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A Multi-stage Design Approach for Optimizing a
PMSG-based Grid-connected Ocean Wave
Energy Conversion System

Muhammad Noman, Guojie Li, Senior Member, IEEE, Muhammad Waseem Khan,
Keyou Wang, and Bei Han

Abstract—Fully harnessing the ocean wave’s renewable
energy resources could benefit coastal countries. However,
ocean wave energy harvesting systems encounter several
challenges, i.e., marine uncertainties, long-distance mainte-
nance, power fluctuations, irregular wave currents,
non-linear generator dynamics, turbine limitations, cost
optimization, and power smoothing issues. To overcome
these challenges, this paper proposes a new multi-stage con-
trol design approach for performance evaluation of the os-
cillating water column (OWC)-based ocean wave energy
conversion (OWEC) system. The first stage optimizes the
Wells turbine by implementing an efficient airflow control
strategy. It achieves maximum power-harvesting ability by
eliminating stalling phenomena. In the second stage, we
investigate the robustness of the permanent magnet syn-
chronous generator-based OWEC system by designing
adaptive back-stepping controllers, taking into account the
Lyapunov stability theory. It accomplishes precise speed
regulation for optimal power extraction while delivering
reduced delay response and percentage errors. To ensure the
OWEC system’s availability, the third stage incorporates
fault-ride-through capabilities. It executes a fault reconfig-
urable control for a parallel converter configuration, elimi-
nating only the faulty leg instead of the entire power con-
verter. In the fourth stage, a supercapacitors-based energy
management system achieves power smoothing, even when
the OWC plant output power fluctuates. We accomplish this
by implementing a model predictive control strategy. Finally,
the Matlab/Simulink results verify that the presented mul-
ti-stage control for the OWC OWEC system is an effective
design approach, offering an optimal, robust, reliable, and
power-smoothing solution.

Received: December 29, 2023

Accepted: July 5, 2024

Published Online: November 1, 2024

Muhammad Noman, Guojie Li (corresponding author), Keyou
Wang, and Bei Han are with the Key Laboratory of Control of
Power Transmission and Conversion, Ministry of Education
(MOE), the Department of Electrical Engineering, Shanghai Jiao
Tong  University, Shanghai 200030, China (e-mail:
m_noman@sjtu.edu.cn; liguojie@sjtu.edu.cn; wangkeyou@sjtu.
edu.cn; han_bei@sjtu.edu.cn).

Muhammad Waseem Khan is with the Interdisciplinary Re-
search Center for Sustainable Energy Systems (IRC-SES), King
Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi
Arabia (e-mail: engr waseem90@yahoo.com)

DOI: 10.23919/PCMP.2023.000013

Index Terms—QOcean wave energy, oscillating water
column, Wells turbine, adaptive control, fault-tolerant
control, energy management system.

[. INTRODUCTION

Energy is a key factor influencing the characteristics
and dynamics of nature’s surroundings. The gradual
depletion of traditional energy resources has led re-
searchers to seek other forms of renewable energy.
Therefore, ocean wave energy has emerged as one of
the most prominent technologies within the renewable
energy category. The wave energy varies from ap-
proximately 8000 TWh to 80 000 TWh per year [1]. On
average, each wave crest carries 10 kW to 50 kW per
meter, producing a total power output of 1 TW to 10 TW
[2]. Despite its significant potential, the current con-
tribution of ocean wave energy to global power gener-
ation still needs to be higher. However, several coun-
tries have successfully implemented fully operational,
commercial, or pilot plants that harness ocean wave
energy [3], [4].

An extensive global investigation has recently been
conducted on oscillating water column (OWC)-based
ocean wave energy conversion (OWEC) systems
[3]-[5]. These investigations primarily aim to boost the
efficiency of OWC devices. Nevertheless, it is crucial to
make significant investments in the renewable energy
technology industry to overcome challenges restricting
the development of OWEC systems. The novelty of
OWC devices is the primary factor contributing to the
challenges [6]. It is also essential to control the potential
non-linearities, generator response time, and uncertain-
ties that come with permanent magnet synchronous
generator (PMSG)-based OWEC systems. Therefore,
this paper proposes a novel design approach that fo-
cuses on the overall performance evaluation of an OWC
OWEC system. Figure 1 illustrates the fundamental
aspects of the proposed design approach. This approach
is distinctive in its ability to effectively deal with the
complicated challenges of providing sustained electrical
power from the grid-connected OWC OWEC system.
The challenges include high capital and operational
costs, marine environment uncertainties, device limita-
tions, power fluctuations, generator non-linear dynam-
ics, power delivery, and long-distance maintenance [7], [8].



NOMAN et al.: AMULTI-STAGE DESIGN APPROACH FOR OPTIMIZING A PMSG-BASED GRID-CONNECTED... 123

. Power
Hficiop smoothing
OWEC
system
Robust Reliable

Fig. 1. Fundamental aspects of the proposed approach.

In this paper, the proposed approach involves a
four-stage multi-control design to investigate the
above-mentioned challenges and incorporate the opti-
mal control stages into the OWC OWEC system, of-
fering an efficient solution. The proposed solution as-
sesses a comprehensive performance improvement by
examining uncontrolled and controlled OWC OWEC
systems. Thus, the main objective is to streamline op-
timal control strategies for long-term sustainability of
marine renewable energy systems. Figure 2 illustrates
the primary objectives of the proposed OWEC system.
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Fig. 2. Proposed multi-stage design methodology.
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In order to provide an appropriate context for this
research, the contributions can be given as follows.

1) To eliminate the stalling behavior of the Wells
turbine under irregular wave scenario, thereby achiev-
ing maximum power extraction.

2) To enhance the system’s electrical control by im-
plementing a non-linear adaptive back-stepping con-
troller using the Lyapunov stability method.

3) To ensure the OWEC system’s reliability by in-
corporating a multi-leg fault ride-through (FRT) capa-
bility based on a parallel power converter topology.

4) To prevent variations and enhance the power
quality supplied to the grid side by integrating a model
predictive control (MPC)-based energy management
system (EMYS) that includes supercapacitors (SCs).

Further sections of this paper are organized in the
following order. Section II provides a concise overview
of the multi-stage solution. Section III implements the
OWC device’s optimal power extraction scheme and
generation-side converter (GSC) control. Section IV
provides the FRT capability in a parallel power con-
verter configuration. Section V presents the SC-EMS.
Section VI provides a detailed evaluation of the simu-
lated outcomes. Finally, Section VII draws a compre-
hensive conclusion to this paper.

II. AN OVERVIEW OF THE MULTI-STAGE DESIGN
APPROACH
This section briefly overviews the proposed multi-stage
control design and a comprehensive literature review

based on existing control strategies. Figure 3 depicts the
overall multi-stage philosophy.
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Fig. 3. Tllustration of the four-stage design approach.
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A. Stage One

To design a cost-effective OWC OWEC system, it is
vital to implement control strategies to eliminate the
primary power take-off (PTO) mechanism’s physical
and operational limits. Also, the OWC device’s per-
formance enhancement requires careful assessment of
several parameters, such as the acceptable range of
speeds, the turbine’s dynamic constraints, stalling lim-
itations, and the power quality supplied to the grid [9].
In this context, the proposed first-stage solution is crit-
ical for implementing the maximum power harnessing
scheme to achieve efficient control operations.

