<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Elamin, A. Y., Hashfi, T. B., Mohamed, O. M., Wahyudie, A., Cahyadi, A. |., Jama, M. A, Laghari, M. S., Khalil, R. A.,
Mekhilef, S., & Abdrabou, A. (2026). A Control Architecture for Energy Management and Battery Integration in a Stand-
Alone Heaving Wave Energy Converter. IEEE Access, 14, 62618-62641.
https://doi.org/10.1109/ACCESS.2026.3686360

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/ACCESS.2026.3686360

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 7 April 2026, accepted 18 April 2026, date of publication 22 April 2026, date of current version 27 April 2026.

Digital Object Identifier 10.1109/ACCESS.2026.3686360

== RESEARCH ARTICLE

A Control Architecture for Energy Management
and Battery Integration in a Stand-Alone
Heaving Wave Energy Converter

ABDIN YOUSIF ELAMIN', TUANKU BADZLIN HASHFI?, (Graduate Student Member, IEEE),
OMSALAMA M. MOHAMED?, ADDY WAHYUDIE “'-3, ADHA IMAM CAHYADI 4,
MOHAMED ABDI JAMA3, (Member, IEEE), MOHAMMAD SHAKEEL LAGHARI 3,

RUHUL AMIN KHALIL 6, SAAD MEKHILEF"“7, (Fellow, IEEE), AND AHMED ABDRABOU?

I'National Water and Energy Center, United Arab Emirates University (UAEU), Al Ain, United Arab Emirates

2Department of Electrical Sustainable Energy, Delft University of Technology, 2628 CD Delft, The Netherlands

3Department of Electrical and Communication Engineering, United Arab Emirates University (UAEU), Al Ain, United Arab Emirates
4Department of Electrical Engineering and Information Technology, Engineering Faculty, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia
SElectrical, Computer, and Biomedical Engineering (ECBE) Department, Abu Dhabi University, Abu Dhabi, United Arab Emirates

SEngineering Requirement Unit, United Arab Emirates University (UAEU), Al Ain, United Arab Emirates

7School of Science, Computing and Engineering Technologies, Swinburne University of Technology, Melbourne, VIC 3122, Australia

Corresponding author: Addy Wahyudie (addy.w @uaeu.ac.ae)

This work was supported in part by United Arab Emirates University (UAEU), United Arab Emirates, through the 2025 UAEU
Center-based Grant 12R288.

ABSTRACT This paper presents an integrated control framework for a stand-alone wave energy converter
(WEC) system equipped with battery storage and load-side regulation. The core of the proposed system
is a supervisory energy management system (EMS) that adaptively governs the operation by transitioning
between reactive control, damping control, and power-shedding modes in response to wave conditions and
the battery’s state of charge (SoC). To ensure efficient energy harvesting, a variable step-size maximum
power point tracking (MPPT) algorithm is employed to dynamically tune the damping and stiffness
coefficients of the power take-off (PTO) mechanism. The EMS operates alongside a battery-side controller
responsible for regulating the DC bus voltage through controlled charging and discharging, thereby ensuring
voltage stability under fluctuating sea states and load variations. A load-side controller guarantees balanced
three-phase AC power delivery, maintaining sinusoidal voltage and current profiles during dynamic load
conditions. The proposed control system is validated through detailed MATLAB/Simulink simulations and
hardware-in-the-loop (HIL) experiments. The findings demonstrates the EMS’s ability to manage power
flow efficiently and maintaining safe SoC levels under high-energy conditions, while performing load
disconnection during low-energy periods to prevent battery depletion. Both simulation and experimental
outcomes demonstrate reliable voltage regulation, coordinated control mode switching, and effective system
response to variable sea states and load demands.

INDEX TERMS Battery storage, energy management, maximum power point tracking, ocean energy, stand-
alone applications, heaving wave energy.

I. INTRODUCTION

Electricity is essential for socioeconomic advancement,
as stable energy systems enhance productivity and Gross
Domestic Product (GDP) growth [1]. However, around 13%
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approving it for publication was Xiaosong Hu

of the global population remains without access to electric-
ity [2], reflecting ongoing challenges in providing affordable
and reliable energy. Key barriers include limited financing
for grid expansion, low population density, and sociocultural
constraints [3]. Remote areas without access to power grids
often rely on fossil fuels—coal, oil, and natural gas—
characterized by price volatility, transport difficulties, high
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operational costs, and environmental impacts [4]. Renewable
energy sources (RESs) present a sustainable alternative
for meeting energy needs in off-grid remote areas. Solar
photovoltaics (PV) and wind turbines (WT) are among the
most established renewable technologies, valued for their
sustainability and site-specific adaptability. In standalone
systems, maintaining a stable power supply is challenging,
as PV and WT outputs often fail to meet demand due to
resource intermittency and limited temporal availability [3].

In off-grid islands and coastal regions, wave energy
presents a viable standalone power solution with notable
benefits. They theoretically offer greater potential than many
renewables due to its high-power density of 2-3 kW/m? and
low variability when compared to wind. Additionally, their
predictability and high availability, occurring approximately
90% of the time, make them well-suited to meet nighttime
electricity demand [5]. Wave energy integration in off-grid
regions has been studied, revealing both its promise and
challenges when coupled with other RES to meet energy
demand [6], [7], [8]. These Hybrid designs can improve
reliability via resource complementarity, yet it adds control
and operational complexity [9]. Unfortunately, there is
a notable gap in research examining standalone power
systems that rely exclusively on wave energy. Exploring
such systems could streamline design by avoiding hybrid
RES combinations for lowering costs and complexity, while
enabling focused technological innovation to advance the
field.

Wave Energy Converters (WECs) maximize wave energy
absorption when their resonant frequency aligns with incom-
ing wave frequencies [10]. Popular Control strategies for
maximizing absorption include damping control, referred to
as resistive loading, and reactive control, often termed as
approximate complex-conjugate (ACC). These approaches
regulate the mechanical impedance of the power take-
off (PTO) system by adjusting its damping and stiffness
coefficients to match the WEC intrinsic impedance, ensuring
the system’s velocity aligns with wave excitation forces [11],
[12], [15]. Damping control involves modifying only the
damping coefficient and offers benefits such as a lower
peak-to-average power ratio, reduced mechanical stress,
and limited stroke displacements to prevent damage in
extreme conditions [13], [14]. Although simple to implement,
it is less efficient than reactive control, which adjusts
both PTO coefficients to enable bidirectional power flow
through alternating generator and motor operation within
each wave cycle. Unfortunately, this process may introduce
energy dissipation losses and impose significant design and
performance constraints [16], [17]. A major limitation of
both methods is their dependence on wave frequency, which
is challenging to determine in real-time due to constantly
changing wave conditions.

Researchers have explored model-free controls that adjust
coefficients without direct wave frequency measurements.
An example is Maximum Power Point Tracking (MPPT),
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first applied to wave energy systems in 2009 [18]. Among
MPPT methods, fixed-step Perturbation and Observation
(P&O) is the most frequently utilized and serves as a
benchmark for other algorithms [19]. MPPT-based damping
control has been investigated in several studies, such as
in [20] and [21], where MPPT determined the duty cycle of
boost converters for optimal energy extraction. A study [22]
examined key factors affecting MPPT-based damping control
in wave energy applications. The works of [23] applied a
hill-climbing MPPT for reactive control by tuning damping
and stiffness to maximize energy capture, while [24] intro-
duced a variable step-size MPPT to optimize these parameters
for peak WEC output. Adaptive and nonlinear MPPT
approaches, commonly used in reactive control, improve
tracking accuracy and enhance robustness to disturbances.
However, they often require accurate system models and
involve higher computational effort [25]. Optimization-based
MPPT methods such as genetic algorithms have been applied
in both damping and reactive control schemes to improve
energy extraction under system constraints. These methods
increase complexity and often rely on wave estimation
techniques [26]. In addition, recent reviews show that hybrid
MPPT strategies can achieve higher efficiency and robust-
ness than conventional methods, but their practical use is
limited by implementation complexity and reduced suitability
for real-time operation [27]. Despite these advancements,
no existing study has investigated an MPPT framework
capable of seamlessly transitioning between reactive and
damping control modes.

