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Doubly-fed induction generators (DFIGs) are crucial in wind
turbines due to their advanced control features and efficient power
conversion, but they're vulnerable to grid issues like voltage dips
and short circuits. This study explores enhancing DFIGs' low
voltage ride-through (LVRT) capabilities using a superconducting
fault current limiter (SFCL) system. The SFCL's superconducting
coil plays a key role by limiting fault current to stabilize power
output, reducing excessive currents during faults, and mitigating
voltage fluctuations, protecting the rotor-side converter and
gearbox. The research focuses on optimizing the coil's inductance
to improve SFCL  performance, showing  through
MATLAB/Simulink simulations that adjusting inductance can
lessen rotor current oscillations during short circuits. The results
indicate significant enhancements in LVRT capabilities, reducing
electrical and mechanical stress on generators and converters,
preventing severe voltage drops, and maintaining torque levels.
Incorporating an SFCL into DFIG systems greatly increases
stability, reliability, and fault tolerance, supporting more wind
energy integration.

Nomenclature
Variable Description Variable Description
VvV, V., Stator and Rotor voltage T, Torque electromagnetic axis
i, i, Stator and Rotor current Wy Synchronous speed
ig. The fault current W, Rotor speed
ims Magnetizing component of stator current Wiiip Slip speed
Lrgref Reference rotor current Via Vg d-q components of rotor voltage
aga, Stator and Rotor flux Lra irg d-q components of rotor current
L L, Stator and Rotor self-inductance R, R, Stator and Rotor resistance
L, Magnetizing inductance T, Torque electromagnetic axis
Ly, Ly, Stator and Rotor leakage inductance Wy Synchronous speed
R, R, Stator and Rotor resistance W, Rotor speed
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1. Introduction

The DFIG stands as a premier solution for integrating wind turbines with the electrical
grid, owing to its superior control features and the efficiency of its compact converter
design. DFIGs are distinguished by their exceptional ability to manage and adapt power
output, making them highly suitable for renewable energy applications. However, it is
imperative to acknowledge that these generators exhibit a heightened sensitivity to
voltage fluctuations, particularly in instances of grid faults. This vulnerability is especially
pertinent given the geographical positioning of many wind power installations in isolated
locales, where they are frequently connected to less robust power grids. Consequently,
these systems are more susceptible to disturbances, including voltage sags and short
circuits, necessitating sophisticated management and protection strategies to ensure grid
stability and reliability.

Upon the occurrence of a grid short circuit, there is an alteration in grid voltage,
precipitating elevated induced voltages within the DFIG rotor circuit. In the absence of
effective control measures, this scenario can provoke the generation of high currents
within the rotor circuit, endangering the integrity of the rotor-side converter (RSC). Amid
such a fault, the magnitude and frequency of induced voltage in the rotor circuit undergo
significant shifts, surging to levels substantially above the norm. In these situations, the
DFIG's standard control system is inept at furnishing suitable control signals for the RSC
converter, owing to the Proportional-Integral (PI) controllers in the control loops being
unadjusted for these extreme scenarios and lacking the requisite agility for managing such
states. Consequently, the DFIG's protective system initiates a block to avert damage to the
electronic converters within the RSC, culminating in the disconnection of the wind turbine
from the circuit [1]. However, DFIG's disconnection from the circuit contradicts grid
regulations, which stipulate that large wind farms must remain connected to the grid
during faults and not be disconnected from service. Therefore, it is essential to quickly
detect faults in the grid and implement appropriate control actions to keep the wind
turbine connected to the grid without being disconnected from service.

Numerous strategies have been proposed to improve the LVRT capability of the DFIG.
The rotor crowbar circuit is commonly utilized to safeguard the RSC. Furthermore, the
significance of the grid-side converter has been highlighted, with its role being integral to
the Energy Conversion System (ECS) of the DFIG or operating independently as a unified
voltage restorer. The introduction of an additional resistive circuit, serving as a current
limiter in conjunction with the stator resistance and a passive resistive network, has been
suggested. This resistive circuit plays a pivotal role in limiting the surge current in the
rotor and mitigating electromagnetic torque oscillations. Additionally, the incorporation
of an energy storage device is instrumental in stabilizing the DC-Link voltage, thereby
offering a protective mechanism for the RSC. Moreover, a specialized control strategy has
been developed to augment the LVRT capacity of DFIG, with subsequent validation
indicating enhanced LVRT performance.

