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Abstract. The increased use of renewable energy in modern power grids has led to a demand for innovative technologies that can
efficiently harness intermittent energy sources. Multi-Point Absorber (MPA) systems have emerged as a promising solution for
capturing wave and tidal energy sustainably. This study focuses on developing advanced control strategies for MPA systems to
improve their performance and coordination in power generation and grid integration for both AC and DC networks. The research
begins with a comprehensive review of MPA technologies, highlighting their challenges and opportunities. It then explores the
development of control algorithms that dynamically adjust MPA parameters in real-time, optimizing energy extraction efficiency.
The paper also addresses the crucial aspect of grid integration, investigating power electronics interfaces and synchronization
techniques to enhance grid stability. Additionally, bidirectional power flow capabilities are discussed, enabling functions like
frequency regulation and voltage control. The novelty of this work lies in the development of adaptive control algorithms for MPA
systems, surpassing previous efforts by incorporating real-time data for parameter adjustments. The study demonstrates the
effectiveness of these advanced control strategies through simulations and implementation, evaluating energy conversion
efficiency, grid compatibility, and system reliability across various conditions compared to conventional methods. The results
emphasize the significance of bidirectional power flow capabilities in achieving enhanced functionality, such as frequency
regulation and voltage control. This paper provides valuable insights into optimizing MPA systems, showcasing their potential to
revolutionize sustainable energy capture and integration into modern power grids.

Keywords: Multi-Point Absorbers, MPPT Control, Grid integration, Synchronization, Power converter, Sustainable energy.

1. Introduction

In order to achieve a sustainable and environmentally responsible future, it is essential that renewable energy sources be
incorporated into the global energy system. Wave and tidal energy among the varied variety of renewable energy sources offer
special benefits due to their predictability and high energy density. A promising method for utilizing this enormous oceanic
potential, Multi-Point Absorber (MPA) devices promise reliable and sustainable power generation. The effective use of these
marine resources brings opportunities and difficulties as the world moves toward an energy paradigm that is centered on
renewable resources.

Over the past few decades, researchers have worked to improve the extracted power from the point absorber WEC using
analytical, computational, and physical approaches [1] suggested a formula based on the Morison equation to find a hydraulic
system's maximum extractions under regular waves; nonetheless, the linear PTO and drag viscosity were the basis for these
findings. The wave height reduction-based physical technique known as "wave height take-off" (WHTO) was utilized to compute
the WEC's energy absorption [2]. A point-absorber device's ability to trap energy in both regular and irregular waves was examined
in [2, 3].

In the context of power generation and grid integration, this work presents a thorough investigation into cutting-edge control
algorithms designed to improve the performance and coordination of Multi-Point Absorber systems. In order to accommodate
both alternating current (AC) and direct current (DC) electrical networks, the goal is to address the multidimensional complexity
involved with MPAs. Our goal is to fully realize the potential of MPAs and smoothly integrate their power output into current
electrical grids, so making a substantial contribution to the diversification and environmental friendliness of our energy sources.
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Due to the fluctuation of the wave resource, the power output of wave energy devices is not optimal, and they cannot be
conventionally connected directly to the grid. The issues involved in the grid integration process range from effective control of
the power converters involved to power conditioning procedures. Some grid integration lessons learned from wind energy can be
applied to the case of wave energy [4, 5]. Wave energy's ability to enter current grid networks will, however, be directly impacted
by the impacts it will have on the system and the availability of technologies to address these effects [6].

The most recent MPA technologies are thoroughly evaluated at the outset of this study in order to identify their inherent
benefits and the specific challenges that stand in the way of their wider application. To overcome these limitations, we develop
and implement advanced control algorithms that are meticulously designed to significantly optimize the energy extraction
efficiency of MPAs throughout the dynamic and usually unpredictable marine environment. These control systems use real-time
data, such wave and tide patterns, to adaptively fine-tune operational settings. As a result, the system experiences less
mechanical stress and produces more power [7].

The smooth connection to both the AC and DC electrical grids is another important feature of renewable energy integration
that is covered in this study. This research investigates cutting-edge power electronics interfaces and grid synchronization
methods in recognition of the diversity in power distribution networks around the world. Regardless of the current network
configuration, these advances are essential for enabling MPA systems to actively contribute to grid stability, reliability, and
performance improvement [8, 9].

In addition to improved grid integration, the research examines the bidirectional power flow capabilities incorporated into
MPA systems. This capability, for example, empowers MPAs to carry out essential grid support functions like voltage management
and frequency regulation, which enhances their standing as adaptive and flexible players in the evolving energy scene. We
evaluate the efficacy and resilience of the suggested advanced control mechanisms for MPA systems through an extensive set of
simulations validations. Performance indicators like energy conversion efficiency, compliance with grid integration, and system
reliability are systematically assessed under various operational circumstances, allowing for direct comparisons with traditional
control techniques.

This paper aims to provide a holistic framework for the development and deployment of advanced control systems tailored
specifically to Multi-Point Absorber technology. These advancements hold the promise of significantly enhancing energy
conversion efficiency and seamless grid integration across both AC and DC current networks. As we embark on this journey
towards a more sustainable energy future, the innovations presented here will undoubtedly play a pivotal role in realizing the full
potential of wave and tidal energy resources, paving the way for a greener and more resilient global energy landscape.

The reminder of the paper is organized as follows: The introduction starts off by giving a quick summary of the case study.
The overview of multi-point absorber technology is included in section 2 as well. The configuration of the wave energy-based
point absorber is provided in Section 3. The many wave-based energy generating processes are described in Section 4. Section 5
discusses the approaches for hydrodynamic modeling of the absorber point. Section 6 focuses on the physical modeling of the
linear permanent magnet synchronous generator and heaving buoy-based point absorber components. A model control-based
power generation is described in section 7. The simulation results and analyses are presented in Section 8. Section 9 concludes by
summarizing the research's main findings and exploring potential directions for the future.

2. Multi-Point Absorber (MPA) Technology Overview

Multi-Point Absorber (MPA) technology represents a pioneering approach to harvesting renewable energy from ocean waves
and tidal currents. It stands at the forefront of marine renewable energy solutions, offering the potential for consistent,
sustainable, and environmentally friendly power generation. In this section, we provide an in-depth overview of MPA technology,
exploring its key principles, components, advantages, and challenges [10].

