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Abstract

Doubly Fed Induction Generator (DFIG)-based Wind Energy Systems (WESs) have become
increasingly prominent in the global energy sector, owing to their superior efficiency
and operational flexibility. Nevertheless, DFIGs are notably vulnerable to fluctuations
in the grid, which can result in power quality issues—including voltage swells, sags,
harmonic distortion, and flicker—while also posing difficulties in complying with Fault
Ride-Through (FRT) standards established by grid regulations. To address the previously
mentioned challenges, this paper develops an integrated approach utilizing a Dynamic
Voltage Restorer (DVR) in conjunction with a Lithium-ion storage system. The DVR is
coupled in series with the WES terminal, while the storage system is coupled in parallel with
the DC link of the DFIG through a DC/DC converter, enabling rapid voltage compensation
and bidirectional energy exchange. Simulation results for a 2 MW WES employing DFIG
modeled in MATLAB/Simulink demonstrate the efficacy of the proposed system. The
approach maintains terminal voltage stability, reduces Total Harmonic Distortion (THD) to
below 0.73% during voltage sags and below 0.42% during swells, and limits DC-link voltage
oscillations within permissible limits. The system also successfully mitigates voltage flicker
(THD reduced to 0.41%) and harmonics (THD reduced to 0.4%), ensuring compliance with
IEEE Standard 519. These results highlight the proposed system’s ability to enhance both
PQ and FRT capabilities, ensuring uninterrupted wind power generation under various
grid disturbances.

Keywords: battery energy storge system; wind energy system; DFIG; DVR; fault
ride-through; harmonics; power quality; sag; swell

1. Introduction
The global energy landscape has been significantly influenced by the rapid lessening

of fossil fuels and their rising costs, driving an urgent shift towards renewable resources.
Therefore, renewable energy serves as an alternative way of overcoming the anticipated
power crisis [1]. Among various renewable options, Wind Energy Systems (WESs) have
emerged as one of the most promising and rapidly growing alternatives, owing to their
abundance, environmental benefits, and cost-effectiveness. The contribution of WESs
to global electricity generation is expanding at an unprecedented rate, making them a
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cornerstone in achieving energy sustainability [2]. However, the inherent intermittency
and variability of WESs pose major challenges to the power quality (PQ) and the reliability
of power delivered to the grid [3]. PQ issues associated with WESs are particularly critical.
These issues include voltage sags, swells, flickers, harmonics, and unbalanced conditions,
which can disrupt grid stability and impact sensitive equipment. These disturbances can
lead to equipment damage, reduced lifespan, and operational inefficiencies [4]. So, PQ
issues have recently become the central focus of interest for several researchers.

During grid fault conditions, the isolation of a WES disrupts the equilibrium between
power generation and grid demand, resulting in significant supply–demand imbalances
within the electrical network. To ensure the system’s stability and reliability, new grid codes
have been established in response to the growing wind energy capacity and the connection
of large single WESs to the grid. The grid codes dictate that the WES must remain connected
to the electric power systems during voltage fluctuations and be supported by providing
reactive power to rapidly recover grid voltage [5]. Voltage sags/swells are the most
common PQ issues, and they are usually related to system malfunctions. These faults
include single-phase-to-ground faults (SPG), two-phase-to-ground faults (2PG), and three-
phase-to-ground faults (3PG). A swell may arise from a temporary voltage increase on the
unfaulted phases during an SLG fault. Additionally, swells can result from disconnecting a
large load or activating a large capacitor bank [6]. The High-Voltage Ride-Through (HVRT)
capability mandates that WESs remain connected to the grid during over-voltage events,
as required by grid codes. To comply with Low-Voltage Ride-Through (LVRT) standards,
WESs must maintain grid connection for a defined period during voltage dips [7]. Voltage
flickers are sudden fluctuations in frequency for short intervals caused by load switching
and the incorporation of compensating devices. Consequently, the reactive power demand
in the output terminal of the WES negatively impacts voltage stability. Longer-lasting
voltage swells or flickers can introduce harmonics into the system, and voltage collapse
may result if the voltage sag persists. Also, sags/swells or flickers generate current that
influences the protection system and switchgears [8].

Due to their affordability, capability to work at variable speeds while keeping constant
frequency, and advanced four-quadrant reactive power management, Doubly Fed Induction
Generators (DFIGs) are universally implemented in WESs [9]. In comparison to other
generators in the same class (like squirrel-cage induction generators), A DFIG exhibits
superior performance during the HVRT and LVRT. Nevertheless, a DFIG is susceptible
to external disturbances such as voltage swell and sag due to its direct connection to the
grid. Sudden grid voltage drops cause large surge currents to flow into the generator
terminals, damaging power converters and windings. Moreover, the rotor speed will
increase, resulting in significant Electromagnetic Torque (EMT) pulsations that may shorten
the lifespan of WES gearing. Due to the high incidence of these faults, many researchers
have been inspired to mitigate the impacts of grid disturbances [10].

Several industrial controllers and protective devices have been developed recently
to enhance the Fault Ride-Through (FRT) capability of DFIGs and mitigate power fluc-
tuations. In [11], the authors proposed a protection scheme that involves the use of a
Superconducting-based Fault Current Limiter (SFCL) to ensure that the DFIG remains sta-
ble under severe grid faults and varying wind conditions. A coordinated control approach
is adopted for the DFIG to adjust power output—both reactive and active—during grid
disturbances [12]. The crowbar circuit is recommended for DFIGs to enhance FRT ability
during balanced or unbalanced disturbances [13]. An enhanced crowbar circuit, integrated
with an ideal cascaded Fuzzy Logic Controller (FLC), allows the Grid-Side Converter (GSC)
and Rotor-Side Converter (RSC) to manage transient fluctuations during severe faults [14].
To enhance the DFIG’s transient stability and FRT capacity, a non-superconducting Fault
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Current Limiter (FCL) of the diode-bridge type is suggested [15]. Superconducting Mag-
netic Energy Storage (SMES) and SFCL are coordinated to support the DFIG during fault
conditions and improve its FRT compliance [16]. For the DC link of the conversion system,
an SMES via a D-type chopper is designed to achieve the best positioning for reducing
power instability [17]. In order to improve the system stability under various fault scenar-
ios, the authors of [18] investigated the impact of incorporating SMES into DFIG in both
grid-connected and standalone modes.