Relying solely on standalone Wave Energy Converters
(WECs) is not practical because wave energy depends on
sea conditions rather than consumer demand, leading to
intermittency, unpredictability, and non-dispatchability [29].
Additionally, it experiences greater short-term fluctuations
compared to wind energy, with its power output averaging
zero twice per wave cycle [30]. Hence, an electric energy
storage (EES) is needed to mitigate wave energy fluctuations,
ensure a stable and continuous power supply, meet load
demand, and enhance transient stability. Different types
of ESSs were introduced such as hydraulic storage [31],
supercapacitors [32], batteries [33] and hybrid systems [34].
Furthermore, control and power challenges posed by WEC
intermittency and ESS dynamics requires an energy Man-
agement System (EMS) at the tertiary control layer to
optimize operation and supervise lower-level controls [35].
It’s responsible for ensuring continuous power supply to
meet load demand and protecting the ESS from operating
at conditions that degrades its life span [36]. Degradation in
lithium-ion batteries is governed by two main mechanisms:
calendar aging and cycle aging. Calendar aging depends
primarily on storage conditions such as high average SoC
and temperature, whereas cycle aging is driven by Ampere-
hour (Ah) throughput, depth of discharge (DOD), mean state
of charge (SoC) and charge/discharge rate. Ah-throughput
represents the total charge exchanged over a cell’s lifetime
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and is a key indicator of cycle-related degradation, but studies
have shown that degradation per Ah depends strongly on the
SoC window and temperature. Holistic aging models indicate
that degradation per Ah increases at high SoC and large
DOD [37]. Experimental studies on Li(NiMnCo)O;/graphite
cells confirm that high SoC storage accelerates capacity
fade and that deeper cycling intensifies degradation [39].
Cycle-life analyses further show that capacity loss follows
a power-law dependence on Ah-throughput and temperature
consistent with SEI-driven lithium consumption [40]. Degra-
dation diagnostics demonstrate that both internal resistance
growth and capacity fade are strongly affected by SoC
range and cycling conditions [38]. In practical power-system
applications battery lifetime depends on DOD and operating
temperature and complete discharge reduces service life [41].
In this work, SoC is chosen as the primary supervisory
variable for EMS owing to its ease of measurement and
controllability. Limiting the SoC window helps constrain
high DoD, voltage stress, and aggressive cycling. As reported
in [42], a 20-80% SoC range can help mitigate high-voltage
stress and deep discharge while preserving operational
flexibility.

Energy management systems for standalone renewable
systems with battery storage have been widely studied
to ensure stable power balance and DC-link regulation
while preserving battery lifetime under variable operating
conditions. In the works of [43], an improved EMS was
implemented for a standalone PV-PEMFC-battery micro-
grid, where supervisory control coordinates photovoltaic
generation, fuel cell contribution, and battery operation
to minimize hydrogen consumption while maintaining the
battery SoC within predefined limits. A centralized EMS
was implemented for a standalone renewable hybrid PV
and fuel cell system, where source dispatch is regulated
according to SoC and load demand [44]. A PV de-
rating strategy was adopted to prevent battery overcharging
and deep discharge. In addition, a control strategy for a
standalone PV-battery system operating at SoC boundaries
was proposed, incorporating transition mechanisms and
DC-link ripple mitigation to maintain stable supply when
the battery reaches its upper or lower SoC limits [45].
Its worth noting that power variability in PV and fuel-cell
systems is comparatively smoother and predictable, allowing
curtailment through deviation from the maximum power
point. In contrast, WECs experience stochastic hydrodynamic
excitation with rapid fluctuations and high power spikes that
require more robust EMS coordination.

One of the few standalone WEC studies was examined
by [46], where a hybrid battery—supercapacitor system was
used to smooth the oscillatory output of a paddle-type
WEC and maintain a constant DC bus voltage. SoC
control was achieved through frequency-based electrical
power sharing. The study considered regular sinusoidal wave
excitation and a single-phase DC resistive load without
addressing three-phase AC loads or irregular sea states.
Most EMSs for wave energy primarily focus on grid
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FIGURE 1. The overall system schematic.

integration and output power smoothing. An EMS based
on simultaneous perturbation stochastic approximation was
developed for hybrid ESS integration to reduce power
ramp rates at the point of common coupling and improve
battery lifetime through optimized power allocation [47].
Furthermore, a hierarchical wave-to-grid control scheme
combining finite control set model predictive control with
a supervisory EMS was introduced to maintain battery
SoC within defined limits [48]. In these studies, the WEC
operates at maximum energy extraction while battery SoC
is regulated by adjusting the power delivered to the grid.
The grid ensures frequency and PCC voltage stability and
provides inertial support with the ability to absorb or supply
power imbalance. Thus, WEC generation does not require
strict load matching, whereas standalone systems must inter-
nally regulate power balance, voltage stability, and storage
protection [9].

The main contribution of this study is to design a control
framework that optimizes power flow management and
battery integration for standalone WEC systems in remote
coastal areas. An EMS is responsible for adjusting wave
energy extraction by switching between reactive and damping
control based on battery SOC to prevent overcharging, deep
discharging or excess power wastage. The reactive and
damping controls are implemented using a variable step-size
MPPT algorithm proposed in [24]. The load-side controller
ensures stable voltage and frequency levels to ensure
reliable power supply to local loads under varying wave
conditions. Finally, a battery storage controller regulates
the charge-discharge process to balance power fluctuations
between WEC generation and load demand while ensuring
the stability of the DC bus voltage. The paper is structured
as follows: Section II describes the WEC system and its
subsystems; Section I1I details the proposed EMS and control
strategies; Section IV presents simulation results; Section V
provides experimental validation; and Section VI concludes
the work.

Il. SYSTEM DESCRIPTION

This section presents the mathematical model of the WEC
system shown in Fig. 1. The floating buoy converts vertical
wave motion into linear motion that drives the Permanent
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Magnet Linear Generator (PMLG) to generate electricity. The
PMLG output terminals are connected to an AC load through
aback to back converter topology. This topology contains two
distinct converters with a DC link serving as the intermediary
interface. The first converter is an AC/DC converter and is
referred to as the generator-side converter, while the other
is a DC/AC converter, known as the load-side converter due
to its direct connection to the load. Finally, a battery storage
is connected at the DC bus via a DC/DC power converter to
balance between generated power and load demanded power.
For model simplification, the system is divided into three sub-
systems; i) generator-side subsystem, ii) load-side subsystem,
iii) battery storage subsystem, each described in the following
subsections.

A. GENERATOR-SIDE SUBSYSTEM MODEL

This model describes wave-buoy hydrodynamic interactions
and their impacts on the electrical characteristics of the
power take-off (PTO) mechanism. The PTO mechanism is
the device that converts the buoys’ mechanical motion into
electrical power, and is classified as hydraulic, pneumatic,
direct-mechanical drive, or direct-electrical drive types [49].
Hydraulic PTOs employ cylinders to pressurize fluid that
drives a hydraulic generator, while pneumatic systems use
compressed air. Direct-mechanical drive systems convert
the oscillatory motion of a buoy into rotary motion using
mechanical assemblies, such as gearboxes or slider-crank
linkages, that drive a rotating electrical generator. When
gearboxes are employed, mechanical friction introduces
losses, reducing efficiency to about 0.6-0.8, with 20%—40%
of input energy dissipated as heat [50]. Nevertheless, they
can achieve relatively high efficiencies of up to 81.2% in
bench tests [51] and 62.4% when integrated with a WEC
prototype [52]. Direct-electrical drives employ permanent
magnet linear generators (PMLGs) to eliminate intermediate
conversion complexities and cost. While previous studies
have optimized PMLGs to reach efficiencies as high as 96%
under ideal conditions [53], the work of [54] accounted
for non-ideal conditions and reported PMLG efficiencies
between 79% and 88%, depending on the control strategy.
Furthermore, the reactive MPPT control in [24] achieved
conversion efficiencies between 80% and 54%, decreasing
with higher wave power levels. This aligns with [51],
which attributes reduced PMLG efficiency at larger power
scales to air-gap tolerance and translator stroke limitations.
It is worth noting that reported PTO efficiencies vary
significantly, as they are strongly influenced by device
design, size, operating conditions, and control methodology,
thereby making the efficiencies of different PTO mechanisms
not directly comparable. In this study, the PMLG is preferred
for remote standalone applications due to its reliability,
simplified control architecture, lower mechanical failures,
and reduced maintenance requirements [49]. Figure 2 shows
the structure of the PMLG, whereas Fig. 3 illustrates the
generator-side subsystem.
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Assuming only vertical buoy motion, its dynamics are
described using Newton’s law of motion as follows

M + () a(t) + Braa()v(t) — kyz(t) — Fes(1)
= Fexc(t) + Fpm([) (D

where M, z(t), v(t), and a(¢) denote the buoy mass, displace-
ment, velocity, and acceleration, respectively. The excitation
force F,y. arises from wave-induced pressure on the buoy
surface, while the control force Fp,(t) is applied by the
PTO to govern WEC motion. u(w) and B,44(w) represent the
added mass and radiation damping (resistance) coefficients,
respectively, and are dependent on wave frequency w. The
former addresses inertial force caused by water mass and the
latter results in a radiation force that describes energy loss due
to radiated waves which is linearly proportional to velocity.
The stiffness term k,, combines hydrostatic buoyancy and
restoring spring forces that return the buoy to equilibrium
(z = 0) after displacement, expressed as

kw =Apg + K, (2

where A, p, g, and K, represent the buoy area, sea
water density, gravitational acceleration, and restoring spring
stiffness, respectively. F,4(¢) denotes the end-stop spring
force that prevents the PMLG translator from impacting the
enclosure at maximum stroke and is modeled as a dead-zone
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nonlinear force, as expressed in [12]