To execute optimal power output, we have imple-
mented proportional-integral (PI) and fractional-order
proportional integral derivative (FOPID)-based control
methods. These controllers are accountable for regu-
lating airflow inside the OWC chamber. The proposed
controllers, however, limit the stalling behavior while
providing an appropriate pressure drop and oscillations.
The implemented PI controller simplifies the open-loop
transfer function by considering both the controller and
the reference signals. In contrast to a conventional
controller, incorporating a FOPID intends to improve
the controller’s stability in scenarios where the feedback
loop remains unchanged by performance parameters
while also attempting to decrease the occurrence of
errors. Section III will address the modeling of these
controllers.

Furthermore, the Pierson-Moskowitz (PM) spectrum
based on an actual wave scenario have been considered
to investigate the complexity and uncertainty of the
OWEC system. Previously, several control strategies
have been developed to regulate wave energy convert-
ers (WECs) [10]-[13]. A controller utilizing the oscil-
lating rotor blades of the Wells turbine was offered in
[10] to enhance the performance of the OWC system. In
[11], researchers designed a reactive controller for a
fixed, two-dimensional OWC. In [12], authors devel-
oped a latching control-based algorithm. This algorithm
performs by opening and closing high velocity stop
valve of the OWC air turbine.

In [13] and [14], the authors examined control sys-
tems such as PI, proportional integral derivative, and
fuzzy theory for doubly fed induction generator (DFIG)
OWC power plants. However, using closed-loop algo-
rithms, these control solutions reduce flow rate con-
straints. Based on the analysis of available literature, we
can optimize the Wells turbine for the lowest losses by
regulating the speed and valve area to achieve a satis-
factory flow rate and coefficients. Hence, the proposed
stage one aims to improve PTO performance by ap-
plying maximum power point tracking (MPPT) tech-
nique.

B. Stage Two

The PMSG’s analytical model and control are fun-
damentally complex. It consists of non-linearity and

multi-variable characteristics, making it susceptible to
parametric changes and disturbances caused by un-
known factors [15]. Therefore, it is required to achieve
robust performance of the PMSG-based OWEC systems.
To accomplish this, various conventional control
methods are developed in renewable energy applica-
tions [15]-[17]. However, renewable systems often use
Pl-based solutions, which are widely popular among
existing  control  strategies. = Conversely, the
PMSG-based OWEC system could be inefficient due to
its non-linear nature, in contrast to the PI controller’s
linear nature. Also, it has been observed through exist-
ing demonstrations that non-linear adaptive
back-stepping control has enhanced resilience and reg-
ulation capability compared to conventionally con-
trolled power systems such as field-oriented control
(FOC) and direct torque-power control [18], [19]. As a
result, the Lyapunov stability method can reduce the
impact of dynamic non-linearities and uncertainty in the
second stage of the control solution. It ensures the
PMSG-based OWEC system’s robustness and provides
significant tracking responses with reduced errors, as
demonstrated in Section VI. Nevertheless, we can
achieve adaptive control by implementing two primary
steps. The primary objective of the first step is to
eliminate the speed-tracking error, assuming that the
relevant aspects of the OWEC system are already
known. Hence, in the proposed second stage, we can
determine the final stator voltage references.

The researchers investigated various nonlinear con-
trol schemes [20]—[22]. In [20], the authors presented a
derivation of a robust nonlinear controller to regulate
the speed of a PMSG. This derivation considers adap-
tive control laws. However, in contrast to adaptive
control, the sliding mode control (SMC) technique also
offers advantages for nonlinear systems. The ad-
vantages include high flexibility, a high convergence
rate, and ease of implementation [21]. Along with its
pros, one of the main problems with SMC is that it can
chatter, making it less useful in generation systems
prone to high-frequency harmonics [22]. Moreover, the
unpredictable nature of the OWEC system reduces the
control’s efficiency in harvesting robust electrical en-
ergy. Therefore, this paper has specifically designed an
adaptive back-stepping control strategy. The proposed
strategy addresses the parametric irregularities that
arises from the PMSG OWEC system. Hence, stage two
integration assures robust PMSG control.

C. Stage Three

Environmental uncertainty significantly impacts the
availability and reliability of offshore or islanded
OWEC systems [23]. In OWEC systems, the signifi-
cance of this argument becomes more reasonable.
WECs may also have problems with their sensors, ac-
tuators, and converters because they run long distances.



NOMAN et al.: AMULTI-STAGE DESIGN APPROACH FOR OPTIMIZING A PMSG-BASED GRID-CONNECTED... 125

It leads to a decrease in control effectiveness which
potentially results in the failure of an entire generation
system [24]. In this context, the system’s reliability may
decrease in a fault scenario. This particular scenario can
also disrupt the functioning of the power system, re-
sulting in financial consequences. Also, the failure rate
of power electronic devices exhibits a direct relation-
ship with non-linear dynamics and the unstructured
uncertainty of marine systems.

Another major challenge is the need for more confi-
dence in installing and operating equipment to extract
energy from tides and waves [25]. The novelty and
limited monitoring of WEC devices primarily contrib-
ute to a lack of data on their malfunctions. This lack of
data makes it difficult to understand how WEC systems
and their parts fail, how damage and wear can affect
OWEC systems and cause them to fail, and how reliable
these devices are. Consequently, it becomes challenging
to obtain uninterrupted electricity from an OWEC sys-
tem. Thus, stage three aims to overcome this challenge
by reducing system downtime and improving opera-
tional availability. Table I summarizes some of the
existing methods based on fault strategies.

Moreover, there has been a recent increase in the
nominal power rating of OWEC systems [26]. As a
result, power converters must effectively manage high
voltage levels and tolerate larger currents. A recent
study suggested that using a series-parallel topology
with multiple converters could be one way to get around
the fact that semiconductor switching devices can only

handle a limited amount of power [27]. In this context,
the proposed design approach consists of a parallel
topology, which can effectively reduce power rating
constraints associated with electrical equipment.

Stage three considers an open circuit (OC) fault
scenario. For this purpose, we have examined and
evaluated the topologies reported in [27]-[29] for fault
analysis. The implemented topology has an ability to
reduce the filter’s overall system cost and size. In this
way, the parallel converter topology can provide K+X
redundancy, making an adaptively regulated PMSG
OWEC system more reliable. Hence, stage three con-
tributes to the long-distance reliability of the OWEC
systems.

This paper incorporates a multi-leg FRT system that
uses a reconfigurable control unit to ensure that all
healthy legs can keep working even if one of the con-
verters stops working. The presented reconfiguration
control allows for modifying the post-fault current ref-
erence in the inverter side phase legs, allowing them to
represent their pre-fault condition precisely. In order to
keep system ratings at an appropriate level, the
fault-tolerant control (FTC) strategy must operate in
degradation mode. However, several reconfiguration
control topologies have been documented [29], [30]. In
[29], authors reported a technique for recovering a
malfunctioning leg, ensuring uninterrupted output. This
technique adds auxiliary switches to a redundant leg

topology.