These control strategies effectively suppress rotor current surges and stabilize DC-
link voltage, which leads to a significant reactive power attraction. Furthermore, they
impose considerable mechanical stress on the gearbox and shaft [19]. While the passive
components BC and SDR are cheap and straightforward, they are less efficient and lead
to over-heating under severe running conditions [15]. Implementing independent power
electronics-based compensation for voltage fluctuations can further enhance FRT capability.
The STATCOM device was developed in [20] to augment LVRT and enhance the dynamic
performance of grid-connected WESs. According to [21], optimum control of a novel PI
λDµ-based Dynamic Voltage Restorer (DVR) can protect the DFIG from swell/sag voltage
faults by injecting the required voltage at the WES phases. A synchronous reference frame
control-based DVR can augment the FRT capabilities by injecting the required voltage at
the WES phases, as demonstrated by [22]. The use of the SVC or STATCOM to enhance
the FRT capabilities of a DFIG could not achieve high efficiency due to the low voltage
at its terminals during grid fault conditions. A DVR can mitigate transients in the output
voltages of the DFIG and rapidly restore voltage, thus improving the controllability of the
back-to-back converter during disturbance to values equal to normal operation [23,24].
Furthermore, the cost and size of the DVR are lower than those of the STATCOM [25].

Aside from this issue, delivering a suitable voltage component during a voltage
fluctuation requires a certain amount of active and reactive power. Traditionally, DVRs are
made composed of an energy storage device that provides the power needed for the limited
time of the fault. The large amplitude and lengthy duration of faults require significant
financial investment in an energy storage unit. The authors of [26] employed a DVR to
compensate for the voltage sags and swells. However, they replaced the DC-source of
the DVR with the DC-link of a DFIG, lowering the investment cost and providing the
necessary compensation energy for long-term voltage disturbances. Rather than using
the DC-source and converter in a DVR, the authors employed the DFIG GSC and DC-
link as a DVR [27]. Similarly, a GSC is combined with storage elements to form a DVR.
During grid disturbances, the GSC and protection system are configured to activate the
DVR’s compensation mode [28]. Although these innovations can lower investment costs,
implementing these configurations in a wind farm is quite expensive as a DVR is required
at each WES. Furthermore, employing additive power electronic switches for changing
operating conditions may result in severe transients and an increase in cost. The authors
of [29] combined a DVR and Battery Energy Storage System (BESS) with a DFIG to assess
the system performance under fault operation conditions and time-varying wind speeds.
To address grid voltage disturbances and enhance the PQ and FRT capabilities of WESs,
the AC voltage generator proposed in [30] integrates a supercapacitor storage device
into the DVR. In [31], the authors used the vector control strategy with PI controllers to
manage rotor-side and grid-side converter parameters. During symmetrical faults, the
authors employed a series grid-side converter (SGSC) with a shunt injection transformer
to limit rotor current in compliance with grid code requirements. The authors of [31]
analyzed DFIG fault characteristics and proposed using a DVR with an SMES to mitigate
voltage dips and improve fault ride-through. Simulation results confirmed the method’s
effectiveness in compensating fault stator voltage and maintaining fault current frequency
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at 50 Hz. In [32], the authors proposed a DVR system with an Asymmetric Cascaded E-type
Bonded T-type Multilevel Inverter (ACEBTMI) and a Chattering Free Binomial Hyperbolic
Sliding Mode Controller (CFBHSMC) to enhance the FRT capability of DFIG-based wind
turbines. The simulation results confirmed the system’s effectiveness in compensating
voltage fluctuations and enabling reliable operation during disturbances.

From the above literature review, it is clear that there is still a need for a comprehensive
study on the dynamic response of DFIG-WT systems during different voltage disturbances,
including swells, sags, voltage flicker, and voltage harmonics, as well as the role of the
proposed protection scheme in improving the FRT and PQ of the DFIG connected to the grid.
This study explores the use of a DVR and a BESS to enhance the PQ and FRT capabilities of
a DFIG. The proposed setup builds on the conventional grid-connected DFIG topology by
integrating a DVR and a BESS. During fault, the DVR quickly corrects asymmetrical and
symmetrical sags, swells, flicker, and harmonics, maintaining the WES terminal voltage at
its rated level for uninterrupted operation. The DVR is connected in series with the WES
outputs and in parallel with the DC-side of the WES and BESS. The BESS control system
monitors the DC-side voltage and adjusts the BESS’s stored energy based on voltage levels,
working in tandem with the DVR to improve both FRT and PQ. This configuration will be
particularly beneficial in wind farms, as one of the turbines will be responsible for voltage
compensation. By utilizing the DC-link of the first wind turbine in the group along with
a BESS, it ensures that voltage stability is maintained during external fault conditions,
improving the overall reliability and performance of the wind farm. This centralized
approach to voltage compensation helps reduce the need for additional, separate DVR
systems for each turbine, thus offering both economic and operational advantages.

The core findings and contributions of this study are outlined below:

1. DVR-Based System Design: This study introduces an innovative DVR configura-
tion, integrated at the WES terminal. It replaces the conventional DC source of the
DVR with the DC link of a DFIG and a BESS. This ensures protection against grid
disturbances and effectively mitigates system instabilities during grid faults.

2. Comprehensive Disturbance Evaluation: The proposed system is rigorously analyzed
under various grid voltage disturbances, including voltage sags, swells, flickers, and
harmonics, to validate its robustness and effectiveness.

3. Enhanced Stability and FRT: The simulation results show that the proposed approach
augments the stability and FRT capability of the DFIG-based WES by keeping key
parameters, including rotor and output currents, active and reactive power, and DC
voltage, within acceptable limits during faults.

4. Harmonic Reduction: The system achieves excellent harmonic rejection, maintaining
Total Harmonic Distortion (THD) levels below 5%, thereby adhering to IEEE standards
and improving overall PQ.

The remaining sections of this work are structured as follows. Section 2 provides a
brief description and modeling of the studied system, including the sizing of the BESS
and DVR. It also examines the dynamic responses of the WES during grid failures. The
control schemes for each converter of the studied system are detailed in Section 3. Section 4
discusses simulation findings. Finally, some concluding remarks are presented in Section 5.

