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Abstract

This work proposes an effective control technique for enhancing the stability of Doubly
Fed Induction Generator-Based Wind Turbines (DFIG-WTs) connected to the grid during
voltage sag and swell events, ensuring the reliable and efficient operation of wind energy
systems integrated with the grid. The proposed approach integrates a Dynamic Voltage Re-
storer (DVR) in series with a Wind Turbine Generator (WTG) output terminal to enhance the
Fault Ride-Through (FRT) capability during grid disturbances. To develop a flexible control
strategy for both unbalanced and balanced fault conditions, a combination of feedforward
and feedback control based on a sliding mode control (SMC) for DVR converters is used.
This hybrid strategy allows for precise voltage regulation, enabling the series compensator
to inject the required voltage into the grid, thereby ensuring constant generator terminal
voltages even during faults. The SMC enhances the system’s robustness by providing
fast, reliable regulation of the injected voltage, effectively mitigating the impact of grid
disturbances. To further enhance system performance, Model Predictive Control (MPC) is
implemented for the Rotor-Side Converter (RSC) within the back-to-back converter (BTBC)
configuration. The main advantages of the predictive control method include eliminating
the need for linear controllers, coordinate transformations, or modulators for the converter.
Additionally, it ensures the stable operation of the generator even under severe operating
conditions, enhancing system robustness and dynamic response. To validate the proposed
control strategy, a comprehensive simulation is conducted using a 2 MW DFIG-WT con-
nected to a 120 kV grid. The simulation results demonstrate that the proposed control
approach successfully limits overcurrent in the RSC, maintains electromagnetic torque and
DC-link voltage within their rated values, and dynamically regulates reactive power to
mitigate voltage sags and swells. This allows the WTG to continue operating at its nominal
capacity, fully complying with the strict requirements of modern grid codes and ensuring
reliable grid integration.

Keywords: doubly fed induction generator; feedforward-feedback; dynamic voltage
restorer; fault Ride-Through; voltage sags; voltage swells; predictive control; slide
mode control

1. Introduction

A. Background and Literature Review

Over the past few decades, the global energy landscape has undergone a significant
transformation, driven by the desire to replace fossil fuels and their escalating environ-
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mental and economic costs. In response to these challenges, renewable energy sources
have become a crucial solution for mitigating the upcoming power crisis and meeting the
growing need for renewable power. Among the various renewable energy technologies,
wind power has gained prominence due to its abundance, environmental friendliness, and
rapid growth worldwide [1].

The growing integration of wind energy into modern power systems has highlighted
the urgent need for advanced control and protection technologies to maintain grid stability
and reliability. Various countries have adopted distinct strategies to expand their wind
generation capabilities [2]. In regions with mature wind energy sectors, grid codes have
been developed to address the specific challenges associated with wind power integration.
A critical requirement for successful integration is the Fault Ride-Through (FRT) capability
of Wind Turbine Generators (WTGs), which ensures that they can remain operational
during grid disturbances. Grid codes typically mandate both High-Voltage Ride-Through
(HVRT) and Low-Voltage Ride-Through (LVRT) performance to enable WTGs to support
the grid during voltage fluctuations [3]. As illustrated in Figure 1a, WTGs should stay
linked to the grid as long as the terminal voltage remains within a defined gray-shaded
region. If the voltage deviates beyond this range, disconnection is permitted without
compromising system integrity. Furthermore, when terminal voltages lie within the 0.9
to 1.1 per unit (p.u.) range, WTGs are expected to continue operation, although brief
disconnections may be necessary under certain voltage excursions outside this band [4].
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Figure 1. The grid code requirements: (a) an example of FRT grid codes [4]; (b) demanded voltage
support during onshore wind plant disturbances—German code [5].

Additionally, the wind turbines (WTs) must provide voltage support to the grid during
faults by generating reactive power. For every 1% increase in the amplitude of the voltage
drop, a reactive current injection of no more than 2% of the rated current should be supplied
to compensate. This voltage regulation must be activated within 20 milliseconds of the
fault’s onset. After the voltage fault is cleared, within 500 milliseconds, the voltage support
should return to a dead band of +10%. Figure 1b shows the reactive current output from
the WT, which is used to regulate the voltage when it exceeds the specified tolerance range
of £10% from the nominal power level [5].

The most prevalent wind power generator is the variable-speed wound-rotor doubly
fed induction generator (DFIG) [6,7]. It is an induction machine featuring a wound rotor;
the stationary windings are directly integrated with the electrical grid, whereas the rotating
windings are coupled to the utility network through a bidirectional back-to-back converter
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(BTBC). This converter supports the grid by controlling both the Rotor-Side Converter
(RSC) and the Grid-Side Converter (GSC). The RSC is used to capture the maximum wind
power available and regulate the active and reactive power supplied. The GSC is connected
to the grid through a grid filter and is utilized to regulate the DC bus voltage, as well as to
manage the bidirectional flow of real and reactive components between the rotor of DFIG
and the utility grid [7].

Despite its advantages, the DFIG is very susceptible to grid voltage sags and swells.
The RSC and the DC-link capacitor may sustain damage due to these disturbances, which
can cause overcurrent in the RSC and excessive voltage across the capacitor [8]. To mit-
igate the adverse effects of faults on the DFIG, various solutions have been developed,
which can be broadly classified into two categories: software-based and hardware-based
approaches. The first category involves altering the converters’ control methods in the
event of a malfunction [9]. However, this approach is typically effective only for small
voltage fluctuations and cannot meet stringent grid code requirements on its own [10]. The
second category includes hardware solutions that involve protective devices designed to
limit the increase in rotor current and DC voltage. These devices include crowbar circuits,
series R-L circuits, Series Braking Resistors (SBRs), Braking Choppers (BCs), Supercon-
ducting Fault Current Limiters (SFCLs), and Series Dynamic Braking Resistors (SDBRs).
Additionally, reactive power devices (RPDs) and energy storage devices (ESDs) are also
considered in this category. RPDs improve the DFIG’s performance by injecting reactive
power, with examples including the Static Synchronous Compensator (STATCOM), Shunt
Voltage Compensator (SVR), Unified Power Quality Conditioner (UPQC), and Dynamic
Voltage Restorer (DVR). ESDs rely on storing active power during faults, using devices like
supercapacitors, batteries, compressed air energy storage, and flywheels [11,12]. Different
types of FRT techniques are illustrated in Figure 2.

Methods for enhancing FRT capability in the DFIG
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Figure 2. Types of hardware-based FRT solutions for DFIG systems [12].

