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ABSTRACT Offshore wind power generation has become established as a technically attractive alternative
for coastal regions. In this scenario, the migration from grid-following control strategies to grid-forming
approaches emerges as a demand of the power system to encapsulate grid support functionalities within
the wind energy conversion systems (WECS), consolidating grid-forming as one of the main research
frontiers. This work provides a review on recent control strategies for high-voltage direct current
(HVDC) transmission-based offshore wind farms, exploring the innovative breakthroughs and explaining
how these approaches enable voltage and frequency regulation, black start capability, and improved
dynamic performance. The interplay between grid-formation capability, system inertia emulation, and
fault ride-through capability is also examined. By bridging the gap between academic advancements and
real-world offshore deployment, this study outlines future pathways toward inverter-dominated offshore
WECS. Additionally, this work also offers insights into the challenges associated with integrating
grid-forming inverters into offshore WECS, with particular consideration given to the Brazilian context.
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I. INTRODUCTION
The rapid expansion of wind energy is set to play a
pivotal role in the global transition toward decarbonized
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speaking about offshore wind-based power generation, the Installed capacity

three countries with the largest installed offshore wind Brazil Estimated capacity

capacities were China, the United Kingdom, and Germany

with 41.8 GW, 15.9 GW, and 9.1 GW, respectively [3]. C S S S S

Special attention is given to offshore wind-based power GW

generation because wind conditions at offshore sites are

generally stronger and more stable than those encountered FIGURE 1. lllustration of power generated from offshore wind farms by
three top countries in 2025 (China, United Kingdom, and Germany)

onshore [4]. . . . . compared to the estimated capacity of Brazil.
Although Brazil is still in the early stages of developing its

offshore wind sector, its potential is formidable — estimated
to exceed 1,200 GW, including 480 GW of fixed foundation
potential (at water depths less than 70 m) and 748 GW of
floating foundation potential (at water depths from 70 m to
1,000 m) [5). Figure [T] illustrates the estimated capacity of
Brazilian wind. As can be seen, the accumulated generated
power from the three top countries in 2025 is only 5.5% of
the total estimated Brazilian wind power. This vast renewable

resource, strategically located near major demand centers,
positions offshore wind as a key component in Brazil’s future
energy landscape. As these large-scale installations become
integral components of modern electricity grids, they are
expected to drive profound transformations in grid operation,
control, and planning. However, currently there are concerns
about system reliability, dynamic stability, power quality, and
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long-term resilience, which given impulse for new research
in this emerging topic.

In this context, grid-forming (GFM) inverters have gained
increasing attention as a promising solution to address the
operational challenges posed by the growing penetration of
inverter-based resources. Unlike conventional grid-following
inverters, which rely on an external voltage reference, GFM
inverters are capable of establishing and regulating grid
voltage and frequency autonomously, effectively emulating
the inertial and damping characteristics of synchronous
generators [6]]. This capability enables them to support
system stability, enhance fault ride-through performance, and
facilitate the reliable integration of large-scale offshore wind
energy into future power systems.

Building upon this, it is important to recognize that
offshore wind energy conversion systems (WECS) can
be implemented under several structural and electrical
configurations, depending on project scale, distance from
shore, and grid connection requirements. These systems
typically employ one of two primary transmission modes:
high-voltage alternating current (HVAC) or high-voltage
direct current (HVDC). While HVAC connections are
often preferred for shorter distances and moderate power
levels, HVDC transmission becomes more advantageous for
large-scale and long-distance offshore applications [4]. Some
advantages of HVDC transmission systems include reduced
power losses, economical feasibility for transmitting power
at long distances, and the possibility of interconnection of
asynchronous systems [7]. Therefore, this work discusses
only the grid-forming strategies for offshore wind farms that
use HVDC transmission systems.

In the literature, there are several reviews discussing
controllers for GFM inverters. However, there is a gap in
recent literature discussing exclusively the control algorithms
for offshore WECS integrated via HVDC transmission
systems. This work fills this research gap. Furthermore, the
study highlights the specific challenges and opportunities
associated with implementing these technologies in the
Brazilian context.