During a network fault connected to a wind turbine equipped with a DFIG, two crucial

issues arise. One is fault detection, and the other is restricting the fault effects to protect
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stator windings, especially the electrical converters in the rotor. So far, the "crowbar" has
been widely used to limit fault current. The crowbar is a set of resistances connected in
parallel with the rotor windings, short-circuiting the rotor winding circuit during faults
and preventing fault current from flowing through the Rotor-Side Converter. However,
with the introduction of the crowbar, the DFIG transforms into a conventional induction
generator, absorbing reactive power from the grid and limiting the control capability of
the wind turbine's power. In [2] and [3], methods have been proposed to improve the
crowbar's response speed; however, the issue of reactive power absorption still persists.
In [4], a control method for the grid-side converter to enhance DFIG performance during
faults is presented, which suffers from control scheme complexity and inconsistency in
fault and normal DFIG operation. [5] proposes the use of dynamic series resistors with the
rotor, introducing system reliability concerns, thermal issues, and generating high
voltages that can disrupt RSC performance when fault current passes through these
resistors.

Also, the integration of renewable energy, particularly wind power, calls for innovative
strategies to ensure grid stability. Recent studies have focused on improving DFIG
systems' fault ride-through capabilities and reducing grid disturbances through advanced
control strategies [6], fault current limiters [7,8], and power flow controllers [9].
Additionally, research into limiting fault currents [10,11], enhancing proactive
stabilization [12], and integrating systems for better frequency regulation [13], alongside
developing multifunctional limiters for power management [14], highlights a concerted
effort towards robust wind power integration. The literature has investigated multiple
solutions to enable higher penetration levels of renewables, notably forecasting and
scheduling optimization for resilience [ 15], incorporating energy storage for stability [ 16-
18], advanced power electronics interfaces, dynamic demand response, and virtual
synchronous machines. Recent researches have also delved into enhancing the efficiency
and reliability of renewable and hybrid systems. Studies have introduced optimal
operation models for multi-energy microgrids |[19], innovative short-term load
forecasting techniques sensitive to weather changes [20], and advanced power flow
analysis methods for AC microgrids [21], showcasing the evolving landscape of smart grid
optimization and management.

In this article, we propose integrating a SFCL into the rotor circuit of DFIG wind
turbines to enhance their LVRT capability. The SFCL serves three key functions: acting as
a fault current limiter during normal operation, restricting excess stator and rotor
currents during grid faults, and attenuating voltage fluctuations in the rotor circuit to
protect the converter and gearbox. We examine tuning the SFCL coil inductance to
optimize its current limiting performance. The effectiveness of the SFCL-enhanced DFIG
system is evaluated under various grid fault scenarios through simulations in the
MATLAB/Simulink environment. The results demonstrate substantial improvements in
LVRT capability, reduced electrical/mechanical stresses, avoidance of severe voltage
drops, and prevention of torque drops to zero, highlighting the potential of this solution
to enable higher wind energy penetration levels.
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The remainder of the article is structured as follows: Section 2 provides details on the
wind turbine structure and modeling of the DFIG and its control circuits, as well as the
operating principles of the SFCL. Section 3 presents the simulation setup and results
evaluating the performance of the proposed SFCL-integrated DFIG system under different
grid fault conditions. Finally, Section 4 concludes the article and outlines potential future
research directions.

2. Wind Turbine Structure

Here, the problem of planning the presence of EV charging stations in smart
distribution systems is discussed to enhance the power output and electrical parameters
of the distribution system.

2.1. Modeling Doubly-fed Induction Generators

A wind turbine equipped with a doubly-fed induction generator consists of three main
components: the turbine blades, the DFIG generator, and the power electronic converter.
The turbine blades capture wind energy and transform it into mechanical rotation, which
is then transmitted to the DFIG generator through a gearbox. The DFIG generator receives
the mechanical energy and converts it into electrical energy. Figure 1 illustrates the
structure of a DFIG. In this model, the stator coil is directly connected to the network
through an electronic converter, and the rotor coil is also connected to the network
through an electronic converter. The electronic converter, consists of two converters: the
Rotor-Side Converter and the Grid-Side Converter. They are connected back-to-back, and
a capacitor is placed in the DC link between them as shown in Figure 2. The Grid-Side
Converter maintains a constant voltage in the DC link, while the Rotor-Side Converter
controls the current and voltage in the rotor circuit.