Fes(t) = Kes (2(1) +sgn(z(®) z) h (2] —z)  (3)

where K., 7, sgn and h denote the end-stop spring stiffness
coefficient, the maximum permissible stroke displacement,
the sigmoid function and the Heaviside function, respectively.
The f,s(¢) limits excessive translator motion and smooths
deceleration near stroke limits during high-energy absorp-
tion, thereby preventing mechanical impacts and mitigating
current and voltage spikes. By neglecting the nonlinear force
term and applying Fourier transform, (1) can be expressed in
the frequency domain as follows

T(w)V(w) = Fexe(w) + Fpto(a)) 4

where

/)g_ﬂf) )

A
T(w) = (w(M + (@) + Braa(w) —

Fexe(®), Fpp(w), and V(w) are the Fourier transforms
of the excitation force, control force, and buoy velocity,
respectively. By rearranging (4), the transfer function from
the combined forces, Fexc(w) and F(w), to V(w) is obtained
as

V(w) 1 ©)
Fexe(w) + Fpto(w) Zi(w)
where Z;(w) is the WEC intrinsic impedance, given by
Apg + K,
Zi@) = M + (@) 0+ fraa@) — LE=L ()

The coupling introduced by the tether moves the PMLG
rotor, called the translator, with respect to the buoy motion.
Thus, the electrical angular speed w,(¢) is proportional to v(z)
and is given by

T
we(t) = —v(1) ®)
Tp

where 1), is the pole pitch of the PMLG.
The alternating magnetic flux in the stator coils caused by
the rotor motion is expressed as

Y () = Y sin (lzm) ©)
Tp

where v, denotes the permanent magnetic flux linkage.

According to Faraday’s law, this varying magnetic flux
induces electromotive force (EMF) voltages in the stator
coils, which are given by:

esal(t) = —NYpmoe(t) sin (le(r)) (10)

P

. T 2
esp(t) = —NYpmw, (1) sin (—Z(f) - —) (1D
7 3

. T 2
esc(t) = —NYpmwe(t) sin | —z(r) + — (12)
7 3
where N is the number of coil turns.
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The PMLG electrical model in the abc reference frame can
be described by:

esk (t) = Ryig (1) + jwe(t)Lyig (1) + ug (t)
Vk=a,b,c (13)

where ig(¢) is the three-phase stator current, R is the
stator resistance and ug (f) is the output voltage of phase
k. Lg represents the per-phase stator inductance, defined
as the summation of the leakage inductance L;; and the
mutual inductance L,, between phases. Assuming the PMLG
uses a surface-mounted design that provides a uniform
air-gap and minimal magnetic saliency, resulting in a
nearly symmetrical magnetic circuit when operating under
balanced sinusoidal excitation. Consequently, the direct- and
quadrature-axis inductances are nearly identical, allowing the
stator inductance to be represented by a single equivalent
value (Ly & Lyy ~ Lgq) [55]. This provides an accurate and
computationally efficient representation for current control
and system analysis.

Using Park transformation, the three-phase voltage and
current quantities are transformed to the synchronous dg
reference frame as follows [56]:

usq (1) = —Ryigq(t) — L dljt(t) + we(t)LSiSq(t) (14)
usq(t) = _Rsisq(t) — Ly di‘Zt(t)

— (1) (Lsisd(t) - me) (15)

where u; 44(t) and i 4,4(t) represent the d and g axis stator
voltage outputs and stator currents, respectively, in the
synchronous reference frame rotating at the electrical angular
frequency w,(t).

The control force Fj,(2), captured wave power P, (t), and
electrical generated power P,(t) are calculated as follows:

_ 3nyem
Fpio(t) = 2‘[1, I5q(1) (16)
3
Pul®) = Epo()50) = 2P vy (17)
P
3
P.(t) = 5 (usd(t)isd(t) + usq(t)isq(t)) . (18)

B. BATTERY STORAGE MODEL

In this paper, the model used to describe the electri-
cal characteristics of the battery cells is based on the
first-order Thevenin model [57]. This model includes a
parallel resistor—capacitor branch, R; and Cj, in series with
an intrinsic battery resistance R,, as shown in Fig. 4.
The addition incorporates transient voltage dynamics and
polarization effects during charging and discharging. The
terminal output voltage can be given by

Vbar(t) = Voev — iparRo — iparR1 (1 - e_t/(Rlcl)) , (19)

where Vpg(t), Voer(t), and ipq(¢) represent the battery
output voltage, open-circuit voltage, and output current,
respectively.
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The state of charge (SoC) is the predominant metric used
to assess a battery’s energy state, where 0% signifies a
completely discharged battery and 100% indicates a fully
charged one. The SoC delineates the degree of charge relative
to the battery’s maximum capacity and is computed as

SoC(r) = SoC™ (1 — é/iba,(t) dt) x 100% (20)

where Q is battery capacity and SoC™ is initial state of
charge. This estimation approach, referred to as the Coulomb
counting—based method, is straightforward to implement;
however, its accuracy is highly dependent on SoC™", which
may be subject to estimation errors. Alternative estima-
tion methods include the open-circuit voltage approach,
which determines SoC from the OCV-SoC relationship
obtained through offline characterization but is impractical
for real-time use due to the required rest period. Model-
based filtering methods, such as Kalman and particle filters,
utilize dynamic battery models whose accuracy depends on
reliable parameter identification. Data-driven approaches,
including neural networks, learn the nonlinear relationship
between measurable variables and SoC without explicit
physical modelling. Unfortunately, their performance relies
heavily on the quality and diversity of training data.
A comparative study in [58] evaluated the performance of
various algorithms within the latter two categories. In this
paper, the Coulomb counting method in Eq. (20) is employed,
with the SoC” defined as a design parameter rather than
estimated. This manner mitigates errors associated with the
method’s sensitivity to the initial SoC and simplifies EMS
testing across various initial SoC scenarios.

The model also includes a high-frequency inductor L
and a bidirectional DC/DC converter comprising two IGBT
switches, S4 and SA", as illustrated in Fig. 5. This energy
storage operates in two modes, determined by the DC link
voltage vqc, namely the charge and discharge modes.

The equations that govern these operation modes are given

by:
During the discharging:
dipa: (t) )
Lb;—; = —Rpipar(t) + Voar (1) 1)
dvat) .
Cue d’; = iwec(t) — if(t) (22)
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During the charging:
dipa (1) .
Ly b;; = —Rpipar(t) — vac(t) + Viar (1) (23)
dvge(t) . . i
Cae—— = ee(t) = ir(1) = ipar(1) 24

where L, and R, denote the inductance and intrinsic
resistance of the high-frequency inductor, respectively.
Cg. represents the DC link capacitor, iy,..(¢) is the DC current
generated by the WEC, and i;(t) denotes the DC current
delivered to the load. Defining an appropriate v, is essential
for ensuring efficient power conversion and stable WEC
operations. The selected voltage must balance converter effi-
ciency, current stress, and PMLG scalability while supporting
control capabilities. Furthermore, commercially available
IGBT-based converters span a wide range from 600 V up
to 6500 V, handling currents from 600 A 3600 A [59].
This provides a flexible options for implementing suitable
DC-link configurations in low- to high-power systems. The
instantaneous power absorbed or released by the battery is
given by

Ppar(t) = Vpar(t) - ibar (1) (25)

C. LOAD-SIDE SUBSYSTEM MODEL

The load-side subsystem includes end-use loads and filters
that maintain power quality and load compatibility. As shown
in Fig. 6, it interfaces the DC link through a DC/AC converter,
while an LC filter at the AC output mitigates high-frequency
switching harmonics to improve injected power quality. The
load is modeled as a balanced three-phase resistive network,
typical in standalone systems for steady-state and dynamic
analysis. According to Kirchhoff’s voltage and current laws,
the load-side subsystem model in the abc reference frame can
be written as

I3 dij (1)

— = u (1) — v (t) — Rpiy(t) (26)
d
&MY — i) ~ i) @7)

for all k = a,b,c where Cr, Ly, and Ry represent the
capacitance, inductance, and equivalent series resistance of
the LC filter, respectively. The variable u (¢) represents the
three-phase voltage at the inverter output terminals, while
vik(t) denotes the voltage across the capacitor terminals,
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identical to the load voltages. The current flowing through
the filter inductor is represented by iy (¢), and i,k (¢) denotes
the current ultimately supplied to the load.

