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Abstract: Power network codes necessitate that any renewable source aligns with LVRT
rules and assists in voltage restoration during voltage dips. This paper focuses on increasing
the low-voltage ride through capability of a doubly fed induction generator-based wind
turbine. Three different controllers are discussed in this article. The first is based on robust
super-twisting sliding mode control, which is a recent robust control technique. The second
uses a new metaheuristic optimizer called the Arctic Puffin optimizer (APO), and the third
relies on the traditional PI controller. The grid-side converter sustains the potential of the
DC converter link and the regulation of both the active and reactive power supplied to
the power grid via three controllers. The rotor-side converter regulates the generator’s
electromagnetic torque via two controllers. Doubly fed induction generator control is a
challenging task as the two converters have five controllers, and it is vital to specify the ideal
parameters for each controller. In the case of super-twisting sliding mode control, the APO
is utilized to obtain the sliding surfaces needed for the five controllers. Moreover, the APO
is exploited to obtain the optimal constants of the suggested PI regulators. The simulation
results prove the excellent performance of both super-twisting- and APO-based controllers,
with better performance demonstrated with super-twisting sliding mode control, which
demonstrates excellent transient performance with the least overshoot among the three
controllers. The super-twisting-based controller has a distinct feature, as it has good
performance with parameter variations.

Keywords: double fed induction generator; low-voltage ride through; wind turbine; super-
twisting; arctic puffin optimizer

1. Introduction
The doubly fed induction generator (DFIG) is considered the best generator utilized

with wind turbines (WTs) [1], as its solid-state converter has 30% of the generator rating [2].
However, because the power system is susceptible to unforeseen events, the operation of
DFIGs could be significantly impacted [3]. Given that the DFIG is a complex plant with
numerous nonlinearities [4], it is a real challenge to operate and control the DFIG under
unexpected contingencies [5], regardless of where the contingencies occur in the power
system, even if they are far away from the DFIG [6]. If a high-capacity WT is unexpectedly
halted, the continuity of the electrical system may be impacted [7]. So, specific laws or
requirements regarding the addition of any sustainable energy sources to the grid have
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been dedicated to grid codes [8,9]. Based on these requirements, DFIGs should stay in
operation during contingencies that may produce voltage fluctuations [10]. Meanwhile,
the generator must provide the adequate reactive power needed by the grid to restore the
normal power system operation [11]. The previously mentioned procedure is titled the
low-voltage ride through (LVRT) capability and is clarified by Figure 1, which shows the
voltage–time relation during and after voltage variations [12–14]. According to Figure 1,
power grid codes require each generator to align with the LVRT rules and to assist in
voltage restoration.
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Figure 1. LVRT grid code requirements.

Due to the inductive nature of a DFIG, during a high voltage dip (VD) in power
systems, the VD causes the stator of the DFIG to have a DC transient current component.
The value of this current depends on the instance of the VD. This transient current sets up a
DC transient flux that is stationary with the stator of the DFIG. This transient flux cuts the
rotor conductors and produces an emf in the rotor conductors, whose value depends on flux
and the speed difference between the stationary transient field and the rotor windings [15].
The value of the resulting induced voltage in the rotor windings could be large enough to
disturb the DC link voltage and initiate the protection circuit, causing the tripping of the
DFIG. This action should be avoided; moreover, the DFIG has to deliver enough reactive
power to the system to re-establish the voltage [16–18].

The LVRT problem has been investigated in the literature, and numerous LVRT tech-
niques have been proposed. These techniques can be divided into three different categories.
The first one is based on using solid-state converters, such as an SVC [19], STATCOM [20],
bridge circuit [21], DC-chopper circuit [22,23], unified power quality conditioner [24], and
DVR [25]. These power electronics devices will add complexity to the system regarding
its coordination and control. The second category uses solid-state converters equipped
with storage systems. A crowbar circuit provided with an SS was used in [26] to enhance
the LVRT ability, and a DVR with super-magnetic energy storage was used in Ref. [27]. A
crowbar circuit cannot only force the DFIG to inject the needed reactive into the system. An
SS with a DVR is used in [28] to restore the voltage to its nominal value. All the previous
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methods will add a new component to the system, which will increase costs. The third
category employs advanced control methods to improve the LVRT, such as vector control
methods [29,30], pitch angle control [31], predictive control [32,33], and sliding mode con-
trol [34]. These advanced control methods are preferred as they do not add any devices to
the system.

