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1. INTRODUCTION

Over the world, various technologies of wave energy conversion system (WECs) have been developed
to harvest energy from ocean resources and transform it into usable electrical power. Recent studies have
discovered over a thousand WECs that have been granted patents worldwide, particularly in Europe, North
America, and Japan [1]-[3]. Existing WECs consist of a number of major components, including the wave
absorber device, the power take-off unit, the electrical power converter, and the control system unit [4]-[8].

The power take-off (PTO) unit is among the most significant components of WECs since it directly
corresponds to the quantity of wave energy turned into useful electricity. Additionally, the size and weight
of the PTO unit have a direct effect on the dynamic design of WECs. According to [5], [6], [9]-[11], several
PTO unit designs have been created, developed, and experimentally tested for different kinds of wave absorber
systems during the last few decades. On the basis of their fundamental operating principles, the different PTO
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ideas may be categorised as a direct electrical drive (linear generator), direct mechanical drive, hydro-turbine,
air-turbine and mechanical-hydraulic [9]. Mechanical-hydraulic power take-off (MHPTO) unit stands out as
one of the most robust and efficient PTO units for WECs [12]. The MHPTO unit excels in a number of respects,
including its high efficiency, broad controllability, and compatibility with the low frequency and high power
density of ocean waves [13]-[15]. The MHPTO unit may be constructed with standard hydraulic parts [16].

Nowadays, the optimisation of the MHPTO unit during the design process of WECsS is a crucial
issue. An accurate simulation model of the MHPTO unit is essential to reproduce the dynamics behaviour and
understand the performance of the actual MHPTO unit. Also, the developed MHPTO mathematical model can
be used for power quality assessment and control systems development. Experimental validation is essential
for producing a precise mathematical model of the MHPTO unit. It is preferable to validate the experiment in a
safe and controlled environment since interventions in remote locations might be highly costly and unfeasible
owing to weather conditions. A dry-lab testing scheme is considered as an alternative way to bridge the gap
between the laboratory and the real application environment. In the wave energy sector, many dry-lab test rigs
have been utilised to evaluate several kinds of PTO units [17]-[23]. However, only a few dry-lab test rigs based
on the MHPTO unit have been developed [17]. In addition, to the best of our knowledge, there is no dry-lab test
rig based on the considered wave absorber device, and MHPTO unit concepts have been developed worldwide.
Therefore, the present work adds a new contribution to the development of an innovative dry-lab test rig for
MHPTO testing. The rest of the paper is organised as follows: section 2 describes the details of the considered
WECs concept and a dry-lab test rig. Section 3 presents the results and discussion from the dry-lab test rig
testing. Finally, section 4 concludes the paper.

2. METHOD
2.1. Wave energy conversion system

Figure 1(a) presents a complete view of proposed WECs design for the shoreline area in Malaysia
[24]. This WECs was designed with a capacity of 10 kW. In this concept, the WECs is integrated with the fixed
platform, as illustrated in Figure 1(b). The multiple rotation-based wave absorber devices are attached to the
fixed platform facing toward the dominant ocean wave direction. The MHPTO transforms the energy from the
wave motions captured by wave absorber devices into useful electrical power. The MHPTO and the control
system units of the WECs are separately installed on top of the fixed platform. The wave absorber devices are
connected to the MHPTO unit via hydraulic actuators. Then, hydraulic hoses connect the hydraulic actuators
to the other parts of the MHPTO unit. In addition, the wave absorber devices are equipped with an automated
floater level control that allows them to function at any sea level.

There are several advantages of the future WECs concept presented in Figure 1. The overall energy
conversion efficiency using this WECs is high since the MHPTO unit is considered in this concept. This WECs
concept also has less marine environment impacts since most of the WECs equipments are located above
the water surface. This WECs also required less development cost compared to offshore-based WECs. The
WECs design is also uncomplicated; thus, it can be constructed by local experts using common construction
equipment. This WECs concept also is easy to access for regular maintenance work. Finally, the WECs device
in this concept is able to operate at any ocean tide level, particularly during the monsoon season.

