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ABSTRACT

The increasing penetration of wind turbine generators (WTGs) has enhanced
renewable energy utilization but has also introduced significant challenges to power
system operation. This paper presents a comprehensive review of the major technical
issues associated with WIG grid integration, including power quality disturbances,
stability concerns, grid code compliance, and weak -grid operation. The review
provides an integrated assessment of conventional mitigation technique and emerging
control strategies for improving the reliability and resilience of wind-integrated power
systems. The review identifies Flexible AC Transmission System (FACTS) devices,
energy storage systems, harmonic compensation techniques, and grid reinforcement
approaches as important solutions for mitigating integration challenges. Furthermore,
advanced control methods such as model predictive control, artificial intelligence-
based control, virtual synchronous machine control, and grid-forming control are
highlighted as promising technologies for future converter-dominated power systems.
The findings provide valuable insights for researchers, utilities, and policymakers
seeking sustainable and reliable integration of wind energy resources.

1. INTRODUCTION

installation costs, and environmental benefits .For

The global transition towards sustainable and low-
carbon systems has accelerated the
development of renewable energy technologies over

energy

the past two decades.
increasing electricity demand, and
international commitments to climate change
mitigations have significantly reduced the dependence

Growing environmental
concerns,

on conventional fossil-fuels [1]. Among the various
renewable energy resources, wind energy has emerged
as one of the most mature and economically viable

technologies owing to its scalability, declining
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instance, between 2015 and 2020, the global share of
coal-based electricity generation declined from 37.9%
to 33.0%, while the combined contribution of wind
and solar increased from 4.6% to 9.8% [2]. The
continuous advancement in wind-energy conversion
technologies have enabled wind power to become a
major contributor to global electricity generation,
thereby supporting the realization of the Sustainable
Development Goals (SDGs) and the objective of the
Paris agreement on the climate change [3].
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The GWEC report of 2024 indicated that more than
140,000 wind turbines were operating in
approximately 70 countries, resulting in substantial
reduction in carbon dioxide emission. The wind
energy conversion system (WECS) technology has
advanced considerably, and the global wind energy
market has expanded significantly over the past
decade, highlighting the growing importance of wind
power in modern electricity systems [4].

The increasing penetration of WTGs into modern
power systems has transformed the operational
characteristics of electrical networks
Recent report that the
cumulative installed capacity has surpassed one
terawatt, with substantial growth projected for both
onshore and offshore over the coming decades [3].
Modern wind farms predominantly employ variable-
speed wind turbine technologies such as Doubly Fed
Induction Generators (DFIGs) and Permanent Magnet
(PMSGs), which offer
improved energy conversion-efficiency and enhanced
control capabilities [5S]. The integration of these
converter-based technologies has improved the
operational flexibility of wind energy systems while

power

worldwide. indicated

Synchronous Generators

simultaneously introducing new technical challenges
associated grid stability and power system operation

[6].

Despite the remarkable growth in wind-energy
deployment, large-scale integration of WTGs presents
numerous technical and operational challenges. The
intermittent and stochastic nature of wind resources
contribute to power quality and stability problems, ,as
voltage and frequency variations [5].
Furthermore, the increasing replacement of
conventional synchronous generator with converter-

well as

based wind generation has resulted in reduced system
inertia, thereby exacerbating small-signal stability and
transient stability concerns, particularly in weak and
converter-dominated grids. Additional challenges
including; compliance with grid code requirements
such as low-voltage ride-through (LVRT), reactive
power support, frequency regulations, and protection
coordination under abnormal operating conditions [7].
Consequently, researchers and grid operators have
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developed various mitigation techniques and
advanced control strategies to enhance secure and
reliable integration of wind power into modern

electricity networks [8].

Existing reviews tent to examine wind turbine
generators (WTGs) from specific technical
perspective such as offshore infrastructure integration
challenges, power quality, small-signal stability and
grid-code requirements, rather than integrated and
critically comparative assessment that connects
different grid-integration challenges with their
techniques, emerging control strategies, and their
applicability to weak grid operating conditions.