Different parameters can affect the LVRT problem; for example, Rafiee [35] showed
that regulating the transient voltage could improve LVRT [36]. Herzog [37] pointed out
that the rotor speed is vital to LVRT as it disturbs the slip of the generator; consequently, it
could disturb the generator performance through voltage variations [38]. A more detailed
review of different LVRT techniques is discussed in [39,40].

To support the power grid to restore voltage during voltage dips, a robust super-
twisting sliding mode controller (STSMC) is suggested to boost the LVRT capability of a
DFIG in order. This control technique is more suitable for nonlinear systems and highly
robust against external disturbances, model uncertainties, and parameter variations, mak-
ing it suitable for systems like DFIGs in wind turbines [41]. Unlike traditional sliding
mode control, the super-twisting technique effectively reduces the chattering phenomenon,
which is a common disadvantage with standard sliding mode controllers. The following is
a summary of the main contributions:

1. Enhancing the LVRT capacity of the DFIG-based WT by using STSMC and without
inserting any external device.

2. The Arctic Puffin optimizer (APO) is used to calculate the optimal sliding surface
required for super-twisting control.

3. The APO is also used to find the best parameters for a PI controller compared to the
proposed controller.

4. The suggested controllers are implemented entirely in the Simulink/MATLAB envi-
ronment version 2024b.

The article is organized as follows: A brief review of the various techniques employed
to improve the LVRT capability is discussed in Section 1. The complete mathematical
model of DFIG in a synchronously rotating reference frame is covered in Section 2. The
robust sliding mode control, the super-twisting technique, and the control law are covered
in Section 3. A synopsis of the Arctic Puffin optimizer is outlined in Section 4. The
proposed system and all its components are shown in Section 5. The assessment and
computer modeling results of the suggested system for the three regulators are analyzed
and discussed in Section 6. The conclusion is summarized in Section 7.

2. The Mathematical Model of DFIG
The space vector model of the DFIG expressed in reference frame (RefF) revolving at

synchronous speed is provided by the following formulas:

→
v s = Rs

→
i s + p

→
λ s + jωs

→
λ s →

{
vds = Rsids + pλds − ωsλqs

vqs = Rsiqs + pλqs + ωsλds
(1)

→
v r = Rr

→
i r + p

→
λ r + j(ωs−ωG)

→
λ r →

{
vdr = Rridr + pλdr − (ωs − ωG)λqr

vqr = Rriqr + pλqr + (ωs − ωG)λdr
(2)

→
λ s = Ls

→
i s + Lm

→
i r (3)

→
λ r = Lr

→
i r + Lm

→
i s (4)

where
→
v s,

→
v r are the space phasors of the stator voltage (STV) and rotor voltage (ROV),

respectively, in volts.
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vds, vdr, vqs, and vqr represent the stator and rotor parts of the d- and q-axis voltage,

respectively, represented by
→
v s = vds + jvqs and

→
v r = vdr + jvqr.

→
i s,

→
i r are the space phasors of stator and rotor currents, respectively, in Amperes.

ids, idr, iqs, and iqr represent the stator and rotor parts of the d- and q-axis current,

respectively, in Amperes, expressed as
→
i s = ids + jiqs and

→
i r = idr + jiqr.

→
λ s,

→
λ r are the

stator flux (STFL) and rotor flux (ROFL) linkage space phasors, respectively, in Wb.
λds, λdr, λqs, and λqr are the components of the d- and q-axis flux linkage, respectively,

expressed by
→
λ s = λds + jλqs and

→
λ r = λdr + jλqr.

Rs and Rr stand for the stator and rotor windings resistance, respectively, in Ω.
ωs is the synchronous velocity of the RefF in rad/s.
ωG represents the rotor’s angular speed in rad/s.
p is the operator of differentiation (p = d

dt ).