Crowbears are frequently utilized to prevent overcurrent conditions in the generator’s
windings, as well as to stabilize the DC-link voltage [13]. To manage surplus energy
and maintain the DC-link voltage at a safe level, a BC is installed in parallel with the
DC bus [14]. Additionally, an SFCL placed in series with the rotor has been explored as
a protective solution to mitigate rotor overcurrent in grid-connected DFIG systems [15].
Reference [16] proposes embedding a crowbar protection circuit within the DFIG’s DC-link
to improve its LVRT performance, utilizing a hybrid storage system composed of SMES and
battery technologies. To mitigate power fluctuations in wind turbines, a lithium-ion battery
storage unit is integrated into the DFIG’s DC-link through the use of a bidirectional DC-DC
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converter, thereby improving grid stability and power reliability [17]. While protective
devices are essential for safety and energy storage devices provide temporary power
balancing, neither directly stabilizes grid voltage nor ensures compliance with grid codes
under severe fault conditions.

To ensure the continuous operation of a grid-connected DFIG-based wind turbine
(DFIG-WT) during voltage drops at the point of common coupling (PCC), flexible AC
transmission system (FACTS) technologies have been suggested as an effective alternative.
These devices are typically employed either independently or in coordination with the
control mechanisms of RSC and GSC to regulate voltage stability at the PCC. Essentially,
FACTS devices contribute to reactive power compensation in response to voltage sag
conditions, and their effectiveness relies on the implementation of a well-designed control
algorithm. In [18], the application of SVRs and STATCOMs has demonstrated effectiveness
in enhancing voltage stability by delivering the necessary Swift reactive power injection.
Meanwhile, ref. [19] discusses the development of the two-stage wind turbine-based
DR for voltage control and social welfare purposes. Furthermore, ref. [20] shows that
the DVR can improve the FRT capability of DFIG systems by injecting the appropriate
compensating voltage at the turbine terminals. Among the various FACTS technologies,
the DVR emerges as the most efficient solution for improving the performance of DFIG-WT
systems. It is particularly effective in restoring voltage levels at the turbine terminals by
mitigating voltage sags, swells, and harmonic distortions. Unlike the STATCOM, which
often necessitates the use of a crowbar circuit to safeguard the RSC from excessive current,
the DVR allows the wind turbine to stay connected to the grid and continue operation
throughout voltage disturbances—without requiring additional protective components.
Additionally, the DVR offers advantages in terms of its compact size and lower cost
compared to the STATCOM [21].

B. Motivation and Objective of Study

Most existing studies primarily focus on voltage sags, with limited investigation into
voltage swells and severe fault conditions. Reference [22] studied the enhancement of LVRT
capabilities in Type-3 WTs using a DVR and an active disturbance rejection control (ADRC)
scheme. The study shows improved LVRT performance and reactive power support, even
during severe voltage drops. In reference [23], the authors improved LVRT performance
in DFIG-based wind energy systems using PI controllers and a series grid-side converter
(SGSC). Simulations showed a 77.6% improvement in rotor current compared to PI control
and 20.61% compared to PI + DIFCL. Reference [24] proved that the DVR can compensate
for both voltage sags and swells during different types of fault scenarios, but severe fault
scenarios have not been thoroughly explored. This gap emphasizes the importance of
conducting a comprehensive analysis of the transient performance of DFIG-WT systems
and improving the stability and FRT capability of DFIG-WTs during voltage sags, swells,
and severe disturbances. These grid issues can disrupt turbine performance, making
advanced control strategies essential for efficient operation. To address this, a robust
control strategy is needed for the converters of WTG and DVR to mitigate disturbances,
ensuring that parameters, including terminal voltage, rotor and output currents, active and
reactive power, and DC voltage, remain within acceptable limits during faults. This allows
the WTG to operate at nominal capacity, optimizing performance and ensuring compliance
with grid requirements. These are the major motivations and objectives of our work.

C. Contributions of This Study

In order to mitigate grid issues, this study presents an effective control strategy that
combines a DVR with an enhanced BTBC control scheme, aimed at improving the FRT
capability of WTG. The key contributions of this study are as follows:
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1.  Advanced Control Approach: The DVR utilizes a combined feedforward and feedback
(CFFFB) control scheme with voltage control based on SMC. This allows for dynamic
adjustment of the injected voltage to compensate for both voltage sags and swells,
ensuring fast and precise voltage restoration even during severe fault conditions.

2. Integration of Predictive Control: The BTBC control scheme integrates predictive
control into the RSC, enabling the prediction and regulation of rotor currents and
electromagnetic torque to ensure that they remain within permissible limits. This
predictive capability facilitates rapid dynamic adjustments and significantly enhances
system performance during disturbances.

3. Dynamic Behavior Analysis: This study investigates the dynamic behavior of key
system variables (e.g., stator voltage and current, rotor current, DC-link voltage,
electromagnetic torque, rotor speed, and active/reactive power) under both balanced
and unbalanced voltage sag and swell conditions, with and without the proposed
protection strategy.

4.  Effective Suppression of Disturbances: The proposed protection scheme effectively
suppresses variations in terminal voltage, rotor current, electromagnetic torque, and
active/reactive power output during disturbances. It also maintains the DC-link
voltage within its rated range throughout these events.

5. Reactive Power Support: The system dynamically supplies or absorbs reactive power
to mitigate voltage disturbances, ensuring compliance with modern grid codes and
maintaining stable wind turbine operation, even under severe fault conditions.

6.  Superior Performance in Comparison to Previous Works: A comparison with prior
studies demonstrates that the proposed scheme significantly improves LVRT capabili-
ties for grid-integrated DFIGs.

The structure of this paper is organized as follows: Section 2 provides an in-depth
analysis of the DFIG-WT system under fault conditions. Section 3 introduces the modeling
approach for the DFIG-WT system coupled with a DVR. The control strategies for this
integrated system are discussed in Section 4. Section 5 presents the simulation results for a
2 MW DFIG system using MATLAB/Simulink 2024a under various grid fault scenarios.
Finally, Section 6 concludes this paper.