2. Configuration, Operation, and Modeling of the Proposed System
Figure 1 illustrates the schematic layout of the proposed WES, highlighting the integra-

tion of both the DVR and the BESS. To improve FRT capability and power quality, the DVR
is connected in series with the DFIG phases as a flexible power electronic device, with its
DC link connected in parallel to the DFIG’s DC bus. The DVR mitigates grid voltage issues
by injecting the required voltage at the WES terminal, while the BESS maintains a steady
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DC-link voltage to ensure proper DVR functionality. The entire system is connected to the
main power grid with a Yg/D11 (690 V/25 kV) transformer and a D1/Yg (25 kV/120 kV)
transformer and 30 km transmission system. The nominal-Π line configuration denotes the
25 kV line extending 30 km. A 500 kW load is linked to the 690 V line.

Figure 1. Schematic of the proposed WES.

2.1. Modeling Equations of the DFIG-WES
2.1.1. DFIG During Normal Operation

Figure 2a,b show the equivalent circuits for the generator and the GSC/RSC in a
DFIG system, respectively. The d-axis is aligned with the stator voltage and rotates at the
synchronous angular velocity. The performance of the DFIG during normal operation and
fault are analyzed using this equivalent circuit. The basic equations of the DFIG referred to
stator variables are given in Equation (1) [33].

Vs = Rs Is +
dψs
dt + jωsψs

Vr = Rr Ir +
dψr
dt + jωslψr

ψs = Ls Is + Lm Ir

ψr = Lm Is + Lr Ir

(1)

 
Figure 2. Equivalent circuits. (a) Generator equivalent circuit. (b) Back-to-back converter equivalent
circuit [34].

The subscripts s and r refer to stator and rotor quantities, respectively. Here, V denotes
voltage, I represents current, and ψ indicates flux linkage. L stands for inductance, where
Lm is the mutual inductance. The slip angular frequency is given by ωsl = ωs − ωr, where
ωs is the synchronous angular velocity.
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Under constant grid voltage, the DFIG maintains steady-state operation with a con-
stant stator flux amplitude [34].

ψs = Lm Ims

Ims =
Ls Is
Lm

+ Ir
(2)

where Ims is the excitation current.
According to Equation (2), the rotor flux and stator current can be determined

as follows:
Is =

Lm
Ls

(Ims + Ir)

ψr =
L2

m
Ls

Ims + σ Lr Ir
(3)

where σ = 1 − L2
m

Ls Lr
is the leakage flux coefficient. Replacing Equations (3) and (2) into

Equation (1), the steady-state voltage can be found as:

Vs = Rs Is + Lm
dIms

dt + jωsψs

Vr = Rr Ir + σLr
dIr
dt + L2

m
Ls

dIms
dt + jωslψr

(4)

2.1.2. DFIG During Grid Faults

To analyze the behavior of the WES during a grid fault, it is needed to develop a
mathematical model. The voltage and flux linkage equations in the stationary αβ reference
frame are presented as [35]:

Vsαβ = Rs Isαβ +
dψsαβ

dt

Vrαβ = Rr Irαβ +
dψrαβ

dt − jωrψrαβ

ψsαβ = Ls Isαβ + Lm Irαβ

ψrαβ = Lm Isαβ + Lr Irαβ

(5)

The rotor flux can be offset to rewrite the dynamic rotor voltage as follows:

Vrαβ = Irαβ

(
Rr + σ Lr

(
d
dt

− jωr

))
+

Lm

Ls

(
Vsαβ − Rs Isαβ − jωrψsαβ

)
(6)

This formulation isolates rotor leakage dynamics and highlights the coupling influence of
stator voltage and flux. Using the steady-state stator flux relation ψsαβ(t) = Vs

jωs
ejωst = −ψsejωst,

the rotor voltage can be compactly expressed as:

Vrαβ = Irαβ

(
Rr + σ Lr

(
d
dt

− j ωr

))
+

Lm

Ls

(
s Vsejωst − Rs Isαβ

)
(7)

In the case of a symmetrical fault, the stator voltage before and after voltage fault can
be shown as follows:

Vsαβ(t) = P(t) Vs ejωst (8)

P(t) =

1, t < 0

1 − P, t ≥ 0

where P ∈ (0, 1) is the voltage drop ratio.
The stator flux evolution can be mathematically determined using the dynamic equa-

tion of the stator, given by Equation (5).

dψsαβ

dt
= Vsαβ −

Rs

L
ψsαβ (9)
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With initial condition initial value of the flux ψs(0−) = Vs
jωs

e
jωs0, solving Equation (9) yields:

ψsαβ(t) =


Vs

jωs
ejωst, t < 0

(1 − P)Vs
jωs

ejωst +
PVs

jωs
e
−t
τs , t ≥ 0

(10)

Then, the expression of ψsαβ(t) at t ≥ 0 can be expressed as:

ψsαβ(t) = −j (1 − P)ψs ejωst − jP ψs e
−t
τs , t ≥ 0 (11)

Substituting Equation (11) into Equation (6), neglecting the stator current compo-
nent, the rotor electromotive force (EMF) refers to the rotor and stator frame under a
symmetrical fault.

Es
rαβ(t) =

Lm
Ls

(
s(1 − P)Vs ejωst − (1 − s)PVs e

−t
τs

)
Er

rαβ(t) =
Lm
Ls

(
s(1 − P)Vs ejωsl t − (1 − s)PVs ejωrt e

−t
τs

) (12)

Under an asymmetrical fault, for t ≥ 0 (after fault occurrence), the stator voltage
phasor is expressed as:

Vsαβ (t) = (1 − P)Vs+ ejωst +Vs− ejωst (13)

where Vs+ejωst is the positive-sequence fundamental voltage component, reduced by the
voltage drop ratio P ∈ (0, 1), and Vs−e−jωst is the negative-sequence fundamental voltage
component introduced by the asymmetrical fault.