This paper presents a comprehensive review of the
major challenges associated with wind turbine
generator grid integration and critically examines the
mitigation techniques and emerging control strategies
reported in the literature. The paper reviews global
trends in wind energy deployment and wind turbine
generator technologies, discusses the technical
challenges affecting grid-connected wind power
systems, and evaluates mitigation approaches,
including Flexible AC Transmission System (FACTS)
devices, energy storage technologies, harmonic

mitigation  techniques, and reactive  power
compensation schemes. Emerging control strategies
such as virtual synchronous machine control (VSM).
Model predictive control (MPC), and intelligent
control techniques are also examined. Finally future
research directions are discussed to provide useful
insights for researchers, engineers, and policymakers
involved in the planning, operation, and

modernization of wind-integrated power systems.
2. REVIEW METHODOLOGY

This paper adopts
approach to examine the major challenges associated
with the integration of wind turbine generators

structured narrative review

(WTGs) into modern power systems, together with the
mitigation techniques and emerging control strategies
reported in the literature. The review covers four major
aspects of WTG grid integration: power quality,
stability, grid-code compliance, and weak grid
operation. Particular attention was given to the effects
of increasing penetration of wind power generation
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and associated need for enhance grid support
capabilities.

Relevant literatures were selected based on their
relevance to wind turbine generator integration,
including  studies addressing wind turbine
technologies, power quality disturbances, voltage and
frequency stability, fault ride-through capability
(FRT), weak grid operation, FACT devices, energy

storage system, harmonic compensation, grid
reinforcement, conventional control, advance control,
grid-forming control, and coordinated control

strategies. The foundational studies were considered
they provide important theoretical or
technological background, while greater emphasis
placed on recent literatures addressing emerging grid
integration requirements and converter dominated
power system. The selected literature was organized
thematically to the major integration challenges and
corresponding mitigation schemes.

where

The review therefore, focuses on synthesizing the
relationships between the integration challenges,
mitigation scheme, control strategy, applicability and
limitation, with particular emphasis on evolving
requirement of weak and low-inertia power system

3. GLOBAL WIND ENERGY GENERATION
AND WIND TURBINE TECHNOLOGIES

3.1 Global wind energy generation trend

Wind energy has experienced remarkable growth over
the last two decades and has become one of the fastest-
growing renewable energy resources worldwide.
Increasing concerns regarding climate change, energy
security, and sustainable development have
significantly accelerated investment in both onshore
and offshore wind-power generations. According to
the Global Wind Energy Council (GWEC), cumulative
installed wind-energy capacity has exceeded 1 TW in
2023, representing a major milestone in the global
renewable-energy transition [3, 9]. Furthermore,
global wind-power installations are projected to
increase substantially by 2030 to meet growing

demand for clean and sustainable electricity.

The rapid development of wind-energy technologies
has been driven by advances in turbine design,
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declining installation cost, improved converter
technologies, and supportive government policies
across developed and developing countries. Onshore
wind farms currently account for more than 90% of the
global installed wind power capacity owing to their
relatively lower capital cost and technological
maturity as illustrated in Table 1. However, offshore
wind farms have recently attracted significant
attention because of its higher energy yield, reduced
land constraint, and improved wind
availability. Recent projections indicate substantial
growth in offshore wind installations, particularly
across Europe, Asia, and North America, making
offshore wind a strategic component of future power

systems [10-12].

resource

Table 1: Cumulative wind power capacity: Historical and projected
values [10-12]

Period Year Onshore Offshore Status
Capacity Capacity
(GW) (GW)
Historical 2014 340.195 8.362 Installed
Historical | 2015 404.600 12.352 Installed
Historical | 2016 452.599 14.385 Installed
Historical 2017 496.208 17.629 Installed
Historical | 2018 540.250 22.432 Installed
Historical | 2019 594.481 27.362 Installed
Historical | 2020 699.350 33.266 Installed
Historical | 2021 770.336 53.536 Installed
Historical | 2022 839.263 60.676 Installed
Historical | 2023 944.536 66.276 Installed
Projected 2030 1,787 228 Projected
Projected 2050 5,044 1,000 Projected

The cumulative global growth of wind power capacity
from 2014 to 2023 and projected expansion toward
2030 and 2050 was illustrated in Table 1. Historical
installed capacity increased substantially over the
period with onshore remaining the dominant
component of global wind power deployment.
Offshore wind capacity also increased progressively,
although its contribution remained considerably small
than that of onshore.