The remainder of this work is organized as follows:
Section |l]| shows a typical configuration of offshore WECS

Offshore wind farm

with an HVDC transmission system. Section [[TI] presents the
most recent breakthroughs in GFM controllers. Next, Section
discusses the key challenges, trends, and opportunities in
this emerging field, with particular emphasis on the Brazilian
scenario. Finally, Section E] offers the concluding remarks of
this review.

Il. TYPICAL CONFIGURATION OF OFFSHORE WECS
WITH HVDC TRANSMISSION SYSTEM

Figure [2] illustrates a typical configuration of an offshore
wind farm employing an HVDC transmission system.
The overall system primarily comprises wind turbines,
back-to-back diode rectifier units (DRU), back-to-back
modular multilevel converters (MMC), HVDC cables, and
connection transformers [8]].

This configuration employs a medium-frequency
collection system combined with DC transmission. Typically,
the voltage of an HVDC transmission system is 320 kV,
enabling a transmission capacity of around 1 GW [9].
Such characteristics contribute to reduced overall cost and
enhanced reliability, making this topology an attractive
option for offshore applications. However, the inclusion of
a DRU introduces significant harmonic distortions during
operation, which can adversely affect power quality and
compromise overall system stability [10]. Conversely,
MMC is fully controllable, which enables it to regulate
DC voltage, active/reactive power, AC voltage/frequency,
and provide ancillary services [11]. On the other hand,
DRUs are uncontrolled diode bridges [12]]. Therefore,
grid-forming must be done by wind-turbine converters or
auxiliary MMCs. Despite the control limitations of DRUs,
they have high efficiency. Therefore, modern wind farms
have installed hybrid systems using both DRU and MMC
due to their distinct benefits.

In a grid-forming wind turbine, the machine-side converter
regulates the DC-link capacitor voltage, ensuring its
stability. Simultaneously, the grid-side converter maintains
the AC voltage amplitude and frequency at their reference
values, effectively establishing and supporting the grid
voltage. Generally, the control system of the grid-side
converter is structured into three hierarchical layers [8].

Transformer DRU MMC PCC
Transformer
HVDC -
cables
Offshore converter station Onshore converter station Onshore?
power grid

FIGURE 2. Typical configuration of an offshore wind farm employing an HVDC transmission system.
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The control framework can be divided into primary (fast
local voltage/power), secondary (voltage/frequency/angle
restoration and coordination), and tertiary (system-level
power flow). However, this nomenclature varies from
literature as well as the control functions in the threshold
of layers (mainly, the first and second layers).

lll. RECENTE GFM CONTROLLERS

This section discusses recent GFM controllers for offshore
wind farms with HVDC transmission cables. Although GFM
control is a highly relevant contemporary topic, the literature
on offshore wind turbines is reduced compared to GFM
inverter control, which disregards primary energy conversion
dynamics. Moreover, there is no prior work in the literature
reviewing specifically HVDC-based offshore grid-forming
wind turbine controllers. Therefore, this work fills this
gap. The search process in the literature was done by
selecting articles published only in journals from IEEE, IET,
and Elsevier, whose article title contains the words “wind
turbine” or “wind farm”, and “grid forming” or "GFM”.
The exclusion criteria were: 1) the publication year, keeping
for review only those whose publications occurred during
2024 and 2025; 2) Context, eliminating those that did not
discuss explicitly offshore wind turbines and HVDC-based
transmission systems. The search returned 34 articles.
After the application of exclusion criteria, 12 articles were
maintained for the review. This methodology ensures a
discussion grounded only on updated and high-quality works
tailored for offshore wind turbines.