Before the fault (t < 0), the negative-sequence component is zero, and the voltage is
balanced. The dynamics of the positive and negative sequence fluxes can be described as:

dψs+
dt = (1 − P)Vs+ejωst − Rs

L ψs+
dψs−

dt = Vs−e−jωst − Rs
L ψs−

(14)

with initial conditions ψs+(0−) =
Vs+
jωs

e
jωs0

, ψs−(0−) = 0; solving Equation (3) yields:

ψsαβ(t) =


Vs+

jωs
ejωst, t < 0

(1 − P)Vs+
jωs

ejωst +
Vs−
−jωs

e−jωst, t ≥ 0
(15)

The rotor EMF can be expressed as:

Er
rαβ(t) =

Lm

Ls

(
s(1 − P)Vs+ ejωsl t + (1 − s)(PV s+ + Vs−)e−jωrt e

−t
τs + (2 − s) Vs−e−j(2−s)ωst

)
(16)

The rotor EMF is composed of three components, as indicated in Equation (16). This
shows that the transient rotor EMF significantly increases compared to normal operating
conditions, considering that the slip typically ranges between −0.2 and 0.2. The gearbox
and RSC undergo substantial stress, with potential damage caused by fluctuations in the
rotor current and torque due to the overvoltage in the rotor EMF. Figure 3 explains the
dynamic behavior of the stator flux under fault conditions. During normal operation, the
flux rotates alongside the exterior circle. During a three-phase voltage sag at point A, the
stator flux fails to preserve its initial magnitude because the magnetic field cannot adapt
immediately. Consequently, the flux separates into two distinct components: a rotating
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AC component aligned with the synchronous reference frame (AO’) and a stationary DC
component (OO’). Following the fault, the synchronously rotating flux vector’s source
is substituted with a passive DC flux vector (OO’), which gradually decays along the
green trajectory. Once the disturbance subsides at Point B, the transient ends, and the AC
flux vector resumes rotation along a smaller red inner circle [36]. The fault-driven inrush
current in the rotor increases active power and raises the DC-link voltage, leading to severe
oscillations in the EMT, which can cause damage to the DFIG.

Figure 3. Stator flux trajectory during fault [36].

2.2. Grid Code Requirements

A grid code defines the mandatory operational behavior of connected generators
during disturbances, including specifications for power factors, reactive power support
constraints, and voltage regulation [37]. The FRT profile, as specified by E.ON, a European
utility, is depicted in Figure 4a, outlining requirements for Zero-Voltage Ride-Through
(ZVRT), HVRT, and LVRT. The FRT mechanism must engage within 200 ms when voltage
drops below 0.9 per unit (pu). For voltages between 0.9 and 0.5 pu, the WES must supply
2% reactive current per 1% voltage decrease. Below 0.5 pu, the system is required to supply
100% reactive current to stabilize the grid [38]. Figure 4b illustrates the reactive current
delivered by the WES to stabilize the voltage whenever it deviates beyond a ±10% tolerance
from the nominal level. Outside this range, the reactive current is controlled based on the
formula provided in [39]:

Iq − Iq0 ≥ 2In
V − V0

Vn
(17)

where Iq0 represents the reactive current prior the fault; Iq is the reactive current; In = 1 pu
is the nominal current; V0 is the voltage before the fault; V is the present voltage; Vn = 1 pu
is the nominal value.

2.3. DVR Model and Design
2.3.1. DVR Model

In the examined system, the DVR is implemented as a voltage source converter (VSC)
linked in series with the WES terminals through three single-phase transformers, allowing
for the swift mitigation of grid voltage disturbances. Moreover, the DC link of the DVR is
parallel with the DC bus of both WES and BESS. An essential component of the DVR is the
filter, which plays a key role in minimizing the THD in the voltage output from the VSCs.
Figure 5 depicts the typical structure of a two-level VSC. The AC-side three-phase current
and voltage of the DVR-side converter (DSC) are represented by Ifabc and Vfabc, respectively.
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Figure 4. The grid code requirements: (a) general FRT grid code [39] and (b) reactive current
injection [39].

Figure 5. DVR converter modeling. (a) Standard model. (b) Average-value model [40].

In Figure 5b, Vfa, Vfb, and Vfc represent the three-phase voltage Vfabc, which depends
on the modulation indices ma, mb, and mc [29]:

Vf i = 0.5miVdc, i = a, b, c (18)

Assuming that the DVR is lossless, active power balance gives

IB = 0.5∑c
i=a mi I f i (19)

Assuming that the interface transformer is ideal, the current/voltage relationships
between the primary/secondary can be expressed as follows [41]:

Vc = Vt − VG

Ic = −Ig
(20)

where Vc represents the compensation value and VG and Vt denote the terminal voltage of
the WES and grid voltage, respectively.

The LC filter’s mathematical model is formulated as follows [40]:

Vf = Ldvr
dI f
dt + Vc

I f = Cdvr
dVc
dt + Ic

(21)
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where If and Ic denote the DVR-generated current and compensation current, respectively,
and Ldvr and Cdvr are the parameters of the LC filter.

2.3.2. DVR Parameters Design

In the design of a DVR, proper sizing of the DC-link storage system and the output
filter is crucial for effective voltage compensation and power quality improvement. The
DC-link voltage magnitude, Vdc, is determined by:

Vdc =
2
√

2 · VLL√
3 · m

(22)

where VLL is the line-to-line voltage of the three-phase system and m is the modulation
depth, typically set to 1.

A VLL = 690 V system with ma = 1 requires a Vph ≈ 398 V, Vph,peak ≈ 563 V, leading
to a minimum Vdc ≥ 1126 V.

The stored energy in the DC-link capacitor (Es) is given by:

Es =
1
2

CdcV2
dc (23)

where Vdc is the rated DC-link voltage and Cdc is the capacitance of the DC-link capacitor.
The apparent power rating of the DVR (SDVR) depends on the load current (Iload ) and

the injected voltage
SDVR =

√
3 × Vinj × Iload (24)

The LC filter is essential for smoothing the inverter output voltage and reducing
switching harmonics. It is designed to maintain the THD within standard limits. The
resonance frequency of the LC filter, fr, should be greater than the system frequency, fn,
and less than the PWM switching frequency, fpsw, i.e.,

10 fn ≤ fr =
1

2π
√

LC
≤ M fpsw (25)

In Equation (25), the range of M is from 0.1 to 0.5. To minimize both the cost and
size of the DVR filter, the capacitor should be chosen in a way that meets the application
requirements while keeping these factors in check.

2.4. Battery Energy Storage System Model
2.4.1. Battery Modeling

The deployment of a BESS is vital for facilitating the stable integration of renewable
sources into the grid by mitigating the fluctuations resulting from their intermittent output.
The concept involves utilizing a BESS to accumulate surplus energy during periods of
low grid demand and subsequently discharging this stored energy during periods of high
demand. This ensures a consistent and reliable electricity supply to properly accommo-
date varying grid demands. Figure 6 presents the Li-ion battery model utilized in this
research [40].

The battery model, encompassing both charging/discharging events, is expressed in
Equation (26).