3.2 Wind turbine generator technologies

Wind turbine generators (WTGs) can generally be
classified into fixed-speed and variable speed
technologies based on their operating principles and
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control capabilities [13]. Fixed-speed wind turbine
generators are primarily based on Squirrel Cage
Induction  Generators  (SCIGs), which are
characterized by simple construction, robustness, and
low maintenance requirements. However, their limited
speed control capability and substantial reactive power
consumption restrict their application in moder large-
scale wind power plants [14].

Variable-speed wind turbine generators comprising a
Doubly Fed Induction Generator (DFIG) and
Permanent Magnet Synchronous Generator (PMSG)
have emerged as the dominant technologies in
contemporary wind energy conversion systems due to
their superior energy capability and enhanced grid
support functionalities [5]. DFIG-based wind turbine
remains one of the most widely adopted technologies
because it requires a partially rated back-to-back
converter, thereby reducing converter cost while
providing independent active and reactive power

rated power electronic converters that provide greater
flexibility in grid support and power control. The
enhance controllability of PMSG technologies make
them attractive candidates for future grid-forming and
low-inertia power systems [16].

The selection of an appropriate wind turbine generator
technology significantly influences the overall
performance of grid-connected wind farms,
particularly with respect to power quality, voltage
stability, frequency regulation, and FRT capabilities.
Therefore, understanding the operational
characteristics and control capabilities of different
WTGs technologies is essential when assessing the
challenges associated with their integration into moder
power systems dynamics. Table 2 illustrate the
comparative assessment of wind turbine generator
technologies.

Table 2: Comparative Assessment of WTGs

. . Parameter SCIG DFIG PMSG
ntrol [15]. DFIG- ind turbines ar 1 : . .
cont o [ ] G-based wind t.u bines a_e Capa.b N Speed control Fixed Variable Variable
contributing to voltage regulation and improving Converter rating Nil Partial Fall
system dynamic performance if appropriate control Reactive power Poor Good Excellent
strategies were adopted. support
Grid support Limited Good Excellent
Permanent Magnet Synchronous Generator (PMSG)- capability
based wind has gained increasing popularity, Cost Low Moderate High
particularly in offshore wind applications, onto their FRT capability Poor Good Excellent
high efficiency, improved Fault Ride-Through (FRT) Typical Small-scale | Onshore | Offshore
o . . . application wind farm wind
capability, and gearbox free requirements in direct-
drive configurations. Unlike DFIG-based wind
turbine, PMSG-based wind turbines employ fully
| Wind Turbine Generator Grid Integration
Pg:; Irég;.::y Stability Challeges R:;::ri;‘:‘m ;:‘?";f‘;;
I Voltage Fluctuation I+ Voitage Stability L?r:[::m"f;‘; - | Low R;'::?S‘ccl'{f““
Ral Harmonics —» Frequency Stability Rea(;l“i;i::;wer —» Voltage Inastability
Ral Flickers = Rotor Angle Stability = Frequency Support —» Control Interaction
N Reactive Power Small--signal N Active Power Protection
Imbalance Stability Control Challenges

Fig. 1: Major wind turbine generator integration challenges
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4. WIND TURBINE
INTEGRATION CHALLENGES

GENERATOR

The rapid growth of wind-power generation has
significantly transformed the operational
characteristics of modern power systems. Although
wind turbine generators offer numerous environmental
and economic benefits, their integration into
conventional electricity networks introduces several
technical challenges that may adversely affect grid
reliability, stability, and operational performance.
These challenges primarily arise from the intermittent
nature of wind resources, the extensive use of power
electronic converters, and the increasing displacement
of conventional synchronous generators [5, 8].
Consequently, power-system operators are required to
adopt appropriate mitigation techniques and advanced
control strategies to ensure the secure and reliable
integration of wind power into electricity networks.
Figure 1 illustrate the major WTG integration
challenges. It classified integration challenges
according to their principal impacts on grid operation
which provide the basis for the subsequent discussion
of individual integration challenges.

4.1 Power quality challenges

Power quality remains one of the major concerns
associated with wind turbine generator integration.
Variations in wind speed result in fluctuations in
active- power output, which may subsequently lead to
voltage fluctuations and flicker phenomena at the
point of common coupling (PCC). Furthermore, the
widespread utilization of power electronic converters
in modern wind energy conversion systems introduces
harmonic distortions that can adversely affect
sensitive electrical equipment and degrade system
performance [17, 18].