Stator Circuit
Breaker
M

[//1.‘
:@

Figure 1. Wind turbine structure equipped with DFIG.
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Figure 2. DC-link System.
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By adjusting these, the active and reactive power produced by the Doubly Fed
Induction Generator can be controlled. The dynamic model of DFIG examines the
behaviour of its variables in transient and steady states, essential for the proper design
and control of DFIG.

Dynamic behaviour of machines is usually studied using their "dynamic model." By
utilizing the dynamic model of a machine, the behaviour of its variables, such as torque,
currents, and fluxes at all times (not just in a steady state) when a specified supply voltage
is applied, becomes apparent. Information obtained from the dynamic model allows the
identification of unsafe machine conditions, such as instability or extreme transient
currents. Additionally, the dynamic model provides more insights into the performance
of the stable system, such as dynamic oscillations, torque ripple, flux variations, and more.
The dynamic model is presented in the form of a compact set of ordinary differential
equations, enabling computer simulation, often referred to as "simulation model." Using
this model, the analysis of the behaviour of all machine variables at every moment of
machine operation becomes possible.

2.2. Dynamic Modeling of Doubly-Fed Induction Generator

Deep analysis of DFIG provides a profound understanding of its behaviour in transient
and steady-state conditions. This information is essential for the proper design and
control of DFIGs. The dynamic behaviour of DFIGs is typically examined using a
mathematical model that encompasses complex relationships between machine
variables, such as torque, currents, and fluxes. Through model simulation, engineers can
accurately predict machine behavior across a wide spectrum of operational scenarios. The
dynamic analysis of DFIGs pursues two objectives: it aids in identifying potential issues,
such as instability or extreme transient currents, while optimizing machine performance,
including reducing oscillations and enhancing efficiency.

The dynamic model of DFIGs is usually presented as a compact set of ordinary
differential equations, facilitating computer simulation. Hence, it is often referred to as a
"simulation model." Using this model, engineers can scrutinize the intricate behavior of
all machine variables throughout the entire operational cycle. In summary, the dynamic
analysis of DFIGs forms the foundation for their proper design and control, providing
engineers with the capability to anticipate potential issues, optimize performance, and
ensure the stability and efficiency of the machine under various operational conditions.

2.3. Control Circuit of the Rotor-Side Converter

The purpose of the Rotor-Side Converter is to control the rotor currents. The Rotor-
Side Converter serves as a torque controller for adjusting the output of the wind turbine
and measuring the active or reactive power at the stator terminal. To minimize the error
in power or rotor speed towards zero, a PI controller is employed in an external control
loop. The output of the current controller, the reference rotor current, should be injected
into the rotor coil by the Rotor-Side Converter. This component controls the torque
electromagnetic axis. The real part of the rotor current is compared with the reference

Journal Green Energy Research and Innovation 1(2) (2024) 15-31
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rotor current, and the error is driven to zero by the PI current controller in the inner
control loop. The output of this current controller is the voltage, generated by the Rotor-
Side Converter and combined with other similar controllers for (i,.;), (vr4), and the
required three-phase voltage applied to the rotor coil. The voltage equations are as

follows:
V; = is* Ry + 99/, (1)
V=i, * R, + 99/, (2)

Here, V; represents the applied stator voltage to the network. The rotor voltage V. is
controlled by the rotor-side converter and is used to control the generator's performance.
The flux equations are as follows:

as = Lgxig+ Ly, *i, (3)
Ay =Ly * i+ Ly x 1 (4)
Ls and L, will be driven, respectively.
Ly =Ly +Lsand L, = Ly, + Ly, (5)
The leakage coefficient is defined as:
2
=1-——xL 6
o=1-1 (6)
Lo =1%/L (7)
d.:
Via = lrg * Ry + oL, * dl_rtd — Wgiip * oL, * irq (8)
qu = irq * R, + oL, * C;_th — Wgiip (GLr * Ipg + Lo * ims) 9)
Wgiip = Ws — Wy (10)

The stator flux angle is calculated using the following formula:

Ust = j(Vst — iy * Ry)dt (11)
Asp = f(vsb —ig * Ry)dt (12)
05 = tan—l(ast/aSb) (13)

The calculated parameters obtained from the above equations in the PI controller
system are employed to enable the controller to regulate speed and torque in the
generator. This allows the controller to have dual-mode functionality instead of directly
adjusting the active power. The fundamental operation of the Superconducting Fault
Current Limiter involves limiting the fault current in a unidirectional manner. During
normal operation, the fault current is regulated to be within the peak range of ni,.q;. or
Nigqpce, Tepresenting the rotor current and stator current, with 'n' being the transformer
ratio. Under normal conditions, the SC exhibits a non-inductive impedance, with the
voltage drop across the unidirectional rectifier and the voltage drop from the resistance
of the winding and leakage inductance of the isolated transformer being the only
significant impedances in the circuit. During a fault, when the current magnitude reaches

Isc

o the SFCL enters the circuit. The impedance of the fault circuit increases, limiting the
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fault current to a predetermined level. When the fault current is cleared, and the rotor or

stator current drops below %C, the SFCL automatically exits the circuit.