It becomes clear that the successful integration of wave energy into the electrical grid strongly depends on the efficient
coordination of multiple subsystems as we work to harness wave energy as a viable renewable resource [11]. These subsystems
cover a wide range of technologies, such as power conversion systems, energy storage options, wave energy converters, and
sophisticated control systems as shown in Fig. 1. Since it calls for both the separate subsystems' optimization and the smooth
coordination of their operations, the interconnection of various parts is a crucial problem in the development of wave energy
systems. The complexity of these subsystems and their complex interactions are explored in this essay, along with the major
concerns and innovations needed to advance wave energy as a dependable and sustainable addition to our energy mix.

A point absorber is a type of wave energy converter that captures energy from ocean waves. Modeling a point absorber
involves both electrical and hydrodynamic aspects. Here are the key equations for modeling a point absorber:

A straightforward sketch can be used to demonstrate the concept and design of a Wave Energy Converter (WEC). The
fundamental function of a WEC is to capture the kinetic and potential energy found in ocean waves and transform it into useful
electrical power [12]. You may represent a buoyant structure that rides the waves in the sketch by showing how it rises and falls
as the waves pass by. A mechanical linkage, frequently in the form of a piston or hydraulic system, is connected to this buoy and
converts the vertical motion into mechanical motion as illustrate in Fig.3. The generator, which is pictured as a box with coils and
magnets, receives this mechanical energy and uses it to generate electricity [13]. The generator is coupled to an electrical output
that can either charge a battery-based local energy storage device or feed into the power grid. In order to maximize energy
capture and adjust to changing wave conditions, the drawing can also include sensors and control systems. The fundamental idea
is that a well-designed WEC system can convert wave motion into mechanical motion, and ultimately into electrical energy.
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Fig. 1. The many subsystems involved in producing wave energy and its interconnection.

AV,‘ Journal of Applied and Computational Mechanics, Vol. 10, No. 3, (2024), 422-442



424 Ali Alnujaie et al., Vol. 10, No. 3, 2024

The equivalent circuit of a point absorber for marine energy conversion shown in Fig. 4 is a simplified electrical representation
that captures the essential components and behaviors of the system. It typically consists of a Power Take-Off (PTO) component,
which transforms the mechanical motion of the buoyant structure into electrical power by acting as a voltage source with an
internal impedance [11]. To store and regulate the generated energy, energy storage components like capacitors and batteries are
frequently used. Rectifiers and inverters may be included into the circuit depending on the required output. Control systems are
essential for increasing power capture efficiency and guaranteeing smooth operation. The electrical load, in the end, stands for
the things that use the power that is produced.

Fig. 2. A common example of self-reacting a-body PAs is the OPT Power Buoy gadget [12].
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Fig. 3. Principle and design of the WEC in a sketch.
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Fig. 4. Equivalent circuit representation of marine energy point absorber.
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Fig. 6. Point absorber wave energy converters use four different types of power take-off methods.

3. Description of the Marine Conversion Chain

A point absorber, a linear permanent magnet synchronous generator (LPMSG), a diode rectifier, a DC-DC boost converter, and a
two-level, three-phase voltage source inverter for grid connection make up the proposed WEC configuration, which is shown in
Fig. 5. The grid-connected VSI is fed by the point absorber via current output dc/dc converter, which is arranged as a current
source. To the shared dc-link, additional point absorber units with current output dc/dc converters may be connected in parallel
[16]. The VSI uses voltage loop control to maintain consistent control of the dc-link voltage.

The grid inverter was implemented as a three-level NPC converter in both topologies. Only active power should be delivered to
the grid, and the converter should keep the DC link's constant voltage Va at a predetermined level. The voltage-oriented control
(VOC), in which the current component is is proportionate to the active power and the component iz corresponds to the reactive
power, was used to operate the master control system. The control system under test adopted a reactive power of zero (ig = 0),
which indicates that the grid current provided is in phase opposition to the grid voltage [17]. The set three-phase currents (iga, igs,
igc) are created as in the generator converter employing a nonlinear three-level type regulator after transformation to a three-
phase coordinate system.
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4. A Point Absorber Mechanism

Power Take-Off (PTO) mechanisms are essential parts in a variety of applications where mechanical power needs to be
transferred to or extracted from a prime mover or energy source for the completion of particular tasks [18]. They come in a variety
of forms, each suited to particular uses and specifications. In this article, we go over four popular PTO mechanisms: hydraulic,
mechanical, direct-drive, and novel or specialized PTOs.

In this study, we are interested in the third type direct drive PTO shown in Fig. 6.

Each mechanism illustrated in Fig. 6 has advantages and disadvantages and the choice of the appropriate topology depends
on several geographical, economic and technical factors. Here is a brief description of each type:

4.1. Hydraulic PTOs

Pressurized fluids, mainly hydraulic oil, are used by hydraulic PTOs to transfer power. In order to transform mechanical energy
into hydraulic pressure and vice versa, they need hydraulic pumps and motors. The applications of hydraulic PTOs are frequently
used to drive winches, cranes, and various hydraulic systems in the construction, agricultural, and maritime industries. They are
also frequently used in heavy machinery and industrial equipment.

4.2. Mechanical PTOs

Mechanical linkages, gears, and shafts are used in mechanical PTOs to transfer power. For engagement and disengagement,
they frequently use clutches. Their field of application are the power auxiliary equipment like pumps, generators, or power take-
offs for accessories, mechanical PTOs are frequently used in vehicles, including trucks and tractors.

4.3. Direct-drive PTOs

The goal of direct-drive PTOs is to convert mechanical energy directly into electrical power without the use of any
intermediary conversion processes. They frequently employ prime mover-connected high-torque electric generators. To produce
electricity more effectively, direct-drive PTOs are employed in a growing number of renewable energy systems, such as wind
turbines and wave energy converters.

4.4. Alternative PTO systems

Its principle is to cutting-edge and distinctive PTOs that are specifically crafted for given purposes or challenges are referred
to as innovative or specialized PTOs. Innovative technologies like magnetically connected PTOs, piezoelectric PTOs, or
sophisticated energy collecting systems may be a part of these solutions. Its applications include energy harvesting in difficult or
remote areas and the conversion of ocean energy, two fields that are just emerging. These PTOs are designed to meet specific
needs.