TABLE I
SUMMARY OF FAULT-BASED CONTROL STRATEGIES IN OWEC SYSTEMS
Strategies Advantages/disadvantages Remarks Refs.
A non-causal linear opti- Maximizing the PTO output while considering pa- Undertakes the fault diagno- 5]
mal control rameters of the observer and controller are offline sis in real-time
L . Both actuators and sensors can be
Observer-based strategy Estimating offline parameters subject to fault detection [32]
Acoustic emission moni- . . . Widely employed in analogous
toring Timely diagnosis systems such as offshore turbines (331
h:[:thgio(li(;ily ifﬁr rfogrléleast- The AC-DC/DC-AC converter maintains a stable FRT capability integrated with
& amping DC-link voltage without the need for an extra DC DFIG-based hybrid wind-wave [34]
observed in linear gener- -
ators chopper circuit or crowbar control energy system
_r It investigates the reliability of fault-tolerance in .
Predictive contro!—based AC-DC/DC-AC converters while considering WEC Floating OWC QWEC system'that 35]
fault analysis . can enable continuous operation
valve correction
Low voltage ride through Optimizing power extraction from waves and en- Z:si:dyrtl)ar?}ll:: ?;rio:rxgggilsna; 36]
controller for GSC hancing FRT capabilities v P .
numerical simulations
Controlled or uncontrolled fixed OWC device and . .
Adaptive control and reconfigurable control integration while considering Robust FRT capability without Proposed

multi-leg fault analysis

parallel power converters configuration using space
vector scheme

shutting down the entire power
converter under PM wave spectrum

OWEC system

D. Stage Four

Integrating renewable sources into the grid creates
difficulties due to power fluctuations. These oscillations
result in weak electrical power regulations, higher
losses, more complicated stability, and lowered ratings
for electrical parts, all of which reduce the power effi-

ciency between supply and demand [31]. These inherent
limitations challenge achieving maximum performance
in grid-connected WECs, necessitating the integration
of storage systems. Therefore, the proposed stage four
limits power fluctuations in OWC OWEC system. This
paper incorporates MPC-EMS to the DC-DC bidirec-
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tional converter, improving power quality by smoothing
the output power.

It is important to note that PI control is the most
commonly utilized control topology among existing
EMS options due to its simpler algorithm and superior
results. However, designing and selecting parameters
for PI controller is challenging. It has slow dynamic
reaction, resulting in a delayed stabilization period [37].
Therefore, in conventional methods, minor oscillations
remain significant, which decreases charging and dis-
charging efficiency in SCs. Furthermore, the grid con-
nection of OWC power plant is of utmost importance in
ensuring power quality. Its Integration may create
technical and financial obstacles. In this situation,
adopting EMS appears more advantageous because it
effectively uses generated ocean wave power as a dis-
patchable resource within the grid network.

Additionally, the electric grid involves various fun-
damental system’s elements, including production sta-
tions, transmission systems, and distribution networks.
These systems operate in synchronization to ensure
continuous power supply to consumers. Since the power
output of WECs fluctuates due to their inherent oscilla-
tions. Therefore, power fluctuations have a significant
impact on the grid when connected without the appro-
priate power-smoothing technology. In this particular
context, power smoothing entails using appropriate
control mechanisms or significant energy storage sys-
tems (ESSs).

Wells turbine
Coastline

Pressure valve
Air chamber
OWC wall

Waves

Sea floor

Fig. 4. 3D model of the OWC plant.

A. Wave Energy Spectrum and Wells Turbine Modeling

This paper considers the PM wave energy spectrum.
It recommends that under a persistent and consistent
airflow over an important geographic expanse, waves
will reach a state of equilibrium with the wind. We can
illustrate the energy distribution formula as follows

[40]:
EPM<wPM>=“i25exp[—ﬂ[ Lo j } (1)
(@pyr) Dy

where o =8.1x1073; S =0.74; w,, is the angular fre-
quency (rad/s); g is the gravity acceleration (m/s?); and
o, is natural angular frequency (rad/s).

The PM spectrum in the frequency domain can be
given as:

EPM (f) =

E -F
s s 2
T o] @

Previously, researchers have examined the applica-
tion of ESSs in various renewable energy systems [38],
[39]. Although integrating power smoothing technolo-
gies involving flywheel and battery systems has at-
tracted considerable recognition, it is worth mentioning
that a lack of comprehensive research has been observed
regarding the EMS-OWEC systems. However, com-
pared to SCs, batteries achieve their high energy density
by allowing them to charge or discharge energy at a
slower rate [38]. This characteristic results in a higher
overall energy capacity, but a lower power density. As a
result, using battery-based EMS solutions is not suited
for OWEC systems. Therefore, SC-based power
smoothing is an appropriate choice due to its rapid
charging and discharging rates, low maintenance crite-
ria, and long lifespan [39].

1. OWC AND GSC CONTROL STRATEGY OF THE
OWEC SYSTEM

This section presents the modeling of stage one. As
shown in Fig. 4, the fixed OWC device comprises two
main elements: a partially submerged chamber with an
underwater opening at its front and a Wells turbine that
links the upper section of the chamber to the atmos-
phere.

where E, =173H?/T,, and F, =691/T? ; T,

av > Tav

1S aver-

age of peak period of wave records (s); H, represents
the significant wave height in meters ( H, = 4,/S, Aw );

and S, represents the wave energy spectrum.

To identify the real nature of sea waves, we can de-
termine the velocity of airflow as [13]:

_OH,(0) Ay
o ®)

where v_ represents the flow velocity (m/s); H (¥) is
the wave amplitude (m); 4, shows the chamber

cross-sectional area (m?); and A, is the duct
cross-sectional area (m?).

Dr. Alan Arthur Wells created the Wells turbine at
Queen’s University in Belfast, United Kingdom, in
1976 [41]. Figure 5 displays the simulink model of the
Wells turbine.
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Fig. 5. Matlab/Simulink subsystem of the Wells turbine.

The mathematical modeling of Wells turbines can be
formulated as follows [13], [42]:

Kt = O‘Spabwtnwtlwt (4)
v
= X 5
2 R O (5)
Q* * vx mean (6)
T :a)r = -
thwmax
])in = ADvx (O'Spavi + prt) (7)
C — 2ADprt
' pabwtnwtlwt |:V§ + (thQr)2:|
®)
— 2'T'm
€ 2 2
pabwtnwtlthwt [vx + (thgr) :|
K.C,|[ v+ (R, )
prl — t a|: X ( wt r) :| (9)
AD
Tm = 7: = KtCtth [Vf + (th'Qr )Z:I
¢ (10)
Tm = ADth Eprt
., = Pm _ QrTm _
" Pin prth
QthCtth [v\?f- + (th‘Qr)z:I _ 11
KC, [V +(R,2)] (1
vaD
AD
QIRWICl _ Ct
Cavx Ca¢f

where K, shows the turbine constant (kg/m); p, rep-
resents the air density (kg/m3); b, gives the blade
height (m); n_, donates the turbine blades number; /
represents the blade chord length (m); ¢, shows the
flow coefficient of a turbine, R, is the Wells turbine
mean radius (m); £2 or m, denotes rotational speed of
turbine (rad/s); 2 or a)r are the reference rotational
speeds (rad/s); v

X_ mean

is the optimum mean speed (m/s);
P

@, gives the threshold value for optimal flow; P,
denotes the pneumatic or available power inside the

chamber (W); C, and C, are the Wells turbine torque
and power coefficient, respectively; Ap, represents
T are the Wells

the chamber pressure drop (Pa); 7, or T,

P

turbine torques; P, or P,

are Wells turbine powers (W);