Power-quality issues commonly observed in grid-
connected wind power systems include voltage sag
and swell, harmonic distortion, flicker emissions,
power
disturbances

factor
become

reactive
characteristics.

imbalance, and poor
These
increasingly significant under high-wind penetration
scenarios and weak grid conditions. international
standard such as IEC 61400-21 and IEEE establishes
requirements for power quality assessment and grid
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interconnection of renewable energy
Effective mitigation of these power-quality problems
is essential for maintaining acceptable voltage profiles

and ensuring compliance with applicable grid codes.

systems.

4.2 Stability challenges

The integration of large-scale wind turbine generators
presents significant stability challenges in modern
power systems. Unlike conventional synchronous
generators that inherently provide rotational inertia
and electromechanical damping, most modern wind
turbines are connected through power -electronic
converters, thereby contributing limited inertia to the
interconnected grid [19].

Voltage stability issues are particularly prominent in
weak transmission grids where inadequate reactive
power support and transmission limitations can lead to
voltage collapse during disturbances. Similarly,
frequency stability has become increasingly critical
due to the reduction in synchronous inertia resulting
from the displacement of conventional generating
units by converter-interfaced renewable energy
sources. Small-signal stability problems may also arise
from poorly damped electromechanical oscillations
and interactions. Furthermore, transient stability
concerns are often observed during severe
disturbances such as short circuit faults and sudden
wind power fluctuations [5]. These stability challenges
become more pronounced in converter-dominated
power systems and necessitate the implementation of
advanced control techniques capable of providing
virtual inertia, dynamic reactive power support, and

enhanced damping characteristics.
4.3 Grid-code and fault-ride-through requirements

Modern electricity grids impose stringent technical
requirements on WTGs to ensure reliable and secure
operation. Grid codes have evolved
considerably over the past decade and now require

system
wind farms to actively participate in voltage
regulations, frequency support, and fault management
operations [8].

One of the most critical grid code requirements is Low
Voltage Ride-Through (LVRT) -capability, which
mandate wind turbines remains connected to the grid
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during temporary voltage disturbances rather than
disconnecting immediately. Contemporary grid codes
also specify reactive power support requirements,
frequency response capabilities, and active power
support control functionalities during abnormal
operating conditions [20].

Failure to comply with these technical requirements
may compromise overall system reliability,
particularly in networks experiencing high renewable
penetration.  Therefore, modern WTGs are
increasingly being equipped with advanced control
schemes that enhance their ability to satisfy grid code
specifications while contributing positively to the
system reliability.

4.4 Weak grid integration challenges

The integration of wind power into weak grids has
emerged as one of the most significant challenges
facing modern renewable-energy development,
particularly in developing countries. Weak grids are
typically characterized by low short-circuit ratios,
inadequate transmission infrastructure, poor voltage
profiles, and limited reactive power support
capabilities [21]. Under such conditions, large-scale
wind turbine integration may exacerbate voltage
instability, increase converter control-interactions, and
reduce overall system stability margins

Converter-interfaced WTGs are particularly sensitive
to weak-grid conditions because their control
performance is highly dependent on grid strength and

impedance characteristics. High wind penetration in
weak networks my lead to voltage oscillations,
synchronization problems, and reduced fault rid-
through capabilities. Consequently, weak grid
operation has become an active area of research, with
recent studies focusing on grid-forming control
strategies, virtual synchronous machine concepts, and
advanced reactive-power compensation techniques to
improve the dynamic performance of wind-integrated
power systems [22].

Addressing weak grid integration challenges is
especially important for emerging power systems in
developing economies, where renewable energy
resources are often located far from the major load
centers and existing transmission infrastructure
remains relatively limited.