Recently, the development of the proposed WECs concept presented in Figure 1 is still at an earlier
stage. Several investigations are required to be carried out, particularly on the MHPTO unit, to optimise
the overall WECs operation in a real sea state. For this reason, the present work was conducted to initially
analyse the behaviour and performance of the MHPTO unit in order to ensure that optimal electrical power
can be generated from the MHPTO unit. Figure 2(a) illustrates the simplified WECs concept based on the
future WECs concept presented in Figure 1. A simplified concept was designed with a capacity of 100 W. In
this concept, a single MHPTO unit is connected to a single wave absorber device through a single hydraulic
actuator. The MHPTO unit concept based on the constant pressure concept is considered in this WECs model,
as illustrated in Figure 2(b). In this MHPTO unit concept, single-rod double-acting hydraulic cylinders are used
as hydraulic actuators to maximise mechanical energy absorption during bi-directional wave absorber devices
pitch motion [25]. The hydraulic actuator module is connected to the rectification module, which consists of the
four non-return check valves (CV(, CV,, CV3 & CV,) through hydraulic hoses. 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
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hydraulic 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-pressurised event in the MHPTO unit.
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Figure 1. Conceptual design of future WECs for the shoreline area in Malaysia: (a) a complete view and (b)
enlarged image of wave absorber device
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Figure 2. A simplified designed of WECs: (a) Wave absorber device and (b) MHPTO unit

2.2. Dry-lab test rig design

A physical model of the WECs is required to experimentally evaluate the accuracy of the MHPTO unit
model. Thus, a dry-lab test rig based on the WECs concept was developed in the present study. Developing a
dry-lab test rig of WECs involves several processes, such as 3D modelling, components purchasing, structure
fabrication, components installation and operational testing. Initially, the design process of a dry-lab test rig
was carried out using Solid Edge software in order to generate an accurate design test rig. Several important
factors were considered during the design process, such as the overall cost, material selection, transportation,
et cetera. Figure 3(a) illustrates a complete 3D model design of the dry-lab test rig. The view of the actual
dry-lab test rig of WECs is depicted in Figure 3(b). Figure 4 illustrates a simplified architecture of a developed
dry-lab test rig. Based on the figure, the developed dry-lab test rig consists of two main parts: the simulated
wave emulator plant and the real MHPTO unit plant. The details of the simulated wave emulator plant and the
real MHPTO unit plant are described in sections 2.2.1 and 2.2.2.

2.2.1. Simulated wave emulator plant

The simulated wave emulator plant was developed in this test rig to replicate the interaction motion
between the wave absorber device and the ocean wave motion. The replicated relative pitch motion of the wave
absorber device is utilised to drive a real MHPTO unit. The wave emulator plant consists of a floater’s arm,
electric linear actuator, servo motor drive, data acquisition (DAQ) board, DAQ interface and computer with

An innovative dry-lab test rig for mechanical-hydraulic power take-off of wave... (Mohd Afifi Jusoh)




718 a ISSN: 2088-8694

MATLAB/Simulink. In this plant, the electric linear actuator was placed between the floater’s arm and the
fixed platform using pillow bearings, as illustrated in Figure 3. The rest components of the wave emulator unit
were placed in the control system panel.

As seen in Figure 4, the generalised wave excitation force profile created offline based on wave param-
eters is the input of the wave emulator plant. The generated wave excitation force and the hydraulic actuator
force, Fyrppro that is measured through the force sensor are fed into the hydrodynamic wave absorber device
model in order to evaluate a desired relative linear displacement of a hydraulic actuator, 2 g 4 ¢ in real-timely.
Meanwhile, the real-time linear displacement of the hydraulic actuator, T 4,q¢¢ that is measured through an
infrared linear displacement sensor is compared with the desired linear displacement input. The comparison
output from the controller (A7) is then used by the servo drive to control the linear actuator speed in order
to ensure the actual displacement of the hydraulic actuator tracks the desired one. Thus, the relative pitch
motion of the floater due to the wave motions, which drive the hydraulic actuator of the MHPTO unit in the
real environment can be duplicated. This indicates that a dry-lab test rig enables inexpensive “’dry tests” on
the MHPTO unit of WECs. Thus, the dry-lab test rig capability makes the test rig a valuable instrument for
evaluating the electrical power generated by the WECsS, Figure 5 illustrates the simplified diagram of the wave
emulator control system.
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Figure 3. Images of a dry-lab test rig of WECs: (a) a 3D design model in solid Edge software and
(b) the actual setup of test rig of WECs
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Figure 4. A simplified architecture of a developed dry-lab test rig
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Figure 5. Simplified diagram of wave emulator control

