<]
TUDelft

Delft University of Technology

Isolated Grid-Forming Control of Wave Energy Converter for Island Electrification

Ullah, Md Imran; Hashfi, Tuanku Badzlin; Déhler, Jessica S.; De Albuquerque, Vinicius M.; Aitkulova,
Aisuluu; Forslund, Johan; Bostrom, Cecilia; Wahyudie, Addy; Temiz, Irina

DOI
10.1109/ACCESS.2025.3552820

Publication date
2025

Document Version
Final published version

Published in
IEEE Access

Citation (APA)

Ullah, M. I., Hashfi, T. B., Doéhler, J. S., De Albuquerque, V. M., Aitkulova, A., Forslund, J., Bostréom, C.,
Wahyudie, A., & Temiz, |. (2025). Isolated Grid-Forming Control of Wave Energy Converter for Island
Electrification. IEEE Access, 13, 50860-50875. https://doi.org/10.1109/ACCESS.2025.3552820

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

Copyright
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.2025.3552820
https://doi.org/10.1109/ACCESS.2025.3552820

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 23 February 2025, accepted 12 March 2025, date of publication 19 March 2025, date of current version 27 March 2025.

Digital Object Identifier 10.1109/ACCESS.2025.3552820

== RESEARCH ARTICLE

Isolated Grid-Forming Control of Wave Energy
Converter for Island Electrification

MD IMRAN ULLAH", (Graduate Student Member, IEEE),

TUANKU BADZLIN HASHFI 2, (Graduate Student Member, IEEE),
JESSICA S. DOHLER ', VINICIUS M. DE ALBUQUERQUE 1,

AISULUU AITKULOVA'1, JOHAN FORSLUND"!, CECILIA BOSTROM "1,
ADDY WAHYUDIE -3, AND IRINA TEMIZ -

! Department of Electrical Engineering, Uppsala University, 753 10 Uppsala, Sweden
2Electrical Sustainable Energy, Delft University of Technology, 2628 CD Delft, The Netherlands
3Department of Electrical Engineering, United Arab Emirates University, Al Ain, United Arab Emirates

Corresponding author: Md Imran Ullah (imran.ullah@angstrom.uu.se)
This work was supported in part by the Department of Electrical Engineering, Uppsala University, Sweden; in part by the Department of
Electrical Engineering, United Arab Emirates University, Al Ain, United Arab Emirates; in part by the Sederholms Travel Abroad Grant;

in part by STandUP for Energy, Sweden; and in part by the EU-SCORES Project by the European Union’s Horizon 2020 and Green Deal
Research and Innovation Programme under Grant 101036457.

ABSTRACT As the world transitions to renewable electrification to reduce CO, emissions, remote island
electrification remains a challenge. Although some islands are connected to the grid, many still rely on
fossil fuels for electricity generation. Several studies indicate that renewable energy sources, such as wave
energy, have the potential to make these islands self-reliant because of their substantial power potential.
However, research on the control of power electronics converters for these systems remains limited. This
paper proposes isolated grid-forming control for island electrification to address this gap using a wave energy
converter and an energy storage system. Resistive loading control is implemented to optimize the power
absorption of the generator. The result illustrates the establishment of the required AC voltage and 50 Hz
frequency in the island load, ensuring harmonics compliance with the recommended standards. Experiments
were conducted to test and validate the operation of different converter controls. The results also demonstrate
the converter’s ability to black-start the island load and automatically transition the load current with varying
loads in a few milliseconds. Furthermore, the power quality produced by the wave energy converter presents
one of its significant challenges. Therefore, the performance of two distinct converter technologies was
compared. The performance of the IGBT converter was evaluated against that of the SiC-based converter in
terms of power quality. The study demonstrates that the use of SiC enhances power quality in all switching
frequencies tested, achieving the most significant reduction of 78% in current THD and 92% in voltage THD
at the 25 kHz switching frequency, thus validating its advantages for wave energy converter applications.

INDEX TERMS Wave energy, control system, island electrification, grid-forming, energy storage system
control, power quality, harmonics mitigation.

I. INTRODUCTION Connecting a distant island to the mainland grid involves

Electrifying an island has always posed significant challenges
due to its financial and technical constraints [1], [2].
These constraints are mainly due to the vast distance from
the mainland grid connection or the power generation.

The associate editor coordinating the review of this manuscript and

approving it for publication was Tao Wang

substantial investment costs for the country’s Transmission
System Operator (TSO). While some islands are grid-
connected [3], many rely on coal and diesel for energy [4].
An island’s reliance on fossil fuels for electricity poses
several threats at various levels [5]. These include carbon
emissions, the risk of spillage during fuel transportation, and
air and noise pollution from running diesel generators [6],

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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[7], [8]. Additionally, the dependence on fossil fuels makes
the island’s electricity cost higher and vulnerable to fuel
price fluctuations, which are influenced by geopolitical
events and international relations [9], [10]. Due to these
disadvantages, renewable energy or hybrid renewable energy
systems with batteries can replace fossil fuels for stable
electricity generation, making the island self-reliant and
sustainable [11].

The integration of renewable energy systems presents
several technical challenges, including the technology’s early
stage of development, unpredictability due to intermittency,
and issues such as harmonics and flicker [12]. As a result,
maintaining reliability, stability, and consistent power quality
is a significant challenge [13]. In addition, investment costs,
the complexities of managing variable energy systems,
and potential environmental concerns, such as landscape
degradation, particularly on islands, maintenance require-
ments, transportation, and logistics of deployment, can be
considerable [2]. However, a research study has concluded
that making an island self-sustained by using renewable
energy can protect its local environment by reducing the
cost of power generation while ensuring a stable power
supply [14]. Several techno-economic and socio-economic
studies for electrifying islands using renewable energy have
also been done [15], [16], [17]. Ahmad and Zhang performed
a techno-economic feasibility analysis of both grid connected
and islanded operation of renewable energy integration on
an island [15]. Whereas, Bertheau performed geospatial and
techno-economic analysis for an island in the Philippines
being supplied fully using renewable energy, estimating the
supply cost [16]. Prieto et al. studied the socio-economic
and environmental factors of employing wave energy in Gran
Canaria Island, Spain [17]. Previous research has often used
the island’s natural resources data such as solar irradiation,
wind speed or significant wave height and frequency to
suggest different renewable energy technologies to optimize
the energy required on the island. However, ensuring a stable,
reliable power supply on the island, the design of electrical
networks and their controls still remains a major challenge.