5. MITIGATION TECHNIQUES FOR WIND
TURBINE INTEGRATION CHALLENGES

Several mitigation techniques have been proposed in
literature to address the technical challenges
associated with wind turbine generators (WTGs)
integration into modern power systems. These
techniques aim to improve power quality, enhance
system stability, satisfy grid code requirements, and
facilitate reliable operation under weak grid operating
condition. The selection of an appropriate mitigation
strategy largely depends on the grid characteristics,
wind penetration level, and operational requirements
of the interconnected power system.

| Mitigation Schemes for WTGs |

l

DF:VCI;SS ESS Technologies
™ STATCOM —* Battery ESS
™ SVC —* Flywheel
= UPFC —» SMES
s TCSC “» Supercapacitor

- Fhi"‘?r Grid
echniques Reinforcement
L Pa!_isive Transmis_sion
Filter expansion
Active Smart grid
™ Filter protection
L » Hybrid
Filter

Fig. 2: Mitigation Schemes for Wind Turbines Generators Integration Challenges
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Figure 2, illustrate the mitigation schemes applied to
WTG integration challenges. The mitigation
approaches are classified according to their primary
function in addressing challenges associated with
integration of WTG as discussed in subsequent
subsection.

5.1 FACTS-based mitigation techniques

Flexible AC Transmission System (FACTS) devices
have been extensively employed to improve the
dynamic performance of grid-connected wind farms.
Their capability to provide fast reactive power
compensation and voltage regulation makes them
particularly suitable for mitigating voltage instability
and enhancing fault ride-through performance [23].

Commonly adopted FCTS devices include static
synchronous compensator (STATCOM), Static VAR
Compensator (SVC), Unified Power Flow Controller
(UPFC), and Thyristor Controlled Series Compensator
(TCSC). STATCOM has received significant attention
owing to its superior dynamic reactive power support
capability during voltage disturbance [24]. Several
studies have demonstrated that STATCOM can
significantly improve the low-voltage ride-through
(LVRT) capability of DFIG-based wind farms, and
enhance voltage stability under transient conditions.
Similarly, UPFC simultaneously regulates voltage
magnitude, line impedance, and power flow, thereby
improving both transient and steady-state stability [7].

5.2 Energy storage system-based mitigation

techniques

Energy storage systems (ESSs) play a crucial role in
compensating for the intermittent nature of wind
power-generation. the stochastic characteristics of
wind speed often result in undesirable power
fluctuations that adversely affect grid stability and
frequency regulations. ESS technologies provide fast
power-balancing capabilities that contribute can
contribute  significantly
reliability [25].

to maintaining system

Various energy storage technologies have been
investigated for wind power applications, including
battery energy storage systems, flywheel energy
storage systems, superconducting magnetic energy
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storage (SMES), and supercapacitors [7]. These
technologies can smooth wind-power output, improve
voltage and frequency regulation, and provide
reserved power during transient disturbances.

Battery energy storage systems are widely preferred
because of their technological maturity and declining
costs. Flywheel and SMES technologies, on the other
hand, offer rapid response characteristics suitable for
transient stability enhancement and frequency support
applications. Recent studies have also highlighted the
growing importance of hybrid energy storage systems
for improving the operational flexibility of renewable-
energy systems.

5. 3 Harmonic and reactive power compensation
technique

The extensive use of power electronic converters in
modern WTGs necessitates the implementation of
harmonic-mitigation and reactive-power
compensation techniques. Harmonic distortions and
reactive power imbalances adversely affect power
quality and may lead to non-compliance with grid
interconnection standards

Passive, active, and  hybrid power-filters
configurations are commonly employed for harmonic
compensation in grid-connected renewable energy
systems. Passive filters are relatively simple and cost-
effective but may suffer from resonance and fixed-
compensation limitations. Active power filters offer
superior harmonic-compensation capabilities and
dynamic reactive-power support, although generally
involve higher implementation costs. Hybrid filter
topologies combine the advantages of passive and
active filtering techniques and are increasingly being

adopted in high-power applications [18].

Reactive-power compensation techniques are equally
important for maintaining acceptable voltage profiles
in wind-integrated power systems. Dynamic reactive
power support provided by converter-based WTGs,
FACTS devices, and advanced control schemes can
significantly contribute to voltage regulation and
improved power-system stability [26]
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5.4 Grid reinforcement and hybrid mitigation
approaches

Grid reinforcement has become an essential strategy
for facilitating the large-scale integration of wind
into electricity = networks.
include

power
Reinforcement

existing
measures transmission-
network expansion, improved protection coordination,
enhanced communication infrastructure, and the

adaptation of grid monitoring technologies [27].

