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Abstract: For generating electricity, direct-drive wave energy converters (WECs) with linear perma-
nent magnet generators (LPMGs) have advantages in terms of efficiency, simplicity, and force-to-
weight ratio over WEC with rotary generators. However, the converter’s work under approaching-
real wave conditions should be investigated. This paper studies the performance of a pico-scale WEC
with two different LPMGs under unidirectional long-crested random waves. Different significant
wave heights (using data in the Southern Ocean of Yogyakarta, Indonesia) and peak frequencies
are tested. The JONSWAP energy spectrum is used to extract the wave elevations, while the MSS
toolbox in MATLAB Simulink is employed to solve the floater’s dynamic responses. Next, the
translator movements are extracted and combined with the flux distribution from FEMM simulation
and analytical calculation, and the output powers are obtained. An experiment is conducted to test
the output under constant speed. The results show for both designs, different tested significant
wave height values produce higher output powers than peak frequency variation, but there is no
specific trend on them. Meanwhile, the peak frequency is inversely proportional to the output power.
Elimination of the non-facing events results in increasing output power under both parameters’
variation, with higher significant wave height resulting in a bigger increase. The semi iron-cored
LPMG produces lower power loss and higher efficiency.

Keywords: iron-cored; semi iron-cored; LPMG; significant wave height; peak frequency; random
wave; output power

1. Introduction

Ocean waves in the world have been known to reserve a significant amount of energy
that can be utilized for generating electricity. It is estimated that the global potential energy
of this resource reaches up to 1170 TWh in a year [1]. Compared to other renewable
energies, wave energy has a larger energy density [2]. Some reports show that in terms
of power density, an average of 2-3 kW/m? power can be harnessed from a wavefront
compared to 1.366 kW/m? of the average global solar irradiance and 0.6 kW/m? from
wind farms [3-5]. Ocean energy is also more concentrated, more predictable, and more
persistent than other renewable resources; also, it is more frequent, as it is available all
the time regardless of the weather and climate [3,4,6]. The vast distribution is another
advantage, as the ocean is covering about two-thirds of the planet’s surface.

However, some data show that the contribution of wave energy converter (WEC)
in electricity generation is still relatively low, although development is continuously per-
formed. In 2019, the total installed WEC capacity across Europe is 11.8 MW, including
a 25% of increase in capacity compared to the previous year [7]. China, one of the most
energy-consumptive countries, has also intensified its development. As of 2017, there were
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49 WEC projects conducted. Some tens of them have the capacity of more than 100 kW,
while the remaining ones produce lower output power [8]. Meanwhile, the data from
the end of 2016 show that the total WEC capacity in North American countries was still
around 2.07 MW, including those that were in the planning stage [9]. Considering these
numbers, there is still big room for improvement, research, and development to increase
the WEC share in electricity generation. The list of completed and ongoing projects around
the world can be found in [7-10].

Indonesia, as the largest archipelagic country, can also benefit from the WEC deploy-
ment. It has one of the longest coastal lines in the world; some areas have an average wave
height of more than 2 m [11]. Thus, a lot of potential sites can be exploited. It is estimated
that the WEC utilization in Indonesia can produce around 18 GW of electricity [12], which
is equivalent to 27.7% of the total generated power in 2018 [13]. For this reason, researchers
have made feasibility studies, assessing potential places for the WEC deployment [14-18].
The next step, the design of a specific WEC system to be placed in a certain site, needs to
be investigated and detailed. The study of the system’s operation under varying real wave
conditions is also required. This paper will take part in the last stage, focusing on the work
of a WEC system under random wave scenarios in Indonesia.

So far, the WEC itself has had a wide variety of models. Since the technology is
relatively new, many studies and projects have come up with different proposed models.
They can be differentiated based on many criteria such as operating principle, converter
motion, power take-off method, mechanical structure, placement location, etc. [19,20].
However, one good classification to summarize its development from the beginning is
according to the converter motion.

Initially, conventional WECs work by capturing the wave motion and then converting
it to the suitable movement of rotating generators through gearboxes, screws, hydraulic
devices, or turbines. Some models exercising this principle including oscillating water
columns (as applied in Shangwei, China since 2000, Mutriku, Spain in 2011, and Oceanlinx
in Australia in 2013) [21], overtopping devices (as applied in WaveDragon in Denmark
in 2003) [22], and flexible membranes (as applied in the Bombora project in Australia in
2012) [23]. In 2004, the Indonesian government also had built a pilot WEC project using an
oscillating water column on the southern coast of Java Island [24].

Nevertheless, the work of those devices has a major drawback as the mechanical
efficiency decreases with the presence of intermediary motion converters. Alternatively,
direct-drive conversion by employing a linear permanent magnet generator (LPMG) has
been introduced. It is estimated that around 30% of the existing projects around the
world are utilizing this model, second to 42% of the conventional model with hydraulic
use [25]. The direct-drive scheme is proven to result in the highest efficiency among all
WECs [26,27]. As shown in Figure 1, the conventional WEC undergoes several stages
before producing electricity; with each stage is dissipating loss [28]. In LPMG-driven WEC,
the linear movement of its translator is in accordance with the wave heave motion; thus,
the intermediaries can be eliminated, and the losses can be minimized. Other advantages
including less maintenance and a high force-to-weight ratio [29,30]. The use of permanent
magnets in LPMG also brings simpler construction yet high flux density [31]. Excellent
reviews related to the WEC using LPMG can be found in [32,33].

Regarding the LPMG, it also has several developed models. Based on the basic shape,
there are tubular and flat LPMG. In the first model, the device is formed into a hollow
cylinder body. It has a uniform air gap; thus, it results in a smaller cogging force, no
transverse edge effect, and lower manufacturing cost [34-36]. Meanwhile, the flat model
forms a hollow prism device; the top and the base can be rectangular or triangular [37]. In
a comparative study, the triangular shape was known to produce better electromagnetic
characteristics than the rectangular one [38]. Meanwhile, Oprea et al. [39] concluded that
the flat type results in similar coil flux magnitude and induced voltage to the tubular one,
but it is favorable in terms of manufacturing ease.
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Figure 1. Working process of different WEC types.

Some variations have also been developed regarding the filling materials. First, the
conventional iron-cored LPMG is composed of ferromagnetic-based laminations in its
stator [35,37]. Having benefited from low reluctance and high flux density, it also suffers
from high ripple caused by significant cogging force. Alternatively, air-cored LPMG is
developed, which consists of no ferromagnetic part in its body. The design is proposed,
among others by Vermaak et al. [40]. Trapezoidal permanent magnets are assembled on
the translator’s teeth; the teeth come out as radial branches of the translator cylindrical
core sheet. Thus, pair-wise flux coupling between adjacent magnets that result in attractive
forces can be avoided. In another design, Brovont et al. [41] integrated an air-cored LPMG
into a mobile water quality sensor. The magnets moved along a 38.3 mm column and
produced 0.4 V output voltages. Basically, the air-cored type can eliminate the cogging
force. However, the nonexistence of ferromagnetic material will drastically increase the
reluctance as well as drop the air gap flux density and the windings’ flux linkage. To avoid
a significant decrease in the electrical output, compensations have to be made.