A comparison of the fault handling capability of
three well-established GFM control strategies - virtual
synchronous machine (VSM), P/f droop, and Q/f
droop - was done in [13. The study considered a
three-phase symmetrical fault at the point of common
coupling of an offshore wind farm. The result demonstrated
the reduced sensitivity of the @/f droop controller to
variations in system and fault parameters and greater
voltage support during faults using P/f droop controller.
The three strategies are plug-and-play, do not require
any communication, and they have low implementation
complexity. The main comparison results of these control
strategies indicated relevant trade-offs: @/ f droop controller
presented superior current limit capacity, but reduced
reactive power control. P/f droop controller demonstrated
the opposite behavior, reinforcing the trade-off between
current limiting characteristic and reactive power control.
Additionally, the VSM controller and P/ f droop controller
demonstrated excellent frequency stability in exchange for a
moderate performance in active power control. Comparing
all through simulations, @/f droop controller provided
the most balanced GFM performance, but no weak grid
conditions were evaluated. Although more focused on
technical discussion (not presenting novel techniques), this
work is a starting point for researchers in their first steps in
this area.

An improved coordinated GFM control strategy based
on hybrid energy was presented in [14]. In this strategy,
an additional capacitor was employed to enhance the
virtual inertia control performance and to decouple the
DC voltage and DC capacitor energy in a VSC-HVDC
system, extensible to MMC-based HVDC systems. Once
this relationship is firmed, a matching control is utilized
for grid forming and inertia provision. The three-stage
coordinated control strategy consists of evaluating the energy
of wind turbines and switching the action between 1)
wind turbine and supercapacitor inertia support, 2) primary
frequency regulation and supercapacitor inertia support,
and 3) maximum power point tracking with supercapacitor
secondary frequency drop suppression. Although this
control strategy relies solely on local measurements, its
implementation complexity is at a moderate level due to
its three-stage approach, but justified by inertia support
performance. Other ancillary services were not evaluated.

A universal dual-port GFM control with a proportional
DC voltage regulation was presented in [[15]. This strategy
provided inertia support and primary frequency control. The
main benefit of this approach is the capacity to support
the full range of operations, from MPPT to grid-support
functions, altering the wind turbine curtailment without any
control switching. The wind power curtailment is achieved
by adjusting rotor speed and pitch angle as needed. The
developed strategy was embedded into a conventional droop
controller, enhancing its performance. The controller allows
the operation in grid-connected and islanded modes, but
it has no fault ride-through capability. In summary, this
control approach demonstrated superior performance in
comparison to other GFM controllers from the literature
through simulations, but without considering faults, black
start condition, or re-synchronization event, which are
potential limitations of its application.

Focusing on grid-forming pitch control and accounting
for all possible operating points, a controller that does not
require wind speed estimation was presented in [16]. In
this approach, the generator torque reference was derived
from the optimal power characteristic as a function of rotor
speed, while the pitch controller employed a gain-scheduling
mechanism dependent on the operating point and on the
sensitivities of generated power with respect to pitch angle
and rotational speed. This control strategy successfully
enables black-start capability in offshore wind turbines. Its
main positive feature is enabling speed control without
requiring wind speed estimation, while its implementation
challenge is grounded on the highly precise minimum grid
side converter active power bandwidth selection to avoid
excitation of mechanical resonant modes.

Aligned with the previous control approach, an improved
pitch controller designed to reduce the risk of wind turbine
overspeed was presented in [17]]. This control algorithm
uses a look-up table to prevent exceeding the speed limits
and frequent pitch angle regulations under turbulent wind
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conditions. The synchronization strategy for the DRU-based
HVDC system was implemented using communication-less
P/V and Q/f droop control, both using conventional PI
controllers. These loops are modified during the start process
to use the kinetic energy of wind turbines, disregarding the
need for battery energy storage systems. The controller uses
a simple strategy, which is beneficial for fast implementation.
However, their ancillary services are limited to black start
and islanded operation, lacking other contributions to grid
stability such as inertia support or FRT capability.

