.18 6.99 6.39 7.98
0w 44.71 5130  57.68  59.08  60.68 60.48 60.48 60.88  59.68
~10W 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
—20W 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MAAPD
Final value W 309986 302751 30.3207 304898 311239  31.6452 322186 324980 327173
Slope coefficient - 0.05915 0.05672 0.05601 0.05613 0.05637 0.05710 0.05751 0.05792  0.05855
g ;’I?ts intercept W 174041 224836 259752  2.85415 3.29133  3.60071  4.30470 455947  4.80109
PG,a'(Je
Final value W 69.0355  69.7628  69.7719  69.6776  69.0286 685179  67.9496  67.6495  67.4428

5. Conclusions

This study proposed an improved HPTO unit model for the WECs to improve the
quality of the generated electrical power. A novel FEC module was introduced to mitigate
the fluctuation issues in the generated electrical power from the HPTO unit. A compre-
hensive simulation analysis was carried out using MATLAB/Simulink software. In the
first part, the improved HPTO unit model was simulated using five irregular wave inputs
to evaluate its performance in irregular circumstances. In the second part, the improved
HPTO unit model was simulated using the different HPA; pressure constraints in order to
investigate the effects of the pressure constraints on the generated electrical power from
the improved HPTO unit. From the simulation investigations, the following conclusions
can be drawn:

1. The genetic algorithm was introduced to obtain the optimal parameters of the control
strategy for the improved HPTo unit. The optimization process of the control strategy
parameters was carried out for 7 h 30 min.

2. By employing the improved HPTO unit, the unnecessary fluctuations in the generated
electrical power from the WECs were significantly reduced. The integration between
the dual HPA module and FEC module in the improved HPTO unit transformed the
high-fluctuation electrical power to a more stable electrical power. The improved
HPTO unit could generate electricity at the rated capacity during 57.6% of WECs
operation during nominal sea state.

3.  The performances of the improved HPTO unit at the different sea states were also
higher than the conventional HPTO unit performance. At the lower (sea state B) and
higher (sea state C) wave height sea states, the improved HPTO unit could generate
electricity at the rated capacity during 34.3% and 78.6% of WECs operation. At the
lower (sea state D) and higher (sea state E) wave period sea states, the improved
HPTO unit could generate the electricity at the rated capacity during 37.3% and 53.7%
of WECs operation, respectively.

4. Overall, the lower and the higher Prpa1 iqy setting significantly influences the average of
Pg,imp. and the power fluctuation occurrences. The average of PG, . was reduced up to
69 W and 67.4 W when the Prpa1 max setting was set to 47.5 bar and 51.5 bar, respectively.
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References

The presented improved HPTO unit model may help designers, engineers, and re-
searchers to reduce the fluctuation problems in WECs applications. The introduced op-
timization method for the control strategy parameters can be applied to solve the other
optimization problem in order to increase the performance WECs. The experiment valida-
tion of the improved HPTO unit is compulsory to ensure its effectiveness in real application;
therefore, further study on the experiment validation of the improved HPTO unit should
be explored. Finally, the implementation of the proposed control strategy in different types
of HPTO unit is suggested to be conducted in future.
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GA Genetic Algorithm
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HPTO Hydraulic Power Take-Off
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