Discharge model for I∗ > 0 :
f1(It, I∗, I) = E0 − K Q

Q−It
I∗ − K Q

Q−It
It + Ae(−B×It)

Charge model for I∗ > 0 :
f2(It, I∗, I) = E0 − K Q

It−0.1Q I∗ − K Q
Q−It

It + Ae(−B×It)

(26)
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In this equation, I∗ and I represent the low-frequency current and the battery current,
respectively; E0 is the constant voltage; Q is the nominal capacity (Ah); K is the polarization
constant (Ω); and A and B correspond to the exponential voltage and capacity (Ah−1),
respectively.

Figure 6. Simplified representation of a lithium-ion battery model [42].

2.4.2. DC/DC Converter Modeling

The integration of a BESS with a WES has gained significant attention to enhance
grid compatibility and improve system performance. Integrating a BESS into the DC
link contributes to power stabilization and enhances system stability through the use of
a bidirectional converter, which plays a crucial role in managing the BESS and ensuring
maximum power transfer between the BESS and the DC link. The main objective of the
bidirectional converter is to stabilize the voltage and power requirements of the DC-link
and to handle the transfer of power to and from the BESS [42]. The bidirectional converter
charges the BESS, which facilitates its storage, when there is surplus power. BESS discharge
is necessary to supply power to the DC voltage during periods of excessive demand. This
approach enhances system grid stability, efficiency, and PQ by mitigating the impact of
sudden fluctuations. The BESS’s capacity to quickly supply or absorb power during these
fluctuations is essential for maintaining grid stability [43]. In this study, a buck–boost
bidirectional DC-DC converter is utilized to establish the connection between the proposed
BESS and the DC link of the DFIG, as depicted in Figure 7. The converter operates in
two modes—buck and boost—selected by the switching modes [44].

During the charging process, the Q1 switch and Q2 diode transfer energy from the
DC link to the BESS. The Q1 switch activates the body diode of the Q2 switch when it is
ON, while the Q2 switch is OFF, as illustrated in Figure 7a, and the current passes from the
high-voltage (HV) to the low-voltage (LV) side of the circuit through the inductor. In the
event that the battery discharges, the Q2 switch and Q1 diode supply energy to the DC-link,
preventing the Q1 switch from working, and the converter functions as a unidirectional
converter, as illustrated in Figure 7b. During boost mode, the inductor current transfers
energy from the LV to the HV side. Notably, the battery’s output voltage rises while
charging and drops during discharge [45].
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Figure 7. Bidirectional converter in buck/boost mode.

2.4.3. Parameter Design of BESS and DC/DC Converter

The voltage (Vbattery) and current (Ibattery) of the BESS are determined based on the
power requirement (Pbattery):

Ibattery =
Pbattery

Vbattery
(27)

For a 600 kW BESS with a battery voltage Vbattery = 600, the current is calculated as:

Ibattery =
600, 000

600
= 1000 A

The energy capacity (Ebattery) of the BESS is dependent on the discharge time (tdischarge),
as expressed by the following equation:

Ebattery = Pbattery · tdischarge (28)

A bidirectional buck/boost converter interfaces the BESS (Vbattery ) with a DC link
(Vdc ). The duty cycle (D) in each mode is given by:

Boost mode (discharging):

Dboost = 1 −
Vbattery

Vdc
(29)

Buck mode (charging):

Dbuck =
Vbattery

Vdc
(30)

For Vbattery = 600 V and Vdc_link = 1150 V:

Dboost = 1 − 600
1150

≈ 0.478, Dbuck =
600
1150

≈ 0.522
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The inductance (L) of the converter is chosen to limit the current ripple (∆IL) to 10–30%
of the Ibattery. The inductance is calculated using the following expression:

L =
D · Vbattery

∆IL · fsw
(31)

where fsw is the switching frequency.
For ∆IL = 20% × 1000 A = 200 A and fsw = 20 kHz

L =
0.478 · 600

200 · 20, 000
≈ 71.7 µH

The output capacitance (C) is required to limit the voltage ripple (∆Vout) of the system.
The capacitance is calculated using the following formula:

C =
∆IL

8 · fsw · ∆Vout
(32)

For a voltage ripple ∆Vout = 1% × 600 V = 6 V, the required output capacitance is:

C =
200

8 · 20, 000 · 6
≈ 208 µF

This approach ensures that the system can effectively regulate both current and
voltage ripple, thereby maintaining the desired performance and stability of the BESS
during operation.

3. Control Schemes for Studied System
Figure 8 displays the control approaches for each converter in the DFIG-based WES

coupled with the DVR and BESS. The GSC and RSC of the DFIG use traditional vector
control approaches. The DVR and BESS converters maintain the DFIG terminal and DC
bus voltages. This section discusses the control strategies for each converter as follows:

Figure 8. Control block diagram of the DFIG converters.
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3.1. Control of Back-to-Back Converters

The control schemes of the back-to-back converters with the PI controller are shown
in Figure 8. The aim of the RSC control is to obtain Maximum Power Point (MPP) and
control the reactive power supplied by the DFIG. The torque reference obtained by a MPPT
is used to create the q-axis rotor current reference (I*

rq), which is compared with the q-axis
rotor current (Irq) to provide the q-axis voltage signal (Vrq) through the PI controller. The
reference of the d-axis rotor current (I*

rd) can be obtained from the reactive power control
loop. The reference reactive power is equal to zero (Q*

s = 0). The
(

I*
rd ) is compared with

the d-axis rotor current to obtain the d-axis voltage signal (Vrd) through the PI controller.
After decoupling, the dq-axis voltage references V*

rq and V*
rd are obtained, respectively. The

angle (θs − θr) is used in a park transformation to generate signals through the switch gate
utilizing the PWM carrier wave for rotor-side VSC switches [46].

On the other side, the main task of the GSC is to maintain a constant DC-link voltage
and provide a specific reactive power independent of the rotor power flow’s direction
and magnitude. A PI controller regulates the DC-link voltage. The reference of the d-
axis grid current (I*

gd) obtained from the DC voltage controller is compared with the
measured current (Igd) to generate the d-axis voltage (Vgd), while the reactive power flow is
controlled by the q-axis grid current (I*

gq), which is compared with the measured current
(Igq) to generate the q-axis voltage (Vgq). Compensation terms are added to Vgd and Vgq

to somewhat decouple the DC-link voltage regulation from the reactive power regulation.
A phase-locked loop (PLL) detects the park transformation angle (θg) from three-phase
voltages on the low-voltage side of the grid transformer. Finally, grid-side PWM is used to
generate gate signals for grid-side VSC switches [47].