O; is the flow rate (m’/s); and 77, shows the efficiency

of the turbine.
The mathematical expression for the average effi-
ciency of the Wells turbine is given as follows [13]:

1T

— (2T ) dt

T!( T.)
Mg = (12)

% j (Ap.,0,) dr

where T represents the time period (s).
The characteristic curves of the C, and C, with re-

spect to the flow coefficient of the Wells turbine can be
derived as [42]:
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6
> o
C; n*O
an o (13)

C, =4.8¢p; +18.8¢, —25¢,

1) Optimal Power Extraction Scheme of the Wells Tur-
bine

High-pressure oscillations can significantly reduce
the efficiency of a Wells turbine-driven OWC device.
Two factors contribute to lower Wells turbine efficiency,
i.e., the turbine’s oscillating airflow and the flow rate
increment that surpasses the predetermined threshold of
0.3 [13]. Due to above factors, mechanical efficiency
significantly drops, resulting in lower power generation.
Therefore, we aim to efficiently apply MPPT by taking
into account the optimized power characteristics of the
Wells turbine. Consequently, we can express the opti-

mal ¢, as:
026< ¢, <03 (14)
Two separate kinds of controllers have been consid-
ered to achieve optimized control of the OWC chamber
valve, i.e., the PI and FOPID controllers. The PI con-
troller is widely recognized as a simple and uncompli-
cated controller. This controller’s effortless structure
contributes to its success. However, the proposed
FOPID-based solution would be more suitable than the
PI controller for extracting power efficiently. A PI
controller compares the obtained power to the reference
power and then transmits the resulting error to the con-
troller. We can express the Laplace transfer function of
a PI controller as follows:
V(s)=K, +K Kps+K, _K (s +K,/K})
s s

(15)

where K, and KI represents the proportional and inte-

gral gains, respectively.
Based on Section VI findings, the FOPID controller
offers superior performance in regulating the valve posi-

tion to limit the O, compared to the PI controller. Figure 6

illustrates the layout of the FOPID controller. The FOPID
controller precisely lowers stalling phenomena by regu-

lating the v, within the turbine’s requirements.

Mean power

P Stage(D)
S ; } Valve (OWC device control)

KE ( Z ) etfort
C Vis) Powe

FOPID CUIII[O“E:I la\ out

Fig. 6. Proposed OWC control scheme.

Moreover, the control mechanism that has been im-
plemented starts its operation in the presence of an ir-
regular wave spectrum and generates a reference torque

that is proportional to the rotor speed. The mean block
delivers the OWC power and evaluates it with the in-
tended output power. Finally, the error signal is con-
veyed to the FOPID-based valve controller and is given
as [14]:

e(t) POWC OWC (1 6)
where the desired mean power is denoted as F,. ; and
Py represents the mean measured power.

The equations defining the FOPID controller are as
follows:

W) = K, S e(t) + K,e(t) + K,S"e(t)
17
Oy (17)
E(s) Iis
where V(s) and E(s) are the Laplace transforms of

v(t)and e(¢) , respectively; A and u represents the two

non-integer orders; K,,7, and 7, are representing the

proportional, differential and integral gains, respec-
tively.

To enhance the OWC device optimization, a signifi-
cant correspondence has been determined between the
chamber pressure and the reference speed, which pro-
vides a consistent path to maximize power generation.
Since (2 determines the operational performance of
the OWC plant and serves as feedback for the controller,
therefore, the presence of oscillations can be referred to
the selection of PI parameters. The tuned controller and
a suitable scaling can restrict these oscillations by im-
plementing a satisfactory torque control scheme. Finally,
the obtained speed enhances the performance of the
OWC plant at corresponding €2 .

2) PMSG Modeling

The PMSG OWEC system is a popular power system
due to several benefits, such as its ease of control and
high torque-to-inertia ratio. The design of the PMSG
dynamic model is formulated by utilizing the voltage
and flux equations. We can represent the mathematical
formulation of a PMSG in the dg reference frame as
follows [43]:

vds = Rslds + d

(18)

ef ds

V.= RszqS

qs
where v, and y  are the flux linkages of the dg axis,

i,, and i  are the dg axis stator currents.

When the dg axes rotate at synchronous speed, the
d-axis becomes aligned with the rotor. Therefore, the
stator flux components can be given as follows:

L lds + l//f

l//ds - d. (19)
W(]S = quqs
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where L, and L are the inductance of the dq axis.

By substituting relevant variables into the given
equations, the following set of mathematical expres-
sions can be derived:

where 7, represents the generator’s electromagnetic

torque. The implemented system model of the genera-
tion side is shown in Fig. 7. The relationship between

T and T, can be mathematically represented as:

do
R lds qs g e dl
di (20 dQ T,-T-wB 23)
l J— —
i=—(—RsidS +odL, +v,) R T S
d L, dr J
di dé,
_ D g =w, =0P 24
Vqs = Rslqs + Lq E + a)el/lds dr e r ( )
di, where B represents the frictional coefficient and J shows
Y = L_( —R. l -wi, L, -0y + vqs) 1) the inertia.

q When i, =0, the (20) becomes (25), and the active
dip, ( “Ri, - ow, +v,) and reactive powers of a PMSG can be expressed as
dt L, Vet Ve follows:

. . . .. v, =—0.1 L 25
To achieve maximum electromagnetic torque, it is egs e (25)
necessary to set the initial value of the i, to zero. The P, =1.5(vdy, +V,0,) 2%
PMSG torque can expressed as: 0, =1.5(vyis + Vi) (26)
T, =15P[y i, +(L, - L)igi, |=15Pyi, (22)
Wells turbine dynamics
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Fig. 7. Tllustration of the OWC plant.
B. GSC Control Strategy of the OWEC System Tnput Adapll\e laws
. . . . Tramfmmatmm
This subsection aims to design stage two of the pro- I
: Vlrtual Ada tive bacl\-
posed PMSG OWEC system. We have designed robust P Output
. . control states 1 —>§M I I
controllers that follow the desired trajectory. Based on Stepe':]':;:ﬂ:m ammfg_
(18) and (22), it is evident that the model exhibits a T T

significant degree of non-linearity due to the interre-
lated relationship between electric currents and rota-
tional speed. Hence, the objective is to utilize adaptive
control laws that regulates the GSC through reference
voltages.
1) Adaptive Back-stepping Control Strategy

Section II comprehensively addressed the effective-
ness of the back-stepping design as an adaptive control
mechanism for non-linear systems. Therefore, the pro-
posed system’s efficiency lies in its ability to deal with
non-linear parameters effectively. As shown in Fig. 8,
the selected technique utilizes feedback linearity to
remove non-linearities efficiently.

Fig. 8. Framework of the adaptive control design.

Furthermore, permanent magnets generate the mag-
netic flux in the rotor. It exhibits rotational velocity that
is comparable to stator synchronism. This control
mechanism regulates the generator’s performance by
manipulating the mechanical rotational velocity. Also,
the control mechanism is based on vector control of the
stator voltages. It implies that the reference voltages are
necessary to establish control signals for rectifier legs
on the generation side.