Renewable energies such as wave energy, wind energy,
hydropower, and solar energy are common resources that can
be used to generate electricity for island electrification [13],
[18], [19], [20]. Kuang et al. investigated different renewable
energy resources and technologies such as wind energy,
solar energy, hydropower, biomass, ocean and geothermal
energy for island electrification [13]. Few researches have
noted that wave energy has a slight advantage over wind and
solar energy due to its higher energy density [21], greater
predictability [22], and more continuous power throughout
the day [23]. Its seasonal variation also makes it well-suited
to meet the electricity demand on a few islands where the
energy demand is higher during the winter and milder during
the summer [24], [25], [26]. Additionally, wave energy can
also be a cost-effective solution for remote communities,
such as islands, which is the focus of the current study.
Building a small-scale hydropower plant in such areas
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FIGURE 1. Wave energy converter.

can be cost-prohibitive due to the high capital expenses
associated with design and permitting. A research study
has demonstrated that in these scenarios, wave energy can
offer economic benefits if the power is supplied at a cost
below $0.59/kWh [18]. However, despite its power potential,
several technical and operational challenges still remain in
electrifying islands using renewable energy [2].

To address technical issues, implementing energy storage
systems, advanced forecasting techniques, and controls can
help balance supply and demand, ensuring a reliable and
high-quality power supply. Additionally, it is also essential to
reach local consensus, engage in dialogues, and communicate
the economic impacts to the community when setting up
renewable energy generation on islands [2]. Moreover,
Chatzigiannakou et al. provided a comprehensive discus-
sion on the operational aspects of wave energy, including
transportation logistics, deployment, costs, risk assessment
of deployment, and maintenance of the Uppsala University
Wave Energy Converter (UU WEC). [27]. Furthermore,
recent advancements, such as CorPower’s point absorber
technology, have progressed beyond the demonstration phase
and are moving towards commercial viability [28].

Wave energy technologies can be categorized into attenu-
ators, point absorbers, and terminators based on device size
and incoming wave direction [29]. Well-known examples of
few technologies include Pelamis, CorPower’s technology,
and the UU WEC. For this work, we utilized Uppsala
University’s WEC which can be seen in Fig. 1. It is a point-
absorber-based technology which is designed to operate
in medium to deep waters [30]. Wave energy is directly
converted into electricity using a linear generator, which
produces voltage and current of varying frequency and ampli-
tude due to ocean waves changing amplitude and frequency.
Therefore, the fluctuating frequency and amplitude of the
generated electrical power must be synthesized for safe grid
integration or for isolated loads.

However, wave energy has yet to establish its niche in the
commercial market due to its considerable size and higher
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cost relative to the energy it generates [31], [32]. To make
the wave energy industry profitable in the current utility
grid market, WEC developers need to explore alternative
pathways. One promising market is the off-grid sector, where
wave energy can effectively supply power to regions where
grid integration is challenging [33]. Examples include remote
island electrification, water desalination systems [34], ocean
surveillance systems [35], and recreational off-grid activities
or resorts [36]. Additionally, energy storage solutions such
as batteries can be used alongside WECs in a hybrid model
to provide a constant power supply [37]. Hybrid energy
systems, such as those that utilise a supercapacitor alongside
a battery to manage higher frequency wave fluctuations,
have shown a reduction in energy loss from the system
while simultaneously enhancing battery life [38]. Energy
storage has also been found to reduce the voltage and current
harmonics at the wave energy system’s Point of Common
Coupling (PCC) [39]. For all these applications, the power
generated by WECs must be synthesized, which can be
achieved using power converters [40].

Recent advancements in power electronic converters and
their control have made it possible to harvest wave energy and
convert it into electrical power that can be directly connected
to a three-phase load in an isolated mode forming a grid.
A simple representation of a power flow from a WEC for
island electrification can be seen in Fig. 2. Traditionally
in a grid-connected system, WECs are connected to the
grid, with the grid-side inverter controlled using a grid-
following control [41]. In this approach, the grid ensures
voltage stability, and the inverter follows the grid frequency
using Phase-Locked Loop (PLL) control. In this setup, all the
power generated by the WEC is transmitted to the grid [39].

Energy storage can be used to smooth out the variability
in power produced by the WEC. When energy storage is
included in the system, the control strategy changes. The
inverter is then controlled to inject power according to the
grid’s demand for active and reactive power, while the energy
storage controls the DC voltage. The surplus power is stored,
and any power shortage is supplied from energy storage [37].

A bi-directional DC/DC converter connects energy storage
to the DC bus. The energy storage control system is then
implemented to control the switching of the DC/DC converter
to maintain the DC bus voltage at a specified value. Different
topologies of DC/DC converters can be used, and the
selection criteria would depend on various factors such as
the power level, input voltage range, required efficiency,
control complexity, and cost. The final choice of topology
is also influenced by the WEC design parameters, the rating
of the wave energy farm, the wave climate, and the specific
location of deployment. Groji et al. provide a comparative
review of various DC-DC converter topologies, including
their advantages and limitations [42]. Here, a boost converter
is chosen as a DC / DC converter due to its simplicity in
control, cost-effectiveness, and high efficiency for low to
medium power levels.
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For off-grid applications, the inverter is controlled to
establish the required three-phase AC voltage and frequency,
supplying the necessary current to the off-grid island
load [43]. Deloading mode can be used to conserve energy at
the DC bus and operate the system at 80-90% of its maximum
capacity. This is typically achieved for wind turbines through
pitch angle control. A similar strategy has not been reported
for WECs. Therefore, incorporating energy storage with
WECs can allow the system to have dispatchable energy
features, which wave energy generally lacks.

Additionally, current and voltage harmonics pose signif-
icant challenges for wave energy converters at both grid
integration points and in isolated grid operations [44]. These
issues arise from the use of power electronic switches
in direct-drive wave energy converter systems, combined
with the intermittent nature of wave power. It is crucial to
mitigate these harmonics at the PCC. Furthermore, the use of
passive rectification for the generator converter can introduce
additional current harmonics which can also lead to higher
voltage harmonic issues at the PCC [39]. Hazra et al. propose
the use of a SiC-based converter for wave energy systems and
demonstrate its increased efficiency compared to a Si-based
IGBT converter [45]. However, their study primarily focuses
on comparing losses at different switching frequencies for
standalone SiC and Si-based IGBT converters, with limited
analysis of power quality in a unified wave energy system.