3.2. Control of DVR

The DVR operates to swiftly mitigate grid disturbances and preserve the WES’s phase
voltage at the desired level. The q-axis and d-axis components, derived from the d-q
reference frame, are Vtdq, VGdq, Vcdq, Vfdq, Icdq, and Ifdq. Assuming that the voltage of the
grid is aligned to the d-axis, i.e., VGq = 0, VGd = VG. The injected compensation voltage
Vc can be obtained from the difference between the WES’s terminal voltages Vt and grid
voltage VG.

The compensating voltage reference across the transformer can be represented in the
dq-reference as follows [48]:

V∗
cd = V∗

td − VGd

V∗
cq = V∗

tq − VGq
(33)

V∗
td and V∗

tq refer to the dq pre-sag terminal voltages, while VGd and VGq refer to the
voltages after the occurrence of a voltage sag, and the superscript “*” indicates the reference
values. The modeling of the DSC can be written as follows, taking into account the LC filter.

Vf d = Ldvr
dI f d

dt − ωsLdvr I f q + Vcd

Vf q = Ldvr
dI f q
dt + ωsLdvr I f d + Vcq

I f d = Cdvr
dVcd

dt − ωsCdvrVcq + Icd

I f q = Cdvr
dVcq

dt + ωsCdvrVcd + Icq

(34)



Electronics 2025, 14, 2760 15 of 27

Using the PI controller relationship between several components, the reference output
signals of the DVR in the dq axis can be obtained as follows:

V∗
f d =

(
Kpd f + Kid f

1
s

)(
I∗f d − I f d

)
− ωsLdvr I f q + Vcd

V∗
f q =

(
Kpq f + Kiq f

1
s

)(
I∗f q − I f q

)
+ ωsLdvr I f d + Vcq

I∗f d =
(

Kpdc + Kidc
1
s

)(
V∗

cd − Vcd
)
− ωsCdvrVcq + Icd

I∗f q =
(

Kpqc + Kiqc
1
s

)(
V∗

cq − Vcq

)
+ ωsCdvrVcd + Icq

(35)

After determining the DSC reference voltages in the dq synchronous frame, they are
transformed into the stationary system to facilitate the generation of switching signals for
the DVR’s VSC using PWM carrier modulation as shown in Figure 9.

Figure 9. Schematic Diagram of the DVR Control System.

3.3. Control of DC/DC Converter

This converter can be employed to achieve quick bidirectional energy transfer between
the battery of the ESS and the WES’s DC bus. The control aim is to maintain the DC-link
voltage Vdc constant. Figure 10 shows how two cascaded control loops generate PWM
pulses for switches Q1 and Q2. The voltage controller processes the deviation between the
actual DC bus voltage Vdc and its reference value V*

dc, producing a reference current I*
batt.

The difference between I*
batt and Ibatt enters the PI current controller, and the modulating

signal (mc) is obtained, which compared with triangular signal (tc) for generating the PWM
pulses of switches Q1 and Q2. The control modulating signal (mc) and the reference battery
current can be expressed as a function of PI controller gains [42].

I∗batt =
(
V∗

dc − Vdc
)(

Kpdcc + Kidcc
1
S

)
mc =

(
I∗batt − Ibatt

)(
Kpbatt + Kibatt

1
S

) (36)

where Kpdcc and Kidcc are the gain values of the outer voltage control loop, and Kpbatt and
Kibatt are the gain values of the inner current control loop.



Electronics 2025, 14, 2760 16 of 27

Figure 10. Schematic diagram of BESS control.

4. Simulation Results and Discussion
This section assesses the effectiveness of the proposed protection strategy in improving

the resilience of DFIG-based WESs under grid disturbance conditions. The complete
system is modeled using the SimPowerSystems toolbox in MATLAB/Simulink 2024b. The
simulation parameters are listed in Table 1. The 2 MW DFIG is integrated into a 25 kV
distribution system and delivers power to a 120 kV transmission grid. The generator
operates at nominal power under a wind speed of 12 m/s, employing field-oriented control
for both the rotor- and grid-side converters. Under steady-state conditions, the DC-link
voltage is maintained at 1150 V. Simulations are conducted to evaluate DFIG performance
both without protection and with the proposed BESS-DVR system under various PQ
disturbances as described below:

4.1. DFIG Behaviors Without Protection

The simulation results without the protection approach are presented to illustrate
the effects of voltage sags, swells, and flicker on the circuit configuration. The parameter
responses (grid voltage, rotor and output currents, output powers, EMT, generator speed,
and DC-link voltage) under each of these conditions are shown in Figure 11. As seen in
Figure 11a,b, the unbalanced network voltage had a direct effect on stator voltages. The
stator current increased during voltage sag/swell. Furthermore, because of the change in
the stator flux, the rotor currents had a dangerous peak to reach values. These oscillations
subjected the RSC to extreme stress, which is unacceptable since it has a major impact on
the RSC and may cause damage. The decrease in the generator output voltage caused a
significant drop in the active power, resulting in zero power exchange between the generator
and the system. Also, active power and reactive power presented significant fluctuations
during swell events. The variation in generated active power led to noticeable oscillations
in the EMT. The EMT showed substantial oscillation. Such oscillations can adversely
affect the mechanical components of the generator and the turbine blades. Figure 11a,b
illustrate how faults affect the speed of the WES. During a voltage sag, the speed rises to
offset the reduction in active power, while during a swell, the mechanical speed drops to
accommodate the increase in power output. It is noted that the DC-link voltage exceeds
4000 V during a voltage swell. As shown in Figure 11c, flicker has a smaller effect on
the DFIG compared to voltage sags and swells. However, maintaining the protection
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of the DFIG and ensuring PQ for sensitive loads remain crucial and must be managed
with precision.

Table 1. Key specifications of simulation setup.