The voltage terms jωs
→
λ s and j(ωs − ω G)

→
λ r in Equations (1) and (2) are the induced

motional voltages in the stator and rotor due to the speed difference between the revolving
RefF and both the stator and rotor. All of the rotor’s parameters and variables are referred
to the stator. The difference in speed between the rotor and the revolving RefF is called the
slip and is calculated as

ωsl = ωs − ωG (5)

The phase angle θ is essential to transform from stationary frame to the RefF and is
calculated as

θ(t) =
∫ t

0
ωs(t)dt + θ0 (6)

θ0 is the phase angle at the start.

θsl = θs − θG (7)

where θG is the rotor position phase angle, and θsl is the difference between the stator voltage.
The dq-axis RefF moves at speed ωs, which is associated with the angle θ by

ωs =
dθ

dt
(8)

The flux linkages could be divided into dq-components as
λds

λqs

λdr

λqr

 =


Ls o Lm 0
0 Ls 0 Lm

Lm o Lr 0
0 Lm 0 Lr




ids

iqs

idr

iqr

 (9)

The equation of motion links the generator torque Te to the mechanical torque Tm is
given as

J
dωG

dt
= Te − Tm (10)

Te may be expressed as

Te =
3P
2

Lm

Lr

(
iqsλdr − idsλqr

)
(11)

where J is the rotor moment inertia in kg.m2, the number of pole pairs is designated by P,
and ωG is the rotor mechanical velocity.

The system of Equations (1)–(11) describes the d-q generator model in a RefF moving
at speed ωs. The last equation, Equation (11), is decisive in voltage control. Anyone may
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orient the STV, STFL, or ROFL in the same direction as the d-axis. For instance, by adjusting
the STFL phasor in the d-axis direction, λs = λds and λqs = 0, and the previous process
is called STFL-oriented control. A similar explanation applies if the ROFL is oriented to
d-axis; then, λr = λdr and λqr = 0, and this is called the ROFL orientation. Since the STV is
effortlessly assessable, it is better to orient the STV in the d-axis direction. Furthermore, in
typical generator conditions, the stator resistance voltage drop is very small and may be
deserted. Then, under these assumptions, Equation (1) becomes

→
v s = jωs

→
λ s (12)

This is the straight forward and simple relation between STV and STFL. In this article,
STFL-oriented control is selected, and the machine model has the following form:

dλds
dt = vds − Rsids

iqr = − Ls
Lm

iqs
dλdr

dt = vdr − Rridr + (ωs − ωr)λqr
dλqr

dt = vqr − Rriqr − (ωs − ωr)λdr

Te =
3P
2 iqsλds → iqs =

2
3P

Te
λds

(13)

The WT is held working at this maximum power point (MPPT) by controlling the
DFIG torque, Te, in a way to track the MPPT. When the wind speed changes to another
speed, the operating point changes to a new operating point; consequently, Tt changes. The
mechanical input power of the wind turbine PWT can be calculated as [15]

PWT =
1
2

ρπR2V3
ωCp(λ, β) (14)

where ρ is the air density, R is the rotor blade radius, Vω is the wind speed, Cp is the power
coefficient of the turbine, which is a function of the pitch angle, β is the pitch angle, and λ

is the tip speed ratio. The tip speed ratio is expressed as λ = ωT∗R
Vw

.
Cp depicts the efficiency of the power extracted by the WT. Cp is the ratio of the

extracted power to wind power and can be represented by numerous functions. The
following equation is usually used [15]:

CP(λ, β) = 0.730 ∗
(

115
λi

− 0.58 ∗ β − 0.0020 ∗ β2.14 − 13.20
)

e−
18.40

λi (15)

1
λi

=
1

λ − 0.02β
− 0.03

1 + β3 (16)

The WT system may be expressed by a two-mass model given as [40]

JT
dωT

dt
= TT − DTωT − Kθθt −

Bθ

Ng
ωG (17)