A droop control is applied in the @ — f control
loop, whereas a proportional-integral (PI) controller was
employed in the P — V control loop for the DRU-based
HVDC system [18]. Besides, voltage and current loops are
also implemented using PI controllers. This controller was
evaluated in a scenario with GFM and grid-following (GFL)
converters operating in parallel, where it presented stable
voltage and frequency, while also having the capability
of load sharing with the GFL converter. The work also
contributed with a stability analysis. The reactive power
self-synchronizing frequency-control scheme is tailored for
a DRU-based GFM converters, which is not universal for
other GFM systems.

An adaptive reactive power allocation-based GFM
controller for wind turbines with DRU-based HVDC systems
was introduced in [19]]. The reactive power is dynamically
allocated in function to the active power, avoiding converter
overloading. This feature is achieved using a dual-loop PI
controller: one designed for P — V, which is responsible for
voltage forming and overcurrent protection (1.3 p.u.) during
system faults using a limiter, and another designed for Q) — f
reactive power controller. The second control algorithm uses
a logic comparator to activate a droop control with inertial
terms according to the converter capacity limit criterion. The
trade-off of this approach is providing virtual inertia and FRT
capability, but limited to applications that do not need black
start operation.

A different approach for using the classical P/ f-based
GFM control without relying on remote power control
and communication links was demonstrated in [20]. This
approach consists of using the firing angle of a line
commuted converter (LCC) integrated with the DRU as a
control variable, enabling independent grid-forming features
for the wind turbines. In this configuration, the LCC-assisted
DRU acts as a virtual governor. The adopted scheme was the
classical virtual synchronous generator (VSG). The adopted
scheme reduced the total harmonic content in PCC voltage
and currents of the rectifier and filter, as well as strong power
decoupling when compared to @/ f-based controller. On the
other hand, compared to the same controller, it presented
a higher reactive power requirement. Besides, the ancillary
services of this GFM control strategy are limited to virtual
inertia and FRT capability.

In a similar way, a series auxiliary MMC connected
to the DRU was proposed to increase the P/f and

Q/V droop-based grid-forming control in [21], whose
control loops were implemented using PI controllers. By
using MMC units at a proportion of 10% of the rated
power, this strategy allows controlling the active power of
hybrid MMC-DRU-based HVDC systems without requiring
communication links, AC passive harmonic filtering, or
capacitor banks. The advantage of the proposed framework
relies on an active power control scheme coordinated with
the DC voltage regulation of series aux-MMC. However,
it requires 5% additional switching devices and submodule
capacitor in comparison to concurrent literature.

An optimal (Q — f controller based on the proportion of
offshore GFL and GFM wind turbines was presented in [22].
The developed solution was evaluated in an offshore wind
farm, where the inverter-based resources had a DRU-based
HVDC system configuration. Both voltage and current
regulators were implemented using PI controllers, where the
latter loop has a limiter. The P — V control loop also used
a PI controller, while the () — f control loop adopted a
proportional controller, whose gain is optimized based on
this new optimization scheme, which can be implemented
in two ways: (I) reducing the reactive power capacity of
the AC filter, and compensating part of the DRU reactive
demand through the AC cable, or (II) assigning the GFL
units compensate for the reactive power associated with the
AC cables. This work focused on grid-forming dynamics,
not discussing other ancillary services.

A dual-port GFM control for actuating over GFM inverters
in grids with interconnection of multiple HVAC and HVDC
subgrids was proposed in [23]. The control system is
composed of P—f droop regulator for voltage phase angle,
which has a PI controller for the AC voltage loop and a PI
controller with decoupling terms for the inner current loop.
The dual port controller regulates the internal energy W at
the inverter terminals. To achieve it, this approach uses a
proportional—derivative W—w and W-V}. droop algorithm,
where the proportional energy droop governs the internal
energy, whereas the derivative energy droop ensures active
damping. The controller was evaluated on hybrid AC/DC
systems with GFL and GFM inverters under weak grid
conditions and severe contingencies. Experimental results
demonstrated the feasibility of the dual-port GFM controller,
presenting reliable grid-forming features on weak grids and
islanded operation, but its performance was evaluated in
absence of faults and black start operation.