Previously, accommodative actions have been taken to present an LPMG with less
cogging force but still maintaining the electrical output. In semi iron-cored LPMG [42], the
idea was to make some eliminations in the iron material on several parts. The decrease of
the flux linkage in the stator winding was anticipated by adjusting the number of winding
turns. The resulted copper loss eventually increases, but core loss, as well as mechanical
loss from the cogging force, can be minimized. The overall loss assessment showed that
this innovation can produce better efficiency compared to the conventional design. Still,
manufacturing this design is more difficult, as the stator body is neither in an integrated
nor compact shape.

From the explanation, it can be deduced that the direct-drive system with LPMG as
the converter is considered superior mainly in terms of conversion efficiency. Meanwhile,
the LPMG can be selected from different models depending on which parameter will be the
focus. Beforehand, some studies have proposed different LPMG models for direct-drive
WEC [42,43] in Indonesia. The designs have even been optimized [43] and tested under
wave conditions at the placement spot [44]. However, the wave operations that drive the
WEC were simplified into regular conditions, of which the wave particles are assumed
to move sinusoidally. Practically, this modeling has not been sufficient enough either for
representing the real wave dynamics or testing the WEC system.

To make a more valid assessment of the WEC performance and to better understand
the influences of different wave parameters on the WEC outputs, the converter system
should be operated in approaching-real wave conditions. In this paper, the performance of
the two different LPMGs will be investigated under unidirectional long-crested random
waves, with the case study in the Southern Ocean of Yogyakarta, Indonesia. In running the
wave scenarios, different significant wave height values are applied. To make a credible
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assessment, the real wave height data in the designated placement location are used.
The peak frequency of the wave is also varied, using some selected values. Then, the
output profiles of both LPMGs are extracted through several processes, which include
the simulation using MATLAB Simulink and finite element magnetic-based software of
FEMM as well as analytical calculation. From the results, the relation between different
wave parameters and design aspects of the LPMGs can be explored. The influences of
different random wave parameters on the WEC outputs can also be known. These pieces of
information are significant for improving the current designs or proposing different ones.
Furthermore, a comparison between the two LPMG configurations can be assessed based
on their respective outputs. Then, the assessment can be used to evaluate the advantages
of each model to be applied in the designated location.

2. Design Concept and System Modeling

The LPMGs are utilized for a direct-drive WEC system, wherein mechanical energy
is directly converted into electricity. In this concept, the WEC system is stationed in open
water, as depicted in Figure 2. It consists of two main components: the floater and the
power converter. The former functions as the wave’s mechanical energy capturer while the
latter converts the mechanical energy into electrical energy. Both parts are interconnected.
They will be explained subsequently in the next subsections.

Figure 2. Placement of the proposed direct-drive WEC.

2.1. Design Concept of the WEC

The floater forms a single cylindrical body whose diameter can be set based on the
system capacity. It has a smaller density than the sea water, so it can float and move freely
according to the incoming waves. In reality, the floater can have six degrees of freedom
(DoF), as its motion in any direction will move the converter’s moving part, inducing an
electromagnetic process to generate electricity. The floater displacements represent the
mechanical energies that work on it. Based on the floater’s size compared to the incoming
wavelength, the system is considered as a point absorber one, meaning that the floater
diameter is considerably much smaller than the wavefront length. This model is the most
widely used system in currently running converters [21]. To increase the power conversion
rate, several points of WEC can be installed collectively in several spots. Then, the power
captured by the floater can be approached by using the following Equation [45]
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Pegpt and P, are the amount of power captured by the floater and power generated
per meter of wave’s crest length, both in watts. Meanwhile, dy is the floater diameter (m).

Meanwhile, the proposed LPMG is a pico-scale (1 kW-rated) tubular permanent
magnet excitation with a moving magnets setting. In this case, two different designs of
linear PM generators will be operated and tested sequentially connected to the floater
system. The LPMG is positioned inside a special platform that is attached to the seabed.
It consists of two main components: the translator and the stator. The stator is fixed on
the platform foundation, while the platform dimension is determined to enable the free
movement of the translator according to the maximum wave height. To achieve it, a
slider links the LPMG'’s translator to the floater. From the translator end, it stretches along
the vertical axis and passes through the structure gateway. The gateway itself is a fixed
doorway on the top of the structure. It functions to fix the translator movement and to
minimize contact between the translator and seawater. The platform also has a protective
function, as it should be able to withstand any dynamic forces from its environment, such
as the deep water stream. It should also have a good resistance toward the water’s salinity.
These properties are meant to ensure the proper work of the generator.

As the inner component of the LPMG, the translator can move vertically, and its
movement is proportional to the floater’s motion. It has a core in its inner part, and a
permanent magnet array as the excitation source is mounted on its outer part, encircling
the core. The use of permanent magnets is simpler and more mechanically stable than the
DC-current excitation system. In this design, the magnets are made of Neodymium-Iron-
Boron (NdFeB) material of N40 type. They are arranged axially (Figure 3), in which two
adjacent magnets have opposite magnetic orientations. A similar setting has been applied
by Kim et al. (2017) [46], who preferred such an arrangement because of its low cost and
easiness to configure. A tiny air gap separated the two adjacent magnets to reduce the
pair-wise magnetic coupling effect. Furthermore, the translator stroke (movement range) is
designed to equal the wave height variation by managing the distance between the top and
bottom of the structure. On the top and bottom ends of the structure, protective dampers
are installed to minimize the impact of collision when the translator reaches either end
(Figure 2).

ds. ey
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Figure 3. Axial magnet configurations.

On the other hand, the stator is kept rigidly and is positioned in the outer part of
the LPMG, surrounding the translator. Its core has a cylindrical shape while the material
filling of the core is differentiated based on the model: iron-cored or semi iron-cored. Both
designs are shown in Figure 4, while the complete dimensions of all parts are tabulated in
Table 1. In this design, the translator has a nearly equal length as the stator. Moreover, the
stator has several slots, and three-phase windings are wound on them. The placement on
the rigid stator provides mechanical stability and avoids any damaging friction to the coil.
The following subsections describe each LPMG type sequentially.