2.4. Control Circuit of the Grid-Side Converter

The purpose of the Grid-Side Converter is to regulate the voltage of the DC link
capacitor. Therefore, it is authorized to generate or absorb the reactive power required to
support the voltage. This function is achieved through two internal control loops and an
external regulating loop. The measured current at the output is utilized by a voltage
controller to regulate the current. The internal current control loop consists of a current
controller to control the magnitude and phase of the voltage produced by the converter.

2.5. Superconducting Fault Current Limiter

The use of current limiters during short-circuit events contributes to optimal current
control. Almost all current limiters during short-circuits operate by introducing a
significant impedance in series with the system. The introduction of this impedance has
led to the development of various current limiters for power systems, demonstrating
significant advancements over the past three decades. The Superconducting Fault Current
Limiter is one of the most effective types. However, during a network fault, the SFCL
impedance rapidly transitions from a superconducting state to a normal state, swiftly
limiting the fault current and reducing various fault types. These limiters do not require
control circuits and automatically increase impedance during a short-circuit incident,
restricting the fault current in less than half a cycle.

Nevertheless, due to challenges such as lengthy recovery and high costs at high voltage
levels, the practical use of these limiters is not feasible and requires further research. In
this article, the implementation of a diode-bridge-type superconducting fault current
limiter is examined, reducing associated weaknesses such as extended recovery time and
high costs. In practical operation, the current passing through the superconductor during
continuous network operation remains almost constant. Consequently, it acts as an
equivalent short circuit to a secondary transformer, leading to a substantial reduction in
voltage drop across the secondary transformer and, as a result, almost eliminating the
voltage drop in the primary transformer series. Thus, the current limiter has no significant
effect on restricting fault current during normal network operation, which is one of its
main advantages. In the event of a fault on the load side, the impedance circuit resulting
from the superconductor limits the fault current. The main advantage of this limiter is its
ability to prevent a sudden increase in fault current during a short-circuit incident, with
the fault current gradually increasing with the rise in superconductor current. The
research methodology is outlined through a process flowchart in Figure 3, depicting the
sequential integration of the Superconducting Fault Current Limiter into Doubly-Fed
Induction Generator wind turbine systems and subsequent optimization in
MATLAB/Simulink.

Journal Green Energy Research and Innovation 1(2) (2024) 15-31
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3. Simulation and Results

In this section, to examine the performance of the presented system, an SFCL circuit in
a 1.5 MW dual-fed induction generator connected to the grid is simulated using the
Simulink environment in MATLAB. Table 1 will present the parameters of the DFIG under
study and the network connected to it. Subsequently, the performance of the DFIG under
normal grid voltage conditions and with the proposed method added to the circuit will be
investigated. Furthermore, the performance of the proposed method will be examined
under various network fault scenarios. For this purpose, the system's performance will be
evaluated under single-phase to ground faults, two-phase to ground faults, and three-
phase to ground faults. During the analysis of the DFIG performance, wind blows at a constant
speed of 15 meters per second, and the reactive power generated by the DFIG is set to zero per
unit. The graphical representation of the system in the DFIG is connected to the grid through a
transformer 25 KV /575 V and two parallel 30-kilometer lines. These lines are arranged in parallel
to each other so that in the event of a fault in one of them, the other line maintains the DFIG's
connection to the grid, enhancing the system's reliability. The 25-kilovolt network is also
connected to the main 120 KV network through a transformer 120 KV / 25 KV. The graphical
representation of the DFIG system connected to the grid along with the SFCL circuit is shown in
Figure 4. The SFCL circuit employed, illustrated in Figure 5, is a diode-bridge type
configuration comprising a superconducting coil connected to a rectifier bridge. This SFCL
design serves the dual purpose of limiting fault currents during grid disturbances and
attenuating voltage fluctuations in the DFIG's rotor circuit.