Hybrid mitigation approaches that combine multiple
technologies can provide superior performance
compared to standalone solutions. For instance, the
coordinated operation of WTGs with STATCOM
devices and battery energy storage systems has been
shown to improve voltage stability, fault ride-through
capability, and power quality simultaneously [28].
Similarly, coordinated-reactive control strategies and
advanced converter-control techniques can enhance
the operational resilience of wind-integrated power
systems under weak-gid conditions.

The increasing complexity of modern power systems
suggest that future wind-farms integration will
increasingly rely on coordinated mitigation strategies
that combine energy-storage technologies, FACTS
grid
modernization initiatives to achieve reliable and

devices, intelligent  controllers, and

sustainable operation.

Table 3 presents the recently reported mitigation
schemes addressing WTG integration challenges in
the modern power systems.

The reviewed mitigation techniques  differ
considerably in their effectiveness, implementation
requirements, cost and suitability for different grid
operating conditions. therefore, no single mitigation
technology can be regarded a s optimal for all WTG
integration challenges. The appropriate solution
depends on the nature and severity of the disturbance,
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wind  penetration, wind turbine technology

classification, grid strength, and time of response.

6. EMERGING CONTROL STRATEGIES FOR
WIND TURBINE GENERATORS

The increasing penetration of converter-interfaced
wind turbine generators has necessitated the
development of advanced control strategies capable of
enhancing power-system stability, improving grid
support functionalities, and ensuring compliance with
modern grid codes. Unlike conventional synchronous
generators WTGs rely heavily on power electronic
converters and sophisticated control algorithms to
regulate active power, reactive power, voltage, and
frequency. However, significant research efforts have
been directed towards developing intelligent and
adaptive control strategies that improve the dynamic
performance of wind-integrated power systems.

6.1 Conventional control

The conventional control methods remain widely
employed in commercial wind turbine generators due
to their simplicity, robustness, and ease of
implementation. The most common approaches
include Proportional-Integral (PI) and Proportional-
integral-Derivative (PID) controllers, which are
extensively used for rotor-side converter and grid-side
converter control in DFIG-based and PMSG-based
wind energy conversion systems [29].

Pl-based controllers are effective under normal
operating satisfactory
regulations of active and reactive power outputs [30].

conditions and provides
However, their performance may deteriorate under
parameter  uncertainties, nonlinear  operating
conditions, and severe grid disturbances. The growing
complexity of modern power systems has motivated
the development of more advanced control techniques
capable of addressing these limitations.
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Table 3: Comparative assessment of mitigation techniques for WTG grid integration

Grid Integration Mitigation Primary Benefit | Effectiveness | Complexity Limitation Research Gap
Challenges Technique
Voltage Instability | STATCOM, Voltage support High High High investment and Optimal
SVC rating requirements coordination with
WTG converters
Frequency Battery ESS, | Fast active power High high Limited energy Hybrid storage and
deviations flywheel balancing duration coordinated control
ESS strategies
Harmonic Active and Harmonic High Moderate- Converter rating and Improved
distortions Hybrid compensation high switching losses compensation under
filters changing grid
impedance
LVRT and voltage | STATCOM, Reactive Power High High-Very- increased equipment Coordinated fault-
support UPFC support during High and control response control
grid faults requirement with WTG
converters
Wind intermittency ESS Power smoothing High High Energy capacity and Optimal sizing,
technologies and frequency cost constraint placement and
support coordinated control
of WTG-ESS
Weak grid Hybrid Reduction of grid High Very High Geographical and Cost-effective
operation control impedance and infrastructure alternative for
approaches voltage support constraints remote wind
resources
Reduced system Virtual Frequency and High Moderate- Depend on available coordination with
inertia inertia synthetic inertia potential high power reserve grid-forming
techniques support control and energy
storage
Multiple Coordinated Muti-objective High High communication Real-time
simultaneous WTG-ESS- grid support potential coordination, and coordinated and
challenges FACTS control complexity adaptive control
control

6.2 Advanced and intelligent control

specified prediction horizon,
system performance and stability [31].

thereby improving

Under varying operating conditions, the advanced
control methods have been proposed to improve the
dynamic response and robustness of WTGs. Model
predictive control (MPC), adaptive control, robust
control, and sliding-mode control are among the
advanced control schemes investigated for wind-
integrated power systems.