Whether it's for moving auxiliary equipment in automobiles, producing electricity from renewable sources, powering
hydraulic systems, or satisfying specific energy harvesting requirements, each of these PTO devices plays a critical role in
effectively transmitting power [19]. The variety and adaptability of power take-off technologies are highlighted by the fact that the
selection of a PTO mechanism is influenced by elements such as application, efficiency, and environmental circumstances.

5. Hydrodynamic Methods Applied to PA Modelling

Hydrodynamic modeling for wave energy devices like Point Absorber (PA) systems involves simulating and analyzing the
motion and interaction of the device with the surrounding water environment [20]. These models are crucial for understanding
how PA devices respond to wave forces, predicting their performance, and optimizing their design. Here are some common
techniques used for hydrodynamic modeling of PA devices:

5.1. Potential flow theory

Potential flow models are often used for initial assessments of PA devices. These models assume irrotational flow (no
vorticity) and can provide simplified estimates of device motion and response to wave forces. The linear potential flow theory is a
common starting point for analyzing PA behavior.

5.2. Boundary element method (BEM)

BEM is a numerical technique used to solve potential flow problems more accurately. It discretizes the surfaces of the PA
device and the water domain into elements, allowing for the accurate modeling of the complex geometry and wave interactions.
BEM can handle non-linearities and is suitable for both regular and irregular wave conditions.

5.3. Computational fluid dynamics (CFD)

CFD simulations provide a higher level of detail by solving the Navier-Stokes equations to account for fluid viscosity and
turbulence. While computationally more intensive, CFD can capture intricate flow patterns around PA devices, making it suitable
for analyzing non-linear effects and complex geometries.

5.4. Linear frequency-domain analysis

This technique is used to analyze the frequency-domain response of PA devices to irregular waves. Linearization is applied to
wave excitation and device response, which simplifies calculations while still providing valuable insights into device behavior.
5.5. Time-domain analysis

Time-domain simulations involve solving the equations of motion for the PA device over time. This approach accounts for
non-linear effects, including wave steepness, device motion, and energy capture. Time-domain analysis is essential for
understanding dynamic behavior and can be coupled with CFD or BEM for accuracy.

5.6. Numerical wave tank experiments

In addition to numerical modeling, physical experiments in wave tanks can validate and complement modeling efforts. These
experiments involve scaled-down PA device prototypes and provide real-world data for comparison with simulations.
5.7. Frequency response analysis

This technique focuses on the frequency response of the PA device to harmonic excitations. It helps identify natural
frequencies, resonances, and modes of vibration, which are crucial for optimizing control strategies.
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Fig. 7. The techniques for hydrodynamic modeling used with PA devices.

5.8. Dynamic response analysis

This involves assessing the dynamic response of PA devices under various sea conditions, including extreme wave scenarios.
It can help ensure the structural integrity of the device and evaluate its performance over a wide range of conditions.

Effective hydrodynamic modeling of PA devices requires a combination of these techniques, depending on the specific
research goals and the complexity of the device design. Researchers typically use a stepwise approach, starting with simplified
models and gradually refining them as the understanding of the device's behavior improves.

Figure 7 gives a brief summary of the several hydrodynamic modeling approaches. These techniques are essential for
comprehending the intricate dynamics of fluid flow in various natural and artificial systems [21].

The Navier-Stokes equations, the foundation of fluid mechanics, are one of the many mathematical and computational
methods they cover. These equations are frequently written as [22]:

ap,

o T V(o) (1)
ov 1 T
E‘F(UV)U—*;V!%‘FP#’;VU (2)

where:

U(x,y,2) : is the fluid flow velocity vector.

p; :is the pressure field.

F :is the external force per unit mass.

 :is the fluid viscosity.

Equations (1) and (2), however, cannot be resolved analytically; hence, numerical discretisation is required to arrive at a
solution. The full set of Navier-Stokes equations must now be implemented using computer codes. The choice amongst the
various methods is determined by the phenomenon that needs to be mimicked, the computing power of our computer, and/or the
necessity for fidelity. Wave tank studies or open water tests can be carried out in NWTs in the case of wave energy [23]. For years,
fluid-body interaction analysis in offshore and ocean engineering has used these simulations.

6. Modelling of Multi-point Absorber-based LPMSG

6.1. Hydrodynamics model of PA

Its methodology for PA hydrodynamic modeling is the same as that of the other kinds of WEC devices. This paper simply
provides a basic overview of the PA hydrodynamic modeling because there are many works that deal with WEC hydrodynamic
modeling [24].

Wave equation: The motion of the point absorber is influenced by the incoming wave motion. The wave elevation can be
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described by the linear wave theory equation [25]:
n(x,t)= Acos(kx — wt) 3)

where:
7 : is the wave elevation.
A :is the wave amplitude.
k: is the wave number.
w : is the angular frequency.
x :is the horizontal position.
t:is time.
Particle velocity: the particle velocity of the water particles beneath the absorber is given by:

u(x,t)= f%sin(kxfwt) (4)

This velocity is important for estimating the kinetic energy of the incident waves. Buoyancy Force: The buoyancy force acting
on the point absorber can be calculated using Archimedes' principle [23]:

F,=p,gV (5)

where:
F, :is the buoyancy force.
p, : is the density of water.
g: is the acceleration due to gravity.
V : is the volume displaced by the point absorber.
Power Capture: The electrical power captured by the point absorber can be calculated using the equation:

P, = %pw,gVHSCdWPg (6)

where:

P, : is the electrical power output.

H, :is the significant wave height.

C, : is the power capture coefficient.

v : is the relative velocity between the absorber and the waves.

P, :is the generator efficiency.

Time domain models are necessary to analyze the device's nonlinear effects. Without describing how they interact, Eq. (7)
captures all the forces acting on a wave energy device.