2. Performance of WTG During Fault

In a power system, a fault refers to an abnormal event that results in a disturbance
or complete outage of the electrical supply. Symptoms of such faults include unbalanced
phases, undervoltage, and overcurrent, which indicate a malfunction within the system. A
detailed theoretical study of the transient dynamics of the DFIG under fault conditions is
provided in this paper. It also examines the link between grid voltages and rotor currents.
The equations governing the voltage and flux in the DFIG can be represented as follows [25]:

—
— = dy
=R.i S 1
Us sls+ at (1)
v
—r —r P
Ur:err+ dtr (2)
e e 7
¢s:les+Lmlr 3)
—r *lﬂ' ﬁ‘r
Y, =Lri,+Lpyi, 4)

The expressions for stator and rotor inductances are provided as follows:

Ls = L + Lis (5)
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Ly =Lu+ Ly (6)

- = . =7 rd
where v, and i, represent the stator voltage and current, respectively; v, and i, are

the rotor voltage and current, respectively; Ls and R, denote the stator inductance and

resistance, respectively; L, and R, denote the rotor inductance and resistance, respectively;
— —r
Y, and ¢, represent the stator and rotor flux space vectors, respectively. L,, represents the

magnetizing inductance, while L;, is the leakage inductance of the rotor. Ly, is the leakage
inductance of the stator.

The rotor flux is almost the same as the stator flux produced by the grid when the
stator is directly linked to it. However, a slight difference may occur between the two fluxes,
primarily due to leakage inductances. From Equations (3) and (4), the relationship between
both fluxes is given by the following:

—t Lm —r —t

¢r:Ts¢s+0Lrir (7)

where ¢ = 1 — L2,/ L;L, is the leakage coefficient.
By combining Equations (7) and (2), the following expression for the rotor voltage
is obtained:
—r
->r Lfrn d I8 -7

d\
v, = T + (Rr+aLr¢iiE> i, (8)

Therefore, the rotor voltage can be separated into two components. The first compo-

nent represents the electromotive force (EMF) induced by the stator flux within the rotor,
r

=
which corresponds to the voltage at the rotor’s open-circuit terminals, where i, = 0. The
equation for this induced EMF is given by

—r
;r _ L7md4’s
o L dt

©)

The second component appears only when current flows through the rotor. It arises
from the voltage drop across the rotor’s transient inductance, c'L,, and the rotor resistance
R;. The rotor voltage ?: can be expressed in Equation (10) as a function of the stator flux
and rotor current, as shown below [23]:

r
7 di
v =0, 4Ry i, +oL, d’t’ (10)

From Equation (10), the equivalent circuit of the DFIG, viewed from the rotor’s
perspective, is illustrated in Figure 3. Under normal operating conditions, the output
voltage of the RSC must be sufficiently high to overcome the induced EMF, enabling it
to regulate the rotor currents and satisfy the generator’s torque demands. A transient
EMF is generated in the rotor windings due to a grid disturbance, which consists of both
homogeneous and non-homogeneous components. To mitigate the non-homogeneous EMF
and control rotor current, the RSC must adjust the output voltage after the homogeneous
component decays exponentially. During unbalanced faults, the RSC also manages both the
positive and negative sequence components of rotor current to ensure stable and reliable
operation of the generator. The following subsections focus on two types of grid voltage
disturbances: voltage sag and voltage swell.
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Figure 3. Equivalent circuit of the rotor.

2.1. Transient Behavior Analysis of DFIG During a Voltage Sag Event

Single Line-to-Ground (SLG) faults are the most common and destructive of asymmet-
rical faults in wind-power systems. One of the three lines in such a condition fails while
the other two remain intact. The analysis considers that the DFIG operates under normal
conditions prior to the time of occurrence of the asymmetrical fault, represented by time t,.
Equation (11) describes the voltage of the stator during such a fault [23]:

— — —
UOg = U4+ + Us—

- Vsyel@st, ty <0 (11)

1Y = .
. (1 — p)‘/s+g](wst+91) ty > 0
— 0, th <0
Ug— =

quie_]‘(wst‘*‘QZ) tg>0

where the variables with subscript (+) and (—) represent the positive and negative sequence
components, respectively. p and g denote the drops in the negative and positive sequence
voltage components, respectively; 0; and 0, are the phase angle shifts of the sequence
voltage, and w; denotes synchronous speed.

By disregarding the stator resistance, the constant stator flux, which is induced by the
stator voltage, can be determined as follows [26]:

— —
vy =Pt 415_
$ %WM to <0 (12)
Vs
s+ ]a}s U=p)Vs+, w5t+91), to >0

- 0, tr <0
P = qVs— f](UJgt+92) to >0

“jws ¢
The stator flux dynamic response can be evaluated using Equations (11) and (12) with
an error margin ranging from 10% to 20% [26].

. . 4
$5 - %e](wstwl) + %e—J(wsthu 1psne*% (13)

where $sn =1- (@# + qu, e~ % and 1, = UR—L: represent the initial value of the
natural stator flux and the time constant of the stator, respectively.

As shown in Equation (13), for t > t, the stator flux consists of non-homogeneous
components, which are transient fluxes that prevent discontinuities in the magnetic state
of the machine when the operating point changes and that decay exponentially, and

homogeneous (or natural) components. The homogeneous component remains steady.
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By substituting the natural flux from Equation (13) into Equation (9), the rotor EMF can
be determined:

—r

Vo = ks 5(1 — p)‘/s+ej(5wst+91) + ks (2 — S)qVS_gfj((z*S)(wst‘F@Z))

DT (L (14)
ks (L +jew) g, e (N

where s = (ws — w) /ws is the slip of the DFIG, w is the rotor angular speed, and ks = LL—’:’ is

the coupling factor.

The induced EMF has three portions, as given in Equation (14). The first component
depends on the slip s and depth of the positive sequence voltage sag p. The second
component involves (2 — s) and negative sequence voltage g, which can become very high
when the DFIG operates at super-synchronous speeds. Positive and negative sequence
voltages have frequencies of sws and (2 — s)ws, respectively. With its dominant frequency
is w, the latter component can be damped exponentially. It should be noted that the initial
values of the three parts can be influenced by the phase shift following grid faults.

On the other hand, a severe symmetrical three-phase fault with low impedance causes
the stator flux and voltage to drop to zero almost instantaneously. However, based on
the flux decay theorem, the stator flux decays more slowly than the voltage due to the
machine’s electromagnetic inertia. This slower decay is characterized by the stator time
constant, which introduces an inertial time lag in the system, 7, = IL{—-‘;, impacting the EMF,

Z:O. The stator flux undergoes exponential decay during a symmetrical fault and can be
represented as follows [27]:

— - /.
lpsf = lle e (15)
The voltage induced in the rotor within a stationary reference frame is expressed as
—$ L d .\~
v"r:LT:(dt_ w> P, (16)

Taking the time derivative of Equation (15) and substituting into Equation (16) gives
—5 1 .\ _
Vo = ks<T +]w) P e t/T (17)
S

The above equation is expressed in the rotor reference frame, with the assumption to
neglect %

7 . — e
Vor = —ks(je) s e (18)
— = )
The pre-fault stator flux, ¢, = j%sse’]“’st, can be substituted into Equation (18) to
derive Equation (19).
7
Vo = —ks(1 —5)Vs 19)

. . . oL
Since ks and V; are constants, the rotor-induced voltage magnitude, | v,,|, is directly

proportional to (1 —s).