JG
dωG

dt
= −TG − DGωG +

ηdtKθ

Ng
θt +

ηdtBθ

Ng
ωT (18)

dθt

dt
= ωT − 1

Ng
ωG (19)

where JT, JG are the inertia of the WT rotor and the generator in kgm2, TT and Te are the
WT and generator torque in Nm, DT and DG are the damping coefficients of the WT and
generator, respectively, Kθ and Bθ are the stiffness and damping of the drive train, ηdt is the
efficiency of the drive train, Ng is the gear ratio, and θt is the shaft torsion angle.
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3. Sliding Mode Control
SMC is a nonlinear control approach that was first introduced by Utkin [42] and

received noticeable attention in numerous research articles. SMC has many great features,
such as robustness, insensitivity to parameter variations [43], more accurate responses,
and good transient performance, and it is easy to implement [44]. Since SMC is easy to
implement and simple to construct, it has attracted attention in numerous fields. SMC is
easy to be tailored to accomplish specific performance requirements [45]. There are two
steps to implement SMC [46]: the first is referred as the “reaching phase” [47], and the
other is called the sliding phase [48].

3.1. Super-Twisting

SMC has many versions, such as first- and higher-order SMC. One of the higher-order
forms of SMC is super-twisting (STW). STW reduces the chattering problem accompanied
with first-order sliding mode control. In addition, it has superior performance features and
is simple to put into practice. The principal problem that could be found in SMC is the issue
with chattering resulting from the fast-switching action of SMC [49]. SMC is achieved in
two steps: the first is the orientation of the regulated variables to a specific surface, namely,
a sliding surface, and the other is to maintain the system state on this surface and then slide
in the direction of the ultimate solution [44].

3.2. The Control Law

SMC has many versions; in this article, STSMC is selected to reach the sliding surface.
STSMC has the following rule [50]:

u = c|S|
1
2 sgn(S) + b

∫
sgn(S)dt (20)

The equation of the sliding surface has the form [51]:

S =
.
e1 + ce1 (21)

The success of the control algorithm rests on the proper value of the parameters b and
c. The Arctic Puffin optimizer (APO) will be used in this article to calculate the values of b
and c.

4. Arctic Puffin Optimizer
APO is a new optimization technique presented by Wang [52] in 2024. It simulates the

fishing procedure of the Arctic Puffin (AP), which is a little bird with gorgeously colored
plumage. An AP weighs 400 g and is about 26 cm in length. AP hunts fish and zooplankton
in the North Atlantic and North Sea, where they reside. They are skilled at flying at around
90 km/h [53]. When fishing, APs use their feet as a rudder and extend their wings halfway,
turning them into blades that propel them through the water. They can swim quickly,
descend to significant depths, and stay underwater for up to 60 s. There are two stages
in the APO algorithm: the exploration phase and the exploitation phase [52]. The APO
process is shown in Figure 2.
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An objective function is required in order to determine the ideal controller parameters,
which are around ten constants existing in five controllers. Although there are numerous
criterions to be used in the objective function, in this article, the time integral of the sum of
square errors is used, and it is stated as

OF =
∫ t f

0
∑

[
e2

i

]
dt (22)

5. The Studied System
Enhancing the DFIG’s LVRT capability is the main target of this article. In order to

protect the rotor circuit and avoid a voltage spike during the transient period caused by
a voltage dip, the first step is to temporarily integrate a crowbar (CB) circuit into it [2].
The second stage comprises regulating both the rotor-side converter (RSC) and grid-side
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converter (GRS) to insert the necessary reactive power required by the grid to restore the
voltage [1]. Figure 3a,b illustrate the entire system with the controllers.
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5.1. RSC Controller

The proposed RSC regulator utilized for controlling the dq current components is
given in Figure 4, in which Park transformation is utilized to transform variables from the
abc frame to the revolving dq frame with the help of the STFL angle. The voltage control of
the DFIG is achieved in a synchronously revolving dq frame, where the d-axis is oriented to
the STFL space vector. As a result of this orientation, the d-component of the rotor current
is proportional to the stator reactive power, while the q-component of the rotor current is
proportional to the torque [15]. So, the d-component of the rotor current will be used to
inject reactive power when the system needs it.
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5.2. GSC Controller

The GSC also uses vector control technique, and its main target is to deliver the
generated power to the grid through the rotor circuit and to preserve the DC link voltage
at the specified value. Since SMC uses a high switching frequency, which is not suitable for
capacitor operation, a PI controller will be used to control the DC link voltage, while the
remaining controllers in the GSC will use super-twisting SMC. The Simulink scheme of the
GSC regulator is shown in Figure 5.
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5.3. The Crowbar Circuit

Figure 3 shows a crowbar (CB) circuit that involves a resistor connected with a 3-phase
diode rectifier that is controlled by a controllable switch. The main rule of the CB is to
protect the rotor circuit from the transient voltage rise at the instant of a fault occurring.
The CB circuit will work by turning on the controllable switch once the rotor current or
ROV exceeds the specified limits.