2.1.1. Iron-Cored LPMG

The iron-cored model has ferromagnetic materials filling the whole stator body. As
shown in Figure 4a, the teeth are radially inward extensions of the stator yoke. The
dimensions of the stator parts are determined based on the expected output, and the use of
a full ferromagnetic stator is also a consideration.
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Figure 4. Illustration of the two LPMG designs: (a) iron-cored; (b) semi iron-cored.
Table 1. Dimension of the LPMG designs.
Part, Symbol Value Unit
Pole pitch, T 65 mm
Magnet length, 7, 60 mm
Magnet thickness, ki, 30 mm
Translator yoke thickness, 10 mm
air gap, g 3.5 mm
Tooth width, 45 mm
Slot width, sy 60 mm
Slot height, s, 5.5 mm
Stator yoke thickness, /s 44 mm
Number of the magnet, 2p 10 units
Translator total length, L; 645 mm
Number of the slot, ng; 6 units
Stator total length, Ls 630 mm
Number of turn/slot, N 220 (iron-cored) turns
Number of turn/slot, N 245 (semi iron-cored) turns

2.1.2. Semi Iron-Cored LPMG

The semi iron-cored LPMG does not have a complete stator yoke made of ferromag-
netic material. In this design (Figure 4b), the stator teeth are still ferromagnetic-based, and
thus so are their outward elongations that form a partial stator yoke. However, the spaces
between blocks of the elongation teeth (partial yoke) are free-air. Such an arrangement will
increase the reluctance of the stator body, reducing the overall flux magnitude and density.
To compensate for these decreases, the number of stator windings turns is increased until
reaching the same level of the iron-cored flux linkage.

The semi iron-cored LPMG has quite a complicated manufacture (Figure 5). To unite
the stator’s ferromagnetic bodies, several cylindrical rods are mounted through the edges
of each body. The rods are made from non-magnetic material to avoid interaction with
the rotor’s permanent magnet. Then, nuts and bolts are used to fix the bodies” position on
the rod. In this case, the gaps among the bodies are fitted according to the slot width so
that the total stator length is nearly equal to the translator length. Meanwhile, to keep the
radial position of the yokes and windings, two-cylinder sheets (pipe-shaped) are placed on
the inner and outer surfaces of the stator yoke bodies. The sheets are also made of non-
magnetic material so that they do not significantly affect the resulted magnetic fields. These
additional components and additional winding charge more cost to the semi iron-cored
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type. However, the iron cost is fewer, as the stator volume is smaller than the iron-cored
type. Other cost components including magnets and rotor yoke are equal.

Outer
Nut and bolt Rod Sheet

v
Inner sheet

Figure 5. Manufacture illustration of the semi iron-cored LPMG.

Table 1 shows that both LPMG designs have equal overall dimensions since the
targeted electrical outputs are also equal. Furthermore, the equal length between the stator
and the translator implies that the electromagnetic process that generates electricity will
only occur effectively when there is a portion of each component (stator and translator)
that face each other. From this design aspect, the effective translator stroke that allows such
a condition becomes limited in size yet important as a constraint. In this case, it is equal to
the total length of the stator and translator, L; + L.

The small-scale designs have also been manufactured to check the validity of the
models. The main components are shown in Figure 6. Figure 7 shows the 2D models
with the dimensions are tabulated in Table 2. Overall, the dimensions of the real models
are roughly one-third of the theoretical dimensions. The stator and translator yokes are
made of steel carbon of ST37 with no lamination. The permanent magnets are arranged
axially and are made of NdFeB material of N42-type. Furthermore, a cylinder pipe of PVC
material is used to help position the iron blocks and the windings. In this case, the pipe
also substitutes the air gap function.

J

Pipe
Teeth block Slot block

: \‘i‘\%‘ o e anm"r‘ ! '

§ Gv\v'- o e Mwnlhr. ! '

coil P& Teeth block

Figure 6. Components of the small-scale LPMG: translator with permanent magnets completed with
the magnetic orientations (top), iron-cored’s stator (middle), semi iron-cored’s stator (bottom).
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Figure 7. Illustration of the real LPMG design of (a) iron-cored and (b) semi iron-cored.

Table 2. Dimensions of the real LPMG designs.

Part, Symbol Iron-Cored Semi Iron-Cored
Pole pitch, 7, 22 mm 22 mm
Magnet length, 7, 20 mm 20 mm
Magnet thickness, h;, 9.5 mm 9.5 mm
Translator yoke thickness, /1, 3 mm 3 mm
air gap, g 3 mm 3 mm
Tooth width, ¢, 15 mm 15 mm
Slot width, sy 20 mm 20 mm
Slot height, s, 3 mm 3 mm
Stator yoke thickness, hys 15 mm 15 mm
Number of the magnet, 2p 10 units 10 units
Translator total length, L 218 mm 218 mm
Number of the slot, ng 6 units 6 units
Stator total length, Ls 210 mm 210 mm

2.2. System Modeling

The modeling of the system’s work is presented in Figure 8. In this subsection, the
wave build that is used to test the designed LPMGs will be explained first. Then, its motion
affects the two main subsystems of the direct-drive WEC: dynamics of the floater and
energy conversion in the LPMG. Each subsystem will be detailed later.

AT

Yaw

Surge

Pitch
Roll -

Sway

Pz 7 77

Figure 8. Model of wave motion.
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2.2.1. Ocean Wave Samples

Before generating the unidirectional long-crested random waves, some parameters
need to be defined: the significant wave height and the peak frequency. In this analysis,
wave height data in the southern ocean of Yogyakarta, Indonesia (9°~10°30’ S and 109°10'—
111°10" E) are used. Aside from its potential energy, the location also has at least three
advantages in terms of less sedimentation, steep contour, and land texture [47]. As it is the
initial designated placement location for both converter types, thus, using the data from this
place will measure the effectiveness of the designs themselves but under approaching-real
wave situations. The wave height data were extracted using Windwaves-05 numerical
modeling [48]. They are presented in form of maps, with the different significant wave
heights throughout locations represented by different colors.

Previously, only the average value of the monthly average significant wave height
data was used to design the LPMGs [42,43]. However, in this random waves test, the basis
data will be expanded to approach the real situation. The absolute highest significant wave
heights (one is displayed in Figure 9a) will also be accommodated, not only the monthly
average ones (one is shown in Figure 9b). All the data were taken monthly from 2000
to 2010. The use of different significant wave height values is to cover the peak wave
condition at the placement location during the tests. Furthermore, they are able not only
to test the LPMGs’ performances under different circumstances but also to select which
wave condition results in maximum output power. Then, the result can be considered in
applying similar designs.

0.75

1.25 1.5

@)

Figure 9. Sample of: (a) absolute highest significant wave height map; and (b) average significant wave height map in

January during period of 2000-2010. The color gradation measures the height in meters [48].

The monthly significant wave height data, both average and absolute highest values
at the placement location, are shown in Table 3. Several values will be taken as samples to
generate the test wave models for the WEC. To relate them with the design aspect, they
will be stated as comparisons toward the effective translator stroke, Ls + L;. For equal
significant wave height (h,,), the wave peak frequency is varied (Table 4). The variation is
resulted from different wave periods, of which several values are picked up. Meanwhile,
the wave height is stated at a “moderate” level. On the other hand, the significant wave
height is varied as the wave’s peak frequency is kept constant (Table 5).

From Tables 4 and 5, all wave parameters’ variations have larger significant wave
height than the effective translator stroke. This arrangement is useful to measure the
design efficiency of the LPMGs. For a certain expected output power, the converter is
usually made as small as possible. However, it also has a negative impact, since it results
in moments where parts of the stator and translator are not facing each other. The last part
will cause an ineffective electromagnetic process that impacts negatively on the electrical
output. Then, it is necessary to find out how far the moments influence the output power.
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Table 3. Monthly significant wave height data during 2000-2010.