Model predictive control has emerged as a promising
solution owing to its capability to handle multivariable
systems, operational constraints, and nonlinear
dynamics. MPC utilizes a predictive model of the

system to optimize future control actions over a
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In recent years, artificial intelligence-based
approaches such as fuzzy-logic control, artificial
neural networks (ANNs), and machine learning
technique have also been investigated for wind power
applications.  Fuzzy logic controllers can offer
improve performance under uncertain operating
conditions, while neural-network-based controllers
possess learning capabilities that enable adaption to
changing These intelligent
techniques have demonstrated considerable potential

system  dynamics.

in enhancing maximum power extraction, voltage
regulation, and oscillation damping in wind-integrated
power systems.
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6.3 Grid-forming and virtual inertia control

The transition towards converter-dominated power
systems has accelerated interest in grid-forming
control strategies. Traditional wind turbine generators
typically operate using grid-following control
schemes that rely on existing grid-voltage signals for
synchronization. However, high renewable energy
penetration can reduce system inertia and may
compromise frequency stability during disturbances
[19].

Grid-forming control strategies address these
challenges by enabling converter-based wind turbine
generators to establish and regulate grid voltage and
frequency [32]. Through autonomous voltage and
frequency regulation capabilities, grid-forming
converters can contribute to system stability in a
manner analogous to conventional synchronous

generators.

Closely related to this concept is Virtual Synchronous
Machine (VSM) control, which emulates the inertial
and damping characteristic of synchronous generator
using power electronic converters and advanced
control algorithms. VSM-based WTGs can provide
synthetic inertia, improve frequency response, and
enhance small-signal stability [7]. The grid-forming
and virtual inertia control strategies are increasingly
viewed as key enabling technologies for future low-
inertia power systems.

6.4 Coordinated control

Recent research has focused on coordinated control
approaches that mitigate multiple control devices and
resources to achieve enhanced system performance.
These strategies typically involve the coordinated
operation of WTGs, energy storage systems (ESS),
FACTS devices, and conventional generators.

For instance, coordinated control between DFIG-
based wind farms and STATCOM devices has been
shown to improve voltage stability and fault ride-
through capability [33]. Similarly, the integration of
battery energy storage systems with wind farms can
improve frequency regulations and mitigate of wind-
power fluctuations. Wide-area measurement systems
and communication-assisted control schemes can
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further enhance the effectiveness of coordinated
control approaches by enabling real-time monitoring
and system-wide optimization.

As modern power system continues to evolve towards
renewable-dominated  architecture, coordinated
control strategies are expected to play an increasingly
important role in ensuring reliable, resilient, and
sustainable grid operation.

7. CONCLUSION AND RECOMMENDATION

The increasing penetration of wind turbine generators
(WTGs) supports the transition toward sustainable
electricity generation but introduces challenges related
to power quality, voltage and frequency stability,
reduced system inertia, fault ride-through, and weak-
grid operation. These challenges become more
significant as converter-interfaced wind generation
replaces or complements conventional synchronous
generator.

This review examined the major WTG integration
challenges critically established
mitigation techniques and emerging control strategies.
The finding indicates that no single technique can

and assessed

adequately address all integration challenges. FACTS
devices provide rapid voltage and reactive-power
support, while energy storage improves power
smoothing and frequency response. Harmonic
compensation enhances power quality, whereas grid
reinforcement provides broader network support but
generally requires greater investment. Advanced
approaches,
artificial intelligence-based control, virtual inertia, and

including model predictive control,

grid-forming control, offer additional capabilities for
improving the stability and resilience of converter-
dominated systems.

The review therefore indicates that future wind-grid
integration should increasingly adopt coordinated and
application-specific mitigation strategies. Stronger
grids may be adequately supported by conventional
compensation and converter controls, whereas weak
and low-inertia grids require greater integration of
FACTS, energy storage, and advance or grid-forming
controls. Future research should focus on coordinated
cost-effective solutions,

control, weak-grid



Zaria Journal of Electrical Engineering Technology, 15(1), 119-130 (2026).

cybersecurity, interoperability, and validation under

realistic large-scale operating conditions.
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