5.4. Wind Turbine Control

The main controller task is to keep the system working at the MPPT. When the turbine
is working at the maximum power point, then λopt =

ωT∗R
Vw

, Cp = Cp_max, and Ct = Ct_opt.
The WT torque at the MPPT is

TT =
1
2

ρπ
R5

λ3
opt

ω2
TCp_max = kopt_Tω

2
T (23)

where

kopt_T =
1
2

ρπ
R5

λ3
opt

Cp_max (24)

6. Simulation Results
Simulink\MATLAB is used to simulate the system depicted in Figure 3; all data

concerning the WT and the DFIG are shown in Appendix A [15]. The generator started
from rest until it attained its rated speed. The contingency is represented by a symmetrical
three-phase voltage reduction of 90%, and the stator voltage is reduced to 10% of the rated
value. The contingency lasted for a duration of 0.15 s. The restoration of the stator voltage
occurred in 0.1 s as a gradual increase in the stator voltage, as indicated in Figure 6.
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For comparison’s sake, three different controllers will be considered here. The first is
the conventional PI controller; its parameter values are obtained from Ref. [15]. The second
controller is based on the APO described in Section 5, while the third controller is based on
STW, as described in Section 4. The values of different controllers’ parameters are shown
in Table 1.
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Table 1. Parameters of the different controllers.

Supper Twisting Conventional PI APO

Direct Axis Quad. Axis Direct Axis Quad. Axis Direct Axis Quad. Axis

b c b c KP KI KP KI KP KI KP KI

Rotor-Side 438.12 897.77 521.69 952.51 0.72 765.58 0.72 765.58 328.5 0 9.6 288.48

Grid-Side 629.11 163.51 200.57 959.96 0.3016 56.85 0.3016 56.85 370.0 36.87 333.88 0

DC Link Controller kp = 970.15, ki = 860.27 kp = 1000, ki = 30,000 kp = 218.4, ki = 47.60

To protect the rotor circuit during the contingency event, a CB is inserted for a duration
of 0.1 s. The CB current is shown in Figure 7 for the three controllers. The conventional
PI controller has the worst response as it has an overshoot 250% higher than the other
controllers. The STW controller has the best performance, while the APO has an analogous
response to the STW controller.
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The STFL is illustrated in Figure 8, and its steady-state value is nearly 2 pu. This value
drops too much due to the reduction in the SV. Comparing the three curves, the conventional
PI has the worst performance, while the STW controller has the best performance, and it
reaches its prefault value before the other controllers. The APO has a response close to the
STW controller. Figure 9 shows the ROFL variation during and after the contingency. Both
the PI controllers have large oscillations, while the STW controller has minimal oscillations.
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Figure 10 displays the generator torque. The figure illustrates how the contingency
event has a significant impact on the torque. Although the conventional PI controller has
the maximum overshoot, all controllers were able to return the torque to its nominal value.
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Figure 10. The change in DFIG electromagnetic torque over time.

Figure 11 shows the rotor speed. The figure shows an increase in the velocity of
the rotor during the contingency event as a result of a decrease in the electromagnetic
torque. According to that figure, the STW controller has the lowest overshoot (18.5%),
while the conventional PI has the highest overshoot (34.4%). The conventional PI controller
responds the slowest, whereas the STW controller responds the fastest. The rated speed
was successfully restored by all controllers.
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The rotor current is shown in Figure 12. It is necessary to mention two significant
points regarding Figure 12. The first is that during the contingency occurrence, the rotor
current rises. Second, the rotor current frequency value raises, and it has a value that
is proportional to the rotor speed, but it is not equal to the slip frequency as in normal
operation. The conventional PI controller has the greatest overshoot, whereas the STW has
the least. All of the controls were successful in bringing the current back to its steady value.
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Figure 12. The rotor current changes over time.