As more intermittent renewable energy sources are
integrated into the grid through converter-based systems,
reducing harmonics and fast transients at the PCC will likely
become a priority for TSOs or in isolated load scenarios.
Therefore, wave energy systems will need to adopt methods
to further minimize harmonics to ensure safe connection to
future electricity grids. Operating the grid/load-side converter
at higher frequencies can help dampen fast oscillations
within the system, thereby improving power quality. SiC-
based converters enable switches to operate at these higher
frequencies. This paper proposes and experimentally verifies
the novel use of a SiC-based converter for wave energy
systems to improve their power quality in a unified electrical
system. This converter reduces load voltage and current
harmonics in wave energy systems at the PCC.

A. PREVIOUS WORK ON WEC FOR OFF-GRID
APPLICATIONS

Several studies have examined the integration of WEC into
the electricity grid, but fewer have explored the potential
of using wave energy for off-grid applications such as
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electrifying remote islands. In [19], wave energy is proposed
as a suitable power source for remote islands due to
its substantial power potential. Various WEC technologies
have been compared for different locations, with some
technologies recommended based on factors such as power
potential, water depth, and location. However, the electrical
network and control aspects have not been covered in detail.

A case study on integrating wave energy for an Alaskan
island is presented in [46]. This study includes a resource
assessment compared with the time series of the island’s
community load, revealing that integrating wave energy
can reduce diesel generator fuel consumption, leading to
significant fuel cost savings. However, the electrical system
for the island electrification, power management strategies
and controls are lacking in this study.

Papers [47] and [48] simulate hybrid renewable power
generation for island electrification. Paper [47] uses a hybrid
wind-wave energy harvesting system for a remote island.
Additionally, the proposed system in this paper also relies
on diesel generators when renewable energy is not available.
Paper [48] photovoltaic-wave energy hybrid renewable power
generation systems for island electrification in Malaysia.
The proposed system in this paper uses energy storage
controlled by a DC/DC converter to balance power generation
and load requirements. However, neither study considers
power optimization control for the WEC. Additionally, these
studies are simulation-based, and the implementation of the
various controls for the island electrification is lacking. The
examination of power quality issues concerning a wave
energy system, particularly with respect to harmonics in
voltage and current, is likewise not thoroughly addressed in
these papers.

Papers [49] and [50] simulate WECs supplying power to
isolated remote island loads, but both lack experimental vali-
dation of their control methods. Additionally, paper [49] does
not address generator-side control for power optimization,
and paper [50] involves energy storage at multiple locations
in the electrical network, making the system relatively more
expensive and increased computation due to energy storage
system control.

Paper [51] focuses on power management in an islanded
microgrid incorporating an AWS-based wave energy con-
verter. Various operating scenarios were simulated based on
the battery’s state of charge (SOC). Paper [52] focuses on
the mathematical modelling of the wave energy subsystem’s
hydrodynamic, mechanical, and electrical characteristics.
It considers various operational modes, including islanded
and grid-connected configurations. However, neither of these
papers provides a detailed control loop design for the
converters used in the electrical system. Furthermore, it is
a simulation-based study and does not address harmonics
components originating at the PCC from the WEC system.

B. CONTRIBUTIONS
As discussed above, several gaps exist in the experimental
study of islanded electrification from a WEC system and
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its control. This paper addresses this gap by proposing and
implementing a proof-of-concept of isolated Grid-Forming
control (GFM) for the inverter to power an island load
using a hybrid WEC and electrical energy storage system.
The WEC is actively controlled using resistive loading
complex conjugate control, while the battery storage system
is controlled by a bi-directional DC/DC converter, charging
and discharging based on WEC generation and load demand.
The battery energy storage utilised in the system enhances the
reliability and stability of the WEC system by managing the
intermittent power generated. The comprehensive theory of
different converter controls is experimentally verified using a
physical back-to-back converter and a battery connected via
a DC/DC converter. A controlled voltage source simulates a
WEC, and a three-phase resistive load represents the island
load.

Moreover, power quality issues continue to pose a signif-
icant challenge for various types of WEC system. Hence,
a novel harmonics mitigation study for a WEC system was
conducted by experimenting with the GFM control by using
two different converter technologies. IGBT and SiC-based
converters are tested individually for the load-side inverter
at different switching frequencies, ranging from 5 kHz to
25 kHz. The maximum operating switching frequency for
the SiC converter used in this study is 200 kHz, while for
the Si-based IGBT converter, it is 30 kHz. Additionally, the
Total Harmonic Distortion (THD) of the three-phase voltage
current at the load is analyzed to ensure compliance with
IEEE-recommended levels at the point of isolated load. This
study directly compares the THD of load voltage and current
between the SiC and IGBT converters at the same switching
frequency condition.

Additional features are evaluated in conjunction with
the experimental verification of the proposed control for
various converters. Table. 1 compares the contribution of this
paper and the existing research on WEC for remote islands
electrification. It should be noted that for practical off-grid
implementation, the inverter must be capable of transitioning
seamlessly between isolated and grid-connected modes.
Ullah et al. [20] presented a simulation-based study on
multimode converter control, exploring transitions between
various inverter modes, such as grid-following, grid-forming,
and grid-supporting. This paper focuses on the experimental
verification of an isolated grid forming control and harmonics
mitigation using different converter technologies.

The primary contributions of this paper are as follows:

o Proposed the use of a wave energy converter to
supply electricity to a remote island load in isolated
mode.

« Implemented an isolated GFM control for the load-side
inverter with a black start capability to supply power to
an island load using a hybrid WEC.

o Designed and integrated an energy storage system
control to enhance the reliability and stability of the
WEC system.
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TABLE 1. Comparison between the current paper and previous work on WEC for remote islands electrification.
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o Designed the implemented control to minimize harmon-
ics at the PCC, ensuring compliance with recommended
standards.

o Experimentally verified the novel use of a SiC-based
converter for wave energy applications to mitigate
harmonics.

« Individually tested SiC-based and IGBT converters for
harmonic performance at various switching frequencies
using the proposed GFM control.