Using Park transformation, (26) and (27) can be rewritten
in the dqg reference frame as

g
L lljt(t) = ug(t) — vig(t) — Ryig(t)
+ a)g(t)Lfilq(t) (28)
dvig(t) . .
Cy e i1a(t) — ioa(t) + wg(t)Crvig(t)  (29)
g
1 D 1) — vig0) — Rying0)
— wg(t)Lrig(t) (30
dvig(t) . )
Cr e i1g(t) — iog(t) — we(O)Crvig(t)  (31)

where (28) and (29) represent the equations governing the
direct-axis components, whereas (30) and (31) correspond
to the quadrature-axis components. The variables ij;(¢),
(1), vig(t), and i,g(t) represent the d components of the
inductor current, inverter output voltage, capacitor (load-
side) voltage, and load current, respectively. Similarly, i;, (1),
uy(t), vig(t), and i,4(t) correspond to the g components of
the same physical quantities. The term wg(7) denotes the
electrical angular frequency, and the cross-coupling terms in
the equations arise from the transformation to the rotating dg
reference frame. The electrical power delivered to the load is
given by

3
Pit) =3 (via (Dioa () + vig(D)iog (1)) - (32)

IIl. CONTROL ARCHITECTURE DESIGN

A key advantage of the back-to-back converter topology is
its ability to support flexible control strategies by allowing
independent regulation of each subsystem through dedicated
converters. In this paper, the AC/DC converter is responsible
for regulating the extraction of energy from the incident
wave input, whereas the DC/AC converter governs the
synchronization process and manages power delivery to the
load. The DC/DC converter regulates the battery’s charge and
discharge processes to maintain DC bus voltage and balance
the mismatch between generated and load power. This section
outlines the control schemes for each subsystem converter
and the energy management strategy designed to coordinate
their operation according to load demand and battery SoC.

62624

A. GENERATOR-SIDE CONTROL

The generator-side control system is structured as a hierar-
chical framework consisting of an outer loop and an inner
loop. The outer loop determines the PTO control force Fy,, (1),
which is then converted into a quadrature stator current
reference. The inner loop tracks the reference to regulate
stator currents, thereby realizing the computed F),, () that
governs generator dynamics toward maximum wave energy
absorption. Maximizing wave energy absorption requires a
precise Fp(t) that drives the WEC’s heave velocity into
resonance with the incident wave excitation force [11]. In the
frequency domain, the F,(w) can be expressed in terms of its
PTO impedance Z,;,(w) and heaving velocity V (w) as follows

Fpio(@) = Zpro(w)V (@) (33)

by substituting (33) into (4), equation (6) is transformed into
V(w) _ 1

Feel®)  Zi(@) + Zpio(@)’

This shows that resonance occurs when Z,,,(w) matches
the complex conjugate of Z;(w), mathematically expressed by

(34)

Zpio(@) = Z () = Bpio(®) + Kpo(w) (35)
such that
Bpto(w) = Brad(w), (36)
A K
Ko@) = —(M + ploo+ EZZL @)

Equation (35) is commonly referred to as the complex
conjugate control equation, where By, and K, denote
the PTO damping and stiffness coefficients, respectively.
In practice, sea waves are polychromatic and consist of
multiple sinusoidal components with distinct frequencies
and amplitudes. Hence, applying the complex conjugate
control is impractical due to difficulties in determining
accurate damping and stiffness for each frequency compo-
nent. Its implementation also suffers from stability issues
and excessive heave motion from low B, necessitating
larger PMLGs [60]. Hence, practical suboptimal methods like
damping and reactive control based on the peak frequency
wp are preferred. Damping control defines the F,(f) to be
linearly proportional to the damping coefficient By, as shown
in the following:

Fpto(t) = - ptov(t) (38)
where
Bpro = |Zz(a)p)| . (39)

A key limitation of damping control is its dependence on a
damping coefficient that does not compensate for the reactive
component of Z;, specifically (M + u(w))w — ‘%). This
prevents proper phase alignment between v(t) and Fex.(?).
Reactive control addresses this issue by incorporating a
stiffness coefficient, as detailed below

Fpto(t) = _Bptov(t) - Kptoz(t) (40)
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FIGURE 7. Generator-side control block diagram.

such that

Bpto = lgrad(wp)’ 41

Apg + K;

p

Although these suboptimal control methods can be imple-
mented in closed-loop systems ensuring stability, accu-
rately estimating real-time peak wave frequencies remains
challenging. The study in [61] evaluates the effectiveness
of the extended Kalman filter, frequency-locked loop, and
Hilbert-Huang transform in estimating peak wave frequen-
cies for tuning PTO coefficients. While these approaches
improve frequency estimation accuracy, their practical
implementation is hindered by computational complexity,
additional sensing infrastructure, sensitivity to noise and
limited consistency with spectral properties.

To overcome the need for explicit wave frequency
estimation, this paper adopts the MPPT algorithm from [24]
in the outer loop to realize both damping and reactive control,
as illustrated in Fig. 7. The MPPT algorithm searches for
the damping and stiffness coefficients in the direction of
maximum power generation. The mean generated electrical
power (P,) is used as the optimization target instead of the
instantaneous value in (18), calculated as

g
P, =— P.(i
e N, ; (1)

where P.(i) denotes the instantaneous generated electrical
power at sampling instant i and Ny is the number of samples.

The mean generated power is sampled every Tconsror, and
coefficients are iteratively adjusted along the gradient to
maximize power output. The MPPT algorithm operates under
two distinct control modes:

Kpto =—-(M + M(wp))a)p + 42)

(43)
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1) Reactive Control Mode:

e During odd iterations of control period k, the
damping coefficient By, is updated, while the
stiffness coefficient Ky, remains constant.

o During even iterations, the stiffness coefficient
Ko 1s updated while By, remains unchanged.

o The coefficient updates are defined as:

. apP
Bpio(k + 1) = Bpio(k) + (k) - sign ( ‘ )
(44)
. P,
Kpro(k + 1) = Kpio(k) + (k) - sign ( )
aKpto
(45)
with gradients approximated by:
P Po(k) — Po(k — 1
e PR =Pl o
aBpto Bpto(k) - Bpto(k - 1)
P Po(k) — Pe(k — 1
e Pe(k) = Pe( ) @7

Kpio  Kpro(k) — Kpok — 1)

o The final control force under reactive control is:
Fpuo(t) = =Bpo(k)v(t) — Kpio(k)z(2).  (48)

2) Damping Control Mode:

e By is updated at each control period, while K}y,
is set to zero.
o The coefficient updates are defined as:

Bpto(k +1)= Bpto(k)
+ p(k) - sign (

Kpto(k +1)=0

aP,
)
(50)
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o The control force in damping mode simplifies to:
Filo(t) = —Bpio(k)v(2). (51)

The step size p(k) determines the rate at which the MPPT
algorithm responds to changes in mean generated power and
is adjusted according to

Mfixed 5 _ if|APe(k) = P|
u(k) = |AP(K)| . - (52)
Mfixed * — % > 1f|APe(k) < P|
such that
AP (k) = Pe(k) — Pe(k — 1) (53)

where (tfireq denotes the fixed step size and AP, (k) represents
the change in mean generated electrical power. As mean
power nears the maximum, AP, (k) drops below the power
difference threshold P, reducing the step size proportionally.

The inner control loop comprises two proportional-integral
(PD) controllers, each responsible for regulating one of
the stator current components in the d-q reference frame,
as illustrated in Fig. 8. The direct-axis current reference
i¥, is assigned a value of zero to minimize copper losses,
while the quadrature-axis current reference i, is determined
by incorporating the control force calculated via the MPPT
algorithm in (16). The output signals from the current
controllers serve as reference values for generating the
converter’s output voltage components in the d-q reference

frame, denoted as u}, and u}‘q, expressed as

Uy (1) = Kap (i54(1) — isa (1))
t
+ Ku /0 (0 —iu@)dr (4
(0 = Kgp (120 = igg(0))

t
K [ (0 —tgm)dr 69

where K, and Ky; denote the proportional and integral gains
of the d-axis controller, respectively, while K, and K,; are
the proportional and integral gains of the g-axis controller.
The current controllers operate at a higher sampling rate and
bandwidth than the upper-level MPPT loop to ensure effective
first-order hold implementation and smooth trajectories.

62626

Voltage Current
Vde Controller Controller
S4 54’
I
7 —
Battery _—Jr Cur;ent - )
Storage -|: Sensor — Cac==Vde
Bidirectional DC/DC -

Converter DC Link

FIGURE 9. Battery control block diagram.