Parameters Value

System frequency 50 Hz
Nominal voltage 0.69 kV

Nominal output power 2 MW
Rated wind speed 12 m/s
Stator resistance 2.6 × 10−3 Ω
Rotor resistance 2.9 × 10−3 Ω

Stator leakage inductance 87 × 10−6 H
Magnetizing inductance 2.5 × 10−3 H

Winding turns ratio 0.34
DC bus voltage 1.15 kV

Transformer (690 V/25 kV) Value
Apparent power rating 3 MVA

Leakage resistance 0.025/30 pu
Leakage inductance 0.025 pu

Rated frequency 50 Hz
Voltage transformation ratio 0.69/25 kV
Transformer (25 kV/120 kV) Value

Power capacity 47 MVA
Leakage resistance 0.0026667 pu

Leakage inductance 0.08 pu
Operating frequency 50 Hz

DVR Value
Rated power 3 MVA

Filter inductance 0.3 mH
Filter capacitance 10 µF

Switching frequency 10 kHz
DC-link voltage of DVR 1150 V
Series transformer ratio 1:1

Energy storage battery bank Value
Nominal voltage 600V

Capacity 200 Ah
Initial state of charge 80%
Battery response time 1 s

DC-DC buck/boost converter Value
Inductance 70 µH

Switching frequency 20 kHz

4.2. DFIG Behaviors with Protection

A 2 MW WES with an integrated DVR and BESS has been developed and modeled.
The BESS has a capacity of 0.5 MW/120 kWh, with an initial state of charge (SOC) of 0.8. To
investigate the function of the DVR and BESS, four scenarios are studied. The buck/boost
converter is designed to give a continuous constant DC voltage to the DVR, enabling the
generation of a precise sinusoidal voltage. This study evaluates the PQ and FRT capabilities
of the DFIG with the proposed protection system by considering four distinct disturbances,
as follows:

4.2.1. Multiple Voltage Sags

Figure 12 illustrates the impact of voltage sags on the power system. Multiple voltage
sags occur at 2 s and 2.2 s, causing a 1 PG fault and a 2 PG fault with 0.1 s duration,
respectively. Additionally, a symmetric voltage sag at a 100% depth of a 3 PG fault appears
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at t = 2.4 s, as shown in Figure 12a. The wind speed is assumed to remain constant
throughout the analysis, with a fixed value of 12 m/s. During a voltage drop event, a
DFIG is required to remain connected for a specific time duration before disconnection is
permitted. This requirement enhances the stability of the power network, as the abrupt
disconnection of the DFIG could adversely affect the overall stability of the power system.
Figure 12b shows the response of the proposed DVR, which penetrates the system to
compensate for voltage sag events and improves both the LVRT and PQ capabilities.

100% Swell 3LG Sag Flicker 

Figure 11. Responses of the DFIG terminal voltage (p.u), rotor current (A), DFIG output current (A),
active power (MW) and reactive power (MVAr), EMT (N.M), rotor speed (r.p.m), and DC-link voltage
(V) (a) under 100% 3LG sag; (b) under 100% symmetric voltage swell; and (c) under voltage flicker
without the proposed protection scheme.
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Figure 12. Behavior of the DFIG with protection during asymmetric and symmetric sag conditions.
(a) Grid voltage; (b) DVR compensation voltage; (c) DFIG line voltage; (d) rotor current; (e) DFIG
output current; (f) active and reactive power; (g) torque; (h) rotor speed; (i) DC-link voltage; (j) state
of charge; and (k) THD of compensated voltage.
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Under asymmetric conditions, the DVR injects appropriate unbalanced three-phase
positive voltage components to mitigate voltage imbalances. Conversely, for symmetric
conditions, the DVR injects equal positive-sequence voltage components across all three
phases, aligned in phase with the supply voltage, to restore voltage levels and maintain
stability. The parameter responses of the DFIG under this disturbance are presented in
Figure 12c–i. As illustrated in Figure 12c, with the protection scheme provided by the
proposed approach, the DFIG terminal voltage is rapidly stabilized by the AC-side DVR,
eliminating oscillations both during and after the fault. Figure 12d,e show that the stator
and rotor currents are limited to their rated values during three types of faults, and they
demonstrate excellent response when faults are cleared. Since the DVR keeps a fix voltage,
the active power exchanged by the DFIG is maintained constant at its rated value of 2 MW,
and the reactive power is kept constant, as shown in Figure 12f. It can be noted from
Figure 12g that the proposed DVR based strategy is valid for eliminating the destructive
pulsations in EMT. The mechanical speed is quite immune to disturbances during sag
events, as shown in Figure 12h.

From Figure 12i, the DC-link voltage shows no oscillations during the occurrence and
clearance of the fault when both a BESS and a DVR are used, proving that the proposed
protection system successfully removes excess power and maintains the DC voltage within
its permissible limits. In contrast, there is significant rise and fluctuation in the DC-link
voltage with the DVR only, as the DVR cannot effectively stabilize the DC-link voltage
during faults due to its inability to manage power imbalances. Since the DVR is fed from
the DC-link voltage of the generator, the role of the BESS is to absorb or inject energy,
ensuring that the voltage stays within permissible limits. The SOC of the battery is given in
Figure 12j. During grid fault conditions, the excess energy accumulated in the DFIG DC
bus can be absorbed into the battery via the DC/DC converter. Thus, the rate of growth
accelerates, and the BESS keeps the DC-link voltage Vdc stable and prevents it from rising
even during an asymmetrical severe grid fault. As explained in Figure 12k, all the THD
values of voltage harmonics in the DFIG terminal voltage during voltage disturbance are
restrained lower than 0.73%. With voltage perfectly compensated, using the proposed DVR
keeps the THD lower than 5%, as advised by IEEE Standard 519.

4.2.2. Multiple Voltage Swells

The performance of a proposed WES integrated with a DVR and BESS under multi-
ple consecutive voltage swell events has been analyzed, with the corresponding results
illustrated in Figure 13. The primary causes of swells include the energization of capacitor
banks, the shutdown of large loads, unbalanced faults (which cause an increase in one
or more phase-to-phase voltages), transients, and power frequency surges. The effects
of swells are generally similar to those of voltage sags. The severity of the voltage swell
can vary depending on the characteristics and extent of the inductive loads involved.
Two voltages swells are applied to the system; the first is an asymmetric voltage swell,
applied at t = 2 s with a duration of 0.2 s, and the second is a symmetric voltage swell
of 100%, applied at t = 2.3 s with a duration of 0.2 s (with the wind speed constant at
12 m/s), as shown in Figure 13a. Once the disturbance is detected, the DVR plays a key
role in compensating for the incident, absorbing excess energy from the grid during both
asymmetric and symmetric voltage swell events. It delivers the necessary three-phase
voltage so that the DFIG follows its nominal power generation, as indicated in Figure 13b.
The injected voltage is out of phase with the grid voltage, which maintains the desired
voltage amplitude at the stator. So, the terminal voltage of the DFIG is kept constant at a
normal value, as shown in Figure 13c. The rotor current and the output current of the DFIG
are not changed, as shown in Figure 13d,e. Also, the active power produced by the DFIG
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maintains its output of 2 MW, while the reactive power remains constant, as it was before
the disturbance occurred, as shown in Figure 13f.