2.2.2. Real MHPTO unit plant

Figure 6 shows the enlarged image of a real MHPTO unit plant in a dry-lab test rig. The barrel and
rod sides of the hydraulic actuation module were attached to the fixed platform and floater’s arm using a pillow
bearing. The rest MHPTO unit components were placed on top of the fixed platform. The specifications of
each component in the real MHPTO unit plant are summarised in Table 1. Besides that, several sensors were
installed to measure important data in the real MHPTO unit plant. Pressure transducers were utilised to measure
the pressures in the chambers of the hydraulic actuator. The force resisted by the hydraulic actuator is measured
by a force sensor installed at the end piston rod. The infrared linear displacement sensor was employed at the
hydraulic actuator barrel to measure hydraulic actuator displacement. The speed of the generator is measured by
the speed sensor placed between the hydraulic motor and the generator. The power produced by the generator
is measured by a power meter. The simplified diagram of the data logger system for the sensor in the real
MHPTO unit plant is depicted in Figure 7.
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Figure 6. Enlarged image of real MHPTO unit plant
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Table 1. Technical specifications of components in real the MHPTO unit plant

Module Specifications

Actuation Stroke length: 0.3 m Piston diameter: 0.035 m
Rod diameter: 0.025 m

Rectification Discharge coefficient: 0.95 Opening area : 0.003 m

Fluid energy storage ~ HPA precharge pressure: 40.0 bar ~ LPA precharge pressure: 5.0 bar
HPA volume capacity: 2.0 L LPA volume capacity: 2.0 L

Generation Generator rated power: 100 W Generator damping coefficient: 0.03 Nm/rpm
Generator rated speed: 200 rpm Hydraulic motor displacement: 8.0 cc/rev

Generator rated torque: 6.0 Nm

Computer with PCI-6229 DAQ DAQ
Matlab/Simulink Board Interfaces

L 1

Force Displacement Pressure Speed
Sensor Sensor Sensor Sensor

Figure 7. Esimplified diagram of data logger system for real the MHPTO unit plant

3.  RESULTS AND DISCUSSION

The developed dry-lab test rig was tested using five different irregular wave input data to ensure it can
able to perform in the five different wave input conditions. Sea state A (SSA) is intended to test the developed
dry-lab test rig in nominal sea state. The significant wave height (H) and peak wave period (7},) in SSA were
fixed to 0.8 m and 4.5 s. Sea states B and C (SSB and SSC) are intended to test the developed dry-lab test
rig in different H, conditions. For SSB and SSC, the H, was adjusted to 0.6 m and 1.0 m, which +0.2 m of
the nominal Hy, but T}, was retained at its nominal value. Meanwhile, Sea states D and E (SSD and SSE) are
intended to test the developed dry-lab test rig in different T}, conditions. For SSD and SSE, H, was kept at
its nominal value whereas T}, was adjusted to 2.5 s and 6.5 s which £2.0 s of the nominal 7},. In Addition,
the developed dry-lab test rig was tested for a 60 s period for each case. The testing results of the developed
dry-lab test rig are presented in sections 3.1 and 3.2.

3.1. Operational behaviour of MHPTO unit in different sea states

Figure 8 presents the operating behaviour of the specified MHPTO unit components for SSA. The
reactions of the hydraulic actuator piston to the irregular wave input in SSA are shown in Figure 8(a). The
result in Figure 8(a) illustrates that the hydraulic actuator piston’s displacement was significantly smaller than
the wave elevation. According to the data, the hydraulic actuator piston’s average displacement was 15% of
the wave elevation. Besides that, the result in Figure 8(a) demonstrates a minor delay between the hydraulic
actuator piston’s displacement and the wave height. Figure 8(b) illustrates the MHPTO unit force profile applied
to the wave absorber device. During movements up and down, the MHPTO forces applied to the wave absorber
device averaged 3.71 kN and 1.66 kN, respectively. The unbalanced force of the MHPTO unit applied to the
wave absorber device was due to the asymmetrical piston area [16]. A larger piston area side generated more
force than one with a smaller piston area. Figure 8(c) depicts the pressure profile of the HPA (Pgp4). Based
on the data, the maximum pressure of HPA was 42.2 bar, a 5.5% increase over its pre-charge pressure setting.
Figure 8(d) shows the hydraulic motor speed (wz ) profile. The hydraulic motor speed was consistently below
200 rpm, as seen by the graph.
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Figure 8. Operational behaviour of selected MHPTO unit components in SSA: (a) Hydraulic actuator
displacement, (b) Hydraulic actuator force, (c) HPA pressure, and (d) Hydraulic motor speed