Start Define Simulation Scenarios

Develop DFIG Model Equations Run Simulations
Model SFCL Circuit Analyze Fault Response
Incorporate SFCL into DFIG Model Tune SFCL Coil Inductance
Implement in MATLAB/Simulink [—! | Rerun Simulations with Optimized SFCL

Quantify Improvements

Validate Solution

End

Figure 3. Process flowchart for the integration of SFCL into DFIG systems and optimization in
MATLAB/Simulink.
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Parameter Value
Grid Voltage 575 volts
Frequency 60 Hz
Rated Power 1.5 MVA
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Figure 5. The SFCL circuit.
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In this study, the performance of SFCL in the event of single-phase, two-phase, and
three-phase short circuits has been investigated. Furthermore, the impact of the coil value
used in the SFCL circuit has been evaluated. Figure 6 illustrates the results of simulating a
single-phase fault. As evident, in this scenario, the presence of SFCL has a negligible effect
on limiting the short-circuit current in the rotor and stator windings. The dashed line
waveform corresponds to the circuit with SFCL. However, the results indicate that the
presence of SFCL reduces transient and sub-transient oscillations in the rotor current,
resulting from the occurrence of a two-phase short circuit to the ground in the system, to
an acceptable level as shown in Figure 7. Since decreasing the peak value of sub-transient
oscillations reduces the likelihood of triggering the wind turbine's trip and its
disconnection from the circuit, employing the SFCL circuit in wind turbines is justified.

Similarly, to Figure 7, Figure 8 illustrates the effect of the SFCL on limiting the current,
but this time for the stator phase b current during a two-phase-to-ground fault scenario.
The figure presents two waveforms: the dashed line waveform corresponds to the circuit
with the SFCL integrated, while the solid line waveform represents the circuit without the
SFCL. Analogous to the rotor current behavior observed in Figure 7, the results in Figure
8 demonstrate that the presence of the SFCL significantly reduces the magnitude and
range of oscillations in the stator current compared to the circuit without the SFCL. The
dashed line waveform, which includes the SFCL, exhibits a smaller oscillation amplitude
and a quicker damping of the oscillations in the stator current than the solid line
waveform without the SFCL. This damping effect on the stator current oscillations is
beneficial as it helps prevent potential damage to the circuit and generator windings
caused by excessive current levels during the two-phase-to-ground fault condition. As
mentioned, the presence of SFCL results in all three stator phase currents having smaller
oscillation amplitudes. This prevents damage to the circuit and the generator windings.
Figure 9 illustrates that the presence of SFCL further limits the oscillations in the rotor
current during a three-phase short circuit to the ground, reducing the likelihood of wind
turbine disconnection and increasing the possibility of its recovery after a fault occurs.

Current of Phase B Rotor

Without SFCL
----------- With SFCL

Ib Rotor(pu)

Figure 6. The effect of SFCL on limiting the phase a current of the rotor in a single phase to
ground fault.
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Current of Phase B Rotor

— Without SFCL
........... With SFCL

Ib Rotor(pu)
o

Time(s)

Figure 7. The impact of SFCL on limiting the phase b current of the rotor in a two-phase to
ground fault.

Current of Phase B Stator

——— Without SFCL
6 with sFcL |”

Ib Stator(pu)
o

3 3.1

Time(s)
Figure 8. The effect of SFCL on limiting the phase b current of the stator in a two-phase to
ground fault.

Further investigation examined the impact of varying the SFCL circuit's coil inductance
value on the rotor current oscillations during short circuit events. The results, as depicted
in Figures 10 and 11, indicate that determining the coil value in a way that places the coil
current in continuous conduction mode (CCM) yields the maximum reduction in rotor
current oscillations.

Figure 10 shows the rotor phase 'b' current with an SFCL coil inductance of 0.1 Henry
during a three-phase to ground fault. While the dashed line waveform (with SFCL)
exhibits reduced oscillations compared to the solid line waveform (without SFCL), further
optimization is possible. Figure 11, on the other hand, illustrates the rotor phase 'b'
current when the SFCL coil inductance is set to the calculated optimal value of

approximately 0.2 Henry for the studied system.
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Current of Phase B Rotor

= Without SFCL
----------- With SFCL

Ib Rotor(pu)
=]
\
hY
i
\
']
.“f
|

-4
3 3.1
Time(s)

Figure 9. The effect of SFCL on limiting the phase b current of the stator in a three-phase to
ground fault.