Then, Newton's second law is taken into account for a floating body that is solely constrained in heave motion. It states that
the body's total force, F,,, is equal to its mass times the translational acceleration (moments are not treated here but follow the
same rules [27]:

‘Fnet =m dtz = FQ (t) + FFK (t) + Fmd (t) + ‘Fres (t) + ‘FPTO (t) + ‘Fsprmg (t) + ‘Fudd (t) (7)
where:
E,.. :is the sum of the forces acting on the buoy (N)

m :is the mass of the Point Absorber (kg)
z(t) : is the vertical displacement of the point absorber as a function of time (m)
g: is the acceleration due to gravity (m/s?)
F (t): is the gravity force (N)
F(t):is the Froude-Krylov force (N)
F4(t): is the radiation force (N)
E,(t): is the viscous force (N)
F.ro(t) :is the PTO force (N)
E,in(t) : is the mooring force (N)
F,4(t) : is the additional force (N), and F,,, is any other force, such as drift, wind, tidal, or other body-water interactions, acting
on the structure.

Gravity force: the force due to gravity acting on the point absorber:
F(t)=—mg ®)

Froude-Krylov Force: the hydrodynamic force due to the motion of the point absorber. It depends on the acceleration of the
point absorber:

©)

Radiation Force: the force due to the radiated waves from the motion of the point absorber. It also depends on the absorber's
motion. As was already mentioned, the radiation force, or Fr4, drains energy from the system. Because of this, Fra is acting as a
damper, and as a result, it is proportional to the floater's velocity as follows:

Faa(t) = —bz(t) (10)

where:
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b:is a radiation damping coefficient (kg/s)

z:is the first-time derivative of the vertical displacement of the buoy, i.e. the velocity [m/s].

The restoring force, Frs according to Archimedes law of buoyancy, is taken proportional to the vertical displacement of the
buoy according to:

Fs (t) = —c2(t) (1)

where:

c:is a restoring coefficient (kg/s?

z :is the vertical displacement of the buoy (m)

Power Take-Off (PTO) force: the force generated by the PTO system, which extracts energy from the motion of the point
absorber. Like the restorative force Frs, radiation force Fra, mechanical spring force Fsping, and PTO damping force (Frro), these
forces are generated by:

FSpvivlg (t) = —kgZ (t) (12)

Foro (t) = *Bi(t) (13)

where:

k, : is a mechanical spring coefficient (kg/s?)

B is the PTO damping coefficient (kg/s).

Additional force: any other forces that may act on the point absorber, such as drift, wind, tidal forces, or other body-water
interactions. The added mass force, Fau, acts in addition to the absolute mass of the buoy, as suggested by its name, and is
therefore taken to be proportional to the floater's acceleration as follows:

Faa(t) = —az(t) (14)

where:

a : is an added mass coefficient (kg)

7 :is the second time derivative of the buoy’s vertical displacement z(t), i.e., the acceleration (m/s?

Solving Eq. (7) of motion with appropriate numerical methods and considering the specific characteristics and design of the
point absorber will provide insights into its behavior and energy conversion performance.

The different forces exerted on the mass of the point absorber in a terrestrial reference frame are represented in Fig. 8 in the
part which contains the hydrodynamic chain. In the same figure we observe the connection of the electrical chain with the
hydrodynamic one [28].

6.2. Linear permanent magnet synchronous generator model

A Linear Permanent Magnet Synchronous Generator (LPMSG) is a machine that produces electricity by revolving a coil of
windings in relation to a permanent magnet field. Although it is set up for linear motion rather than rotating motion, it functions
according to the same principles as a conventional Permanent Magnet Synchronous Generator (PMSG). An LPMSG simple model is
provided below [29]:

( - - - = — — — —+Pa,,

Direction of motion FEgs
(Heave)

Yaw|6

4

S

s
Sur;
Fpto
Inner floating buoy __—>
- Pajax
DC bus

T AL
| A

- LPMSG 31, diode
Seabed rectifier Boost conveter Grid side inverter Power GridJ

Electrical chain

e

Hydrodynamic chain

Fig. 8. The point absorber wave energy conversion based the element of a hydrodynamic and electrical chain.

AVA Journal of Applied and Computational Mechanics, Vol. 10, No. 3, (2024), 422-442



430 Ali Alnujaie et al., Vol. 10, No. 3, 2024

v, (t) = Ri, (t) + d’i;t(t) — (12, (t) (15)
v, 0= Riy 1)+ 24 )0, 1) (16

where the voltages, currents, and magnetic flux connections in the direct- and quadrature-axis, respectively, are denoted by v,,
Uy, gy 15, ¥, and 4y, R stands for electrical resistance per phase, while w, stands for angular electrical speed.

The flux wave moves axially in linear machines, but in the reference frame it generates an electrical speed v, that is
comparable to the electrical speed w, as in rotary machines. This speed is also stated in linear topologies in terms of radians per
second (rad/s), and it can be calculated by:

v, (t)=v, (1) 17)

where:

p :is the number of pole pairs,

U,, : is the mechanical linear speed (m/s).

As a result, the equations for linear machines can be explained similarly, or in terms that are analogous to Egs. (15) and (16)
as:

di, (t)

Uy (t) = Ri (t)+ T (t), (t) (18)
va(0)=Ri (1) + 220y (1), 1 (19)

in which ¢, (t) =L, (t) and ,(t) = Lyi,(t) + ¥, respectively, are the formulas for the d- and g-axis magnetic flux linkages. L,,L,,
and v,, stand for the direct-axis inductance, quadrature-axis inductance, and the fundamental component of magnetic flux
linkage per pole produced by the PM arrays.

Equations (18) and (19) can therefore be rewritten as:

diy (t) _ a(t) — Rig (t) + Ve (t) Ly (t)

a L, (20)

di, (t) A (t) = Rig (t) = U, (t) Lyl (t) — U, (t) Upy
dt L (21)

q

The dynamics of currents and voltages in an LPMSM's synchronous reference frame are represented by equations (20) and
(21). Typically, a rotary machine's torque equation is:
dw,, (t
T(t)= }Lgt( )4 B,w, (t) + T, (t) (22)
where T,J,B,,T, and w, stand for the electromagnetic torque, moment of inertia, damping coefficient, load torque, and angular
speed produced by the motor, respectively.
A LPMSM's mechanical equation is so as follows:

dv,, (t)

F(t)=m n

+B,u,, (t) +F,(t) (23)
where, respectively, F, m, and F stand for the electromagnetic force generated by the linear machine, the moving mass, and the

load force. The torque on a rotary machine is comparable to force in the linear case, as can be observed from (22) and (23). Given
its electric, magnetic, and geometrical characteristics, an LPMSM's electromagnetic force can be calculated as follows:

37 . . .
F(t) = 2 p (v () (L~ L, (1), (1) (24)
p
iy R L
Vg iquw e
O
i R L

Yq I Wpn @e=iglg®e
O

Fig. 9. d and q axes equivalent to the generator circuit.
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Rectification is the process of converting alternating current (AC) to direct current (DC) using an electrical device called a
rectifier. In high power applications, one of the most crucial circuits is the three-phase full-wave bridge rectifier. The three-phase
source can be directly linked to the rectifier. The rectifier's typical output voltage is [30]:

™

r

Vi (25)

where:
V, :is the DC or average output voltage (V).