C. PAPER ORGANIZATION
The paper is organized as follows:

« Section II, the methodology section, explains the theory
behind this experimental study and is divided into
five subsections. First, the generation side, specifically
the WEC and Permanent Magnet Linear Generator
(PMLG), is explained. The subsequent subsections
detail the control of the generator-side converter for
optimal power absorption, the energy storage control
to reduce WEC intermittency and manage the DC bus
voltage control, and the GFM control for the load-
side inverter. The last subsection compares the IGBT
with the SiC-based converter and proposes the use
of the SiC-based converter for wave energy converter
applications.

« Section III goes through the different components used
in the experimental study. This subsection also briefly
discusses the practical challenges and limitations of the
current experimental setup.

o Section IV presents and discusses the experimentally
validated results of the proposed isolated GFM control in
a WEC system. The load voltage and current harmonics
results are shown to evaluate the power quality between
IGBT and SiC-based converters separately.

o Section V concludes the work and summarizes the
findings.

Il. METHODOLOGY

This section defines the current system study’s methodology
and electrical network. The WEC used for the current study
is discussed in subsection II-A. The generator-side converter
control method is detailed in a subsequent subsection II-B.
The battery energy storage control used to mitigate the
WEC:s intermittency is explained in the subsection II-C. The
load-side GFM control is derived in the subsection II-D.
The final subsection II-E discusses the use of IGBT and
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SiC-based converters for WEC applications. Fig. 3 illustrates
the complete electrical network of the system under study
along with the generator side converter control.

A. WAVE ENERGY CONVERTER

Uppsala University designed a point absorber-based WEC
which is used in this study. The entire system consists of a
buoy tethered to a PMLG, which can be seen in Fig. 1. The
buoy floats on the surface, whereas the generator is placed on
the seabed. The power take-off (PTO) of this system is in a
direct drive configuration, where the mechanical power from
the wave is directly converted to electrical power without
any intermediate power conversion. The direct drive PTO
configuration is found to be the most feasible for slow-
moving machines, such as the linear generator in a WEC [53].
However, this causes the output voltage and current to vary in
both amplitude and frequency, which needs to be synthesized
by power electronics converters to be safely connected to the
electricity grid or a load [54]. This device is assumed to be
restricted only to the heave motion. According to Newton’s
second law of motion, the force acting on the heaving PTO
can be formulated as

= > = —> 5 s
mZ(t) = fex(t) + fr (1) + fp(2) + fi() + frs(@) + fpro(®) (1)

\XI_;ere m is the total mass of the buoy, translator and the tether;
2(t_)i)s the heave acceleration of the buoy, tether and translator;
Jex(2) is the wave excitation force, f;(¢) is the waveLa()iiation
force, fp(t) is the buoyanifo)rce, fi(¢) is the losses, f;5(?) is the
restoring spring force; fy;(t) is the control force applied by
the PTO restoring force. The reader can refer to [55] and [56]
for the detailed modelling of the different forces.

Further, the electrical system of a WEC consists of a
PMLG and a generator-side converter to control the PTO
force. This paper uses a direct-driven three-phase permanent
magnet non-salient synchronous generator. Park transform
then transforms the abc frame of reference to the dg frame
of reference, which is used to model the linear generator. The
dq component of the PMLG stator voltage can be expressed
as

When velocity is positive:

Vi o = Ryia ¢ — woLsiy o + Ly 28
d,g sld,g elisly, g s dt (2)

. . dig g
Vq,g = RSlq,g - weled,q + we ¥ + LST
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When velocity is negative:

. . did,g
Va,g = Rsig,g + welsiq g — Ls——
P AN ©
Vi = Rslgg + weLsia g + wey — Ls—dt’

where i, is the generator’s stator current, Ry and Ly are
the generator’s synchronous resistance and inductance, v is
stator winding flux linkage due to the permanent magnet and
w, 1s the electrical angular frequency. It can be calculated by

we="" @)
Kz
where v is the buoy and translator’s velocity and T, is the pole
pitch of the linear generator.
The input electromechanical power of the generator is
given by

3

Ppto = EEWViq,g 5)

The PTO power in terms of force and velocity can be
written as

Ppto = —JptoV 6)
Substituting (5) in (6), gives
3ny,
Jpto = __Zr,, lg.g )

Hence, the PTO force can be directly controlled by
controlling the linear generator’s iy , current. The remaining
parameters are the design features of the generator, which can
be seen in Table. 2.

B. GENERATOR SIDE CONVERTER CONTROL

The generator-side power converter can be used to control
the damping of buoy motion to optimize power absorption
from the WEC. The PMLG is controlled using the complex
conjugate approach, which aims to maximize the energy
captured by the WEC by making the translator velocity in
phase with the excitation force with suitable amplitude [57].

VOLUME 13, 2025
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TABLE 2. WEC parameters.
Parameter Value
Buoy type cylinder
Buoy radius (r) 2.5m
Buoy draft (d) 1.5m
Buoy and translator mass (1) 31000 kg
‘Water plane area (Ay) 19.6 m?
Buoy infinite added mass (700) 28518 kg
Buoyancy stiffness coefficient (Sp) 197370 N/m
Generator stroke z* 2m
End-stop spring coefficient (Ses) 5 x 10° N/m
Restoring spring coefficient (Sys) 1 x 10° N/m
Generator peak flux (® put a cap) 0.1 Wb
Pole pitch (7,) 0.Im
Number of turns of the stator coils (N) 300
Generator resistance (Ry) 029
Generator inductance (L) 32 mH
Sampling time (7) 2x107%s

This is achieved by cancelling out the intrinsic reactance
and ensuring the PTO resistance equals the intrinsic resis-
tance [58]. However, this control method requires knowledge
of the buoy’s future velocity, which determines the optimal
generator force. To reduce complexity, a suboptimal control
method is employed, utilizing the peak frequency of the wave
spectrum instead, which makes the control causal [57].

There are two causal control methods: Approximate
Complex-conjugate Control (ACC) and Resistive Loading
Control (RLC). RLC is a passive damping control, while
ACC is a reactive control, in which damping and stiffness
are independently controlled [57]. ACC, a reactive control,
allows bidirectional power flow between the PTO and
the oscillating system, causing the PMLG to operate as
a motor. In contrast, the RLC method provides a real
damping force that is always positive, which means that the
PMLG consistently functions as a generator. This method
affects only the amplitude of the translator’s velocity, not its
phase [59].