In Figure 13, the ROV is indicated. As seen in Figure 13, the ROV has two components:
a transient component and a sinusoidal component. The conventional PI controller has the
greatest overshoot, whereas the STW has the least. After the contingency, the CB circuit is
removed, and the ROV is restored to its prefault value.
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Figure 13. The ROV changes over time.

The stator current shown in Figure 14 shows a significant, abrupt fluctuation as a
result of the contingency. The conventional PI controller has the most variations, whereas
the STW controller has the least.
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The DC link voltage is depicted in Figure 15, which also reveals that the DC link
voltage returns to its steady-state value even though it was affected by the contingency
event. The maximum overshoot in case of the conventional PI is nearly 100%, whereas it is
38% in case of the STW controller.
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Two parameters, the rotor resistance and the mutual inductance, are raised by 25% in
order to evaluate the APO and STW controllers’ performance in the event of parameter
variation. Figure 16 shows the torque of the DFIG in the case of STW. As seen, the torque in
a steady state is nearly the same for both cases, while the transient torque is slightly affected
by the variation in parameters, demonstrating that the STW is insensitive to parameter
variation. For the APO case, Figure 17 shows the machine torque, which is affected by the
parameter variation, where the steady-state values of the torque (before 4.5 s) are changed
by a noticeable value (around 37%), while the transient performance slightly varied.
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7. Conclusions
Power grid codes dictate that any renewable source must follow LVRT rules to help the

power grid and assist during voltage fluctuations. Since DFIGs have high LVRT capability,
they are preferred for WTs. With appropriate control of the DFIG-based WT, the DFIG can
help the system restore the voltage during any contingencies. Three distinct controllers are
proposed in this article to enhance the LVRT capability of the DFIG. To achieve this task,
three controllers are suggested: the first controller is based on a traditional PI controller,
the second is based on robust super-twisting SMC, and the last one is based on an APO.
The DFIG is controlled such that it injects the needed reactive power to the power system
to assist the grid in restoring the voltage. From the perspective of transient response, the
STW-based controller performs the best among the three controllers, while the conventional
PI controller performs the worst. One unique characteristic of the STW controller is that,
unlike the other controllers, it is inherently insensitive to changes in system parameters.
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Abbreviations
The following abbreviations are used in this manuscript:

DFIG Doubly fed induction generator
STSMC Super-twisting sliding mode control
APO Arctic Puffin optimizer
WTs Wind turbines
LVRT Low-voltage ride through
VD Voltage dip
RefF Reference frame
STV Stator voltage
ROV Rotor voltage
STFL Stator flux
ROFL Rotor flux
MPPT Maximum power point
STW Super-twisting
RSC Rotor-side converter
GRS Grid-side converter
CB Crowbar
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Appendix A

Table A1. The DFIG-based WT data.

Turbine Data

Parameter Magnitude Units
Axle inertia at low speed values 800.0 Kg.m2

Axle friction at low speed values 0.10 Nm.s/rad
Stiffness factor 12500.0 Nm/rad
Damping factor 1300.0 Nm.s/rad
Axle inertia at high speed values 90.0 Kg.m2

Axle friction at high speed values 0.10 Nm.s/rad

Data of the Generator

Parameter Magnitude Units
The nameplate-rated active power 2.00 MW.
The nameplate-rated torque 12732.0 Nm.
Rated voltage of the stator windings 690.0 Volts
Rated speed 1500.0 rpm.
Speed range 900.0–2000.0 rpm.
Pole pairs 2.0
Mutual inductance, Lm 2.50 mH.
Leakage inductance of the rotor, Lσr 87.0 µH.
Leakage inductance of the Stator, Lσs 87.0 µH.
Rotor resistance, Rr 0.0260 Ω.
Stator resistance, Rs 0.0290 Ω.
Stator/rotor turns ratio 1/3
Maximum slip 1/3
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