The PI gains are tuned using the pole-placement method
described in [62], expressed as

Kagp = Kyp = 2¢wyLs — Ry, Kii = Kyi = w2Lg, (56)
where ¢ and w, denote the damping ratio and natural
frequency (controller bandwidth), respectively. A higher
w, 1s selected to establish appropriate bandwidth separa-
tion between the cascaded current control loops and the
upper-level MPPT algorithm, thereby enabling faster current
regulation and improving the system’s dynamic response
to sudden wave energy fluctuations. Finally, a pulse width
modulation (PWM) technique is employed to convert the
voltage reference signals into switching commands for the
converter.

B. BATTERY STORAGE CONTROL

This control framework manages the battery charging and
discharging operations to balance powers between WEC
generation and load demand, storing surplus energy during
highly energetic waves and supplying it under low energetic
conditions. As shown in Fig. 9, it employs a cascaded
architecture consisting of slower outer and faster inner control
loops. The DC link voltage v, serves as a key indicator for
determining the battery operating mode. The outer loop uses
a proportional integral (PI) controller to regulate v4., where
an increase in iy, indicating excess generation raises v,
while a power deficit causes it to decrease. It compares v
with the reference v}, and generates a battery output current
reference i} . to the inner loop. This action is governed by the
proportional gain K),, and integral gain K, as

ipar = Kpo (Vdc(t)* - Va’c(t))

t
+ Kio / (Vae(T)* = vae(v)) d. (57)
0

The inner control loop operates at a higher sampling rate
than the outer loop and continuously regulates the battery
current by comparing the reference current iy with the
measured current iy, The resulting control signal uj,, is
sent to a pulse width modulation (PWM) generator, which
produces switching signals for the IGBT switches in the
DC/DC converter. The control signal is defined by the
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proportional gain K),; and integral gain Kj; as:
Wpar = Kpi (ibar ()" — ipas (1))

t
K /0 (@) — ipar(©) dT. (58

C. LOAD-SIDE CONTROL

In grid-connected applications, DC/AC converters primarily
function as current-source inverters (CSI), managing the
active and reactive power exchange. The grid inherently
maintains the voltage at the point of common coupling
(PCC), thereby simplifying converter control by eliminating
the requirement for local voltage regulation. Conversely,
during islanded operations, converters transition into a
voltage-source inverter (VSI) role, taking responsibility in
regulating voltage amplitude and frequency at the load
terminals [63].

The latter role is assigned to the load-side control strategy
to ensure a stable and uninterrupted power supply to the load.
It features a cascaded configuration similar to the generator-
side control. The outer loop regulates the load voltages viy
and vy, by generating the necessary current references ij;
and i;‘q to be supplied to the load. The quadrature-axis load
voltage reference v;‘q is set to zero to eliminate reactive power
flow under nominal load conditions. The direct-axis reference
voltage v}, is derived from the peak value of the load phase
voltage, calculated from the RMS phase voltage Vipys as
follows

The PI controllers in the outer loop generate the current
references ij; and i;‘q expressed below

i(0) = Kyp (v (0) — via ()
1
O AR LY
i1, = Kup (V0 = vig0)
t
+ Kui /0 (50— v®)dr. 6D

The inner loop determines the converter output voltage
references uj; and u; 7 required to follow i7; and 7 g S shown

upg(t) = Kap (ify(6) — i1a(1))
t
+ Kdi/o (ijy () — i1a(2)) d (62)
ui () = Ky (i;‘q(t) - izq(t))
t
+ Ky /0 (i —i®)dr.  (©3)

where Kgp, Kii, Kgp, and Ky denote the proportional and
integral gains of the respective PI controllers. Similar to
the generator-side controller, the PI controllers operate
at a higher bandwidth, and their parameters are tuned
using (56) by replacing the PMLG stator impedance with
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FIGURE 10. Load-side control block diagram.

the filter impedance. Figure 10 depicts the block diagram
of the load-side control strategy. The converter’s AC outputs
are synchronized at a nominal fundamental frequency
of fo = 50 Hz.

The instantaneous electrical angle 6, is obtained by
applying a modulo operation to the system clock with respect
to the fundamental period Ty = 1/fy. This effectively
produces a repeating phase angle that progresses linearly over
one 50 Hz period. This angle establishes the rotating frame for
Park transforms, synchronizing the decomposition of voltage
and current into d-g components at 50 Hz.

The wg shown in (28) - (31) can computed as

we(t) = ~ 21fy. (64)
D. ENERGY MANAGEMENT STRATEGY

The proposed EMS manages energy flow among the WEC,
battery storage, and connected loads to prevent battery
overcharging and avoid power wastage [64], [65]. This EMS
incorporates four distinct operational modes determined by
the sea-state energy availability and battery state of charge
(SoC): (1) reactive control mode, (2) damping control mode,
(3) load shedding mode, and (4) WEC disconnection mode.
Under typical operating conditions (SoC within defined
optimal limits, S0C,,;;, < SoC < SoC,,,4x), the WEC operates
at maximum power generation via reactive control, directly
supplying load demands with the battery compensating for
transient discrepancies. When the SOC reaches the upper
limit (SoCju4y), the EMS transitions to damping control
mode, intentionally reducing WEC power generation below
peak capacity to prevent battery overcharging and align
production with load consumption until either the SOC
reduces below SoCy,, or load demand increases.
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FIGURE 11. State of charge working rule.

In scenarios where the battery is fully charged
(SoC = 100%) or load demand significantly decreases,
the EMS initiates WEC disconnection mode, allowing the
battery to discharge safely to supply the load without
overcharging risks. Conversely, if the SOC drops below the
lower threshold (SoC,,;,), the EMS enters load shedding
mode, disconnecting non-critical loads to prioritize critical
functions and prevent battery deep discharge, simultaneously
operating the generator-side converter in reactive control
mode. To improve operational stability and mitigate frequent
mode switching, a safe margin (SM) is defined for transitions
between state of charge (SOC) thresholds. This concept is
illustrated in Fig. 11, which delineates the EMS operational
modes as a function of SOC levels. The SM allows a
controlled discharge or charge period before transitioning
back to reactive control, particularly beneficial during
prolonged periods of low energy sea states. The EMS
flowchart is shown in Fig. 12.

IV. SIMULATION RESULTS
The dynamic performance of the proposed EMS and control
schemes are evaluated using wmarcas/Simulink. The WEC
parameters employed in the simulation model are outlined
in Table 1, while Table 2 summarizes the design parameters
associated with the MPPT algorithm, which facilitates both
damping and reactive control operations. The MPPT is
executed with a sampling interval of 40 s, whereas the
PI controllers operate at a smaller interval of 1 ms to ensure
precise dynamic response. The standalone system supplies
two distinct electrical loads, referred to as P; 1 and P; ».
These loads are connected in parallel at the point of
common coupling, allowing each to operate at a common
voltage level while drawing current in proportion to its indi-
vidual power demand. Balanced loads are assumed, operating
under standard conditions without any unbalance or transient
disturbances. The evaluation begins with a comparative
analysis of damping and reactive control strategies in terms
of their influence on power generation.
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TABLE 1. WEC system parameters.

Parameter Symbol (value)
Total mass M (3 x 10" kg)
Buoy diameter D (5m)

Buoy surface area A (19.6 m?)

K, (6x10* N/m)
K.s (5%10° N/m)
p (1.025x 103 kg/m®)

Restoring spring stiffness coefficient
End-stop spring stiffness coefficient
Sea water density

Gravitational acceleration
PMLG flux linkage
PMLG pole pitch

Number of turns per-phase

g (9.8 m/s?)

e (19.8 Wh)
7, (4.5x1072 m)
N (550)

PMLG stator resistance R, 2
PMLG stator inductance L; (32 mH)
Translator stroke limit zs 3 m)
DC bus capacitor Cus (0.3F)
Nominal DC bus voltage vae (3500 V)
DC/DC Inductor resistance Ry (30 m€2)
DC/DC Inductor inductance Ly (3.3 mH)
Nominal battery voltage Vbar (1000 V)
Filter inductance L; (10 mH)
Filter capacitance Cr (10 uF)
Nominal load rms voltage Vims (107 V)
Fundamental frequency fo (50 Hz)
Nominal power of load 1 P 20kW)
Nominal power of load 2 P> (40 kW)

TABLE 2. MPPT control parameters.
Parameter Symbol Value
Control period Teontrol 40s
Fixed step-size Wfived 2.5 x 10*
Initial damping coefficient By (0) 1 x 10° Ns/m
Initial stiffness coefficient Kpo(0) 1 x 10° N/m
Maximum damping coefficient  Bp" 3 x 10° Ns/m
Maximum stiffness coefficient K" 2.5 x 10° N/m
Power difference threshold P 5 kW

The EMS is evaluated under three irregular sea-state condi-
tions, characterized by different combinations of significant
wave height Hy and peak frequency wp, as shown in Table 3.
These combinations are based on the works of [66], where
long-term wave statistics for the Danish part of the North Sea
are summarized into seven operational sea states. The three
sea states are selected from this set to represent low (S1),
moderate (S2), and high (S3) levels of wave power content.
They are generated using the JONSWAP spectrum, which
defines the spectral density S(w) for wind-driven, fetch-
limited seas [66]. The sea surface elevation 7(¢) is obtained
as a linear superposition of sinusoidal wave components with
random phases weighted by the JONSWAP spectral density,
given by

N
n(t) = D v/25(wn) Aw cos(wnt + ¢n). (65)
n=1

where ¢, are uniformly distributed random phase angles,
Auw is the frequency increment, and w, denotes the angular
frequency of the n™ wave component.
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TABLE 3. Sea state characteristics.