2.2. Transient Behavior Analysis of DFIG During a Voltage Swell Event

It is assumed that at t = £, the grid voltage suddenly swells symmetrically from V; to
(1 + p)Vs. Accordingly, the grid voltage can be formulated as [28]

- V,elwst for t < tg
vs { (14 p) VeIt fort >ty (20)
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=
The stator flux consists of two components: the steady-state flux ¢, defined before and

after a voltage swell, as shown in Equation (21), and the natural flux isn, which maintains
continuity in the stator flux when the flux magnitude changes proportionally with the
stator voltage. This component of flux appears only during the transient condition of sag
or swells and is given as in Equation (22). As evident from Equation (22), the transient flux
dies out with the stator time constant 7;, and it has an exponentially diminishing negative
dc value and is proportional to the ratio of swell. If the height of the swell is larger, the
initial magnitude of natural flux will increase proportionally. The magnitude of the steady
state flux after swell is proportional to the stator voltage after swell [29].

- %efwst for t < tg 21

Vs = %eﬂ"st fort >t )
- —pVs —(t—tg)/ Tsel®sto

- : 22

Psn s e (22)

The stator voltage swell has influence on the rotor voltage of DFIG. The rotor voltage
also comprises steady state and natural components and is the effective sum of these two.
The rotor voltage natural component vector grn is given by Equation (23). It is evident
from Equation (23) that ?m is proportional to (1 — s) and height of rise.

The operating range of slip for the DFIG is relatively small, which results in a higher
value for the natural component. If the swell height is small, the value of ?m will have
minimal impact on the RSC. However, if the swell height is significantly larger, it could
potentially damage the RSC of the DFIG. The steady-state rotor voltage after a swell,
denoted as Z, £, is directly proportional to both the magnitude of the DFIG stator voltage
and the slip, as expressed in Equation (24). The total rotor voltage with RSC connected
to the rotor will be the sum of the steady state and natural components, as shown in
Equation (25).

?:n =ks(pVs)(1— s)e_% e jwt (23)
0yp = ke(1+ p) Vases! (24)
—r
— di
Uy = U+ O+ trR + ULr% (25)

where U, is the natural (transient) rotor voltage caused by the swell.
The additional term accounts for the rotor resistance and leakage inductance effects.
When the grid voltage suddenly swells, the rotor-induced voltage in the rotor reference

frame can be expressed as [30]
—r —t —T
Uor = vrn+vrf (26)
From Equation (10), the expression for the rotor phase-a voltage can be written in the
rotor reference frame as

7
r r —-r di
U0 =Re[0y] +Rri, +0L, - 27)

The linear differential equation governing the rotor current ir, (t) is given by

7
di,
it oL '™ oL

R (%10~ Re[v,]) (28)
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ra —

7

ira(to)

2 MW

DFIG -WT

Substituting the voltage expression from Equation (26) into the linear differential
Equation (28) yields the following result:

1 T

_t
- U—er[vrcosﬁ — ‘/skss(l + p)] +(7LLrVS(1 — S)p ksm%wz}e T+ (Tlir

Tr

rmmsin(wat + B+ 1) - Fkss(1+ p)ﬁsin(wslt +¢2) — a-ksp(1 (29)

Wy

where f is the angle of the phase-a rotor voltage at the instant the fault begins, and wy
is slip angular frequency (wq = ws — wW): T = TTSrj%f T = ”R—Lr’, ¢1 = tan"'(1/7w), and
@2 = tan~ Y (1/twy).

It can be noted from Equation (29) that when p is small, the transient effect is minimal,
and the RSC is not significantly stressed. In contrast, when p is large, the peak rotor current
increases proportionally, which can potentially damage the RSC.

3. Structure and Modeling of the Proposed System

The structure depicted in Figure 4 consists of a WT with a DFIG and a DVR. The DVR,
which is powered by an Energy Storage System (ESS), is connected in series with the WT
terminals through an LC filter and an ideal transformer, ensuring voltage compensation
during sag or swell events. The DFIG is highly susceptible to voltage fluctuations, as its
stator windings are directly linked to the grid. Additionally, the strong coupling between
the stator and rotor flux means that voltage imbalances or harmonic distortions can induce
severe oscillations in electromagnetic torque, stator and rotor currents, DC-link voltage,
and overall output power, potentially compromising the stability of the system. To mitigate
these issues, the proposed WECS integrates the WTG with the DVR. The modeling of each
component is detailed below.

T1
690V/ 25KV
PU/iN

i VG 25KV

690V

i

is |

3 ;

Fault

oy )€ ‘AY ST

U WOTSSTIUSUEL,

Measured
Values

AMOTT /ANST

[A N
YV

Reference
Values

Iy
 — SE1
= Vier 13,. Ly, & Cdrr
| E— i 120KV

axl+ay

DC/DC Voo

Infinitive Bus

Figure 4. DFIG-based grid-connected understudy system.

3.1. Modeling of BTBC

The power flow through the rotor circuit is influenced by both super- and sub-
synchronous operating modes, which requires the power converter controlling the gen-
erator’s operating point to be bidirectional. The dynamic model in a three-phase (abc)
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stationary reference frame is derived using the AC equivalent circuit of the BTBC, as
illustrated in Figure 5 [31]:

Ce % Ueg = lg — i1 (30)

Lg % i1 = Ucg — Rg i1 — my vge (31)
Cdc%vdc = myiy — maip (32)
Lr%ir = MUy, — Uy (33)

where i, represents the grid-side phase current, and 7; denotes the converter-side phase
current. v, and v.g are the voltages of the DC-link and filter capacitor, respectively. Cy,
is the DC-link capacitance. R, represents resistance, and L, represents the inductance of
the filter connecting the BTBC to the AC systems. v, is the rotor voltage, and m; and mjp
are the modulating signals constrained by |m, m; < 1|. Additionally, vy represents the
grid voltage.

Ly e ig

i i

-
myVic C’ng o /\/ GSC

L
ir —
iym

RSC (:%;;v, myVa %> im% Cae L v ’% DC Link

Figure 5. Model state of the BTBC-equivalent circuit. (Upper) Circuit for GSC with LC filter, (lower
right) circuit for DC-link, and (lower left) circuit for RSC.