The operating behaviours of the MHPTO unit in each sea condition are compared in Table 2. Ac-
cording to the data shown in the table, H, and T}, affect the overall MHPTO unit performance. Based on the
table, the average displacement of the hydraulic actuator piston varied in response to changes in both H and
T, increasing or decreasing accordingly. The average hydraulic actuator piston displacement in sea states SSB
and SSD was reduced by 29.2% and 23.8% (during upward motion) and 24.9% and 16.7% (during downward
motion) compared to the piston’s displacement in the SSA. Meanwhile, the average hydraulic actuator piston
displacement in the SSC and SSE were increased by 24.7% and 17.4% (during upward motion) and 23.8% and

17.6% (during downward motion), respectively.

Table 2. Operational behaviour of the non-optimal MHPTO unit for different sea states

Descriptions Sea state
A B C D E
Actuation module
Py A, qve [bar] A 2570 21.17 30.03 | 21.57 26.54
B 2388 18.14 28.17 20.17 24.03
Fyrapro [kN] 1T 3708 3.097 4274 3228 3.795
1 1.657 1.293 2202 1405 1.633
THA, ave [M] 1T 0.038 0.027 0.048 0.029 0.045
J 0.040 0.030 0.049 0.033 0.047
Energy storage module
P pA,maz [bar] 4222 40.79 4553 41.09 4282
Generation module
Prit,qve [bar] 40.61 31.63 47.19 3507 4029
WHM,ave [rpm] 152.8 1147 1814 128.6 152.8

The increase and decrease of average displacement of the hydraulic actuator piston relatively increased
and decreased the pressure and speed of the hydraulic motor, as presented in Table 2. As can be seen, the
average speed of the hydraulic motor in SSB and SSD decreased by 24.9% and 15.8% of its speed in SSA,
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while 23.8% and 14.7% were increased in SSC and SSE. Overall, the power output of the MHPTO unit is
below its rated capacity throughout all sea states.

3.2. Electrical power produced by the MHPTO unit in various sea states

Figure 9 presents the results of electrical power produced by the MHPTO unit in SSA to SSE. The red
dashed line represents the rated power of the MHPTO unit. Overall, the results from Figures 9(a) to 9(e) show
that the electrical power produced by the MHPTO unit in SSA to SSE was significantly lower than the rated
power of the MHPTO unit, particularly in low H, and 7T}, sea states (SSB and SSD). In the nominal H, and
T, sea state (SSA), the MHPTO unit produced electrical power up to the average of 61.39 W, which is 38.61%
lower than the rated power, as depicted in Figure 9(a). In lower and higher H sea states (SSB and SSC), the
average generated power from the MHPTO unit was only up to 39.09 W and 84.87 W, as shown in Figures 9(b)
and 9(c). Meanwhile, in lower and higher 7T}, sea states, the average generated power from the MHPTO unit
were only up to 46.07 W and 67.37 W, as illustrated in Figures 9(d) and 9(e), respectively.
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Figure 9. Comparison of electrical power produced by MHPTO unit in various sea states: (a) SSA, (b) SSB,
(c) SSC, (d) SSD, and (e) SSE

4. CONCLUSION

In this paper, an innovative dry-lab test rig for the MHPTO unit of WECs is presented. The devel-
opment of a dry-lab test rig of WECs involves several processes, such as 3D modelling, structure fabrication,
components installation and operational testing. The developed dry-lab test rig consists of two main parts: the
simulated wave emulator plant and the real MHPTO unit plant. The simulated wave emulator plant was devel-
oped in this test rig to replicate the interaction motion between the ocean wave motion and the wave absorber
device. The replicated relative pitch motion of the wave absorber device is utilised to drive a real MHPTO unit.
To demonstrate the performance of the dry-lab test rig under different operating conditions, several tests were
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carried out using five different irregular wave input data. The overall results demonstrate that the developed
dry-lab test rig was successfully performed in all sea states. From the results, the profile of electrical power
produced by the real MHPTO unit can be clearly obtained in each sea state. The dry-lab test rig was devel-
oped based on the dry-lab condition. Thus, the experimental validation of the developed dry-lab test rig with
the wave tank-based dry-lab test rig is required to validate its effectiveness in real hydrodynamic conditions.
Therefore, the experimental validation of the developed dry-lab test rig should be explored in the future.
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