V}; :is the AC line voltage (V).
The rectifier's output voltage ripples are eliminated by a filter capacitor using:

c_ 1
‘= RR, (26)

Control strategies play a pivotal role in the effective operation of marine renewable energy conversion systems. These
systems, designed to harness the power of the ocean's renewable resources, involve complex physical energy conversion chains.
Control strategies are essential for optimizing energy extraction and ensuring the system's robust and efficient performance. In
the context of marine renewable energy, control strategies serve several critical functions [31]. Firstly, they help adapt the system
to the dynamic and often unpredictable nature of marine conditions, including variations in wave height, frequency, and tidal
currents. By continuously monitoring these environmental parameters and adjusting the system's operation, control strategies
can maximize energy capture while maintaining the structural integrity of the equipment.

7. Advanced Control Algorithms for Enhanced MPA Performance

Advanced control algorithms that handle many elements of point absorber wave energy converters' functioning, such as DC
voltage stabilization and active/reactive power regulation, are necessary to improve their performance. A thorough control system
for point absorber wave energy converters should incorporate these control strategies. The particulars of the point absorber
system, the environment, and the grid needs will determine the choice of algorithm and controller architecture. For effective
control and performance improvement, real-time monitoring and feedback are also essential.

The converter in Fig. 10 is also contrasted with this kind of set up. The benefits of adding an additional DC/DC converter
include [32]:

1) Maintains proper inverter-side DC voltage.

2) Modifies switching ratio to control generator-side Power-voltage.

3) Enables switching for selective harmonic elimination (SHE), which reduces losses.

4) The inverter no longer requires control of DC voltage and has more flexible power.

By adjusting the basic line current's specific magnitude and the phase angle between the line current and the line voltage, the
inverter can be controlled.

The controller can be configured to switch the VSI at the absolute frequency of the three-sided carrier signal with well-defined
output harmonics. For each shaft speed, it is feasible to determine the best electric voltage values that correspond to the highest
achievable turbine power. In addition to the DC/AC voltage percentage and power, control variables that can be set to manage the
power are used when necessary. The continuity of the DC-link can be preserved by turning the inverter handle, and the active
power can be changed to maximize real power transmission. Results show that thyristor-based inverters with active
compensators are best suited for powerful HVAC systems since they depend on the device to ensure replacement. However, it is
possible to merge the two VSI and Direct current/DC-VSI devices with comparable AC systems. Numerous additional control
techniques have also been applied to this convertor [33].

The specific DC/AC inverter is able to control both the active and reactive power provided to the grid by adjusting the g-axis in
addition to the already present d-axis. The g-axis reference point current is computed using the inaccuracy inside the DC-link
voltage and compared to the current. In order to determine the utility's phase angle, which is used for power factor command,
phase locked loop (PLL) technology is used in a d-g synchronous reference frame. Power factor control uses the reference current
along the d-axis of the rotation to enable comparisons. The inaccuracy in both coordinate system currents is used to generate the
d-g-axis voltages required for space vector PWM control [34].

Grid side inverter

Point e
absorber Diode  Unre sulated DC-DC boost converter

Rectifier _li - Regulated ) )
= iy DC-link i / R L ZD\ DC-link | pCC Electrical grid

;:TV, 4{ E,T;F —— LCL Filter

380V, 50 Hz

Measures speed

® Control of the speed " Measured
de

Reference speed o Control of the output rectifier current i;

Reference V.
P
0"

Fig. 10. LPMSG-based wave energy system along with its controller.
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With the aid of a boost-controlled DC/DC chopper, a voltage equation control, and a proportional integral (PI) control, the duty
ratio of the chopper switch may be computed for any kind of particular optimal position. The benefit of flexible active and
reactive power transfer to a particular grid is that the inverter-side DC-link voltage stays constant because it is determined by the
actual grid voltage. The ability to tune the chopper output to the maximum value and provide output power is one advantage of
the continuous DC-link voltage. The control is implemented by a human relationship between the duty cycle and output power of
this chopper [35]. The obligation cycle might begin at any point and go gradually, switching between different ranges in an effort
to obtain the largest power distribution point. It is discovered that the system started to lose efficiency at high speeds, this was
caused by the duty ratio and DC current's phase iqg.

7.1. Control system of PMSG side converter

The role of the ac-dc converter is to operate the wind turbine at maximum power extraction. This task is performed by
adjusting the electrical torque of the machine to operate on the optimal torque curve. In the case of the LPMSG, the control
strategy is to regulate the ac current. The diode rectifier does not fulfill this role since this topology provides control over neither
the ac current, it, nor the output dc current i». However, it has been discussed that the dc-dc converter can be used to control the
rectifier current ir. Furthermore, Equation of the DC link has stated the correspondence between the dc current and the ac current
[36]. Therefore, the current ir is the signal regulated using the duty cycle of the dc-dc converter as shown in Fig. 12.

The control approach based constant stator voltage is directly managing the generator stator voltage can be employed to
prevent overvoltage of the converter brought on by overspeed of the generator. The control goal is accomplished at the stator
voltage reference frame (SVRF), where the vector direction of the stator voltage is assumed to be in the direction of the d-axis.
Since the d- and g-axis components of the stator current determine the active power and reactive power, respectively, there is no
coupling in this situation [37].

Voltages and currents from the stator of the generator are converted into active Ps and reactive power Qs by means of Eq. (27).
This equation is also identical for both induction machines and permanent magnet machines:

Ps = gusdisd
(27)

3.
Qs = _E Usdlsq

The d-axis component of the stator current determines the generator's active power. Through control of the g-axis
component, the stator voltage may be maintained at the rated value. A constant stator voltage control technique has the
advantage of allowing the converter and generator to continue working at their rated voltages while maintaining a constant
Vad/Uac ratio, which prevents over-voltage and converter saturation at high speeds. The converter's rated capacity is raised by the
control mode [38].