This paper uses the RLC method to under-dimension the
experimental setup deliberately. The peak-to-average power
ratio can be in the range of 25.2 — 58.3 in the case of ACC,
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whereas the RLC method has a much lower peak-to-average
power ratio, which can be in the range of 7.7 — 17.1 [60].
However, the generators and power electronics converters in
the electrical system need to be designed for peak power.
As the ACC method has a much higher peak power output,
RLC was chosen to under-dimension the electrical circuit in
the performed experiments. Additionally, the ACC method
can only effectively transfer power for short wave periods
centred around the peak natural frequency. With this method,
generator losses increase significantly when the incident
wave frequency deviates from the natural frequency. In con-
trast, the RLC method generates less power but is effective
over a broader range of wave periods [57]. Therefore, the
RLC method is chosen for WEC power optimization, with the
paper focusing on the control and distribution of the generated
WEC power for island electrification. The following equation
represents the real and imaginary part of the PTO impedance
for the optimal power absorption using the RLC method

Toio(@k) = b(wx)
Xpin(@1) = —wx [m + Maga(wi) + fk} (3)

where wy is the peak frequency of the wave spectrum, b(wy)
is the radiation damping coefficient at the peak frequency, m
is the mass of the oscillating system, m,q; is the added mass
and c is the stiffness coefficient.

The reference PTO force is then calculated by

o) = woh@o? + @)’ ©)

where v is the velocity of the oscillating system. The reactive
reference current i, , can be then calculated using (7) and
active reference current iy o is kept at zero to reduce the
copper losses [57]. The current control is then according to
the block diagram shown in Fig. 5.

C. DC BUS VOLTAGE CONTROL

The battery system takes charge of regulating the DC-link bus
voltage (v4.). The DC bus voltage control is designed as a
cascade control with two control loops. The primary loop (DC
voltage) manages the main variable (v4.) and the secondary
loop (ipq) addresses disturbances quickly, improving system
precision and stability. By employing Kirchhoff’s current law
in the depicted Fig. 3, it gives rise to the differential equation

Cequc
dr ’

where iy, is the battery current, v, voltage at the DC bus and

ige 1s the input current of the inverter. The determination of

the control gains for the outer voltage control loop is detailed
in [49]

ipat = lde + (10)

kp,vdc = stcwndcceq
kivde = g Ceg: (1D

where natural frequency, w4, = 27 x 128 rad/s and damping
ratio, &5, = 0.707.
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FIGURE 4. Block diagram of voltage and current control for the battery.

TABLE 3. Parameters of the battery controller.

Parameter Value
Nominal voltage battery 100 V
Switching frequency 10 kHz
DC-Bus voltage 200 V
DC-Bus capacitor Ceq = 3000 uF

L filter
Current loop gains
Battery rating

r, =0.03 Q and L, =4 mH
kp,ib =12.5and k,‘y,‘b =93.75
+6000W

The inner current control is modeled based on Kirchhoff’s
voltage law, and the following differential equation is
obtained

dibat

dr

Ly + Tbibar = Vbar — Vipg» (12)
where vy, denotes the terminal voltage, vy, represents the
battery voltage of the battery converter, i, is the battery
current, L, is the inductor filter, and r, is the internal
resistance of the filter. Employing Pulse-width Modulation
(PWM) as the converter’s control strategy, it is acknowledged
that Vipar = dp V.

The details regarding the calculation of control gains of
the Proportional-integral (PI) controller for the outer voltage
control loop are elaborated in [49].

Ly
kyp = —
P2
b
kip = —, (13)
Tib

where 7, = 0.32 ms and 7;, = 0.16 ms. The block diagram
representing the control of the battery system is depicted in
Fig. 4.

Table. 3 outlines the key parameters of the battery system.

D. LOAD SIDE INVERTER CONTROL
In GFM mode, the load primarily dictates the inverter’s
behaviour. Unlike in grid-following mode, where the inverter
synchronizes with the grid, in GFM mode, the inverter
actively establishes the voltage and frequency reference.
The inverter continuously adjusts its output to match the
load’s demand, ensuring stable voltage and frequency. Thus,
the load’s requirements directly influence the inverter’s
operations, making it the key factor in determining the
system’s overall behavior.

According to the model depicted in Fig. 3, Kirchhoff’s
voltage laws can be applied to write the AC voltage equations
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for the three phases (a, b, c¢) of the inverter

diabc

abc? = —Tabclabe + Vt,abe — VI,abe> (14)

where i are the three-phase output currents (load current);
Vi.abe are the terminal voltages of the inverter; v; 4. are
the AC voltages in the PCC. The impedance of the inverter
is represented by a filter with inductance L, and internal
resistance 7 pc.

The output voltages v; 4, are obtained using Kirchhoff’s
current law

Cdy, ,abc
dr

The grid-forming mode is depicted within the syn-
chronous reference frame (dg), where the modulation scheme
employed is Sinusoidal Pulse-width Modulation (SPWM).

= ic,abc - iabc- (15)

i
L&

?

l

L2 = —Lawsiqg + v — rig — vg,1
gt (16)
Vd,l .
Pl Cwsvg i +ig —ia

dvg,
dr

The abc-dq transformation introduces the d- and g-axis
components of variables, represented by the subscripts d and
q. Consequently, this transformation leads to cross-coupling
phenomena in the equations, as exemplified by terms such as
wsig, wslg, WsVy 4, and wgv; 4, where w; represents the angular
frequency of the electrical system.

The electrical system’s angular frequency—50 Hz in this
study—is treated as a constant value rather than being actively
controlled. By using a fixed angular frequency, the converter
can generate the necessary voltage waveforms without the
need for frequency tracking using phase-locked loop (PLL).
Instead of implementing a PLL, grid-forming converters
derive the phase angle by integrating the constant angular
frequency over time. This approach allows the converter to
maintain a stable reference for voltage and current waveform
while simplifying the control requirements.

Following the transformation of three-phase voltage and
current variables into dg signals through synchronous
reference frame control [61], a cascade control strategy
is implemented. This strategy employs two PI controllers,
where the output of the AC voltage controller serves as the
setpoint for the AC current controller, as depicted in Fig. 5.