 

Figure 13. Behavior of the DFIG with the protection during asymmetric and asymmetric swell
conditions. (a) Grid voltage; (b) DVR compensation voltage; (c) DFIG line voltage; (d) rotor current;
(e) DFIG output current; (f) active and reactive power; (g) torque; (h) rotor speed; (i) DC-link voltage;
(j) state of charge; and (k) THD of compensated voltage.
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Figure 13g,h illustrate the behavior of the mechanical quantities, rotor speed, and EMT,
respectively. Also, no oscillations are shown in the graph of the EMT during the fault. As
shown in Figure 13i, the proposed scheme effectively mitigates the DC-link over-voltage,
maintaining it at a constant 1150 V. Again, the combination of a DVR and a BESS effectively
stabilizes the DC-link voltage, compared to the scenario with a DVR alone, where the
voltage undergoes significant fluctuations. This highlights the superior performance of the
DVR + BESS combination in maintaining voltage stability during grid disturbances. The
state of charge (SOC) of the Li-ion battery, depicted in Figure 13g, decreases during voltage
swell events as the battery discharges to stabilize the DC-link voltage. Despite significant
grid disturbances, the DC-link voltage remains largely unaffected due to the combined
compensation from the BESS and DVR. The THD during compensation is obtained as
0.42%, as illustrated in Figure 13k, which improves the capability of the proposed DVR to
enhance HVLT with a THD lower than 5%, as advised by the IEEE Standard.

4.2.3. Voltage Flicker

The flicker disturbance might come from pulsating loads like arc furnaces, compres-
sors, and welding machines. Additionally, voltage drops due to the impedance of the
network source, coupled with changes in load current from various equipment and facil-
ities, can significantly contribute to its occurrence. It can have damaging consequences
for delicate electronic devices and industrial applications that rely on a steady power
supply. Moreover, when substantial flicker sources are linked to the system with DFIG,
the FRT like the voltage profile at the generator and DC-link could trigger the protection
scheme to disconnect the DFIGs from the grid. The proposed DVR effectively and rapidly
compensates for this voltage disturbance.

To assemble voltage flicker, oscillations of magnitude with ±3% p.u and 10 Hz fre-
quency are added to the grid voltages at t = 0.2 s and removed at t = 2.5 s, as shown in
Figure 14a. As seen in Figure 14b, the DVR can promptly identify fluctuations and inject
the three appropriate single-phase voltages to alleviate voltage flicker. So, the compensated
voltage remains sinusoidal due to the compensation value provided by the VSC of the
integrated DVR, as illustrated in Figure 14c.

As shown in Figure 14d–f, the rotor and output currents, along with the active and
reactive powers, are effectively illustrated and analyzed. Figure 14g,h display the mechani-
cal quantities of the DFIG, including rotor speed and EMT, both of which remain stable
during the disturbance. This stability is attributed to the effective operation of the DVR
and BESS, which maintain the DC-link voltage at a constant level, as shown in Figure 14i.
These results confirm that the proposed protection strategy successfully mitigates flicker
disturbances, achieving a THD of 0.41%, as illustrated in Figure 14j.

4.2.4. Voltage Harmonics

In this scenario, the effectiveness of the proposed DVR was tested under harmonic
conditions. Voltage harmonics, caused by large nonlinear loads or equipment failures, dis-
tort the ideal sinusoidal voltage waveform, introducing harmonics into the supply voltage.
The programmable voltage source was configured to include third harmonic components,
with the voltage variation occurring between 2 and 2.5 s, as shown in Figure 15a. This
results in a distorted grid voltage waveform with noticeable swell, which can impair or
damage the DFIG.
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Figure 14. DFIG during voltage flicker conditions. (a) Grid voltage; (b) DVR compensation voltage;
(c) DFIG line voltage; (d) rotor current; (e) DFIG output current; (f) active and reactive power;
(g) torque; (h) rotor speed; (i) DC-link voltage; and (j) THD.

To ensure that the THD remains within IEEE standards and to improve PQ, the DVR
swiftly injected corrective voltage into the distribution line, counteracting the disruptive
voltage disturbance and allowing the DFIG to operate normally. The injected voltage across
all three phases is presented in Figure 15b. The compensation of the DFIG terminal voltage
is evident across all three phases, with voltage swells and high-magnitude harmonics
eliminated, restoring the voltage profile to its normal state, as shown in Figure 15c. As
observed in Figure 15d–h, other parameters (rotor and output current, output active and
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reactive power, EM torque, and rotor speed) of the DFIG demonstrate excellent responses.
They are constrained within their rated values because the DVR isolates the DFIG from the
grid during voltage disturbance. A slight ripple is generated in the DC-link voltage when
the voltage harmonic occurs, as depicted in Figure 15i. The THD percentage is around 0.4%,
as illustrated in Figure 15j.

 
Figure 15. DFIG under voltage harmonic conditions. (a) Network voltage; (b) DVR output voltage;
(c) DFIG output voltage; (d) rotor current; (e) DFIG output current; (f) active and reactive power;
(g) torque; (h) rotor speed; (i) DC-link voltage; and (j) THD of compensated voltage.
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5. Conclusions
This work proposed a novel protection approach for a DFIG-based WES by integrating

a DVR at the WES terminals and a BESS at the DC-link. The main goal was to enhance the
FRT capability and PQ of the WES under different grid disturbances, including sags, swells,
flickers, and harmonics. The DVR compensates for voltage anomalies on the AC side, while
the BESS helps stabilize the DC-link voltage by absorbing or supplying power as needed.
Simulation results confirmed that the proposed approach effectively mitigates the negative
impacts of disturbances, maintaining stable rotor and output currents, active and reactive
powers, electromechanical torque, and mechanical speed. The DC-link voltage was kept at
1150 V without oscillations, even during severe faults. The system also demonstrated strong
harmonic suppression capabilities, reducing the THD to 0.73% during voltage sags, 0.42%
during swells, 0.41% during flicker, and 0.4% during harmonic events—all within IEEE 519
standards. These results emphasize the feasibility and efficiency of the DVR-BESS scheme
in enhancing the stability and grid compatibility of wind farms. Future research can focus
on optimizing control strategies, validating the system through hardware implementation,
and assessing the economic viability and scalability for offshore wind applications.
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