Month Average Significant Wave Height (m) Absolute Highest Significant Wave Height (m)
January 1.750 3.500
February 1.750 4.500
March 1.375 3.500
April 1.375 3.000
May 1.750 3.000
June 1.750 3.500
July 2.000 3.500
August 1.500 3.500
September 1.750 3.500
October 1.750 3.000
November 1.750 2.500
December 1.750 3.500
Table 4. Peak frequency variation used in the test.
Period (s) Peak Frequency (Hz) Significant Wave Height (m) hgon!(Lt+Ls) Sea State (Code)
1.2 0.83
1.3 0.77
14 071 25m 1.97 Moderate (4)
1.6 0.61
Table 5. Significant wave height variation used in the test.
Period (s) Peak Frequency (Hz) Significant Wave Height (m) hgpon!/(Lt + L) Sea State (Code)
1.5 1.18 Slight (3)
2.5 1.97 Moderate (4)
1.6 0.61 35 2.75 Rough (5)
45 3.53 Very rough (6)

In nature, the ocean waves themselves come in irregular and changeable forms, so
determining the exact magnitude of wave’s height and frequency is difficult. The values
are usually approached by using ocean wave spectral density. This method works by using
statistical description, which shows the energy distribution for various wave frequencies.
The wave amplitude is commonly referred to as significant wave height, and it lies at
the peak frequency. Among several spectral analyses, the Joint North Sea Wave Project
(JONSWAP) spectrum has been used in many cases. It is used for fully developed wind-
generated waves in open water with no wind blow time range limit [49]. According to this
principle, the wave spectrum, S(w) is defined in the following equations [50]:

(w—w;)?

expl=5 7]

20 wiz

S(w) = aH? {L:;:} exp {1.25(65;)4}5 2)

. 0.0624
0.23 + 0.0336¢ —

®)

0185
1.9+

The above equations include some notations: w; is the spectral peak frequency (rad/s),
w is the base frequency (rad/s), H is the significant wave height (m), and ¢ is the shape pa-
rameter constant. Meanwhile, « is Phillip’s constant. Notation { represents the peakedness
parameter (ranging from 1 to 7). Considering Equations (2) and (3), the time series of ocean
wave elevation can be generated by using the following equations

N
n(x,y,t) = 2 a;sin(wit + B; — kjxcosy — k;ysiny) 4)

i=0



Energies 2021, 14, 5098

11 of 28

a; = 1/25(w;)Aw (5)

Equations (4) and (5) reflect that a random wave # at a location (x,y) can be defined
as a sum of i’ regular or harmonic waves (m) in which the amplitudes of the individual
wave component is a (m), propagating at angle 7 with respect to the initial coordinate
frame, wave number of k; (rad/m), and a random phase B; (rad) with uniform distribution
produced in the range of [, 1]. Meanwhile, Aw indicates the wave frequency resolution.
Given the ocean depth of d;, (m), wave period of T(s), and gravitational acceleration of g
(m/s?), the wave length can be calculated using Equation (6) via the iteration method, and
the corresponding individual wave number k can be calculated accordingly.

T 2y o 27
A= e anh( gy sk = py 6)

By assuming that the ocean water is irrotational, incompressible, having a flat base,
and having the mass conserved, the instantaneous water particle velocity and acceleration
in the x—i axes can be computed by the equations below [51]

() = Sy 10 ) = i ?
1) = o i) o) = S ®

Notation u and w as well as their derivatives represent the particle’s velocity and
acceleration along the x-axis and y-axis, respectively. Variable s is the distance of the instan-
taneous center of the floater from the seabed (m). 6 is wave phase (m), as in Equation (4).

2.2.2. Dynamic Modeling of the Floater

Under the impacts of ocean waves in the xyz coordinates, the floater undergoes six-
coupled motions (Figure 8), which are defined as surge: displacement along x-axis, heave:
displacement along y-axis, sway: displacement along z-axis, roll: rotation about x-axis,
yaw: rotation about y-axis, and pitch: rotation about z-axis [52]. The wave motions will
determine the floater position and displacement; thus, they will affect the slider and the
translator movement. When the floater is submerged into open water and a random
wave propagates through it, it will experience fluid loading and will oscillate. Since it is
connected to the converter through a slider, the wave mechanical energy is transferred
to the converter via the slider. The dynamics of the floater is expressed by the below
equations [53]

t

(m+ M)ii(t) + [ K(t=t)j(¢)dt + Gy(t) = Fe(t) + Foro () ©)
0

Fpro(t) = —Bproy(t) (10)

Notations in above equations: m is the cylinder mass (kg), M is the added mass
at an infinite frequency (kg), ¥ is the vertical acceleration of the cylinder (m/s?), y is
the vertical velocity of the cylinder (m/s), K is the impulse response function (IRF), t is
time (s), Bpro is the power take-off damping coefficient, G is the hydrostatic stiffness,
y(t) is the vertical position of the cylinder (m), and F, is the excitation force (N). In this
paper, IRF in Equations (9) and (10) are solved using the Marine Systems Simulator (MSS)
toolbox developed by Thor I. Fossen’s team at Norwegian University of Science and
Technology [54]. Once all the parameters are obtained, the dynamic responses are computed
via MATLAB Simulink. The results become input for the design of LPMG as discussed in
the next subsection.
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Translator

2.2.3. The Work of the LPMG Converter

The dynamics of the translator (based on random wave’s work on the floater) affect
the magnetic field on the stator coils. The magnetic flux flows from the magnets to the
stator teeth and yoke. As a result of the translator movement, the flux magnitude fluctuates.
As a result, electromotive forces (emf) are induced on the coil terminals. First, the flux
distribution is simulated using FEMM software. The flux magnitude per magnet is [55]

IpM,pk = 2Bm,pkrf(hyr + hm)Tp (11)

$pmpk is the peak flux magnitude resulted from a magnet (Wb), and B, ; is the peak
permanent magnet flux density (T). The flux flows are shown in Figure 10. The flux
magnitude for each winding phase can be calculated using the below formula [56]

Dp,pk = 2Bg k7t (hyr + hin + &) Tpko (12)

¢,k is the peak flux magnitude in each phase (Wb), B,  is the peak air gap flux density
(T), and ky, is the winding coefficient. After gaining the flux linkage per phase, the electrical
output can be calculated analytically. The induced voltage in each phase is [57,58]

do(t) do(t) ds(t)

(1) = N =g~ = Now s (13)

e(t) is the momentary induced voltage or electromotive force (V). The term ds(t)/dt repre-
sents the instantaneous speed (m/s) at a certain translator position of s().
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Figure 10. Absolute magnetic flux density (1B 1) in (a) iron-cored LPMG and (b) semi iron-cored LPMG.