The control design considers optimal Lyapunov
functions, generating a virtual control input that sys-
tematically develops the regulation laws. The dg trans-
formations can add final gate signals using the space
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vector pulse width modulation (SVPWM) method, en-
abling the necessary GSC control execution. The pro-
posed adaptive back-stepping control involves the ex-
ecution of critical design steps. Nevertheless, the initial
step offers the essential directives for the next step. The
control vectors are selected in such a way that

[x]=[xx,x, ]T = [idsiqur ]T as

_ T
u=[v,v,] serves as a control vector.

state  vectors, and

2) Back-stepping Rotational Speed Regulation
To start the procedure of solving irregularities in the
speed-tracking step, it is essential to establish the speed

tracking error of state variable x,, which is quantified
as a difference between (2" and 2, .

S =12 -0, 27
where 27 and 2 represents the projected speed tra-
jectory, and observed speed (rad/s), respectively.

Differentiating & with respect to the time, and its
dynamics can be mathematically expressed as:

dé,  da; _de
dr dr dr
ie.,

. et . (28)
é:w :.Qr_.Qr :_.Qr =

1
7 {|:l//f + (Ld
To maintain the PMSG OWEC system stability, a
function has been developed to ensure the effective
tracking of the desired signal by the PMSG. This func-
tion helps minimize the impact of parametric uncer-
tainty. Therefore, we can mathematically express the
Lyapunov function and its derivative as follows:

L,)i, [L5Pi, +B.Qr—Tm}

V, =05 (29)
ar, . dé,
dt =% dt
1e.,
Vi=£6,6,= (30)
1.5P
A AR
57“’ (L5Piy, +BQ, ~T, +&.JS,)

To obtain a predicted error during the process of sta-
bilizing the g-axis current error, it is necessary to match
the actual speed of the system with the desired speed.
Therefore, it is necessary to maintain a negative value

for the derivative of V| to ensure stability. Hence, the
virtual control inputs may be defined as follows:
iy =0

. 31
T 3Py,

The Lyapunov function can be obtained as follows:

V,=0>-5,&] (32)
3) Back-stepping Stator Voltages Regulation

The expression of errors in terms of stator current can
be formulated as:

JE .

{fds = lds - lds
R .

§qs = lqs - lqs

By substituting (31) and (33) into the dynamic speed
error equation (28), we obtain the revised equations as
follows:

(33)

}151)[%5@ —L)+i, |+BQ, - }
1 [1 Sy PG &) - 15P§,sqs(Ld—Lq)+}
J| BQ
. 15P!//f . }—
15ow 15P§dsqu(L ~L)+BQ,~T,
&= {-15P[GuinL - L)+ £ ] -£.5.)

(34)
The derivative expression for errors can be stated as
follows:

gds = _i:’s _lds = O_ids = _ids (35)
. 1 .
é:ds = L_(ldsRs erqqu vds) (36)
d
gqs = i;s_iqs (37)
. 2 . .

== | -£ JS, —BQ: |+

Sos 3Py, ( AN j (38)

1 . :
L—( QPi L, +QPy, -V, +iR)

q

. 1 .
éqs =L_(P‘erdsLd +‘er//fp_vqs +qu S)+
q
—E(Tm -T.-BQ)-
2 J
3Py, JS 1 15P(idsi (L, _Lq)+iqsl//f)+
BQ -T.
(39)

1
gqs = L—(.QrPtyf +QPi, L, — Ve iqus) +

i i (L,—L)+
SP ds q d q "
l//flqs

T —BQ

m

JS,—B
3PJy ( )

(40)
The schematics representing the adaptive control strat-
egy is shown in Fig. 9.
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Fig. 9. Schematic representation of the PMSG regulation.

To find the control input for the i error trajectory in

relation to the final reference voltages, the enhanced
Lyapunov function and its derivative are formulated as:

V, =057 +0.58,7 +0.58,° (41)
Vz = éu §w+ éds éds + gqs gqs (42)
. 1 .
V,= 75(» [_1 Spoi (L, —L)~1 'Spgqsl//f] a
Su8ul = 8,67 =S8, +
é:ds (ldsRs a)elqqu ds + ‘JgdsSde) +
L,
_1 Spy/f qs - ‘Qr -
& 2Lq 3Jpl// (JS,—B)| 1.5pi,i s X +
L, ' (L, ~L)+T,
oi L, +oy, +i, R +ES L —v,
(43)

To gain the stability of GSC control, it is required that
both S, and S, exhibit positive numerical values.

However, v, can guarantee the stability of the system.

Also, it is necessary to take into account the negative
terms present within the Lyapunov derivative function.
Hence, the mathematical representation of the reference
voltages can be expressed as:

e = SySuly i R —1.5p& i L i L

eqs q

(44)

I(Ld L)~

Ql
M\@/ znhc,
LAy L T
a'q
Stage @ e DI‘

"q‘ . 2[;,
Vi =| (S, — B) [~2B+T, -
: | 3Jpy,
®

Power converter, 1
___DcC
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e /. ac

Q—@«

Ul A.C
Pow er converter 2

V:r« = S‘agml‘ +i R - N

. GSC switching
- .
L5pE,i L (L, —L,)- T

w'gs
Vag | £ \\; »
> i\ »

SVPWM

mc’qa Lq

L5pi (py +(L, = L)) )]+i R +

L5, pyiL,
J

Do

>
=~

a.Yy +Sq§qs]‘q + a)h_id‘L:, -

-QB+T, —1.5x%
. . +
Dl (l//f +(L, —Lq)lds)

1.5¢,py:L,
J

. 2L, (JS,—B)
1%
" 3Jpy;

(45)

iR +oy. +SS L +oilL, -
4) Stator Resistance Regulation
For stator resistance, a Lyapunov function and its
derivative can be mathematically expressed as:
0.5AR’
V,=——+0.5£7 +0.55,° +05§qs

A

Vy=Vae AR D (46)

z

]/z\ — lds gds ‘IS §‘IS
S L, L

q

where AR =R, — Iés and z must have positive values.

The characteristics of the proposed Lyapunov func-
tion, including the requisite convergence under esti-
mated parametric uncertainty, exhibits the anticipated
stability and can be defined as:

Vy=0>-S8,E7-S,E0 =S, (47

IV. LSC CONTROL STRATEGY OF THE OWEC SYSTEM

This section investigates stage three that consists of
parallel converters in an OWC OWEC system. Reliable
and sustainable power generation through marine re-
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newable sources requires higher protection capabilities.
Nevertheless, uncertainties in power semiconductor
switch systems result in short or open circuits. Hence,
the system could face immediate tripping or damage. In
this scenario, we recommend using a parallel converter
configuration based on the FTC scheme instead of a
single converter [27]. The proposed FTC scheme is
illustrated in Fig. 10.

] - Reconfigurable \OWEC __ . Measured
Siet poit & control system ™ output

]

Reconfiguration

. < Diagnoser «—
mechanism

Fig. 10. Reconfigurable control-based FTC scheme.

It is worth noting that an OC fault generally does not
result in an immediate power system failure [28].
However, during a fault, the voltages on the inverter
side can become distorted. It may contribute to the
malfunctioning of the inverters. Therefore, an OC fault
analysis is an attempt to simplify the performance
evaluation of the OWEC system.

Table II gives the grid-side fault scenarios that may
arise in a parallel converter configuration. It shows that

the reconfiguration status may vary in certain situations.
Therefore, we can potentially define fault cases as:

C

K-xpy (48)
where K and x denotes the number of converters and
their faulty legs; ¢=(a,b,c) and y are the phases, and its
nature, respectively.