The determination of the control gains for the inner current
control loop is detailed in [49], [61]. It is recommended to
select a value between 0.5 ms and 5 ms for 7;, and in this
study, we adopt 0.5 ms. The expressions for the PI control
gains of the current control are given by:

= Lwsig +Va,r — riqg — V4,

C

= —Cuwsvg, +ig—ig].

b L

Pt T

r

ki =—. a7
Ti
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FIGURE 5. Block diagram of the grid forming inverter control.

TABLE 4. Parameters of the inverter.

Parameter Value

Nominal load voltage (Vyus) 105V

Switching frequency 20 kHz

Nominal frequency 50 Hz

LC filter r=0.3Q,L=8mH and
C =60 uF

3® load R, =650

3® added load Ruddgeqd =105 Q

Current loop gains kp,i =16 and k; ; = 600
Voltage loop gains kp,v =0.0960 and k; , = 78.37
Dead-time (IGBT) 1 ps

Dead-time (SiC) 0.1 us

Drawing from the same references, the voltage control loop
yields the following PI control gains:

kpy = Cw?
ki, = 2CEw,. (18)

Assuming a natural frequency of w, = 2w x 182 rad/s and
a damping ratio of & = 0.707, the parameter values for the
converter, as well as for the inner and outer loop control, are
shown in Table. 4.

E. IGBT V/S SiC FOR WEC

In the past two decades, SiC has been recognized for its
potential in high-temperature, high-power, high-frequency,
and radiation-hardened applications due to its outstanding
material properties: bandgap, thermal conductivity, melting
temperature, and saturation drift velocity [62]. SiC has
high power density and the capacity to process substantial
power within a compact volume or area. This attribute is
valuable in island electrification, where limited space and
the need for robust, sustainable power solutions intersect.
The superior thermal conductivity of SiC, combined with
its high-temperature tolerance, facilitates efficient thermal
management in compact designs. Therefore, SiC-based
devices can reduce the need for bulky and expensive
cooling systems while maintaining high reliability — resulting
in considerable size and weight reductions for the WEC
systems, which are crucial factors in their deployment and
commercialization [63]. Besides, increasing the switching
frequency would also decrease the component’s size and
weight, making it possible to place it on the WEC device even
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though the cost of SiC-based devices still remains higher [64],
[65]. In 2017, Wolfspeed, a Cree company, developed 900
V SiC MOSFET, which reduced EV drive-train losses by
78%, allowing a decrease in the battery pack size [66].
Moreover, the reliability test of commercially available SiC
MOSFET with high humidity, 85%, and high temperature,
85 °C, showed stable performance of the device, which
makes it suitable for wave energy applications [67]. SiC
switch substitution resulted in a 50% reduction in energy loss
per cycle, compared to common Si-based converters [68].
Conduction losses in SiC devices occur as current moves
through the semiconductor components, primarily governed
by the device’s on-resistance. Unlike traditional silicon-based
converters, SiC materials exhibit significantly lower on-
resistance, translating to reduced power losses. This is critical
in high-power applications where minimal heat generation
per unit of current enables a smaller form factor without
compromising durability. It was shown that conduction and
switching losses are at least 3 times lower for SiC in DC-DC
converters [69]. Also, a switching frequency above 20 kHz
will reduce audible noise for humans, allowing the converter
to be placed closer to the load [70].

Although SiC-based converters are more expensive than
conventional converters, their high efficiency can offset the
higher initial cost by minimizing losses [71]. Their enhanced
reliability in offshore environments and improved efficiency
offer significant advantages for wave energy applications
where production components are located far from shore.
This can potentially lower costs by reducing downtime and
repair expenses. A study has demonstrated that the use
of SiC increases power density and efficiency while also
lowering life cycle costs and component costs [72]. In 2013,
Nielsen et al. provided a comparison of SiIGBT and SiC FET,
concluding that investment into a 2.5 times more expensive
SiC converter can return within 772 days if the power supply
is running at full power and 24 hours a day [73].

Despite the advantages of SiC-based converters and
their fast-switching capabilities, several challenges remain.
As a relatively new material, SiC has limited standardized
converters available in the market. Additionally, higher
switching frequencies in SiC-based converters can also
increase parasitic capacitance, though research has focused
on improved packaging to reduce parasitics and enhance heat
dissipation for high-temperature operation. The increased
switching frequency can further lead to challenges such
as higher electromagnetic interference (EMI) levels, high
dv/dt, and current oscillations [74]. Adding a small inductor
at the SiC converter’s output can help reduce current
overshoot, parasitic capacitance, and dv/dt. Additionally,
high-speed switching requires faster gate drivers to ensure
the safe operation of the converter leg without the risk of
short-circuiting. While SiC converters enable higher control
bandwidth, there are still challenges in executing the control
algorithm within each switching cycle, a concern that grows
as the switching frequency increases [74].
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IlIl. EXPERIMENTAL SETUP

Experiments were conducted on a test bench setup to validate
the controls involved in island electrification using a WEC.
The experimental setup, shown in Fig. 6, includes Chroma’s
three-phase AC programmable voltage source, simulating
the PMLG voltage source [75]. A linear generator model
including WEC and the wave generation spectrum are
developed in MATLAB/Simulink. The analog three-phase
reference signals generated by the linear generator model in
MATLAB/Simulink were then sent to the AC programmable
device. The linear generator model then received current
feedback from the external system as the reference current.
This setup is also known as power hardware-in-the-loop,
allowing us to simulate the linear generator model using the
AC programmable device.

This voltage source is then connected to the machine-side
converter via a machine inductor. The machine-side con-
verter, a two-level (2-L) IGBT-based three-phase recti-
fier [76], is controlled to optimize power capture from the
WEC as discussed in subsection II-B. In a 2-L converter,
the voltage stress across the power switch equals the
full DC bus voltage, resulting in large voltage steps and
increased electromagnetic interference (EMI). Consequently,
the real-world implementation of a 2-L converter requires
careful filter design, additional shielding, and the inclusion
of a common-mode filter.

Multilevel converters offer significant advantages over 2-
L converters, including reduced EMI, lower common-mode
voltage, and improved reliability [77]. Additionally, strate-
gies such as optimizing the dead band, employing advanced
carrier-based techniques (e.g., discontinuous DSVPWM or
near-state methods), utilizing soft switching techniques,
and incorporating snubber circuits can serve as effective
alternatives to mitigate disturbances in 2-L converters.
However, the current study is conducted under low voltage,
low power, and balanced grid voltage conditions, where
such disturbances have a minimal impact on the converter’s
efficiency. Hence, a 2-L converter was chosen for the current
study.