Under load conditions, the active output power of the generator is directly propor-
tional to the induced voltage but is inversely proportional to the coil impedance. The coil
impedance is composed of the coil’s reactance and inductance, whose values depend on
the winding configuration. Assuming that the load is a pure resistance, then

Zg =1/ (Rs? + Rp?) + Xs (14)
Xs = 271f(Ls + L) (15)
Lszdﬁ-L _ 4% (16)

di, ™" diy
Notation Zy is phase impedance (Q2); Rs and Ry, are line resistance and load resistance,
respectively (Q2). X; is line reactance (), while Ls and L,, are self and mutual inductances
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of the winding (H). ¢ is coil flux linkage (Wb) and i is the phase current (A), while their
subscripts’ letters represent the same or different phase.
Then, the terminal voltage and the output power of the LMPG are
e

VT:e_iL(Rs‘FXs)}iL:Zi(9 (17)

Py =Y Vrig (18)

ir represents the load current (A), V7 is terminal voltage (V), and P, is output power (W).
The sigma operation in Equation (18) shows the cumulative calculation from all phases.

On the other hand, both LPMGs also dissipate losses. There are three main electrical
loss components. The copper loss (P, in watt) results when the load current flows on the
coils. The wire’s copper has a certain value of resistance that dissipates loss.

Py, = ZiLst (19)

Meanwhile, the core loss is suffered in the translator and stator core. There are two
main components of the loss: hysteresis loss (Pp) and eddy current loss (Pr); both are
stated in watts.

Py = ky B (Vs + V) (20)
22 242

PE:nme t2 (Ve + V) 1)
60y

ky is the hysteresis coefficient, while V; and V, are stator and translator yoke volume (m3),
respectively. B;, represents the maximum stator flux density (T), t; is lamination thickness
(m) of the core, f is the frequency (Hz), and p; is the core resistivity ((2/m).

Ve = nsln{tw [(hy, I+ g+ 5y + hys): — (hyr + +g)2] + Sw [(hyr ol g+ sy + Tys) = (Byr + T +g+sh)2] } (22)

V, = rthy, Ly (23)

Equation (22) is for the iron-cored type. For the semi iron-cored type, the second term
inside the curly bracket is eliminated; thus, the value will be smaller. Finally, the electrical
efficiency (77, in %) of the LPMG can be calculated from the output power and the resulted
power loss.

ﬂ:Po/(Po+Pcu+PH+PE)1OO (24)

The output power profile of a WEC can be approached from the input wave, since
the translator’s movements depend on the wave’s work on the floater. However, in a
unidirectional long-crested random wave scenario, the wave elevations do not follow a
certain polynomial function. An incoming wavefront is a combination of different single
regular waves with different amplitudes that continuously changes during the iteration
process. Therefore, the wave amplitude will vary throughout time. In this case, the changes
of the wave amplitude are significant in the electromagnetic process considering the shorter
effective translator stroke. The last parameter itself affects the electromagnetic process in
certain positions, so the influence of each factor needs to be clearly defined.

3. Results and Discussion

In this section, the unidirectional long-crested random waves, the floater dynamics
based on the random waves, and the electrical output of the LPMGs will be explained.

3.1. Resulted Random Waves

From the selected values of significant wave height and peak frequency, first, the
JONSWAP energy spectrums are calculated. They are shown in Figure 11. The energy
spectrums for equal frequency random waves are directly proportional to the significant
wave height values. Meanwhile, the peak frequency is equal among all wave height values;
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hence, the peak energy spectrums lie at the same frequency. On the other hand, for the
equal significant wave height, the peak energy spectrum is inversely proportional to the
peak frequency. In this condition, the lower peak frequency random waves will bring a
larger amount of energy than the higher peak frequency ones.

1 T T T 2 T T
—— Slight Sea State Qe — f,=0.61Hz
=== Moderate Sea State -—= f,=0.71Hz
P~ :
o8 weewm Rough Sea State - | e S 7 f. =0.78 Hz
p - .
=3 =«=: Very Rough Sea State | -
NuE) 0.2 == f,=0.83Hz
E 0.6] 1 ‘:UT
0.4+ 1 »
0.1
0.2}
0 f L2 ) N R T 00
0 02 04 06 08 1 12 14 16 18 2

Frequency (Hz) Frequency (Hz)

Figure 11. JONSWAP energy spectrum unidirectional long-crested random waves with different: significant wave height

(left); peak frequency (right).

After defining the energy spectrum, the wave’s particle elevations are calculated. It
will be used to plot the floater’s vertical deviations under the respective random waves.
The change in floater position will result in the translator movement, which will generate
electricity (Equation (13)). The plotting is conducted for 999.9 s with 0.1 s intervals. The
resulted wave elevation is directly proportional to the basic significant wave height, as
the overall wave height and the maximum height among the waves are proportional to
it (Figure 12). Meanwhile, different peak frequencies overall result in relatively similar
wave height (Figure 13). After obtaining the wave elevations from all wave parameters’
variations, the positions of the WEC's floater can be extracted.

3.2. Floater Dynamics under Random Waves

The wave motions will move the floater and translator in synchronized motions.
Figure 14 shows the resulted floater deviations under random wave configurations compared
to those under the initial sinusoidal wave for several sampling times. The different wave
characteristics result in different floater moving patterns in certain periods. Some points are
explaining the resulted vertical deviations from different random wave parameters.

First, the floater deviation is proportional to the wave elevations, which are linear
to the significant wave height. Figure 14(left) shows that the random wave with higher
significant wave height results in a higher floater’s vertical deviation. Meanwhile, in
Figure 14(right), different peak frequency random waves result in similar deviation, as
the resulted wave’s particle elevations are also similar to each other (Figure 13). Next,
the deviation changes will determine the instantaneous vertical speed (Figure 15). In this
case, the relation between the deviation and speed results in the derivation of the wave
parameters trends as shown in Figure 14. Then, the significant wave height is linearly
proportional to the average vertical speed. Inversely, as the peak frequency decreases, the
average vertical speed slightly increases. Table 6 tabulates the floater’s deviation and speed
under different significant wave heights and peak frequencies.
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Figure 12. Wave elevation graphs for random waves with equal peak frequency and significant wave
height values of (a) 1.5 m; (b) 2.5 m; (c) 3.5 m; (d); 4.5 m.
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Figure 13. Wave elevation graphs for random waves with equal significant wave height and peak
frequency values of (a) 0.83 Hz; (b) 0.77 Hz; (c) 0.71 Hz; (d) 0.61 Hz.
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Figure 14. Floater vertical deviations resulted from a regular wave compared to random waves with different significant

wave height-equal peak frequency (left), and to random waves with different peak frequency-equal significant wave

height (right).
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Figure 15. Floater vertical speeds resulted from a regular wave compared to random waves with different significant wave

height-equal peak frequency (left) and to random waves with different peak frequency-equal significant wave height (right).

Table 6. Average floater’s vertical deviation and vertical speed from different random waves.