The incorporated multi-leg FRT capability performs
two types of operations: normal and fault. In the pro-
posed design, switch failures can effectively maintain
the normal operation of parallel inverters by utilizing
healthy legs. Hence, the parallel converters configura-
tion can effectively manage voltage levels while con-
sistently providing uninterrupted performance. More-
over, it is achievable for the LSC control strategy to
precisely track the changed current value when propor-
tional resonant (PR) or hysteresis current controllers are
used [44]. The PR controller performs functions within
a fixed-coordinate system. Nevertheless, PI controllers
can also be used with a non-linear decoupling matrix
technique in a rotating synchronous coordinate system.
Finally, it generates gate pulses based on SVPWM.

TABLEII
FRT-BASED RECONFIGURATION SCENARIOS

Fault scenarios

Cases Power converter 1 Power converter 2 Reconfiguration status
Coyy Leg of phase a, is faulty No faulty leg Yes
szzm»‘ Leg of phase q, is faulty Leg of phase b, is faulty Yes
Cyap, Leg of phase q, is faulty Leg of phase a, is faulty No
CHW Leg of phase g, and ¢, is faulty Leg of phase b, is faulty Yes
Cyayy Leg of phase g, and ¢, is faulty Leg of phase a, is faulty No
Cy Leg of phase g, and ¢, is faulty Leg of phase a, and b, is faulty No

A. Operational and Protection Constraints of an OWEC
System

The proposed fault reconfiguration control simplifies
the dynamic switching of the parallel power converter
switches. It performs the bypassing of faulty legs to
maintain regular system operation. However, the fol-
lowing expressions can identify the number of faulty
legs, normal legs, post-fault reconfiguration, and rele-
vant rated power relationships as [27]:

0<1, <K (49)
{K =Ly, +1y, 50)
Ly =K ~1,

1 < (ZN¢ )min

PratediK = PK (ZN¢)min
where /; and [ represents the normal and faulty leg

(1)

counts; and P, denotes the corresponding power.

B. Fault Detection and Isolation Mechanism

To improve the system’s reliable performance, fault
detection and isolation (FDI) mechanism is adopted in

FTC scheme. We have investigated the fault detection
technique that was reported in [29], and evaluated its
performance under various fault conditions. FDI recti-
fies the detection error by constantly determining the
precise fault position and magnitude. We have taken
case 2 from Table II to validate the FRT capabilities.
However, the isolation of an OC failure is achieved by
removing the corresponding gate signal. In case 2, both
converters 1 and 2 exhibit faults in their inverter legs,
specifically in phases a,and b,, respectively. Since the
remaining legs of both power converters continue to
function normally, therefore, we can mathematically
represent the voltage estimation of'a power converter leg as:

Vi = 0.5V, (21, = 1) (52)
where [, and V. represents the switch state and

DC-link voltage, respectively.

The fault identification mechanism involves com-
paring observed voltages with their corresponding pre-
dicted values. As indicated in (53), we can achieve the
detection of fault occurrence by analyzing the voltage
error difference. However, we have implemented volt-
age and time criteria to prevent inaccurate fault detec-
tion. Therefore, the error criteria can be given as follows:
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Figure 11 depicts a converter in its normal state of
operation. The presence of an OC fault is considered in
the upper switch. To implement the detection and
voltage criterion, the output of the up-counter is

= v]m _ measured

(53)
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integrated into a comparator that includes a variable
threshold, denoted as H_. Also, the time criterion can

be utilized to minimize any potential delay in the fault
scenario. These delays can be attributed to the overall
control system, including the associated switching de-
lays. Hence, a time threshold is applied to minimize the
occurrence of inaccurate fault detection. It has an ability
to speed up the detection.
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Fig. 11. Schematic representation of the FTC-based OWC OWEC system.

Figure 12 displays the algorithm for the fault status
check. The direction of the current also affects over-

current fault detection time. When the value of ;<<0,

the current flows via the /,, enabling fault detection.
Therefore, we can formalize the expression as follows:

I, =HI (34)
where 7; and T, exhibit the threshold and sampling
times, respectively.

N\

/ Normal status y

(h<le,p &
(H,>m,)
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h>‘elml
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S &m=H) y
Reset -

i:Faull 513119

Fig. 12. State flow diagram of fault diagnosis.

C. Reconfiguration and FTC Execution

As shown in Fig. 11, to execute the fault reconfigu-
ration control unit, it is necessary to tune the reference
current of the inverter legs based on operational status.
A three-phase stationary frame effectively addresses the
control of phase currents in the legs. Equation (55)
demonstrates that the control design is capable of
adapting to both typical and challenging operational
scenarios. Also, voltage regulation is achieved by uti-
lizing PI controllers to generate the average value of the

i, ; after that, this signal is converted into reference
outputs through a three-phase stationary frame.

_ |0 — fault (55)
* 11— normal
The reconfigurable control strategy successfully
achieves relevant reference gate signals for LSC control
using SVPWM. Furthermore, a status check of the
normal leg in K converters produces the corresponding
reference current. Additionally, implementing a PI
controller can successfully address the circulating cur-
rent problem within power converters legs. Therefore,
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we can express their associated current relationships as
follows:

. K[max(/)] —» normal
L tim =9 (56)
- min(m,,) —> fault
* * S i
i, =i, = (57)

2.5,

K
J=1

V. PROPOSED ELECTRICAL EMS CONTROL STRATEGY
FOR THE OWEC SYSTEM

In stage four, to reduce system’s complexity, a six-leg
power converter is taken into account. In the proposed
SC-EMS, it produces voltages on both the generator and
grid sides. An MPC-based DC-DC bidirectional con-
verter receives these voltages. The DC-DC bidirectional
converter functions as a buck-boost converter and can
adjust the EMS voltage in response to variations in the
Voe [45].

The DC-DC bidirectional converter comprises of two
interconnected control loops and a pair of IGBT

switches. However, to obtain the reference SC current
for the inner loop, the outer control loop compares the
Therefore, the
state of charge (SOC), which depends on the ratio, is a
key component of the proposed method. Furthermore,
we will determine the energy requirements of the EMS
by formulating the time integral of the generated power
minus the desired output power. Thus, we can present
the expressions as follows:

Vsc

measured V. with the required V. .

2{ =
VSC _rated

P ()= Py (=B (1) (58)

Epvs (t)_EEMS (Z :O):j-Psc (t)

where V. and V. .., are the measured and rated SC

C _rate
voltages (V); B is SC power (W); P, and F, gives
the OWC and grid side power (W), respectively.

A SC’s appropriate size depends on accurately esti-
mating the necessary energy storage capacity. We can
represent the relevant expressions [46] as (59).

As shown in Fig. 13, the MPC-EMS system is con-
sidering the cost functions connected to any potential
predictions, and the optimization block has the refer-
ence value for both buck and boost topologies. However,

we can declare the predetermined cost functions [47] as
(60).

Esc = E SCI/SZC
-1,
Vrange
CC
Csc = Nq
s 59
; (59)
Np =—
Ise
NS — Vrange
Vsc
dV,.
Iy = Csc d;c

where E. is the energy storage (Wh); Cg. is the SC

capacity (F); C,, denotes equivalent capacitance (F); /

shows the current through SC (A); V.

range

is the operat-

ing voltage range (V); N,and N, shows the number of

SCs in series and parallel combination, respectively;
and I represents the SC current (A).

xpreii(tkﬂ) = fpre {x(tk)a Si}

gi = fg {‘x* (tk+l )’ ‘xprcii (tk+l )} (60)
i=1,23,-,n
where x ., and g, represents the predicted values,
respectively.