Table [Il summarizes the main characteristics of the recent
grid-forming controllers for offshore wind farms. In this
table, FRT is the fault ride-through, Isl. indicates the capacity
of maintaining islanded operation, Re-sync. refers to the
re-synchronization capacity, and VFF means voltage and
frequency forming.

From this comparison, some relevant conclusions about
the recent controllers can be inferred. Firstly, the most basic
control strategies were proposed in [22]] and [23[], which
have the capacity for grid-forming, but no extra services are
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TABLE 1. Comparison of main conceptual features of recent grid-forming
controllers for offshore wind farms.

TABLE 2. Comparison of main practical features of recent grid-forming
controllers for offshore wind farms.

Reference  Black start  Inertia FRT  Isl. VFF
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23] X

Legend: v/ means able to deal with and X means not evaluated/discussed.
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v
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provided. Among the others, only three are able to ensure
black start capacity for the system ( [16], [17], [21]]). This
is an important feature for the future power grid, as well as
the capacity for re-synchronization, which was provided only
for techniques presented at [[13]], [18]. Another significant
ancillary service is the possibility of maintaining the system
in islanded operation. This characteristic was explored with
the techniques discussed at [15]-[17]. Additionally, inertia
and FRT capabilities turn the control strategy more resilient.
Inertia support was demonstrated using the techniques
presented at [[13]-[15]], [19], [20], while FRT capability was
provided using the controllers proposed at [[13]], [19]-[21].
As can be observed, there is no universal control algorithm
between recent developments that is able to support all
ancillary services and advance capacities desired for the
future power grid. However, the controller presented in
[13] has more supporting capacities than other control
algorithms, being promising controllers which could be
improved by implementing the other desired capacities for a
high performance GFM controller for offshore wind turbines
with HVDC transmission cables.

Complementing the previous evaluation, Table [2] gives
practical insights about the discussed controllers. In this
sense, controller complexity (Compl.), robustness under
weak grid conditions (Rob.), communication requirements,
and whether the work had experimental validation (Exp.)
are summarized.

As can be seen, almost all controllers do not require any
additional communication system, using only local sensor
data (distributed operation). It was assumed that if no
communication was mentioned in the work, the controller
is a communication-less strategy, as fundamentally it should
be a GFM controller. Besides, the plug-and-play feature
is preferred, since it is beneficial for system security,
reducing potential cybersecurity attacks, while reducing costs
associated with the infrastructure and system complexity.
Additionally, GFM controllers are designed to operate in
weak grid conditions. However, verifying its performance
by varying the load installed in the system is important,

Reference Compl. Rob.  Communication Exp.
[13] Low X Decentralized X
[14] Moderate v Decentralized X
[15] Low v Decentralized X
[16] Low v Decentralized X
[17] Low X Decentralized X
[18] Low X Decentralized X
[19] High X Decentralized X
[20] Moderate X Decentralized X
[21] Low v Decentralized X
[22] Low v Decentralized X
[23] Moderate v Decentralized v

Legend: v/ means evaluated and X means not evaluated/discussed.

since inverter-dominated grids are susceptible to instability
due to the low inertia of these modern systems. Therefore,
this table also informed if the robustness under weaker grids
by altering the load was verified. Only [14]|-[16], [21[]-[23]
reported results evaluating explicitly this feature.