Peak Frequency (Hz) hsyon!/(Lt + L) Average Vertical Deviation (m) Average Vertical Speed (m/s)

0.83 0.291235 0.157415

0.77 197 0.282691 0.161938

0.71 : 0.288943 0.165331

0.61 0.298978 0.179483

1.18 0.306962 0.275330

0.61 1.97 0.519600 0.284100

) 2.75 0.716133 0.642433

3.53 0.893543 0.886968

For random waves with a significant wave height of higher than 2.5 m, the average
floater deviations are higher than that from the initial regular wave. However, only a
wave with a significant wave height of 4.5 m results in a higher average vertical speed
than the regular wave. The wave mechanisms under regular scenarios are running stably
and continuously, while in unidirectional long-crested random waves, the instantaneous
values fluctuate irregularly. Then, that different trend results in a diverse average value.
Meanwhile, the average floater’s deviations and vertical speed from all peak frequencies
are smaller compared to that from the initial wave.

The vertical speed is proportional to the translation speed, which will govern the
electromotive force. In an equal translator-stator position, higher instantaneous vertical
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80

IS
o

Induced voltage (V)
o

speed will result in higher momentary induced voltage. From the data in Table 6, it is
reasonable to approximate that the electrical output of the WEC under the random waves
will be smaller than that from the regular one, unless for a significant wave height of 4.5 m.

However, there is another effect that also plays a significant role. The average vertical
deviation represents half of the average floater amplitude. The amplitude itself is linear to
the displacement covered by the translator when moving between its two farthest ends.
Compared to the effective translator stroke, random waves with a significant wave height
of more than 2.5 m result in higher amplitudes. Nevertheless, all different wave parameters
also have moments where the instantaneous floater amplitudes are higher than the effective
stroke. This is because all wave variations have a larger significant wave height setting.
Since the moments negatively affect the output voltage and power, there will be mixed
influences along with the vertical speed factor.

3.3. Output of the LPMG

First, Figure 16 (left) shows the induced voltage from both LPMGs under no wave
influence. The translation speed is set constant at 1 m/s. Since the semi iron-cored LPMG
has undergone modification in the number of turns (to compensate for the incomplete
iron body), its resulted voltages are similar to the iron-cored. The constant unity speed
put aside the ds(t)/dt component, meaning this is the ‘basic” induced voltage graph of both
LPMG designs, regardless of the wave mechanisms that drive it. In this case, the translator
moves uniformly from one end to another. The voltage first rises gradually until reaching
the peak and then decreases. The maximum value is achieved at the optimum position:
when the translator is directly facing the stator in a parallel position.

Optimum
position

DC Motor _

Power supp%
S __iron-cored regulator g .

—semi iron-cored

Optimum
I position

0.6 1.2
translator step (m)

To translator

Figure 16. The induced voltage of the LPMGs under 1 m/s speed (left) and experiment setup with small-scale models (right).

An experiment has been performed to measure the real output of the mini-models of
LPMGs. The setup is shown in Figure 16 (right). A belt is connecting a DC motor and a
pulley. At the edge of the pulley, a metal bar is installed, which is connected to the translator.
When energized, the DC motor will rotate the pulley through the belt. Next, the metal bar
converts the rotating motion into linear motion, which will be delivered to the translator.
In this experiment, the translation speed is 1 m/s. It can be set by regulating the DC motor
speed, considering the ratio of the motor’s axis diameter and the pulley diameter.

Figure 17a,b show the output voltage of the small-scale models compared to the
theoretical output from simulation and analytical calculation. Overall, the resulted sinu-
soidal graphs agree with the analytical calculation, with the resulted voltage from both
real models being about one-seventh of the theoretical value. Then, it is assumed that the
trends will also be relatively close in unidirectional random wave conditions.
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Figure 17. The graphs of the induced voltage of (a) iron-cored LPMG and (b) semi iron-cored LPMG from calculation and
experiment; (c) induced voltage of LPMG designs under the regular wave.

Figure 17c presents the LPMGs’ operations under regular wave conditions. The shorter
stator and translator lengths compared to the applied wave amplitude cause several
disjoints in the voltage graph. The disjoints reduce the effective output voltage and power.
However, the LPMG can still produce the expected power, because the LPMG establishment
is arranged to gain the highest translation speeds in the optimum position. In a regular
scenario, this arrangement is easier to conduct since the wave dynamics are mathematically
simpler to model. The high speed that drives the translator when it directly faces the stator
(optimum position) will result in high voltage and high output power. In Figure 17c, the
maximum voltage is resulted at the maximum speed. Then, the maximum voltage and
power compensate for the disjointed outputs. From a design aspect, it allows the LPMGs’
sizes to be fitted and compacted.

On the other hand, the induced voltages under random wave variations are shown in
Figures 18 and 19. In random wave conditions, both the position and the translation speed
(proportional to the floater’s vertical speed) mechanisms do not refer to any regular pattern
(Figures 14 and 15). Their values depend on the momentary excitation force of the wave.
The maximum speed or high speeds do not always occur during the optimum position. The
term of optimum position means the position where the translator vertical deviation (y-axis)
equals zero (Figure 20(left)). Consequently, the higher speed that drives the translator
in not optimum positions may result in lower voltage than the lower speed that occurs
during the optimum position. Thus, even though the translation speed is proportional
to the resulted voltage, under random waves, it still depends on the translator-stator’s
instantaneous position. In Figures 18 and 19, the maximum voltage does not always result
in the maximum translation speed.

Parts of the not optimum position refer to the non-facing event (Figure 20(right)).
When the effective translator stroke is shorter than the floater amplitudes, there are mo-
ments when the floater movements position the translator not facing the stator com-
pletely. In this position, the leakage flux rises and the flux flows to the stator drops
(Figure 20(right)), thus reducing the induced voltage significantly. Then, the frequency of
the event is inversely proportional to the overall induced voltage.

From a design aspect point of view, the LPMG needs to be installed with a longer
translator to avoid the event. However, it will make a significant increase in manufacturing
cost and total weight (additional magnet and translator yoke). Figure 21 presents the
percentage of time spent by the facing and non-facing events under the unidirectional
long-crested random wave conditions. The higher the significant wave height, the higher
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the total duration of the non-facing event. Meanwhile, the peak frequency variation results
in a similar percentage.

—Translator position —translation speed —induced voltage

15 30
S~ o~
E,g 0.75 - 15 S
c = @
aa 0 -0 ©
82 o
89S 8
ow® 3
2% 075 A - -15 2
2 E

15 -30

0 5 10
time (s)

Translator position (m) /

translator speed (m/s)

—Translator position —Translation speed —Induced voltage

=y
o

1.5

e
o
.

o
L

o
[¢)]
L

'
-
L

5
time (s)

30

-
3]

o
Induced voltage (V)

Figure 18. The graph of the induced voltage of the iron-cored LPMG under random wave with equal peak frequency,
different significant wave heights of 1.5 m (left) and 4.5 m (right).
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Figure 19. The graph of the induced voltage of the semi iron-cored LPMG under random wave with equal significant wave
height, different peak frequencies of 0.83 Hz (left) and 0.61 Hz (right).
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Figure 21. The duration percentages of the non-facing event and the facing event under a random wave with different
significant wave height (left) and peak frequency (right).