Parameter [unit] S1 S2 S3
Significant height H; [m] 1.5 3 5.7
Peak frequency w), [rad/s] 1 0.8 0.54

To ensure effective battery operation and longevity,
the state of charge (SOC) thresholds are defined as
SoCax = 80% and SoC,i, = 20%, consistent with optimal
SoC ranges reported in the works of [42]. In the first scenario,
the SOC remains within the optimal range under a S2,
resulting in the activation of the reactive control mode. The
second scenario considers a S3 with the SoC nearing its
upper limit, prompting the system to operate in damping
control mode. In the final case, S1 is applied while the
SoC approaches its minimum SoC threshold to trigger load
shedding mode.

A. DAMPING CONTROL AND REACTIVE CONTROL
COMPARISON

The comparative assessment is conducted under the mod-
erately energetic sea state S2, whose characteristics are
summarized in Table 3. The corresponding irregular wave
elevation profile is presented in Fig. 13. Figure 14a illustrates
the mean generated power, sampled at 40 s intervals in accor-
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FIGURE 13. Wave elevation profile of sea state S2.

dance with the MPPT algorithm’s control period. During
the initial 100 s, both control strategies produce comparable
power outputs. As the MPPT algorithm iteratively adjusts
the PTO coefficients, reactive control outperforms damping
control, achieving a peak mean power of approximately
52.14 kW, compared to 27.93 kW under damping control.
This corresponds to an average improvement of 87.44% in
generated power.

Figure 14b shows the evolution of the damping coef-
ficient By, under both control schemes. Damping control
updates only B, increasing it from its initial value of
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FIGURE 14. Damping versus reactive control responses under sea
state S2: (a) mean generated power, (b) damping coefficient, (c) stiffness
coefficient.

1.0 x 10° Ns/m to approximately 2.1 x 10° Ns/m by the
end of the simulation. The variation of B, closely follows
the trend of mean generated power, increasing or decreasing
accordingly. Smaller step sizes are observed when the power
difference between successive control periods falls below the
defined threshold. Furthermore, reactive control maintains
a lower damping coefficient of less than 1.5 x 10° Ns/m,
as it compensates energy absorption through the additional
stiffness component. The K}, is tuned under reactive control,
as illustrated in Fig. 14c, starting from an initial value of
1.0 x 10° N/m, Kp1o is adaptively increased to approximately
1.42 x 10° N/m.

Figure 15a presents the running mean power throughout
the simulation, highlighting the superiority of reactive con-
trol, achieving 32.38 kW at the simulation’s end, compared
to 16.91 kW obtained with damping control. Figure 15b
displays the instantaneous generated power in the interval
t = 70-120 s. Positive values in both damping and
reactive control indicate power transfer from the incident
waves to the WEC; conversely, negative values occurring
exclusively under reactive control signify reverse power flow
resulting from reactive power exchange. Reactive control
achieved a peak power of 271.2 kW at 86.4 s, surpassing
damping control by 147.5 kW at the same instant. This
peak coincides with a maximum wave elevation of -1.94 m,
illustrating the correlation between wave elevation magnitude
and generated power. Despite the occurrence of these
power peaks, the PTO coefficients were not immediately
updated in response to these transients. Instead, the MPPT
accumulates instantaneous power samples over the Teonrrol
interval, leading to a gradual rise in mean generated power
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FIGURE 15. Generated power comparison during sea state S2: (a) running
mean generated power, (b) instantaneous generated power.

from 7.8 kW to 26.6 kW under reactive control and from
4.5 kW to 14.9 kW under damping control, as shown in
Fig. 14a. Consequently, Fig. 14b shows that the MPPT
updates the damping coefficient upon completion of the
averaging window, increasing it by 2.5 x 10* for both
strategies at 120 s. It is recommended that T¢oneol €Xceeds
three wave periods to provide a more statistically meaningful
assessment of the sea state energy level over an extended time
window [23]. This reduces the influence of sudden short-term
power surges and limits excessive PTO coefficient updates
that could otherwise degrade MPPT stability. Nevertheless,
a larger Tecontrol leads to a slower MPPT response, which may
delay coefficients reaching their optimal values.

Finally, a comparative analysis is conducted to assess the
influence of damping and reactive control strategies on the
WEC efficiency in harvesting wave energy and converting it
into electrical power. The assessment is performed across all
sea states listed in Table 3, using quantitative performance
metrics including the mean absorbed mechanical power
P,., the mean generated electrical power P,, the power
take-off (PTO) efficiency npro and the capture width ratio
(CWR). The npto defines the ratio of useful electrical power
converted by the wave-induced linear motion of the PMLG,
while CWR provides a dimensionless measure of the WEC’s
absorption ability relative to the available wave power content
and buoy geometry. They are defined, respectively, as

P,

npro = — X% 100%, (66)
Py
Py

CWR = —, (67)
JD

where D denotes the buoy diameter and J represents the wave
energy transport, defined as the wave power per unit crest
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width. For irregular waves, the wave energy transport can be
approximated as [66]

pg?H?

J~09 ,
32wy

(68)

Figure 16a presents the absorbed power under reactive
control over 600 s, reaching 10.0 kW, 42.5 kW, and 116.6 kW
for S1, S2, and S3, respectively. Compared with damping
control, these values correspond to increases of up to 108%,
127%, and 113%. Similar gains are observed in the generated
power, with reactive control exceeding damping control by
approximately 91%, 94%, and 74%, as depicted in Fig. 16b.
However, Fig. 16¢c shows that damping control consistently
yields higher npro, decreasing from 92.4% to 86.8%, whereas
reactive control exhibits lower values ranging from 83.5%
to 71.1% caused by its bidirectional power, during which
the PMLG alternates between motor and generator operation.
Furthermore, npto reduction with increasing sea-state energy
is linked to the requirement for larger control forces, which
result in higher stator currents and increased copper losses.
Figure 16d depicts the CWR tends to decrease with increasing
wave power content, ranging from 0.275 to 0.126 under
reactive control and from 0.132 to 0.059 under damping
control. This behavior results from physical constraints that
limit further energy absorption such as buoy size, PMLG
stroke or power ratings. As these limits are approached, the
gap between reactive and damping control narrows.

B. MODERATE SEA STATE CASE

Here, the WEC operates under the moderately energetic sea
state S2, characterized by the parameters listed in Table 3
and the wave profile shown in Fig. 13. The simulation runs
for 600 s, with the battery initially at 50% state of charge,
resulting in the generator-side controller operating in reactive
control mode. Figure 17a illustrates the battery’s SoC in
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FIGURE 17. Dynamic performance of the battery under sequential load
steps in S2: (a) state of charge, (b) running mean power.

response to the running-mean trajectories of the generated
electrical power P,, battery power exchange Pj,:, and load
demand P; in Fig. 17b. During the first 200 s, the SoC
increases significantly to approximately 53% because no load
is connected. Consequently, most of the power generated by
the WEC is stored in the battery, as indicated by the negative
values of Ppg. In the next 200 s, a 20 kW load is connected.
Most of its demand is supplied by the WEC and the excess
P, is stored in the battery, increasing the SoC to 54.2%. After
400 s, the 40 kW load is connected and introduces a decline
in SoC since P, alone is insufficient to meet the demand and
the battery must supply the deficit.

Figure 18 presents the DC bus voltage regulation and the
corresponding instantaneous power flow of the standalone
WEC system. In Fig. 18(a), v4. remains tightly regulated
around its reference value of 3500 V, exhibiting only minor
oscillations despite fluctuations in the generated power,
with the voltage confined between 3488 V and 3513.4 V.
Figure 18(b) shows the instantaneous power profiles between
380 and 420 s, where the load demand increases from 20 kW
to 60 kW at r = 400 s. The battery responds rapidly
to compensate for the mismatch between generation and
demand, maintaining the DC bus voltage near its reference.
When P, falls below the load demand, Pj,; becomes positive
to supply the deficit, whereas excess generation leads to
negative Pp,; as the battery charges. For instance, at 407.3 s,
P, decreases to —55.2 kW and the battery delivers 115.2 kW,
while at 413 s, P, reaches 197.1 kW and the battery absorbs
the surplus with a charging power of —137.1 kW.