The DC-DC bidirectional converter’s primary func-
tion is keeping the V|, , within the desired rated range.
The proposed bidirectional converter enters boost mode
when the voltage V. drops below the lower threshold.
After that, it drains the power from the SC and injects it
into the DC bus, ensuring that V. stays below the limit.

Nevertheless, the DC-DC bidirectional converter
enters buck mode if the V. exceeds the upper threshold.

It charges the SC while keeping V. under the upper
limit by drawing power from the DC bus. Furthermore,
once V. is within the allowed range, the converter

enters idle mode and disconnects the SC from the DC
bus.
As shown in Fig. 13, we implemented a low-pass

filter to reduce voltage ripples during buck and boost
modes. When we assumed the reference signal to be a
DC input, it can be represented as (61).
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Fig. 13. Schematics of the OWC power smoothing scheme.
X)) =X (1) (61) The prediction state incorporates the imported varia-

The cost function associated with the buck and boost ~ bles ¥, (k) , i (k) and V. (k) for the buck-boost
operation can be defined as:

S, =0,

operation. It is delivered for optimization from the pre-

Vee (k+1) = Ve g o (k + 1)| ) diction state V. (k +1) while holding predictive values

Jpr = .
Buck atintervals ¢, =¢, + 7.

S, =1 etk +1)=Vig 5, (ke +1)| .

After being filtered by a low pass filter, the range
comparators determine the triggering of the corre-
sponding operational mode. Hence, the reference terms

can be formally stated as follows:

S, =0, oc (e +1)=Voe s o (k +1)|
JBoosl = " (63)
S, =1, [Pl +1D) Ve g (k+1)|

The DC-DC bidirectional converter control executes

MPC operational modes, as shown in Fig 14. Ve (k+1) = Ve (k)
Start o
v s oo Viadpe (k)
Vee (k). Ve (k). (K), By (R, o (k) Vs (k) == ik (D]:) 64)
+ L

States functions/reference * *
voltage checks Voc (k) =V (k+1)

where V. and Vy,, represents the predefined voltages.

VI. RESULTS AND DISCUSSIONS
This section evaluates the MATLAB/Simulink re-
55, sults of the proposed multi-stage design approach for an
Fig. 14. Algorithm of the bidirectional converter. PMSG OWEC system. Table IIT provides details re-

Return
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garding the system parameters and operating scenarios.
To determine generation side performance, we assessed
the Wells turbine’s power and torque coefficients of the
OWC plant. Figures 15(a) and (b), respectively, display
Wells turbine coefficients.

TABLE III
SYSTEM OPERATING PARAMETERS
Parameters Value
Power rating (kW) 60
Pole pairs 6
Rotor flux linkage (Wb) 0.58
PMSG Stator winding resistance (Q) 0.538
d-axis inductance (H) 12.98¢7?
g-axis inductance (H) 12.98¢7?
Inertia (kgm?) 0.55
Pressure drop (kPa) 2.5-8
Optimal flow coefficient 0.3
Air density (kg/m?) 1.225
Blade length and width (mxm)  0.35%0.23
Wells turbine-based Duct area (m?) 1.17
WEC Chamber area (m?) 7.5
Turbine radius (m) 0.4
No. of blades 5-8
Turbine constant 0.7
Flow rate (m%/s) 50-150
. DC voltage (V) 600
DC-l;r;l;f;?or;:con- Voltage threshold 10
Sampling frequency (kHz) 9-10
SC-EMS rating (kW) 60
Energy storage DC terminal voltage (V) 550-650
Rated capacitance (F) 10
. . Voltages (V) 400
Electrical grid Frequency (Hz) 50
3
% 10
o 5f
2
£ % 0.5 1.0 1.5 2.0
@
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204
=
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Fig. 15. The Wells turbine characteristics. (a) Power vs. flow
coefficient. (b) Torque vs. flow coefficient.

We thoroughly investigated both uncontrolled and
controlled OWC WECs, utilizing the four stages of the
proposed multi-stage system. We considered an irreg-
ular waveform based on the PM spectrum to investigate
the realistic effect of ocean waves on the entire OWEC
system. Figures 16 and 17, respectively, depicts ocean
current’s waveform. As depicted in Fig. 17, the OWC
chamber exhibits an alternating peak pressure drop of
7.5 kPa.
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Fig. 16. The PM spectrum for irregular wave strike.
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Fig. 17. Irregular waves based on PM spectrum. (a) Wave mag-
nitude. (b) Wave magnitude under 50 s. (c) Chamber pressure

drop, Ap,,, -
According to (14), the Wells turbine stalls when the

@, exceeds 0.3. Therefore, it is essential to regulate

stalling behavior to achieve optimal performance.
Within this particular context, the results show that it
offers a satisfactory level of performance while elimi-
nating stalling, enabling the attainment of the desired
maximum power output.

Figure 18 illustrates comparison-based findings on
the OWC plant performance. We manually select the
controller parameters by repeatedly simulating the
OWC model, which allows us to analyze various gain
values at optimal flow speed. Figures 18 and 19 displays
the generated ¢, and (; , respectively. An uncon-
trolled OWC device is inefficient at controlling the
O; to an appropriate level. Thus, it has a greater ten-
dency to delay and stall. Figure 19 illustrates that air-
flow control is based on irregular wave input with the
implementation of PI and FOPID controllers. Tuning an
OWC plant based on PI requires a higher level of ac-
curacy than a FOPID controller. On the other hand, a
FOPID controller is performs better at avoiding stalling
behavior than a conventional controller.
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Figure 20 shows the Wells turbine’s torque in response
to flow input. For an uncontrolled OWC device, the tur-
bine torque exceeds 200 Nm. A well-designed and regu-
lated system can effectively control the stalling and ro-

bustness of the OWC device. As a result, FOPID OWC
plant control effectively prevents stalling occurrences.
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Fig. 20. OWC plant torques. (a) Anuncontrolled plant torque. (b).
Conventional controller-based plant torque. (¢) Controlled OWC
plant-based torque.

Moreover, the variations in mechanical speed depend
on the performance of the Wells turbine and the speed of
the ocean waves. The torque, phase currents, and power
generated all appear to be the same as the rotational speed.
Hence, the OWEC system produces irregular rotational
speed and fluctuating three-phase currents under adaptive
control, as observed in Figs. 21 and 22, respectively.
From Figs. 21(a) and (b), it can be verified that the rota-
tional speed of the uncontrolled OWC device does not
regularly reflect significant oscillations. However, im-
plementing the entire MPPT method requires precise
control of the rotational speeds and optimum control of
the OWC plant in conjunction with the generator.
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Fig. 21. OWC plant rotational speed performance. (a) Uncon-
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Fig. 22. Generated currents. (a) Current of an uncontrolled plant.
(b) Current of controlled plant.

Figure 23 depicts the generated power outputs that is
resulted from the implementation of non-linear control.
Figure 24 shows that during normal operation, the stage
one and two control techniques accurately track the
rotational speed reference. The back-stepping control
stage and stage one collaborates, allowing the turbine
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generator shaft to achieve optimal rotational speed. The
PMSG OWEC system robust electrical control effec-

tively responds to chamber Ap_, oscillations.