About controller complexity, most of them have a
simple structure, which is a strong contribution to
industrial popularization. Moreover, most work discussed
only simulation results, encompassing a variety of scenarios
with faults, black start, inertia support, islanded operation,
and re-synchronization. However, just one work provided
experimental validation. In this sense, it can be affirmed
that the advancement of control strategies for GFM
necessitates a rigorous and systematic integration of
experimental validation, or at least hardware-in-the-loop
(HIL), alongside theoretical development. While analytical
formulations and high-fidelity simulations are indispensable
for initial design and performance assessment, they
inevitably rely on simplifying assumptions that may not
fully capture the intricacies of real-world implementations.
Phenomena such as unmodeled dynamics, parameter
uncertainties, switching effects, and hardware limitations
can significantly influence system behavior and are
often insufficiently represented in purely computational
studies. Experimental or HIL validation plays a key
role in substantiating theoretical claims by enabling the
direct observation of stability characteristics, transient
dynamics, and disturbance rejection capabilities under
realistic operating conditions. Furthermore, it facilitates the
identification of implementation challenges and performance
deviations that may compromise reliability or scalability.
In this context, experimental verification is not merely
complementary but essential, ensuring that developed GFM
controllers achieve the level of robustness, resilience, and
operational readiness required for deployment in modern
power systems with high penetration of inverter-based
resources.
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GFM controllers are powerful solutions for the modern
power grid issues. However, a single controller cannot
provide all ancillary services simultaneously at full
performance due to electrical, energy, and dynamic
constraints of physical devices, which forces trade-offs
between services. Among them, when a controller is
equipped with current limiters to ensure the integrity
of physical components under overcurrent events, its
actuation conflicts with fault-ride through capacity and,
in some cases, also with the grid-forming ability.
Similarly, providing adjustable inertia and voltage support
competes by prioritization of fast active or reactive power
regulation. Besides, the frequency support also faces
practical constraints due to the thermal limits of power
semiconductors installed in the inverters and DC-link
energy limitations. Therefore, the local control framework
commonly has a priority scheme. However, multiple
ancillary service capabilities can be achieved at the system
level, aggregating specific tasks for each inverter, achieving a
robust and resilient operation with their operation in parallel.

IV. DISCUSSION

Offshore wind energy emerged as a key pathway toward
carbon neutrality in the energy sector. Although feasible,
these power generation systems have several challenges for
maintaining their operation. In this context, grid-forming
wind turbine controllers are at the core of this future
power grid. Next, the trends and identified opportunities
to contribute to the success of these emerging solutions
worldwide are discussed, and the challenges related to the
Brazilian context are evidenced.

A. Trends and Opportunities

The inner control loop can adopt a single or multi-loop
strategy [24]. In general, multi-loop control architectures
offer enhanced harmonic rejection, improved resonance
damping, enhanced fault ride-through performance, and
more robust mode transition capabilities compared to
single-loop designs [25]. Naturally, it implies a more
complex control design due to the nested loops. However,
this complexity is typically justified by the resulting
performance gain. Moreover, the outer voltage control loop
must operate at a significantly lower bandwidth than the
inner current control loop to ensure effective decoupling
between control loops. Additionally, the inner control loop
must not interact with the outer control loop to avoid
affecting the synchronization stability of GFM inverters
[26]]. However, this hierarchical structure imposes bandwidth
constraints that ultimately limit the system’s overall dynamic
response [27]. Although all GFM controllers can provide
voltage and frequency regulation, enabling the inverter to
operate in the absence of SGs, each one has a different
level of contribution to the system stability and provision
of ancillary services. Therefore, it is natural that the control
framework tends to incorporate different control strategies,

where each one provides different ancillary services. This
emerging approach can be implemented in two ways,
both mitigate the deficiencies of current control systems.
The first method is aggregating specific tasks for each
inverter, achieving a robust and resilient operation with their
operation in parallel. However, it may depend on physical
communication, which is desired to eliminate, aiming to
avoid possible cybersecurity attacks. A second method is
implementing multiple controllers in all inverters along with
a switch strategy and a robust framework to define when and
what ancillary service is needed. The main advantage of this
approach is the operation at the local level, but it can bring
challenges from the computation burden requirements.