Then, from the induced voltage, the output power can be calculated. Figure 22
shows the output power graphs from both LPMG designs under different random wave
configurations. They make irregular forms with several disjoints (where the output values
are close to zero) due to the non-facing events. Previously, the disjointed graphs were
also resulted under regular wave tests [44]. The design process under sinusoidal wave
assumption allowed the translator length to be shorter than the wave amplitude, thus
causing the events. In the next explanations, the output power will be analyzed in two
aspects: maximum and effective (root mean square) values. The first is a measure of the
system’s ability to produce as maximum output power as possible. Meanwhile, the latter
value is used to analyze the overall delivered output power considering the limited and
fixed dimension of the LPMG as well as the irregular wave forms.
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Figure 22. Output power graphs of iron-cored LPMG under random wave with (a) 1.5 m significant wave height; (b) 4.5 m
significant wave height; (c) 0.83 Hz peak frequency; (d) 0.61 Hz peak frequency, and of semi iron-cored LPMG under random
wave with (e) 1.5 m significant wave height; (f) 4.5 m significant wave height; (g) 0.83 Hz peak frequency; (h) 0.61 Hz
peak frequency.
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Figures 23 and 24 show the effective and maximum output powers of both LPMGs
under different wave variations for various load resistances. Then, the values for all
configurations are tabulated in Table 7. In previous induced voltage in random waves’
discussion, the resulted voltage is affected by two factors: the instantaneous translation
speed that moves the translator and the translator position itself. Therefore, the output
power under different wave parameters can be analyzed from two parameters: the floater’s
average vertical speed and the non-facing frequency.

—ic, SWH1.5m ic, SWH25m ic, SWH35m —ic, SWH45m —ic, PF 0.83 Hz ic, PF0.77 Hz ic, PF0.71Hz —ic, PF0.61Hz
—sic, SWH 1.5 m —sic, SWH2.5m —sic, SWH 3.5m —sic, SWH4.5m —sic, PF 0.83 Hz —sic, PF0.77 Hz —sic, PF 0.71 Hz —sic, PF 0.61 Hz
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Figure 23. Effective output power resulted from different LPMG designs under different random wave parameters and
load resistances (ic: iron-cored, sic: semi iron-cored, SWH: significant wave height, PF: peak frequency).
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Figure 24. Maximum output power resulted from different LPMG designs under different random wave parameters and
load resistances (ic: iron-cored, sic: semi iron-cored, SWH: significant wave height, PF: peak frequency).

Table 7. The effective and maximum output power of the LPMG designs under random wave variations.

With Non-Facing Event Without Non-Facing Event
Peak Frequency (Hz) hswn!/(Lt + Ls) Effective Power (W) Maximum Power (W) Effective Power (W) Maximum Power (W)
IC SIC IC SIC IC SIC IC SIC

0.83 23.19 21.34 251.22 235.13 25.83 23.77 251.22 235.13
0.77 197 24.87 22.98 253.35 237.25 27.50 25.40 253.35 237.25
0.71 ’ 25.58 23.60 255.17 239.30 28.48 26.27 255.17 239.30
0.61 28.85 26.65 245.34 230.88 32.23 29.78 245.34 230.88
1.18 44.24 40.74 265.77 249.08 49.85 45.90 265.77 249.08

0,61 1.97 36.66 33.68 267.82 249.21 46.39 42.62 267.82 249.21
’ 2.75 41.26 37.87 263.87 247.26 58.10 53.33 263.87 247.26
3.53 38.80 35.57 264.65 248.29 58.29 53.43 264.65 248.29

For both designs, the output powers under different significant wave heights have no
specific trend. It is due to the mixed effect as mentioned in the previous subsection. While
the average vertical speed that drives the translator is linear to the significant wave height,
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the frequency of the non-facing event also increases as the wave height rises. The first and
second factors successively contribute in positive and negative ways to the output voltage
and power. Then, the combination of the driving wave’s effects results in no specific trend
in the output power.

On the other hand, the peak frequency is inversely proportional to the output power.
This is in accordance with the JONSWAP energy spectrum as well as the average floater ver-
tical speed trends. The higher vertical speed is linearly proportional to the induced voltage.
Under an equal load, the output power is also proportional to the voltage. Meanwhile, the
non-facing event frequency is relatively the same among different peak frequency random
waves; thus, it has a similar influence on the output power trend.

Meanwhile, the output powers of the iron-cored LPMG are higher than the semi
iron-cored ones. The comparison applies to equal random wave configurations. This is
because the semi iron-cored has more winding than the iron-cored; hence, more impedance
is formed. For similar induced voltage between the two LPMGs, the higher impedance will
decrease the load current and the terminal voltage, which are two components composing
the output power. The relation also applies to all load resistances. Figures 23 and 24 also
show the output powers trend for several load values. The output power of both designs
initially rises as the load is increased. After reaching the peak, the output power slightly
decreases to a convergent state.

Regarding the output powers resulting from different significant wave heights com-
pared to those from peak frequency variation, there are two influencing factors. From
Table 6, the significant wave height variation produces a higher average vertical speed than
the different peak frequencies. The vertical speed that next produces translation speed is
linearly proportional to the induced voltage (Equation (13)) and linear to the output power
(Equations (17) and (18)). On the other hand, the different significant wave heights also
result in more frequent non-facing events than the peak frequency variation. Consequently,
some of the high translation speeds occur during the moment. In case it happens, the
higher translation speed will not positively affect the output voltage and the output power.
Comparing the output powers resulting from both wave parameters’ variation, the higher
translation speed’s effect outweighs the effect of the non-facing event.

There are also differences between the output powers from both designs compared to
the rating of the LPMGs. This shows that under the unidirectional long-crested random
wave, the designs (with their dimensions) have not been able to fulfill the expected output.
Here, two notable factors can be considered in improving the LPMG designs. First, the
wave height data in the placement location show the presence of high wave amplitudes
in some periods. To model the wave as realistically as possible, those data are included
in the random waves’ formation. Then, it causes a significant difference between the
wave amplitude and the effective translator stroke. As a result of the event, the output
power drops in some moments. Second, the LPMG design should also be considered.
Under the unidirectional long-crested random wave scenario, the wave elevation and
speed fluctuate irregularly throughout time. To optimize the output power, the shorter
and limited dimension of the stator and translator should be able to gain high translation
speeds during optimum position.

To understand the significance of the non-facing events to the output power, the
outputs from the events need to be eliminated. In Table 7, the output powers without
the non-facing event are also presented. For both designs, the effective output powers
are increasing. The changes show the negative impact resulted from non-facing events.
The nearly zero output power during the events decreases the overall output. Meanwhile,
the maximum powers are the same because they resulted during the facing event; thus,
eliminating the non-facing event produces no effect. For different peak frequencies, the
increase of the effective power is similar, because the non-facing event duration is similar
between different frequencies. The increase is also not significant, as the non-facing event
spends a minority time portion compared to the facing event. Meanwhile, the non-facing
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event frequency is linear with the significant wave height. Thus, the increase of the output
power is rising with the increase of the height.