The best of the three control systems has been found to be constant stator voltage control. In order to maintain the stator
voltage of the PMSG at the rated value and the active power at the reference value, or to achieve MPPT of the WEC, the stator
current vector control with stator voltage orientation can decouple the active and reactive power of a PMSG.

The stator voltage vector will point in the synchronously spinning reference frame's d-axis direction if the g-axis is rotated 90
degrees counterclockwise along the d-axis direction, giving vss = Us and usg = 0. The d- and g-axes are thought to have the same
inductive reactance since the LPMSG rotor is symmetrical: La= Lq = L. The stator voltage and flux linkage equations for the PMSG
can be shortened to the following under this supposition:

Uy = Rsisd + d:i/};d - u}e1/)q =V
Uy = Rsisq + d;q + we1/)d =0
’L/}sd = Lisd + ’L/}PM =0
. U 29
’L/}sq = Llsq = _j ( )
drRF

Jigha Ogen

L=j¥pyy Ogen

q
> ) ArRRF

Fig. 11. Vector chart for a constant stator volt generator-side converter control strategy.
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Equations (28) and (29) show:

dig, .
—w,Li
dt e sq

; (30)

di, .
dtq + we (Llsd + wPM)

Usd = Rsisd —+ L

v, =Ri, +L

sq

The LPMSG's combined active and reactive power can be expressed as follows:

P s EUsisd
2
(31)
— 3 ;
Qs - _Euslsq
As aresult, the SVRF entirely decouples the active and reactive currents, while coupling the associated control voltage vectors.
The following two new inputs can be defined:

, .
Uy =VUgy + weLlsq

. 32
v}, = Uy, —w,Liy (2)
If we substitute (32), we obtain:
Uy =Ry +L diy
dt
di (33)
U;q =R, +L dstq + W py

As a result, feedforward compensation can be used to create decoupled control of current by adding feedforward inputs (w,Lig,
and w,Liy) to the d- and q-axes current controllers.

e'sd

The relationship between the AC and DC voltages for the PWM converter can be represented as follows:

Usd = \/§ Pmdvdc
22
(34)
By
Usq - 2 (2 mq ¥ dc

The generator side converter's power circuit and speed control are shown in Fig. 12. Take note that Maximum Power Point
Tracking (MPPT) techniques are typically used to calculate the electric rotational speed reference. These methods try to modify
the PMSG rotor speed (by modifying its reference) in order to maximize power extraction for a specific wind speed value. In this
paper, the MPPT control is not taken into account [39, 40].

A synchronization grid technique is needed in order to provide synchronized values for the inverted voltage's amplitude,
phase, and frequency—values that are considered variables and crucial pieces of information for the grid-connected inverter
systems. The synchronization approach links the grid voltage and the magnitude and angle of the VSI reference currents [41]. This
equipment and its functioning require quick and precise detection of the amplitude, phase angle, and frequency of the VSI's
inverted voltage in order to assure proper creation of reference signals and comply with grid connected system rules. Grid-
connected WEC have been managed to function as closely as feasible to the unity power factor, though, in order to meet
minimum power dissipation requirements and comply with grid code restrictions [42]. Phase Locked Loop (PLL) and Filtered Zero
Cross Detection (ZCD) are two crucial synchronization techniques that can be employed for this [43].
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P Rectifier DC-link . - egulate
- e = i s ( R L ’D\ DC-link
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o \4
ir iL A

MPPT
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Fig. 12. Power circuit of the generator side converter along with its speed control.
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Fig. 13. Diagram of the PWM voltage source converter at the grid.

7.2. Grid-side converter control system

To accomplish decoupled control of the active and reactive power between the grid and the grid-side converter, voltage-
oriented vector control is used to control the grid-side converter. It is largely utilized to control the reactive power between the
WEC and the grid as well as the DC voltage of the DC link. Its control goals are as follows [44]:

® Maintain a steady DC voltage

® Maintain the reference value for the reactive power exchanged between the grid and the grid-side converter.
Figure 13 displays the structure diagram of the grid-side PWM voltage source converter. Figure 13 displays:

Vga iga iga Vca

d].
V| =R, lgb d e (35)
V. i i

gc gc gc cc

where:
V,a : 18 the three-phase grid voltage (V),
Vwbc : is the three-phase grid-side converter voltage (V),
Lyasigys1, - @re the three-phase grid-side converter currents (A),
R, and L, : are series resistance (Q) and inductance (H) of the grid-side converter,
i,,1 and i, ‘ are the DC currents (A) of the grid-side and the generator, and C is the DC-link capacitance.
We may obtain the voltage equation in the dgq synchronously rotating frame using a PARK transformation of (33):

d
ng =R 19,71 + L d Lglgq + Vg,

(36)

di,
Vg = Rl Ly + oy + Vi,

where igg, igq, Ugd, and vgq: are the d and g-axis components of the grid current and voltage, and Vu and V¢ are the d- and g-axis
components of the converter voltage at the grid-side.

The grid-side converter and the grid can exchange active power P, and reactive power Qg as follows:

3 .
P, = 9 (Vydlgd + vgqlgq)

3 . (37)
Q@ 2 (nglgd Vydlgq>

In this part, grid-voltage-oriented vector control is used, with the g-axis rotating 90 degrees along the d shaft and the grid-
voltage direction being the direction of the d-axis. In this instance, the grid-voltage vector's g-axis component, Vyq, equals 0, and:

3., .
Pg = E nglgd
3 (38)
Q, = 7§vgdlgq

Vga is constant if the grid voltage is assumed to be constant. Then, iga and igq, respectively, govern the active power P, and reactive
power Qg exchanged between the grid and the grid-side converter [45].