Low-pass filters are commonly employed in droop-based
control strategies to attenuate high-frequency harmonics
in power measurements [28|]. However, the inclusion of
these filtering structures can adversely impact dynamic
performance by introducing delays into the control loop.
In particular, during sudden load increases — when the
system must supply additional active power — an improperly
configured filter may amplify transient frequency deviations
due to its sluggish response. In this context, eliminating
the reliance on low-pass filters in GFM controllers is
beneficial for improving transient behavior. Nevertheless, if
their use is unavoidable, optimization of the filter parameters
becomes essential. Recent advances in the optimization
area, such as nature-inspired metaheuristic algorithms, offer
effective solutions for engineering problems. Therefore,
advancing optimization methods for GFM controller design
presents a promising research frontier. The inherent
trade-offs between stability margins, dynamic performance,
and inverter efficiency demand sophisticated optimization
frameworks capable of handling multi-objective and
nonlinear characteristics. By leveraging modern optimization
techniques, researchers can systematically refine control
parameters, improve robustness under grid disturbances,
and enhance the overall performance of inverter-dominated
systems.

Despite the growing adoption of modular multilevel
converter (MMC)-HVDC transmission, their application in
offshore wind farm integration faces notable challenges. A
primary concern is the increasing mass of offshore MMC
stations, which escalate with water depth and transmission
capacity, creating significant economic and engineering
constraints for platform construction [4]]. A straightforward
approach is to reduce the size of submodules capacitance,
but it can lead to larger voltage ripples, compromising
MMC reliability and operational safety. To address this,
exploring advanced and optimized control strategies offers
a promising pathway to minimize these capacitance without
sacrificing performance. However, this kind of optimization
of structure and controller is not trivial, mainly considering
the GFM controllers in the loop. In this sense, the use of
emerging artificial intelligence techniques, such as hybrid
deep learning with evolutionary algorithms, model-based
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reinforcement learning, physics-informed neural networks,
and explainable neural networks with attention mechanisms,
can effectively support this task.

A recent alternative to MMC-based HVDC transmission
systems is the DRU-based HVDC transmission systems,
which provide a cost-effective solution with improved
operational reliability compared to the conventional MMC
topology [29]. However, traditional GFM control strategies
are unsuitable for DRU-based HVDC transmission systems
due to their uncontrollable power characteristics [18].
Addressing this operational limitation requires development
of more robust and resilient GFM controllers, such as power
self-synchronizing control strategies, which are essential for
the successful deployment of this emerging technology.

Decentralized energy storage combined with grid-forming
control can endow offshore wind farms with black start
capability, maintaining continuous power generation during
faults. However, current technological limitations present
significant challenges, particularly in reducing storage
volume and mitigating associated safety risks. In this sense,
battery energy storage systems (BESS) are an emergent
market. However, the success of these specific devices
depends on the life cycle and maintenance. A practical way
to preserve the integrity of these devices while expanding
their life cycle is by incorporating highly precise control
algorithms to optimize energy usage, avoiding wasting
and unnecessary recharges. Both meta-heuristic optimizers
and artificial intelligence techniques can contribute to the
improvement of BESS integration.

Figure [3] summarizes the identified opportunities
based on the previous discussion, paving the way for
worldwide researchers leading these emerging technologies
and contributing to energy matrix transition, achieving
sustainable power generation. Naturally, the improvement of
the system controllers enhances the system performance by
reducing power losses, while also contributing positively to
the carbon neutrality goal, since the power penetration from
renewable energy into the electrical grid increases. Aligned
with benefits, the cost associated with power generation
from offshore wind energy reduces, once the power level
increases, driving the energy market to a prosperous level.

« Advanced control algorithms for ancillary services

« Systematic tuning of GFM controllers using meta-heuristic optimizers
« Optimized design of the system components

« Co-design of system and controllers using artificial intelligence

« Optimization of control framework of WECS with BESS

FIGURE 3. Opportunities of GFM controllers.