3.2. Modeling of DVR

The DVR is a voltage-source converter (VSC) that generates an AC output voltage
continuously and adds it in series with the DFIG’s terminal voltage, thereby compensating
for voltage sags, swells, or harmonics and restoring the nominal stator voltage. The DVR is
designed to handle the full power rating of the wind turbine, as grid codes require complete
voltage sag compensation during fault conditions. The power rating of the DVR regulated
by the in-phase compensation approach is as follows [32]:

Sdvr = Zk:u,b,c [V‘gf’fk ’ IL} .

where V;ZJ:/ . represents the RMS voltage supplied by the DVR in phase k, and I, represents
the RMS load current.

In Figure 4, v 45 represents the three-phase voltage generated by DVR, which depends
on the modulation indices m,, my,, and m:

Mype V)
Uf,ahc _ abc2 batt (35)
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Assuming that the DVR is lossless, the active power balance gives

¢ myi
ip = L“Z Pk (36)

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

(Y =0t—0
dZ’Jr t ) G (37)
ldor = —lg

where vy, represents the compensation value, and v; and v denote the terminal voltage
of the WES and grid voltage, respectively.
The LC filter’s mathematical model is formulated as follows [22]:

dif
Uf = Ldvrﬁ + Vdor (38)
Zf = deddltc + igor

where i; and i4,, denote the DVR-generated current and compensation current, respectively,
and Ly, and Cy,, are the parameters of the LC filter.

In this study, a DVR based on an in-phase compensation scheme is employed to
generate voltage without the need for phase-shifting compensation, as shown in Figure 6.
The in-phase compensation approach is particularly effective in ensuring grid stability
and improving power quality during voltage disturbances. The active power exchanged
between the DVR and the power grid is given by the following expression:

Pior = PL— Py = (3:Vi-I1:005%) = Y ke [Vech I -cos¥]

Vref - \6| Vi — Vref

dor,abc™ g,abc

(39)

where J is the shift in the phase of the grid voltage during a voltage sag, and ¥ is the
phase shift between the current and voltage of the load. V and V', represent the RMS grid
voltage before and after the sag, respectively. V| and V'] represent the RMS load voltage
before and after the sag, respectively. I} and I} represent the RMS load current before and
after the sag, respectively, and V,, is the RMS DVR compensation voltage.

In
r
Ve=VL
o V’g (during Swell)
o ! ‘VDVR (during Sag) -
o PTTLL
-"“ VL f.— = . west }/
NP :— e ‘Vbvr (during Swell)
‘..' ; l"‘“
._a"":;s‘.-f.. --'R ) 'V’g (during Sag) Ay
e : )
e ) j.p A\
T I;= presag current
)‘-.‘
Iy

Figure 6. In-phase compensation-based DVR compensation scheme.

4. The Proposed Control Schemes

The proposed control scheme is developed to improve the performance and stability
of the DFIG-WT system integrated with a DVR. As illustrated in Figure 4, the system
comprises three primary power conversion systems: the RSC, the GSC, and the DVR. Each
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of these converters is crucial for maintaining the efficient operation of the DFIG-WT system
under both normal and fault conditions. This section presents a detailed analysis of the
control strategies employed for each converter, focusing on their individual and collective
contributions to the system’s overall performance. The control strategies are designed to
address the unique challenges posed by grid disturbances, such as voltage sags and swells,
while ensuring compliance with modern grid codes. The proposed adaptive control scheme
leverages advanced techniques, including predictive control for the RSC, conventional PI
control for the GSC, and SMC for the DVR, to achieve robust and efficient operation under
varying grid conditions.

4.1. BTBC Control

The BTBC consists of the RSC, the DC-link capacitor, and the GSC. Controlling the
reactive power injected by the DFIG, which guarantees operations as per the unity power
factor and the achievement of Maximum Power Point Tracking (MPPT), are the main goals
of RSC control. On the other hand, regulating the reactive power exchange with the grid,
regardless of the direction and magnitude of the rotor power flow, and maintaining a
constant DC-link voltage are the main objectives of the GSC control.

MPC for RSC

The suggested control technique for the RSC, illustrated in Figure 7, integrates MPC
for the robust and precise regulation of rotor currents. The reference electromagnetic torque
(T};), obtained from the MPPT algorithm, is utilized to produce i*rq. From the reference
reactive power of the stator (Q*,), i*,; can be obtained. The reactive power is set to zero
(Q*s = 0). These two reference currents are subsequently fed into the MPC algorithm to
determine the dg-axis reference voltages, vy, and v;;, which can be expressed as [33]

H
*
i*rq = _M/ i*rd = |£IJS| B 2L = 'Q*S (40)
3”!’Lm‘¢s| " 3me5’lps|

where 7, is number of pole pairs.

The state-space representation of the dynamic equations governing the direct and
quadrature components can be expressed by reformulating these equations into a system
of first-order differential equations:

%:Ax—l—Bu—i-w

41
e (41)
where:
i 0
X = l'rd u= Urd L W= Wyl |7
Irg Urq — ol |¥s
R |+ D= 1 |~ =
—wg —5k 0 + 0 1

The zero-order hold (ZOH) approach is used to transform the continuous system into
its discrete form as follows:
x(k+1) = Agx(k) + Byu(k) + Gaw(k)

y(k) = Cax(k) 42

where
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Figure 7. DFIG control diagram.

The prediction of future outputs can be achieved by advancing and iterating Equation
(42). Finally, by iteratively applying and reformulating this process, all predicted outputs
are represented in a concise matrix form, as shown below [34]:

Y =Ay+ BU+GW (43)
where
A =] A A C AN ]T,
g d 0 d 0 C,Gy 0 .. 0
d>d C,A4Gy CyGy... 0 0
B — C4A4 By C4B4 0 g= . .
3 " 3 - A TGy AN TGy C,Gy
CiA,)" Gi CiA;" "Gy CiGy
The predicted disturbances, control signals, and outputs are defined as follows:
T
W= [ w(k) w(k+1) w(k+ Ny) } ,
T
U= ulk) uk+1) u(k+N) |, (44)
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y:[y(kJrl) y(k+2) ... y(k+Ny) }T

In Equation (44), Ny represents the control horizon, which corresponds to the controller
output predictions, while N;, represents the prediction horizon, referring to the number of
samples and system output predictions ahead.