Sensors are utilized to measure the voltage and current at
different stages in real time, and the measured values are sent
to the controller. Meanwhile, a central dSPACE controller
performs calculations and generates PWM pulses for all
converters (machine-side converter, DC/DC converter at the
DC link, and load-side inverter).

It should be noted that this study utilizes a proof-of-
concept for a single WEC system. A single WEC can be
sufficient for smaller loads, such as surveillance systems,
island communities with 20-30 houses, or resorts, which
is the focus of this study. However, in reality the Uppsala
University WEC concept envisions multiple WECs operating
together to form a WEC farm system that supplies the
island’s load. Due to the constraints in creating a WEC farm
using multiple controlled voltage source, this experimental
study was conducted using only a single WEC. Additionally,
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including multiple WECs would require an analysis of the
wave energy park layout, which falls outside the scope
of this paper. The challenges related to wave energy park
optimization are addressed in Giassi et al. [78].

Chroma’s bidirectional DC power supply simulates a
battery [79]. It is then connected to the DC link via a half-
bridge (Buck/Boost) converter [80]. A parallel capacitor is
also connected to the DC bus to reduce voltage ripple. The
rating of the battery would depend on the size of the WEC
system and the island’s load for a specific location, which is
not covered in the current study.

The load-side inverter, a 2-L three-phase inverter, is con-
nected to the DC link through an RLC filter [76]. Both
IGBT-based and SiC-based switches were tested separately
to assess power quality at the load. A Fluke’s power quality
and energy analyzer measured the THD of the three-phase
load voltage and current [81]. The inverter’s output is
connected to three rheostat-based variable resistive loads in
a star configuration, simulating an island load. Additional
loads were connected in series with the existing load to
test the controls under varying load conditions. Fig. 6
illustrates the experimental setup and the parameter values are
provided in Table. 2, 3 and 4. In real-world implementations,
including a star-delta transformer on the load side improves
system stability, particularly during faults and unbalanced
current conditions [82]. However, the current study focuses
on a balanced load for experimental purposes, where the
neutral current is consistently zero. Hence, the experiment is
performed without the inclusion of a star-delta transformer.

It should also be noted that the type of load connected to
the PCC is not a limiting factor in the grid-forming converters
designed in this study. Instead, the load itself controls the
system. The grid-forming converter is capable of detecting
the load’s requirements for active power, reactive power,
or both, and it can adjust its output accordingly to meet these
demands. However, due to the absence of a reactive load,
only an active load was considered in this experimental study.
A combined active and reactive load simulation study in a
grid-forming mode can be found in Ullah et al. [49].

IV. RESULTS AND DISCUSSIONS

The experiments were conducted over a period of approx-
imately + = 150s. The system operated under no-load
conditions from 0s < t < 54s. Att = 54s, the
inverter was black-started, and the grid was formed for the
Ry load. At + = 100s, an additional R;44.q load was
connected to test the control under varying load conditions.
The three-phase load voltage, current, and power quality
were analyzed. Additionally, the load power quality was
compared between IGBT and SiC-based inverters. The WEC
generates power during the entire experimental period. The
experiment was conducted at low power and voltage to
protect the components because of the absence of protection
circuits. Consequently, the required three-phase load rms
voltage is set to 105 V. Optimization of the island’s load,
energy storage capacity, and WEC energy production for
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FIGURE 6. Experimental setup.

specific geographical locations is beyond the scope of this
paper.

A. WEC GENERATOR-SIDE

The irregular wave profile is generated using a linear
superposition of sinusoidal wave components derived from
a predefined wave spectrum. Specifically, we employ the
Pierson-Moskowitz (PM) spectrum, a widely used model
for representing fully developed sea states. This spectrum
defines the energy distribution of a wave as a function of
angular frequency, based on significant wave height and time
period [58], [83]. An irregular wave profile is used in this
study, where the peak frequency of the wave spectrum, wy,
is 1.2 rad/s.

The normalized emulated excitation force (maximum
value of the excitation force), heave position, and velocity are
shown in Fig. 7a. It can be seen from the magnified image
in Fig. 7b. that the velocity and excitation forces are out of
phase. This is due to the RLC method, which uses the total
impedance of the intrinsic machine as the resistive loading
or damping value to control the power, affecting only the
amplitude and not the phase of the velocity [57]. Despite
this, the RLC method is used in this study due to its ease
of implementation, as discussed in the previous section. The
varying amplitude and frequency of the three-phase current
generated by the WEC are shown in Fig. 8.

The load-side inverter is initially turned off, resulting
in zero three-phase load voltage and current. During this
period from Os < ¢t < 54s, the power generated by
the WEC flows toward the energy storage system. The
energy storage system control detects this and charges the
battery accordingly, increasing the battery’s SOC, as shown
in Fig. 9b. The SOC decreases for the remaining time period.
This is due to the addition of load. The energy storage
controller effectively maintains the DC bus voltage at 200 V
for the entire measurement period, as shown in Fig. 9a. For the
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FIGURE 8. Linear generator current.

SOC to remain balanced and above zero for all scenarios, the
energy demand of the remote island load must be balanced
with the energy generated by the wave energy farm. This
requires optimizing the size of the energy storage system,
which depends on factors such as long-term wave forecasts,
exact location, seasonal variations, and the size of the wave
energy farm or converter, which is beyond the scope of this
paper. The study related to the energy storage size for a wave
energy converter can be found in Seyyedmahdi et al. [84].

B. LOAD-SIDE

The load-side inverter has a black start capability. At ¢t =
54 s, the load-side inverter is turned on and the island
load is supplied using the hybrid WEC and battery storage
system. The GFM capability of the inverter generates a
three-phase voltage at 50 Hz at the load bus and supplies the
necessary three-phase AC current. The controller generates a
three-phase AC voltage with a peak of 85 V at the load.