Figure 19 presents the performance of the inner current
control loops of the generator-side, battery storage, and
load-side controllers during a step increase in load power
from 20 kW to 60 kW. In Fig. 19a, the iy (f) accurately
tracks its reference to realize the computed Fy,(¢) for reactive
control. Figure 19 shows iy, (¢), which exhibits a sudden rise
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FIGURE 18. Battery Storage Controller Performance under S2: (a) DC bus
voltage regulation, (b) instantaneous power flow.
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FIGURE 19. Inner current control loop performance during a load step
from 20 kW to 60 kW: (a) quadrature-axis stator current tracking,
(b) battery current tracking, (c) direct-axis load current tracking.

of approximately 12 A to compensate for the additional power
demand at 400 s. Figure 19c depicts the direct load current
ijq(t), which increases from 13.3 A to approximately 40 A in
response to the load change. A brief overshoot reaching about
46 A is observed immediately after the transition, followed
by rapid settling to the new steady-state value. The close
tracking of reference and measured currents demonstrates the
stability and coordinated performance of the inner current
control loops during the load change.

Figure 20 shows the load-side control ability to maintain
balanced three-phase operation at the PCC. Figure 20a
illustrates the three-phase voltage waveforms at the PCC. The
waveforms are balanced and sinusoidal, each with a peak
amplitude of 1000 V, which corresponds to the nominal RMS
voltage specified in Table 1. Voltages are maintained at a
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FIGURE 20. Load power quality during S2: (a) PCC voltage, (b) currents
injected to load 1, (c) currents injected to load 2.

nominal frequency of 50 Hz. Figures 20b and 20c present the
current waveforms for Load 1 (30 kW) and Load 2 (40 kW),
respectively. The current magnitudes are higher in Load 2,
consistent with the greater power requirement. Currents
are synchronized with their voltages and exhibit a clean
sinusoidal shape, indicating high-quality power delivery.

C. HIGH SEA STATE CASE

This case will evaluate the EMS performance under the
highly energetic sea state shown in Table 3. The SoC of the
battery is set at 75% and both loads are connected with a
cumulative power demand of 60 kW. Figure 21a presents
the SoC under the proposed EMS and compares it with pure
damping and reactive control strategies. During the initial
327 s, the EMS operates in reactive control mode, resulting in
a steady increase in SoC until it reaches the predefined upper
threshold (SoC,,.x = 80%). Upon reaching this limit, the
EMS switches to damping control to reduce the generated
power P,, thereby preventing further charging. In Fig. 21,
reactive control causes SoC to increase steadily and reach
about 86.2% at the end of the simulation. In contrast the
damping strategy leads to a continuous decrease in SoC to
nearly 70%, indicating that the generated power from pure
damping control does not satisfy the load demand. Figure 21b
shows that the EMS transitions between reactive and damp-
ing control. The damping coefficient B, varies between
1 x 10° and 2 x 10°. The stiffness coefficient Ky 1s set
to zero during damping mode. This transition keep the SoC
from exceeding boundary limits by avoiding overcharging
and deep discharge.

Figure 22 complements Fig. 21 by showing the running
mean power profiles and clarifying how the EMS regulates
power flow to maintain the SoC within its optimal range.
The load demand remains constant at 60 kW throughout
the simulation. The generated power P, increases gradually
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FIGURE 21. EMS performance during the transition from reactive control
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FIGURE 22. Running mean power plots during S3.

to about 95.6 kW at 334 s, then decreases as a result
of the SoC reaching 80% and activating damping control.
During this period Py, is negative which indicates battery
charging and explains the rise in SoC under reactive control.
Once damping control is activated the Pp,; approaches zero
which indicates partial battery discharge to support the
load.

Figure 23 provides a view of the electrical response during
switching control modes under irregular wave conditions.
Figure 23a shows that variations in the DC-link voltage
are directly influenced by changes in the generated power
represented by the generator current iy,. When iy, increases
the generated power rises and a corresponding increase
in DC voltage is observed. Although the DC bus voltage
fluctuations are more pronounced than in S2 due to the higher
P, it remains well regulated around the 3500 V reference.
A closer inspection of the transition reveals a short duration
transient in isz;. As shown in Fig. 23b, it exhibits a drop from
about —70.1 A to —213 A before rapidly settling near —98 A.
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FIGURE 23. Electrical response during reactive and damping control
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FIGURE 24. EMS performance during load shedding at S1: (a) state of
charge, (b) Dc bus voltage.

This results from the sudden adjustment of the control force
during switching between reactive and damping strategies.
Figure 23c shows a short transient drop in iy, ,from — 50.2 A
to —149.8 A, reflecting the rapid adjustment of battery power
during the switch between reactive and damping control. Due
to this fast response the DC-link voltage deviates only slightly
and reaches a minimum of about 3484 V before quickly
returning to its nominal value. These results demonstrate
that although brief current transients occur during control
mode transitions they are well controlled and do not
compromise DC bus voltage stability and current tracking
capability.
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FIGURE 25. Electrical response during load shedding at S1:
(a) instantaneous power plot, (b) load direct current tracking.

D. LOW SEA STATE CASE

The low-energy irregular wave S2 is considered with an
initial SoC of 25% to represent limited available sea power
content against the 60 kW demanded power. Figure 24a
demonstrates the ability of the EMS to protect the battery
through load shedding. Without load shedding, the SoC
decreases continuously due to insufficient harvested wave
energy and falls below 9% by the end of the simulation. Under
the proposed EMS, the SoC follows a similar decline until it
reaches the minimum threshold of 20% at 183.6 s. At this
point, the EMS activates load shedding and disconnects
the 40 kW secondary load with the 20 kW remaining,
as illustrated in Fig. 25a. This strategic action significantly
relieves the battery, allowing its SoC to remain above 17.7%.
Figure 24b presents the DC bus voltage v, and its reference
v}, between 150 s and 200 s. The reference is set to 3500 V
and the measured voltage remains regulated between 3490 V
and 3510 V.

Figure 25a shows the instantaneous powers P, Ppqs, and
P; during load shedding. Before load shedding at 183.6 s,
Py exhibits large positive peaks to compensate for the
mismatch between P, and P;. After the load is reduced to
20 kW, the peaks of Pp,; decrease noticeably and negative
values appear more often, indicating charging as the load
demand on the battery is reduced. Figure 25b shows the
ijg current response. The reference current generated by the
outer voltage control loop decreases from 40 A to 13.7 A,
corresponding to the load reduction from 60 kW to 20 kW
during load shedding. Figure 26 captures the three-phase
current waveforms during a load shedding event. In Fig. 26a,
the currents injected into the first load remain balanced
and continuous, indicating uninterrupted supply. In contrast,
Fig. 26b shows the current supplied to the second load rapidly
decreasing from 183.6.4s until it reaches zero, indicating its
disconnection.
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V. EXPERIMENTAL RESULTS
The hardware-in-the-loop (HIL) setup is used to experi-
mentally validate the proposed EMS and control strategies.
The schematic layout of the HIL is described in Fig. 27,
while the physical devices is shown in Fig. 28. The
wave conditions and resulting WEC power outputs are
emulated through MATLAB/Simulink simulations. Real-
time execution of the control algorithms occurs on a dSSPACE
1012 board processor integrated within a MicroAutobox
System. A Chroma programmable AC power source is
employed to replicate the EMF voltages associated with the
simulated. The simulated EMF voltages are scaled down
by a factor of 30 to be within the AC source’s operational
limits. The AC source outputs connect to inductors that
mimic the inductance characteristics intrinsic to the PMLG
stator windings. Consequently, currents passing through these
inductors represent stator currents with a down scaling of
30. To compensate this down scaling, the F, computed
by the MPPT algorithm is proportionally scaled down by a
factor of 30 before being transmitted as iy, to the current
controllers. Conversely, the measured iy, across the inductors
is scaled up by an equivalent factor to realign F, with
the virtual WEC model parameters. Two three-phase inverter
modules interconnected via a DC-link capacitor constitute the
back-to-back power conversion arrangement, while a Chroma
bidirectional DC/DC power supply functions as a battery
simulator. One inverter interfaces with the stator inductors,
serving as the generator-side converter to maximize wave
power extraction, while the second inverter functions as
the load-side converter, facilitating DC/AC conversion for
the load. A half-bridge inverter links the battery simulator
to the DC bus capacitor, stabilizing the DC-link voltage
and managing energy storage. The switching states are
generated through sinusoidal pulse width modulation at a
sampling frequency of 10 kHz. Real-time voltage and current
measurements are acquired using USM-31V sensors. Table 4
details the parameters incorporated within this experiment.
The moderate and high-energy irregular waves, corre-
sponding to S2 and S3 in Table 3, were used in the
experimental validation to represent the stochastic charac-
teristics of real sea conditions. These sea states were used
to examine the transition between reactive and damping
control modes, while S2 was additionally considered for the
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FIGURE 27. Depiction of the HIL scheme.
TABLE 4. Hardware electrical parameters.
Parameter Symbol (value)
Stator resistance R, (0.6 ©2)
Stator inductance L; (32 mH)
DC bus capacitor C4c (3.3 mF)
Nominal DC bus voltage vae (150 V)
DC/DC Inductor resistance Ry (30 m€2)
DC/DC Inductor inductance L, (3.3 mH)
Battery voltage Voar (700 V)
Filter inductance Ly (3.5 mH)
Filter capacitance Cr (50 uF)
Load rms voltage Vims (35.36 V)
Fundamental frequency fo (50 Hz)
Load power 1 Pi1 (75W)
Switching frequency fs (10 kHz)