Cost functions are usually convex functions of predicted errors and control efforts.
The matrix cost function is

] = (Yret = Y)Wy (Vret = V) +UTWLU (45)

The elements on the primary diagonal of the weighting matrix correspond to the error
and control action, respectively, as outlined below:

W, ... 0 Wy ... 0
Wy= |1 - | eRNN = | D | e RN (46)
0 ... W, 0 W,
Wi W

Furthermore, the weighting matrices Wy and W, are defined as Wy = l W Wy A2 ]
yi12. "yq
Wu, d Wu,lZ
Wu,12 Wu,q
are constants. The set of future references is represented by Equation (47):

and W, = l 1 , respectively, where Wy,d, Wy 12, Wy,qr Wia, Wi,12, and W, 4

T
yref = [ yref(k+1) ]/ref(k+Ny) } (47)

The optimal control signal sequence is found by minimizing Equation (45) with respect
to U, which involves solving V] = 0 and isolating U/, yielding

-1
U= (BTWB+Wa)  (Vret — Ay — GW). 48)

In practice, the first two elements of the control law in Equation (48), i.e., u(k) = U(1_y),
are employed, as only the control signal for the next iteration is used. Figure 7 illustrates
the RSC control diagram, which includes the other control elements [35].

The current references, y,ef (k), are calculated using Equation (40). The measured
currents, i, 45, are transformed into the stator’s synchronous frame of reference using the

5
Park and Clarke transforms. MPC controllers employ these data with flux || and slip
velocity wg to compute the control law, as shown in Figure 8.

Yret (k) 1

V(k) Prediction of future states N Cost function (J) Control law “(k)
(Equations (43)) | (Equation (45)) ’| Equation (50)

Q

Figure 8. MPC controller.

The result is then converted into the rotor frame reference, v,,, and applied using
space vector pulse-width modulation.
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Since only the control signal for the current time is applied to the system, Equation (48)
simplifies to Equation (49).

AU = K(Vret — Ay — GW). (49)
Here, the gain matrix K is defined as
k=[1 .. o](BWB+w)"
Sequentially, the control law is expressed as
Au = KVt — Ay — GW). (50)

The closed-loop diagram of MPC, shown in Figure 9, illustrates the control action.

re"——_———_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—————— 1
I I
yref (K) : 1 u(K) Y(K)
ﬁ KCII(Z) 1 _12711 I > Gol(z) —p
I I
I I
: Integrat : plant
I I
I I
W(K) 1 ‘ |
— (2 Sz [+
l
I

Controller

Figure 9. Close loop diagram of MPC [35].

The plant transfer matrix, ignoring the disturbance, is given by
Gor = (21 — Ag) B (51)
The closed-loop transfer matrix, as illustrated in Figure 9, is expressed in Equation (52):

Ge = Ky (Z)IOI(Z)GOI(Z)(I + Iol(z)Gol (Z)Sol(z))il (52)

where I,)(z) = —— I represents an integrator.
1—z-1 p g

4.2. SMC of the DVR

The DVR control scheme is a critical component of the studied system designed to
detect, mitigate, and compensate for voltage disturbances in the DFIG-WT. The suggested
control algorithm incorporates the CFFFB control strategy, which ensures fast and precise
voltage restoration under both temporary and permanent fault conditions. The DVR control
system begins by detecting the onset of a voltage sag or swell using a dual monitoring
approach that combines feedforward and feedback control mechanisms. The feedforward
control monitors the grid pre-sag voltage. The feedback control monitors the voltage
mitigation on the DFIG side after DVR. This dual monitoring ensures accurate detection
of voltage disturbances and enables rapid response to faults. Figure 10 shows the DVR
control approach.
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Figure 10. The control scheme of DVR with SMC.

The grid voltage v is fed into a PLL block, which extracts the grid phase angle to
generate the sine and cosine signals required for the abc/dg transformation. The DFIG
terminal voltage v is also measured and transformed into vy; and vt These components
are compared with the reference voltages v* ;. The ¢;, in Equation (54) is then fed to the
input of the SMC [36]:

eq = v:d — O (53)
€g =0V g~ Ui

The SMC utilizes a fast-switching regulator to guide the system’s state trajectory
towards a specific surface in the state space, known as the sliding surface (SS). The objective
is to ensure that the system stays within two essential steps. First, the SS must be defined in
a manner that constrains the system’s variables to it. The second step involves selecting a
feedback controller that drives the system’s state toward this SS. The sliding surface plays
a central role in the performance of the SMC. In this study, we will denote the SS by the
symbol s, and it is defined as follows:

s=c¢e-+ce (54)

where c is a constant and positive. The SMC can be implemented using various schemes,
ranging from first-order to higher-order approaches. In this study, the super-twisting
method will be chosen due to its outstanding performance [37]. The control law for the
super-twisting method will be expressed as follows.

u= cmsign(s) + b/sign(s)dt (55)

The selection of appropriate values for the parameters c and b is crucial for the con-
troller’s effectiveness, as their determination significantly influences both the controller’s
performance and the selection of the SS.

The stability of the Super-Twisting Algorithm (STA-SMC) is analyzed using a Lya-
punov function V(s) = %52, which is positive definite and equals zero when s = 0,
indicating that the system converges to the sliding surface. The time derivative of the
Lyapunov function, V(s) = s, depends on the dynamics of the sliding surface, where
§ = e+ ce represents the error dynamics of the system. Substituting the SAT-SMC law,
U= c|s}sign(s) + b [ sign(s)dt, into the error dynamics influences the term ¢, which in
turn affects the derivative of the Lyapunov function. For the system to be stable, it is
necessary that V(s) < 0. The combination of the sliding mode control term and the integral
term ensures that s converges to zero, thereby making V(s) negative and definite. In stable
conditions, V(s) < 0, implying that s < 0 fors > 0 and s > 0 for s < 0, which results in

the switching nature of the control law around s = 0. This analysis demonstrates that the
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SAT-SMC law is effective in stabilizing the system by driving the sliding surface to zero,
thereby ensuring system stability.

5. Simulation Results and Discussion
5.1. Simulation Setup

The performance of the DFIG-WT system, coupled with a DVR, is evaluated through
simulations and modeling carried out in the MATLAB/Simulink 2024a environment, as
shown in Figure 11. The system comprises a 2 MW WTG connected to a 25 kV distribu-
tion system through a three-phase 0.69/25 kV transformer rated at 4 MVA. The DVR is
integrated into the system to mitigate voltage sags and swells, ensuring stable operation
under grid disturbances. An adapted utility grid consists of a 30 km transmission line at
25 kV, which connects the DFIG-WT with the DVR system and a 0.69/25 kV transformer to
a 120 KV, 50 Hz variable voltage source through a 25/120 kV transformer.