At t+ = 100s, an additional resistive load, Rguided,
is connected. As shown in Fig. 10b and 10c, the d-axis current
increases with the added load and effectively calculates and
reaches its new reference, accompanied by increased power
flow to the load. Despite this change, the d-axis voltage
maintains the required load voltage, as illustrated in Fig. 10a.
The three-phase current for the entire measurement period
for the varying load condition is also shown in Fig. 11a. The
magnified view of the three-phase AC load current for both
loading conditions can be observed in Fig. 11b and 11c.
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Fig. 12 shows the oscilloscope measurements of the
three-phase AC voltage and the single-phase AC current
during two different load conditions and the load transition
period. Fig. 12a and 12c demonstrate the steady-state
response of the system. The controller successfully maintains
a stable three-phase AC voltage at the required grid frequency
of 50 Hz while supplying a stable current. Fig. 12b illustrates
the dynamic response of the system. The controller’s
functionality is experimentally tested in load transition mode.
It can be seen that, with a load change, the controller adjusts
the AC load current quickly and smoothly. Meanwhile, the
three-phase AC voltage remains stable, regardless of the
change of load.

C. IGBT V/S SiC
The study was also conducted to compare the power quality
at the load bus using IGBT or SiC-based converters. The
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FIGURE 11. (a) Three-phase load current during the entire experimental
time-frame. (b) Magnified steady state current with R, load. (c) Magnified
steady state current after the addition of R;gg4eq load.

THD of the load’s three-phase AC voltage and current
was examined for switching frequencies ranging from
5 kHz to 25 kHz, in 5 kHz increments. Both IGBT or
SiC-based inverters were tested individually. According to
IEEE Standard 519, the voltage distortion limit, or THD,
at the PCC for voltages less than 1kV should be below 8.0%
[85]. However, harmonics need to be more carefully regulated
for isolated loads [86]. Therefore, this paper chooses a
stricter voltage THD limit of 5.0%. Similarly, the current
distortion, according to IEEE Std 1547, should be below
5.0% [87].

As shown in Fig. 13, the THD of both the load voltage
and current remains below the IEEE recommended limit of
5% for all switching frequencies. At the lowest switching
frequency of 5 kHz, the voltage and current THD for both
IGBT and SiC-based converters are comparable, with SiC
having a lower THD. However, as the switching frequency
increases, the voltage and current THD of the IGBT inverter
increase, reaching a maximum current THD of 4% at 25 kHz.
In contrast, the SiC-based converter exhibits significantly
lower current THD, with a value of 0.9% at 25 kHz.
In summary, the THD voltage at the load of the SiC-based
converter is approximately 92% lower than that of the IGBT
at 25 kHz. Furthermore, the current THD at the load from the
SiC-based converter is about 78% lower than that of the IGBT
at the same switching frequency. This suggests that SiC-based
technology typically offers enhanced power quality at all
switching frequencies and the added benefit of a lower
component weight and size at higher frequencies, as outlined
in subsection I-B. Therefore, using a SiC-based converter
at higher switching frequencies can significantly benefit
WEC systems by improving power quality and reducing the
weight of electrical components, making WEC systems more
suitable for cheaper and easier deployment.

To investigate the frequencies that contribute to the THD,
the voltage and current harmonics for both IGBT and
SiC-based converter can be seen in Fig. 14. In the case
of IGBT, the harmonic content of three-phase load voltage
and current is majorly the 5th (250 Hz) and 7th (350 Hz)
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harmonic, which can be seen in Fig. 14a and 14c. This is due
to the pulse width modulation technique used in the inverter,
which introduces the lowest-order harmonics. The harmonic
being situated closer to the fundamental frequency of 50 Hz
can make it challenging to filter. However, in the case of SiC,
the lower 5th and 7th harmonics are negligible due to much
lower dead time, turn on and turn off time compared to the
IGBT and do not need to be filtered. This can be seen in
Fig. 14b and 14d.

V. CONCLUSION

This paper presents an electrical approach to remote island
electrification using a WEC. Generator-side, load-side con-
verter and battery energy storage control methodologies are
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proposed and experimentally tested. The RLC method is
utilized to optimize power absorption by the WEC, providing
a damping force that affects the amplitude of the WEC’s
velocity, thereby enhancing its power output. Energy storage
is implemented and controlled to mitigate the variability of
WEC power. The DC-link voltage is shown to be effectively
maintained at approximately 200 V. To maintain a constant
DC-link voltage in all weather scenarios, the size of the
energy storage must be balanced with the dimensions of the
island load, the wave energy converter, and its energy output.
Consequently, additional research is necessary to tailor the
system for particular locations, wave forecasts, and seasonal
conditions variations.

GFM control establishes the island’s three-phase AC
voltage of 85 V peak and frequency at 50 Hz, delivering
a stable AC current to the three-phase resistive loads.
The controller also maintains a constant load voltage and
increases the AC load current in a few milliseconds when
the load increases. The load-side converter also provides
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black start functionality. The power quality from the proposed
isolated GFM control, in terms of AC voltage and current
THD, is experimentally measured and found to be below
the limit of 5%. Furthermore, the paper compares IGBT and
SiC converters, revealing that SiC converters produce better
voltage and current THD at all the switched frequencies
tested. At 5 kHz, the power quality of both IGBT and SiC
converters is comparable. As the switching frequency rises
from 5 kHz to 25 kHz in 5 kHz increments, the THD of
voltage and current from the IGBT also rises. However, in the
SiC converter, the voltage and current harmonic components
are further reduced. At a switching frequency of 25 kHz,
the SiC converter significantly improves power quality by
reducing the voltage THD from 3.7% to 0.3% and the
current THD from 4% to 0.9%. Overall, the use of SiC-based
converter reduces the voltage THD by 92% and current
THD by 78% at 25 kHz of switching frequency. Moreover,
the SiC converter produces minimal low-frequency fifth-
and seventh-harmonic components in voltage and current
when compared to the IGBT, significantly diminishing the
necessity for extra filtering circuits. Therefore, using SiC
converters can enhance power quality and reduce the weight
and size of components, providing a significant advantage for
WEC systems.

Although the present work lacks research on the environ-
mental issues arising from the installation of wave energy
converter machines, it highlights that environmental concerns
such as effects on local flora and fauna need further
study prior to installing such a WEC system. Additionally,
engaging in dialogue and reaching a local consensus for such
systems is essential. Previous research has shown promising
results for niche markets such as island electrification.
This paper provides the technical aspects, including system
design, controls and harmonics mitigation for a WEC-
based grid-isolated system. The dynamic stability of the
control system during the transition from a grid-connected
system to a grid-isolated system is planned for future
work.
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