However, the increase in the effective output power is not significant enough to reach
the expected output. The maximum output powers are also below the expected value. In
this case, the more influencing factor is the LPMGs’ inability to harness high translation
speeds within its effective translator stroke range. Unlike the regular wave, the dynamics
of the unidirectional long-crested random wave do not follow any regular pattern. Thus,
for LPMGs whose dimensions are shorter than the wave amplitude, not only are they
vulnerable to the non-facing event, it is also difficult to position them or to arrange the
translator-stator relative position so that it can optimally harness the wave’s high vertical
speeds. Under regular waves, the LPMGs still experience non-facing events but are still
able to produce the expected output.

Thus, in designing the LPMG-driven WEC, the shorter translator (than the wave
amplitude) model cannot be employed. The easier way to improve is by extending the
dimension, approaching or even equalizing the wave amplitude at the placement site.
However, it still needs to be investigated whether other components also require upgrading.
Furthermore, design optimization is also required to manage the manufacturing cost. In
this case, the wave amplitude variation becomes an important parameter.

Under the operation of the irregular wave, the LPMGs also suffer losses in load
conditions. Whether the component, such as the copper loss, is irregular depends on
the load current. Meanwhile, the overall values of the hysteresis and the eddy current
losses can be stated based on the maximum flux density. Figure 25 shows the total loss
resulted from the two designs under random wave variations. The total loss decreases as
the significant wave height and peak frequency increase. Meanwhile, the loss also tends to
decrease when the load resistance is increased. The trends of the power losses under several
load resistances and random wave configurations are the same for both LPMG designs.

—SWH 1.5 m —SWH 4.5 m —PF 0.83 Hz —PF 0.61 Hz —SWH 1.5 m —SWH 4.5 m —PF 0.83 Hz —PF 0.61 Hz

160 160
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Figure 25. Power loss of iron-cored LPMG (left) and semi iron-cored LPMG (right) under different random wave parameters

and load resistances.

Then, the power loss affects the electrical efficiency of the LPMG. Overall, the electrical
efficiency among the same LPMG design is similar under different random wave parameter
variations. The trend of the two designs is also identical under the same wave parameter
variations. The iron-cored results in electrical efficiencies in the range of 74-75%, while
the semi iron-cored results in higher values, around 84% under all random waves. The
higher electrical efficiency in the semi iron-cored model, even with higher copper loss, is
supported by lower hysteresis and eddy current losses due to the smaller core volume. In
Figure 25, the total power loss of the semi iron-cored is lower than the iron-cored. Then,
Figure 26 presents the electrical efficiency of the two LPMG models under the same random
wave parameter.
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Figure 26. Electrical efficiency of the LPMG designs under random wave configurations.

The resulted efficiencies are also affected by the output power. Under significant wave
height variation, the WEC produces output power with the non-specific trend due to the
mixed influence from the waves” dynamics. Hence, the efficiency also has no specific trend.
Meanwhile, under different peak frequencies, both the output power and total power loss
increase as the wave parameter values decrease; thus, the resulted efficiency is also similar
under all the parameter values.

Based on the electrical output results, the performance of the semi iron-cored LPMG
is better in terms of power loss and electrical efficiency. For direct-drive WEC with a
similar LPMG design (but with optimized dimensions), the obtained results can also be
a consideration for selecting the placement location. Under unidirectional long-crested
random wave scenarios with similar significant wave height, it is preferred to install the
WEC in sites with lower peak frequency. It is favored, since the output power and efficiency
will be higher, whereas the power loss will be smaller.

The advancement of this research in future work besides optimizing the LPMG di-
mensions is regarding the experiment for testing. The aim is to more approach real wave
situations. The focus will still be on the same placement location, since the basic design
and the wave height data are available. However, to move the translator according to the
complete random wave dynamics is quite a challenge. It will be easier to take a portion of
the random wave motion, which is composed of several regular waves. Then, each regular
wave with certain parameters’ values (amplitude and frequency) can be taken as an input
to experimentally move the translator at a time. The outputs are next combined to form the
complete output of a random wave motion part.

4. Conclusions

Unidirectional long-crested random waves have been generated to test a direct-drive
WEC with two LPMG options. Four different significant wave heights and four different
peak frequencies are used based on the real data in the Southern Coast of Yogyakarta,
Indonesia, which is the designated place for the 1 kW-rated WEC. After being analyzed
using the JONSWAP energy spectrum, the wave’s particle elevation graphs can be obtained,
from which the operation of the WEC system (floater and LPMG) can be simulated. An
experiment is also conducted to check the output of the real LPMG models. In this case, the
small-scale LPMG models (about one-third in dimensions) produce similar output trends
as the theoretical ones for a constant translation speed of 1 m/s. The resulted voltages from
both real LPMGs are about one-seventh of the theoretical values.

Two factors shape the LPMGs’ output power under the tested random waves. First,
the accommodation of the high waves from the ocean data results in non-facing events,
which reduce the overall voltage and power. Second, the shorter dimension of the LPMG
compared to the wave amplitude makes it difficult to harness high speed during opti-
mum position. Related to the second factor, the high translation speeds from the wave’s
mechanisms do not always result in high voltage, because it also depends on the translator-
stator position.
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Analyzing the outputs of both LPMGs, the resulted powers under significant wave
height variation are higher than from peak frequency variation. Furthermore, the output
powers from different significant wave heights have no specific trend, as it is affected nega-
tively by the non-facing event frequency and positively by the higher average translation
speed. Meanwhile, the peak frequency is inversely proportional to the output power, as
it is also inversely proportional to the average translation speed and JONSWAP energy
spectrum. The non-facing event is similar among different peak frequencies, so the effect
is not significant. If the non-facing events are expelled, the output power increases, with
the increase rising as the significant wave height increases. This is because the non-facing
event frequency is linearly proportional to the significant wave height. For different peak
frequencies, the output power increase is similar and insignificant.

The iron-cored LPMG produces higher power than the semi iron-cored type, due to
its lower winding impedance. Meanwhile, for both designs, the resulted power losses are
inversely proportional to the significant wave height or the peak frequency values. The
loss also has negative relation with the load resistance value. Furthermore, the resulted
efficiencies among different wave parameters’ values are similar for the same LPMG design,
with semi iron-cored LPMG producing higher efficiency due to its lower hysteresis and
eddy current losses.

From the performance test results, the semi iron-cored LPMG is preferred in terms
of power loss and electrical efficiency. Meanwhile, for a similar LMPG design (iron-cored
or semi iron-cored type), it is preferred to select the placement location with a lower peak
frequency wave for equal significant wave height.

This research only focuses on the provided LPMGs with a nearly equal length between
the stator and the translator, and the effective translator stroke (to effectively produce
electrical output) is shorter than the wave amplitudes. From the results, the designs
have not met the expected output, even after the non-facing events are excluded. For
improvement, the dimensions’ extension should be investigated to optimize both output
power and manufacturing cost in a minimum possible dimension. The experiment in
future research will also be developed by moving the translator according to different
regular waves, which are composing a portion of random wave motion.
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