B. Challenges for the Brazilian scenario

Brazil has a privileged geographical position, with an
immense richness of natural resources. The abundance of
offshore wind resources, if properly exploited, could make
the country a global leader in the renewable energy market,
given that it already has a large part of its electricity matrix
from renewable sources. Currently, there are no offshore
WECS in operation in Brazil. However, there are more than
100 offshore wind projects being analyzed by the Brazilian
Institute of Environment and Renewable Natural Resources
[30]. In these project proposals, transmission distances
and configurations vary largely depending on whether they
are nearshore fixed-foundation farms or deep-sea floating
WECS.

Brazilian research groups have already demonstrated a
high level of expertise in advanced control theory and
power electronics, providing a solid foundation for progress
in grid-forming inverter technologies. Nevertheless, further
investment is essential to direct this existing knowledge
toward the development and experimental validation of
grid-forming control strategies specifically tailored to
offshore wind integration. Strengthening national research
groups in this area would not only accelerate innovation
but also enhance Brazil’s ability to design, validate,
optimize, and deploy robust control architectures capable
of ensuring system stability, adaptability, and resilience
in inverter-dominated grids. Furthermore, partnerships
between private companies and academia are fundamental
to leveraging research with practical results and direct
application by industry, as well as government support for
this research, strengthening policies to encourage the private
sector to invest in research and development (R&D).

At an academic level, translating the global developments
to the Brazilian context requires strengthening collaboration
across research communities in computer science, electrical,
electronic, automation, and control engineering, which can
significantly accelerate the development of innovative and
feasible solutions. Knowledge sharing and interdisciplinary
teamwork are therefore pivotal to advancing the national
offshore wind energy sector and ensuring the success
of emerging technologies. Studies involving optimization,
prediction based on data, and advanced control oriented
for the Brazilian context can consolidate national research
groups at the forefront of next-generation GFM control
development, while positioning Brazil as a technological
leader with cutting-edge solutions for real problems of the
energy industry.

A last challenge in the Brazilian context is the lack
of domestic manufacturing capabilities for critical system
components, which creates a strong dependency on foreign
suppliers. Therefore, investing in local production is
essential to strengthen national technological sovereignty and
promote sustainable progress in offshore wind—based power
generation. Figure ff]emphasizes the current challenges of the
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Brazilian scenario and opportunities to make Brazil a leader
in the future energy sector.

(Y

=Brazilianicontext.

« Financing of national research and laboratories

« Investment in the formation of researchers

« Valorization of specialists to keep them in Brazil

- Strengthening policies to encourage investment in R&D
- Knowledge sharing and interdisciplinary teamwork

« Investing in local manufacturing of critical system
components enabling national technological sovereignty

FIGURE 4. Current challenges of Brazilian scenario.

V. CONCLUSION

The rapid expansion of offshore wind energy and the
widespread adoption of HVDC transmission architectures
have redefined the control requirements of modern power
systems. Within this evolving landscape, GFM converters
stand out as a pivotal technology, capable of providing
voltage and frequency regulation, inertia emulation, and
enhanced fault recovery in grids dominated by inverter-based
resources. Although significant progress has been achieved
globally in developing GFM control strategies, further
research is required to ensure robust, scalable, and
economically viable solutions tailored to offshore wind
energy conversion systems. This work discussed the recent
worldwide breakthroughs in GFM control strategies for
HVDC-based offshore wind farms. The conceptual and
practical features of these control approaches were deeply
discussed, aiming to support engineers to choose an adequate
controller in accordance with their system requirements.
Additionally, the tendencies and opportunities to contribute
to the progress of GFM controllers were identified, paving
the way for novel control solutions in inverter-dominated
power generation systems. Furthermore, the challenges
for positioning Brazil as a leader in the new energy
era were discussed, presenting strategic workstreams to
thrust national technological sovereignty. The future research
directions for boosting cutting-edge and disruptive GFM
solutions include use of AI for parameter system design
and controller tuning with hardware-in-the-loop validation,
development of advanced control algorithms for multiple
ancillary services, stability analysis of hybrid MMC-DRU
systems, and co-design of system and controllers using Al
and optimization strategies.
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