FIGURE 28. HIL experimental setup: (1) dSPACE MicroLabBox, (2) back to
back converter configuration, (3) stator inductors, (4) Chroma
programmable AC source, (5) battery simulator, (6) resistive load,

(7) Oscilloscope.

load shedding assessment. The low-energy sea state (S1)
was not included in the HIL experiments because, under
the required down scaling factor of 30 imposed by the
current and voltage limits of the power supply and converters,
the generated power becomes very small. This leads to
operation under light loading conditions that can hinder
comprehensive performance assessment of the controllers
and EMS operation. Figures 29 and 30 present the down
scaled experimental results obtained under a S2. As predicted
by (10) - (12), the emf voltage varies in magnitude and
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frequency with the translator position and wave excitation,
reaching a maximum of approximately 46 V, while the
corresponding three-phase stator currents attain peak values
of about 2 A.

A. DAMPING AND REACTIVE CONTROL MODE
TRANSITION
The WEC is subjected to S3 during the first 400 s, followed
by S2 for the remaining 200 s. The battery simulator is
initialized with a state of charge of 77%, and the load demand
is maintained at 75 W throughout the experiment. Figure 31a
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FIGURE 29. Experimental emf voltage measurements: (a) high time
frame, (b) low time frame.
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FIGURE 30. Experimental stator current measurements: (a) high time
frame, (b) low time frame.

shows the resulting SoC trajectory, while Figure 31b displays
the corresponding PTO coefficients, By, for damping and
Ko Tor stiffness. During the initial high-energy period, the
EMS engages reactive control mode to maximize energy
extraction. Both By, and K, are actively tuned, leading
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FIGURE 32. Instantaneous power behavior during reactive and damping
control transition.

to a steady rise in SoC as P, exceeds P;. The SoC reaches
S0Chax ~ 80% at around 329.8 s. To avoid overcharging the
EMS switches to damping control mode and sets the stiffness
coefficient K}, to zero which leads to a rapid reduction in
SoC. At 400 s the sea state changes to the moderate-energy
condition S2 and the electrical power output P, decreases.
As expected, the MPPT responds by reducing the PTO
damping coefficient to adapt to the reduced wave energy
content. Since the EMS remains in damping mode the battery
discharge becomes more pronounced. At approximately
556.1 s the SoC falls 2% below SoC,,,, which satisfies
the predefined safety margin and triggers the reactivation of
reactive control. The WEC then returns to maximum power
operation but due to the lower energy content in S2 the P, is
not sufficient to meet the load demand and the SoC continues
to decrease gradually.

Figure 32 illustrates the difference in instantaneous
power behaviors between reactive and damping control.
Before 329.8 s, P, exhibits higher peaks and bidirectional
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FIGURE 33. Experimental dynamic response of the inner current control
loops during the transition from reactive to damping control: (a) PMLG
quadrature current tracking, (b) battery current tracking.

behavior characteristic of reactive control. These strong
power oscillations produce large negative Pp,; values as the
battery absorbs the excess energy, leading to an increase in
SoC. After 329.8 s, when damping control is applied, P,
decreases and becomes unidirectional. The lower P, requires
greater battery contribution to meet P; which causes gradual
decrease in SoC.

Figure 33 presents the dynamic performance of the inner
current control loops for the generator-side converter and the
battery storage system during the transition from reactive to
damping control. In Fig. 33a, the iy, reference from the upper
MPPT control loop drops abruptly from 6.8 A to 4.5 A due to
the change in the computed control force, and then rises again
to approximately 6.7 A. The inner current loop tracks these
rapid variations with a brief overshoot to about 7.5 A during
the rising phase, after which it quickly settles to the reference.
This response reflects the higher bandwidth of the inner loop
relative to the MPPT controller. Figure 33b shows that the
battery current reference changes from —5.4 A to —4.1 A
to support DC-link voltage regulation. The battery storage
inner controller effectively follows this reference, ensuring
stable operation during the control transition. Figure 34
shows the battery-side controller effectively regulated the
DC-link voltage, maintaining vy close to 150 V, while the
load-side controller ensured that the PCC phase voltages
remain balanced and sinusoidal with a 50 V peak (35.36 V
RMS). Figure 35 further verifies line currents exhibiting
a 1 A peak amplitude at a 50 Hz fundamental frequency.
Figure 36a presents the voltage harmonic spectrum, showing
a total harmonic distortion (THD) of 2.1%, while Fig. 36b
depicts the current harmonic spectrum with a THD of 2.9%.
Both harmonic spectrums are dominated by the lower-order
components namely the 3rd and 5th harmonics. According to
IEEE Std. 519-2014 the THD limit for low-voltage systems is
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FIGURE 35. Experimental current measurements at the PCC.

5% for both voltage and current [67]. The measured values are
well within this threshold which confirms that the LC filter
satisfies power quality regulations.

B. POWER SHEDDING MODE

This subsection evaluates the effectiveness of the EMS in
preventing deep battery discharge when the absorbed wave
energy is insufficient to meet the load demand. As shown
in Fig. 37b the running mean P, remains between 20 and
30 W which is below the 75 W load demand. During this
interval Pp,; ranges approximately between 45 W and 60 W
indicating sustained battery discharge to compensate for the
power deficit. This condition leads to a steady decrease in
SoC until it reaches 20% at about 279.7 s. At this point
the EMS activates power shedding and disconnects the load.
The battery discharge is then significantly reduced and the
P, is redirected to charge the battery which causes the
SoC to increase. Once the SoC reaches the safe margin of
22% at approximately 481.5 s the load is reconnected. The
SoC begins to decrease again since P, remains insufficient
to satisfy the load and the battery must supply the power
shortfall.

Figure 38 shows the load shedding scenario carried out
by the EMS. The power delivered to the load is maintained
at approximately 75 W until the minimum SoC is reached,
as seen in Fig. 38a. As a result, the EMS disconnects the
load and the power drops directly to zero. Figure 38b presents
i14(t) which remains close to 1 A while the load is connected
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FIGURE 37. Experimental EMS performance under power shedding mode:
(a) state of charge, (b) running mean power of Pe and Pp ;.

and falls immediately to zero once the load is removed. This
behavior follows the delivered power profile and confirms
the direct correlation between them. The three-phase load
currents at the moment of load disconnection are shown
in Fig. 38c. Before 279.7 s the currents are balanced and
sinusoidal. After the load is shed all phase currents collapse
to nearly zero which indicates that no current is supplied to
the load.
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VI. CONCLUSION
This paper presented a comprehensive control framework for
the operation of a stand-alone WEC integrated with battery
storage and load-side regulation. The proposed architecture
leverages a tertiary EMS that dynamically switches between
reactive control, damping control, and power shedding modes
based on battery SoC and wave conditions. To maximize
energy extraction, a variable step-size MPPT algorithm was
employed to adaptively adjust the damping and stiffness
coefficients, thereby enabling the implementation of damping
and reactive control strategies. The battery-side controller
effectively regulates the DC bus voltage by managing charge
and discharge actions to maintain system stability under
fluctuating conditions. Meanwhile, the load-side controller
ensures high-quality three-phase power delivery with bal-
anced voltage and current waveforms, preserving power
quality during load transitions commanded by the EMS.
Simulation and experimental validations confirmed the
controller’s ability to maintain DC bus voltage stability,
achieve balanced three-phase operation, and adapt to varying
wave and load scenarios. Under high-energy waves, the EMS
effectively maximized power generation and regulated SoC
within operational bounds. In contrast, during low-energy
scenarios, it successfully invoked load shedding to avoid deep
battery discharge. The main contribution of this work lies in
demonstrating an adaptive, battery-aware EMS that enables
fully autonomous WEC operation in off-grid settings. Future
research will investigate extending this control architecture to
WEC arrays, enabling cooperative power management across
multiple units as in wave farms. Additionally, the integration
of hybrid energy storage systems—combining batteries with
supercapacitors or other storage technologies will be explored
to enhance transient stability.
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