J VG 0.69 kV/25 kv 30 km line B25 25kV/ 120 kV B120 2500 MVA 120 kV1
o) L i) k) || erwma czomy Xomtes
DFIG Wind Turbine Vit x
fUTY fIrN) TN Lfa
~N ~N ~N b %?g
[ [ n\ 417 ¥n g
DVR Control Grounding

.- i 3.30hms
Fault Discrete Transformer
. e . u e e

Vabc-ref— "
owergui
] powerg

PWM
(2-Level)

Vbattery gl
A A a A A a
1 st/ 18 Bl
: c| ¢ c c

Figure 11. Simulink model of a DFIG -WT with DVR.

5.2. Results and Discussion

The simulation is conducted with a fixed wind speed of 12 m/s to isolate the impact
of grid faults on the system’s performance. This ensures that any observed fluctuations
are only attributable to fault occurrences and the efficacy of the suggested control schemes,
which include CFFFB control with voltage regulation based on an SMC for the DVR and
MPC for the RSC. The specifications of the DFIG-WT system with the DVR are provided in
Table Al. To assess the system’s performance in FRT requirements, two fault scenarios are
simulated: voltage symmetrical and asymmetric swell/sag faults during the operation of
the utility grid, as described below.

5.2.1. Operation of the Proposed System with Different Voltage Sag Conditions

The performance of the proposed system with a DVR is further evaluated under
single-phase-to-ground (SLG) and three-phase-to-ground (3LG) faults with a 100% depth.
As shown in Figure 12a, without DVR protection, the DFIG terminal voltage undergoes
significant distortion during SLG and 3LG faults. The SLG fault leads to asymmetry,
while the 3LG fault results in near-complete voltage collapse. In contrast, with DVR
protection, the terminal voltage remains stable and symmetrical throughout the disturbance
period. This clearly demonstrates the DVR’s ability to effectively mitigate voltage sags and
preserve terminal voltage integrity. Figure 12b illustrates the DVR’s dynamic compensation
behavior. The DVR remains inactive under normal conditions and activates promptly
during faults. It injects appropriate compensating voltage immediately upon SLG (at 2.5 s)
and 3LG (at 3.8 s) faults, thereby restoring the system’s voltage. The injected waveform is
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proportional and precisely phased, minimizing power quality degradation and ensuring
fast fault recovery. As shown in Figure 12¢c, without DVR, the DC-link voltage experiences
surges and oscillations during both fault events, which can strain the converter and risk
component failure. In contrast, the DFIG-WT with DVR shows a perfectly stable DC-link
voltage, confirming that the DVR not only regulates grid-side voltage but also contributes to
internal energy balance and converter protection. The rotor currents (i,4, ir) and the stator
currents (igq, isg) depicted in Figure 12d,e surge sharply under fault conditions without
DVR, especially during the 3LG event. These unregulated currents could damage the
converter or lead to system trips. With DVR enabled, these currents remain controlled and
within safe operational limits, demonstrating the controller’s robust current regulation
and disturbance rejection capability. Figure 12f shows that without DVR, active and
reactive power become highly unstable during faults, particularly reactive power, which
swings drastically and disturbs power quality. With DVR, both power components remain
steady and consistent, enabling the DFIG to continue injecting rated active power and
maintaining near-zero reactive power as per grid code requirements. As presented in
Figure 12 g, torque undergoes large oscillations without DVR, with extreme deviations
indicating significant mechanical stress during faults. These oscillations persist even after
fault clearance. With DVR protection, the torque remains almost constant and disturbance-
free, reducing mechanical fatigue and extending the turbine’s operational life. The rotor
speed behavior in Figure 12h further highlights the difference. Without DVR, rotor speed
fluctuates and recovers slowly after faults, while with DVR, the speed remains smooth and
stabilizes quickly, ensuring better system performance.

5.2.2. Operation of the Proposed System with Different Voltage Swell Conditions

As shown in Figure 13, the performance of the proposed DFIG-based wind turbine
system, integrated with a DVR, is thoroughly evaluated under both balanced and unbal-
anced voltage swell conditions. Voltage swell events, defined as temporary increases in
grid voltage above nominal levels, can severely impact the stability and power quality
of wind energy systems. The DVR’s control strategy is specifically designed to mitigate
these effects by dynamically injecting compensating voltages. As illustrated in Figure 13a,
without DVR protection, the DFIG terminal voltage becomes severely distorted during both
the 50% unbalanced swell (2.5 s to 2.6 s) and the 100% balanced swell (3.8 s to 3.9 s), with
peak values reaching =+ 2000 V, far beyond the rated £690 V, indicating a clear inability to
suppress transient over voltages. Harmonic distortions persist even after the swell duration,
reflecting poor voltage recovery and deteriorated power quality. In contrast, with DVR
support, the terminal voltage remains nearly sinusoidal and well-regulated within the rated
£690 V during these swell events. The DVR voltage compensation is shown in Figure 13b.
As shown in Figure 13c, the DVR also significantly stabilizes the DC-link voltage. Without
the DVR, the DC-link voltage spikes to over 5500 V, which is nearly five times its nominal
value of 1150 V, presenting a risk to DC capacitors and other sensitive components. With the
DVR active, the voltage is clamped effectively around 1150 V, confirming superior energy
management. Furthermore, Figure 13d e illustrates that the rotor current components (7,4,
irg) and current components (is4, is7) exhibit extreme oscillations without the DVR, reaching
magnitudes above 10,000 A, accompanied by severe waveform distortion imposing high
stress on the RSC. With DVR compensation, these currents remain balanced and confined
within rated limits. The power profile shown in Figure 13f further confirms the DVR’s
effectiveness. In the absence of DVR, active power fluctuates up to 20 MW, and reactive
power swings around +10 MVAR, undermining grid stability and code compliance. With
DVR enabled, active power stabilizes at around 2 MW, while reactive power remains near
zero, supporting uninterrupted and regulated power delivery. Mechanical performance is



Energies 2025, 18, 4017

20 of 27

also improved, as shown in Figure 13g. Without a DVR, electromagnetic torque oscillates
violently, reaching —150,000 N-m, which may lead to mechanical wear on the turbine shaft
and gearbox. With DVR support, torque remains steady at its rated value, avoiding such
stresses. Finally, Figure 13h demonstrates that rotor speed fluctuates without DVR due to
torque disturbances, while DVR operation maintains it tightly around rated value, ensuring
smooth and stable turbine operation throughout voltage swell events.