Current of Phase B Rotor

— Without SFCL
With SFCL

Ib Rotor(pu)

3 3.1
Time(s)

Figure 10. Phase b current of the rotor during three-phase-to-earth fault in two states with
SFCL and without SFCL, when the value of the inductor is 0.1 H.

The dashed line waveform in this figure demonstrates significantly diminished rotor
current oscillations during the three-phase fault, highlighting the importance of tuning the
coil inductance to achieve maximum effectiveness in mitigating transient phenomena and
enhancing the low voltage ride-through capability of the DFIG wind turbine.

Tables 2 and 3 comprehensively present the peak stator and rotor currents for various
inductor values under different fault conditions, with and without the SFCL. The tabulated
data validates the SFCL's ability to substantially reduce peak currents, thereby mitigating
electrical and mechanical stresses on the generator and converters during grid
disturbances. Collectively, these results demonstrate the proposed SFCL system's viability
in bolstering the low voltage ride-through capabilities of DFIG-based wind farms, paving

the way for higher renewable energy penetration levels.
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Current of Phase B Rotor

— Without SFCL
With SFCL

1b Rotor(pu)

3 3.1
Time(s)

Figure 11. Phase b current of the rotor during three-phase-to-earth fault in two states with
SFCL and without SFCL, when the value of the inductor is 0.2 H.

Table 2. Peak current of the stator for different inductor values.
Stator Current (PU)

Type of short circuit

SFCL Value Three-phase to ground Two-phase to ground Single-phase to ground
(H) Without SFCL | With SFCL | Without SFCL | With SFCL | Without SFCL | With SFCL
0.1 4.77 2.54 4.77 2.54 1.79 1.76
0.2 4.77 1.81 4.77 1.81 1.79 1.55
0.3 4.77 2.05 4.77 2.05 1.79 1.72
0.5 4.77 1.90 4.77 1.90 1.79 1.75
0.9 4.77 2.89 4.77 2.70 1.79 2.60
1.2 4.77 3.26 4.77 3.29 1.79 3.30
Table 3. Peak current of the rotor for different inductor values.
Rotor Current (PU)
Type of short circuit
SFCL Value Three-phase to ground Two-phase to ground Single-phase to ground
(H) Without SFCL | With SFCL | Without SFCL | With SFCL | Without SFCL | With SFCL
0.1 3.35 1.76 3.35 1.75 1.64 1.53
0.2 3.35 1.17 3.35 1.17 1.64 1.24
0.3 3.35 1.45 3.35 1.45 1.64 1.33
0.5 3.35 1.59 3.35 1.44 1.64 1.38
0.9 3.35 2.08 3.35 2.11 1.64 2.03
1.2 3.35 2.34 3.35 2.32 1.64 2.36
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4. Conclusions

In this study, we have demonstrated the effectiveness of integrating Superconducting
Fault Current Limiters with Doubly-Fed Induction Generator wind farms to significantly
enhance their Low Voltage Ride-Through capabilities. Our findings highlight the potential
for SFCL technology to mitigate the adverse effects of grid disturbances, thereby
improving the reliability and stability of wind power generation systems. Through
comprehensive simulations conducted in MATLAB/Simulink, we have validated the
improved performance of DFIG systems under various fault conditions, underscoring the
viability of SFCL as a robust solution for enhancing wind farm resilience. The successful
implementation of SFCL in DFIG systems not only addresses current challenges in wind
power generation but also sets a foundation for the future integration of renewable
energy sources into the power grid. Our study contributes to the body of knowledge by
providing a detailed analysis of the SFCL-DFIG interaction and its impact on system
performance, offering valuable insights for researchers, engineers, and policymakers
involved in the renewable energy sector.

While this study provides a comprehensive assessment of SFCL integration with DFIG
wind farms, several avenues for future research emerge from our work. These include:

1. Broadening SFCL use in renewables like solar and hydro needs exploration for wider
benefits and challenges.

2. More sophisticated SFCL-DFIG control algorithms could significantly enhance
performance and efficiency under variable grid conditions.

3. It's crucial to conduct a comprehensive economic analysis on SFCL integration in
renewables to understand its cost-benefit, including potential savings from enhanced
reliability.

4. Examining SFCL's impact on grid stability, quality, and resilience is essential for its
sustainable and secure expansion.

These directions will help further renewable energy integration, contributing to a more
sustainable and resilient future. By pursuing these future research directions, the
scientific community can build upon the foundational insights provided by this study,
driving forward the integration of renewable energy into the global power grid and
advancing the pursuit of a more sustainable and resilient energy future.
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