_ 60F
S
= 40
7}
z 20
<)
[
0
- Time(s)_
(a)
; l ‘ ' —— Controlled
=)
>4
z
=)
o0 " . n
DO 10 20 30
Time (s)
(b)

Fig. 23. OWC plant power outputs. (a) Power of an uncontrolled
plant. (b) Power of a controlled plant.
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Fig. 24. Electrical control of a PMSG OWEC system. (a) Rota-
tional speed of an uncontrolled system. (b) Rotational speed of a
controlled system.

The adaptively regulated PMSG OWEC system, as
shown in Fig. 24(b), performs faster than an uncontrolled
OWC and an unregulated OWEC system, shown in
Fig. 24(a). The proposed approach begins tracking the
reference speed within nearly 2 seconds using the Lya-
punov stability method, resulting in minimal delay and
reduced overshoot. Figure 25 shows the regulated PMSG
rotational speed under a controlled OWC device. The
controlled OWC and regulated PMSG OWEC systems
clearly demonstrate their ability to respond robustly to
speed changes. Thus, the proposed non-linear
back-stepping control outperforms a traditional control
approach, i.e., FOC, in terms of performance.
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Fig. 25. Rotational speed tracking response of the controlled system.

Furthermore, the implemented adaptive control
technique demonstrates insignificant speed and torque
errors percentages, shown in Figs. 26(a) and (b), re-
spectively. The Matlab/Simulink tool is considered to
evaluate how reliable an adaptively regulated OWEC
system is when it comes to FRT capabilities based on
fault reconfigurable control. The fault reconfiguration
control strategy shows that the inverter legs, i,, and i, ,
encountered a fault. If the current is positive, it is not
possible to immediately identify the fault. As a result,
the positive values of the time conditions are insuffi-
cient for identification. However, when the negative
current develops and approaches the desired coun-
ter-threshold value, we recognize the fault at #=31.7983
s. Thus, based on the detection of the faults, the control
initiates operation at £ =31.811 s.
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Fig. 26. Adaptive control strategy-based errors. (a) Rotational
speed error. (b) Generated torque error.

Figures 27 and 28, shows the generated scenarios,
respectively. Because of a failure in power converters 1
and 2, they do not fully withdraw from the system.
Power converter 2 reconfiguration initiates during fault
operation after the fault detection counter hits the pre-
defined threshold value, N = 30. In Figs. 27(b) and 28(c),
the FRT capability-based parallel converter of the
adaptively controlled PMSG OWEC system starts to
reconfigure after a fault at 7 = 31.825 s, respectively. As
a result, to compensate for the malfunctioning leg of
converter 2, the pre-fault current of converter 1 in-
creases beyond its normal rating while keeping the
remaining normal legs active.
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Fig. 27. Gate pulses of inverter legs. (a) Normal and fault oper-
ation. (b) Reconfiguration operation.
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Figure 29 shows the three-phase currents behavior on
the inverter side of an OWC OWEC system. It is worth
noting that the reconfigurable control system exhibits
rapid dynamic behavior due to its efficient fault detec-
tion capabilities. Therefore, by removing the faulty legs
and fully utilizing all the healthy ones, the proposed
third stage achieves sustainability. As a result, the in-
tegrated reconfigurable control makes parallel ocean
wave power converters easier to implement and offers
multiple-leg FRT capability. Thus, it ensures reliability
for the OWEC system.
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Fig. 29. Parallel converters currents behaviour. (a) Power con-
verter 1. (b) Power converter 2.

Moreover, by implementing SVPWM, the system
establishes switching states that lower the inverter’s
switching frequency. It allows the OWEC system to
perform effectively in both normal and fault operations.
Therefore, employing SVPWM technique offers more
accurate sequence, leading to improved control over the

gate signal of a three-phase inverter. From Figs. 27-29,
it can be concluded that the FTC scheme improves
availibity of parallel converters, and ensures that the
OWEC system using an adaptively controlled PMSG is
reliable.

The six-leg converter’s operation determines the
typical V. link of the OWEC system, as shown in Fig. 30.

In stage four, the implementation of MPC DC-DC bi-
directional converter prevents irregular wave-based
oscillations in both the controlled and uncontrolled
OWEC systems. In this separate case, the MPC is re-
sponsible for charging and draining the SCs. Figures
31(a) and (b), shows the SC EMS based voltage and
current, respectively.
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Fig. 31. EMS OWEC system. (a) SC voltage. (b) SC current. (c)
SC-SOC.

To configure a SC bank, series connections can made
by utilizing capacitors. Figure 31(c) shows the DC-DC
bidirectional converter's charge status. If the generated
power is less than the grid power, the V. is controlled
by draining the energy storage below its required volt-
age. In contrast, if the power generated exceeds the
power from the grid, charging the EMS maintains the
Vo at anearly stable level.

Furthermore, Fig. 32 demonstrates that incorporating
an EMS enables smooth and efficient power transfer
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during both bucks and boost operational modes. It is
also noticeable that the uncontrolled OWC device gen-
erates less power than the controlled device. The
Matlab/Simulink results have proven that integrating
stage one also leads to a power enhancement of over 28
percent. Hence, stage four achieves the desired funda-
mental aspect i.e., the power smoothing of an OWC
OWEC system
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Fig. 32. Power smoothing of OWC OWEC system.

The proposed multi-stage control design approach
establishes the WEC’s efficient and sustainable per-
formance by optimizing major aspects of the OWEC
system. However, we recommend conducting experi-
mental investigations based on control strategies that
require integration with actual scenarios to enhance the
effectiveness of the OWEC system.

VII. CONCLUSIONS

This work presented a new design approach to inte-
grate control strategies for an OWC OWEC system
using the Matlab/Simulink tool. The Wells tur-
bine-based WEC responds well to irregular ocean
waves generated by the PM wave spectrum. The key
findings of the proposed design approach are as follows:

1) Stage one provides a comparative evaluation of the
power extraction schemes based on traditional and
FOPID controllers. We have verified that these control
schemes, through FOPID, outperform traditional ones
in controlling the valves of the Wells turbine-based
WEC. It eliminates stalling phenomena and improves
the fixed OWC device’s maximum power-generating
abilities.

2) In the second stage, the performance of the PMSG
OWEC system was improved using a non-linear adap-
tive control strategy based on the Lyapunov stability
technique. Compared to FOC, the results show that
using SVPWM and a non-linear back-stepping control
design leads to accurate and robust speed tracking while
reducing the percentage of errors.

3) In stage three, incorporating the FRT capability
into an OWC OWEC system aims to provide an unin-
terrupted and reliable power supply. During fault oper-
ations, the system can manage the reconfiguration of
parallel power converters. Instead of turning off the
whole converter, the reconfigurable control unit at-
tempts to use all of the healthy legs by isolating the

faulty one.

4) In stage four, a proposed solution for the EMS
involves an MPC strategy. A DC-DC bidirectional
converter integrates SCs into the six-leg converter DC
link. Its incorporation ensured smooth and stable output
power.

Finally, the proposed multi-stage control design can
improve the global performance of the grid-connected
OWC OWEC system, achieving its main objectives of
efficiency, robustness, reliability, and power smooth-
ness.
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