The findings show that the proposed technique improves the FRT capability of the
DFIG, reducing the impact of grid disturbances. The system maintains balanced three-
phase values and power quality during faults. The simulation results demonstrate the
effectiveness of CFFFB control for the DVR in compensating voltage sags and swells,
ensuring continuous operation and protecting the wind turbine from transient conditions.
This enhances system reliability, extends the lifespan of rotor and stator windings and
sensitive converters, reduces mechanical stress, minimizes harmonic distortions, and
improves energy extraction. Thanks to the advanced control strategies, including SMC and
MPC, performance is optimized, components are protected, and the operational lifetime
of the system is extended, ensuring more reliable and efficient power generation from the
DFIG-WT system.
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Figure 12. Behavior of WTG under balanced /unbalanced voltage sag conditions with and without
DVR. (a) DFIG terminal voltage (V); (b) DVR compensation voltage (p.u); (¢) DC-link voltage (V);
(d) dg-axis rotor currents (A); (e) dg-axis stator currents; (f) active power (MW) and reactive power

(MVAr); (g) electromagnetic torque (N.M); (h) rotor speed (r.p.m).

5.3. Comparison with Previous Works

After thoroughly analyzing the performance of the proposed protection scheme, a

comprehensive comparison was conducted with previous work [22] to clearly highlight the

advantages of the proposed system. This comparison was based on several key performance

parameters, including voltage stability, rotor and stator current behavior, DC-link voltage,

electromagnetic torque, reactive power handling, and transient response time. The results

of the comparison are presented in Table 1.

The findings indicate that the proposed system, which integrates SMC-based DVR

protection and employs MPC for the RSC, outperforms the previous work in terms of

system stability and response time. Notably, the proposed system exhibits no overshoot

in rotor current, stator current, or torque and demonstrates significantly faster transient
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recovery. In contrast, the previous work experiences substantial overshoot in both electrical
and mechanical quantities of the WTG during fault conditions, as shown in Table A1.
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Figure 13. Behavior of WTG under balanced /unbalanced voltage swell conditions with and without
DVR. (a) DFIG terminal voltage (V); (b) DVR compensation voltage (p.u); (¢) DC-link voltage (V);
(d) dg-axis rotor currents (A); (e) dg-axis stator currents; (f) active power (MW) and reactive power
(MVAr); (g) electromagnetic torque (N.M); (h) rotor speed (r.p.m).

Table 1. Main overshoot parameters of DFIG-WT.

Parameter Proposed System Previous Work [22]
Voltage Drop (pu) 100% 95%

Rotor Current (pu) No overshoot 1.4 (steady state: 0.6)
Stator Current (pu) No overshoot 1.25 (steady state: 0.6)
DC-Link Voltage (pu) No overshoot 3.09 (steady state: 3)
Electromagnetic Torque (pu) No overshoot 1.25 (steady state: 0.6)
Active Power Supplied (pu) No overshoot 1.04 (steady state: 0.5)
Reactive Power Supplied (pu) No overshoot 0.3 (steady state: 0.0)

Also, the suggested system in [23] demonstrated improvements in overshoot and
oscillations of electromagnetic torque, reaching 1.24 pu, maintaining the rotor current at
0.35 pu, limiting the active power to 5.54 MW, and resulting in a lower reactive power of
—9.87 MVAr during a three-phase fault. However, it is still compared with the proposed
system, which exhibits no overshoot. This comparison clearly highlights the superior
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performance and efficiency of the proposed system, ensuring enhanced stability and faster
recovery times under fault conditions.

6. Conclusions

This study presents an effective control strategy that integrates a DVR. Specifically,
SMC is employed for the DVR, while predictive control is applied to the RSC. This
integrated approach ensures robust and stable operation of the WTG under both bal-
anced /unbalanced grid disturbances. The DVR, controlled by the CFFFB control scheme, is
crucial to maintain the stator terminal voltage at its nominal level during grid disturbances.
The feedforward control provides an immediate response to voltage fluctuations, while
the feedback control refines the compensation to eliminate steady-state errors. This dual
mechanism ensures precise voltage restoration, even under severe fault conditions. The
SMC for the DVR demonstrates exceptional robustness in regulating stator voltages, effec-
tively mitigating overcurrent and preventing damage to the power electronics. Meanwhile,
the predictive control for the RSC maintains the rotor current within its specified limits,
ensuring stability during transient grid disturbances. Extensive simulations under various
fault scenarios, including single-phase and three-phase faults, as well as voltage swells,
verify the effectiveness of the proposed control approach. The system maintains stable
power exchange with the grid, adhering to unity power factor operations and meeting
stringent grid code demands. Additionally, the mechanical stability of the DFIG rotor is
preserved, with minimal oscillations in rotor speed and electromagnetic torque, thereby
reducing mechanical stress and enhancing the longevity of the turbine components. The
results of this research highlight the potential of the proposed control strategy for real-
world implementation, offering a reliable and cost-effective solution for enhancing the FRT
capability of the WTG. By ensuring continuous operation during grid disturbances, the
suggested control scheme enhances the reliability and efficiency of wind energy systems
and supports the overall stability and resilience of the energy network. Future work will
focus on the experimental validation and optimization of the control parameters for broader
application in large-scale wind farms, utilizing optimization methods to determine the
predictive model’s control parameters. This will help enhance the performance of the model
and ensure its effectiveness in real-world applications. The integration of optimization
techniques, such as genetic algorithms, particle swarm optimization, or gradient-based
methods, will be crucial in fine-tuning the control parameters, ensuring better prediction
accuracy and efficiency in predictive control models, especially in complex and dynamic
wind farm environments.
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Appendix A. System Parameters

Table A1l. The parameters of the studied system.

DFIG Parameters Value

Rated power 2 MW

Rated voltage 0.69 kV
Rated wind speed 12m/s
Rated frequency 50 Hz

Stator resistance 26 x107%Q
Rotor resistance 29x 1073 Q
Stator leakage inductance 87 x 107 H
Magnetizing inductance 25x107°H
Turns ratio 0.34

DC-link voltage of DFIG 1.15kV
DVR Parameters Value

Rated power 2 MW
DC-link voltage of DVR 1.2kV
DC-link capacitor 30,000 uF
The 0.69/25 kV Transformer Value

Rated power 3 MVA
Leakage resistance 0.025/30 pu
Leakage Inductance 0.025 pu
Transformer base frequency 50 Hz
Transformer rating 0.69/25 kV
The 25/120 kV Transformer Value

Rated power 47 MVA
Leakage resistance 0.0026667 pu
Leakage Inductance 0.08 pu
Transformer base frequency 50 Hz
Transformer rating 25/120 kV
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