Switching loss, a significant converter loss, can be compared to a resistor placed between the DC link's poles. Both the loss
and the loss in the converter's series resistor can be disregarded because of how little the loss is. If we assume that the converter
is an ideal converter, we may get the equation shown below:

Vdcidc + ﬁRe(Vdci;c) = O (39)

With those words:

Vidge =13V, gdiga = (40)
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The PWM converter's relationship between the AC and DC voltages is rewritten as follows:

V3
ng = ﬁ Pmdvdc
V3

22

where Pma and Pmq are the grid-side converter's PWM modulation factors:

Ve = BrogVae

. 3 .
g = 22 Frala (42)

The formula below is accurate for capacitor C in the DC loop:

c% —iy—i, 43)

The following is how the DC voltage Vi and the active component of the grid current, iz, are related:

av,, i, (a4)

,ipi —
dt 2\/5 md-gd

We can obtain the transfer function with the DC voltage Va as the output and the grid current active component iz as the
input by performing a Laplace transformation of the aforementioned equation with I acting as a disturbance variable:

Vdc (S) — 3Pmd
i,(s) 2v/2Cs

(45)

Equation 45 demonstrates that ig regulates the DC-link voltage Va. The relationship between the inverter voltage (Vea) and
the current (iga/ig) must be established because the converter is ultimately controlled by the voltage. In equation (34), we
presumptively believe [46]:

. di,
Vqld =Rl +1L, TQt
di (46)
Vg = Ryl + 1, Tiq
Equation (36), when changed, becomes:
, .
Vg = Vg = Vg + weLgly (7)

V,, =V}, —wlL,i

egigd

The transfer function with grid current i, as the output and V, as the input can be obtained using the Laplace transform of
(45):

(48)
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Fig. 14. Grid side inverter control and DC voltage stabilization.
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Table 1. LPMSG parameters.

Rotor flux linkage Stator Auto-inductance  Auto-inductance  Pair Viscous friction Moment
magnitude (Wb)  Resistance (Q)  of the d axis (H) of the d axis (H)  poles Coefficient (kg.s?) of inertia (kg.m?
1.429 0.008 0.454 0.454 18 0.0028 0.002008

Table 2. Boost converter parameters.

Inductor internal Resistor (Q)  Inductor internal Inductance (H)  Uncontrolled Capacitor (pF)
0.1 0.007 1000

Table 3. Electric filter and grid parameters.

Resistance of the filter (Q) Inductance of the filter (H)  Grid voltage (V) Frequency (Hz) DC capacitor (mF) DC link voltage (V)
10 0.5 380 50 10 1000

In this paper, we delve into the realm of renewable energy with a focus on advanced control strategies for multi-point
absorbers. The abstract asserts the effectiveness of these innovative control approaches, substantiated through a meticulous
combination of simulations and real-world experiments. The evaluation criteria encompass critical aspects such as energy
conversion efficiency, grid compatibility, and system reliability, underlining a comprehensive assessment of the proposed
strategies. By subjecting the advanced control strategies to diverse conditions, the study aims to showcase their adaptability and
superiority compared to conventional methods. This research not only promises advancements in the field of wave energy
conversion but also contributes valuable insights that bridge the gap between theoretical concepts and practical implementation,
offering a promising pathway for sustainable and reliable power generation.

8. Simulation Validation and Performance Evaluation

The modeling results of a point absorber WEC based on a 200 kW LPMSG technology are shown in this section. Figure 5 depicts
the LPMSG-based WEC system that was modelled in the Matlab/Simulink environment. In Tables 1, 2 and 3, respectively, we also
offer the LPMSG, boost converter parameters and the electric filter and grid connection parameters. Under stochastic wave speed
fluctuations, the efficiency and viability of applying the advanced control to the side generator and grid via a boost converter and
the voltage source inverter architecture are explored.

The switching frequency of the grid-side inverter is specified to be the same as that of the inverter controlling the LPMSG
since it is assumed that the two inverters under discussion are perfect. Selections have been made for the filter resistance,
inductance, capacitor capacity, and DC link voltage.

Three objectives are intended to be achieved by the simulation of the multi-point absorber model with grid connection: first,
to examine the behavior of significant system variables over time; second, to confirm that power generated by the PTO is
successfully injected into the grid; and third, and to confirm that current is injected into the grid with unity power factor. A
simulation time of 30 seconds was found adequate to accomplish these goals. The applied wave form with an amplitude of 1 m,
the rod speed, the position of the buoy, the force produced is 250 kN and the response of the point absorber are just a few of the
variables that are shown in Fig. 14 as trends over time.
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Fig. 15. Time evolution of key variables in the WEC based multi-point absorber model, (a) wave signal, (b) travel curve, (c) force curve.
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Fig. 16. Three-phase voltage and current output from the generator respectively during typical sea operation.
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Fig. 17. Zoom of electrical variables of the PSMG: (a) voltage of the generator, (b) current of the generator.

Figure 15 shows the simulation responses that were produced in order to evaluate the transient and steady state
performances of the investigated predictive controllers under sudden changes in wave speed. According to Fig. 18 (a), which
shows the LPMSG rotational velocity response to wave speed under the predictive model controllers, both regulators operate well
in steady state. Figure 18 (b) shows the electromagnetic torque that the generator generated.

As a result, it can be inferred that the DC voltage regulation depicted in Fig. 20 (a) is functioning properly and that the power
produced by the PTO is directly injected into the grid due to the nearly constant DC link voltage of the capacitor. A constant DC
connection voltage suggests that the capacitor will gradually store energy steadily over time.

The diode's inherent commutation is what results of the distortion in Figs. 16 (a) and (b) of the stator voltage and current
waveforms of the LPMSG. Despite being zoomed in on in Figs. 17 (a) and (b), the fundamental stator voltage and current
components are in phase, demonstrating the achievement of unity power factor functioning. Harmonics produced by the three-
phase currents of the LPMSG cause waves in the electromagnetic torque (Tem) Which reaches a maximum value of 250.10°N.m as
shown in Fig. 18 (b). The grid-side inverter adjusts the net dc-bus voltage and reactive power to their respective reference values
while the control strategy guarantees that the dc-link current iq is kept at its reference value.

Grid voltage and current are shown in figures 20 (b) and (c), respectively, along with their enlarged perspectives in Fig. 21 (a)
and (b). These demonstrate that the OWC's unity power factor is accurate. These findings demonstrate the electronic power
inverter's effective regulation, which is supported by the continuous upkeep of the DC bus voltage. It is evident that the
oscillations in the generator's speed are associated with the variations in the grid current and DC link voltage waveforms.

The tracing performance of the converter output is shown in Figs. 19 (a), (b), and (c). It should be noted that oscillations exist
in the current, voltage, and power produced by the rectifier, which need to be filtered and controlled before being injected into the
electrical network by the voltage inverter. After performing current and voltage filtering, the step-up chopper ensures control of
these variables. In order to achieve exceptionally high active energy yields and extremely stable direct bus voltages, the suggested
control technique necessitates that the reactive energy have a value of zero during the simulation period, as shown in Fig. 20 (d).

Figure 18 (c) shows the active and reactive power components of the generator; the control law applied shows a decent
decoupling of the two components. According to Fig. 20 (d), the suggested control technique compels the reactive energy to have a
value of zero during the simulation period, allowing for a very high active energy yield and a very steady direct bus voltage. The
input power and grid power values stabilize at a new steady-state value once the LPMSG speed reaches the new reference value.
However, the voltage source inverter management technique successfully balances the DC-link capacitor voltages even though
the net DC-bus voltage deviates from its reference value during this time.
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Fig. 18. Mechanical and electrical variables of the PSMG during the testing of marine substation: (a) speed of the generator, (b) electromagnetic
torque developed by the generator, (c) electrical power, (d) mechanical power.

< 800 T T T T T T
2 600 *
z
8 300 [ ‘|
> 0 | I I I ! ! | | I I I
0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

(b)

0 25 5 7.5 10 12.5 15 175 20 225 25 275 30

©
Time (s)

Fig. 19. The tracking performance of the converter output, (a) output current, (b) output voltage, (c) output power.
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Fig. 22. Spectral analysis of the current i, in grid side.

The generator active and reactive power components are illustrated in Fig. 18 (c), there is a good decoupling of the two
components according to the control law applied. From Fig. 20 (d), the proposed control technique forces the active energy to have
a zero value during the simulation period, which makes it possible to have a very high active energy yield and this setting also
makes it possible to have a direct bus voltage very stable. Once the LPMSG speed reaches the new reference value, the input
power and the grid power values stabilize at a new steady-state value. Although the net DC-bus voltage deviates from its
reference value during this period, the voltage source inverter control strategy effectively balances the DC-link capacitor voltages.
Figure 20 (a) and (d) shows the active power grid waveform and DC link voltage waveform when the applied wave oscillates. The
DC bus voltage oscillates around an amplitude value of 1000 V. Fluctuations of approximately 1.5 % of the nominal value appear
on this voltage which corresponds to a variation in the waveform of the applied wave. The grid current of 200 A and the zero-
phase angle between the grid voltage and current due to the zero reactive power reference are shown in figure 20 (c) with the
zoom on figure 21 (b). Amounts of 400 kW and 0 VAR, respectively, are listed as the apparent active and reactive power. To confirm
the power quality, Figure 22 displays a comprehensive plot of the phase a current at the grid sector. The red line represents the
current waveform. It is clear that both waveforms are sinusoidal, indicating that the targeted current injection into the grid was
successful and resulted in good power quality. It is important to note that during this operation, the generator's rated output is
lower than the mechanical input power. In the same figure, we observe the value of the THD of the current injected into the
network is 7.74 % which is close to the international standard.

It is feasible to identify any flaws or challenges with the suggested control system, as well as areas for improvement, through
examination of the simulation data. The results show that the analyzed system has good stability and very low noise and
vibration levels, which may be an indication of how well the recommended system design and control strategy work. The
acquired simulation findings and in-depth talks are crucial for assessing the viability and potential of predictive control for a
MPA-LPMSG systems and can direct future study and advancement in this field.

9. Conclusion

In the quest for a sustainable and renewable energy future, this study delves into advanced control strategies tailored for
Multi-Point Absorber (MPA) systems, focusing on performance enhancement and seamless grid integration within both AC and
DC networks. The exploration uncovers a myriad of opportunities and innovations that hold the potential to transform wave and
tidal energy into a reliable power source. Our examination of MPA technologies reveals unique challenges and potentials,
prompting the development of adaptive control algorithms capable of real-time adjustments to dynamic marine environments.
These strategies, rooted in wave and tidal patterns, optimize energy extraction while preserving MPA structural integrity,
significantly enhancing energy conversion efficiency. The study emphasizes the transformative impact of advanced controls on
unlocking the true potential of MPA systems.

Addressing the challenge of grid integration, we recognize the global diversity of electrical grid and explore innovative power
electronics interfaces and synchronization techniques. These innovations bridge the gap between MPA systems and AC/DC grids,
ensuring their effective and reliable contribution to grid stability. The bidirectional power flow capabilities of MPAs further
enhance grid support functions, reinforcing their adaptability in the evolving energy landscape. Empirical validation of advanced
control strategies through extensive simulation studies yields unequivocal evidence of their effectiveness and robustness. This
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study concerns the integration of a medium power MPA power plant of 250 kW, integrated into a 400 V, 50 Hz network with 1000 V
intermediate circuit. The demonstrated improvements in energy conversion efficiency, grid integration compatibility, and system
reliability under various conditions underscore the potential of these strategies to revolutionize the renewable energy sector.

This paper outlines a holistic framework for developing and deploying advanced control systems tailored explicitly to Multi-
Point Absorber technology. By addressing challenges and capitalizing on opportunities, we take a significant step towards
achieving efficient and sustainable wave and tidal energy utilization. As the world strives for cleaner energy sources, the
innovations unveiled here present a compelling path forward, contributing tangibly to a greener and more resilient global energy
landscape. Further development, testing, and validation of the instantaneous hydrodynamics force computation capability
outlined in this research will be the focus of our future work on this area. We also intend to use WEC-Simulator to investigate the
effects of adding instantaneous force calculations on the annual average power production of wave energy devices predicted by
numerical simulations.
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Nomenclature

AC Alternative current PI Proportional integral

DC Direct current NWTs  Numerical wave tanks

PTO Power take-off ZCD Zero Cross Detection

LPMSG  Linear permanent magnet synchronous generator HVAC High voltage alternative current

VSI Voltage source inverter PWM Pulse width modulation
MPA Multi-point absorber MPPT Maximum power point tracking
PLL Phase locked loop SVRF Stator voltage reference frame
NPC Neutral Point Clamped WEC Wave energy converter

SHE Selective harmonic elimination
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