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An super-twisting algorithm (STA)-based controller was designed and
implemented in this study to achieve precise control over the stator active
and reactive power of a doubly fed induction generator (DFIG)-equipped
wind turbine device. The fractional calculus theory (FCT) allowed the STA
to maximize its effectiveness and performance. A distinct form is sent to the
FCT-based STA controller. The stator flux orientation technique uses control
that is independent of stator active and reactive powers. In order to achieve a
quick system with sufficient precision and a robust control strategy, the
hybrid method control is based on the fractional-order super twisting
algorithm (FOSTA) and FCT. To demonstrate the performance, efficacy,
and resilience of the stated nonlinear approach, a number of simulations are
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1. INTRODUCTION

Significant electrical energy is needed for technological advancement and the enhancement of
human life, yet this energy’s production and consumption directly contributes to the exacerbation of
environmental issues, including air pollution, global warming, and increased carbon dioxide emissions,
among other negative impacts [1]. We employ clean, renewable energy sources, including wind energy, to
reduce these issues; changing the kinetic the process of turning wind energy into electrical power involves
two phases: at the turbine’s (rotor’s) level, which transforms a portion of the available wind energy into
mechanical energy. At the generator’s level, mechanical energy is received, transformed into electrical power,
and then sent to the electrical network. An electromechanical device uses the wind to generate energy [2].

The most popular method of producing electricity is technology for wind turbines with variable
speeds, which is based on a doubly fed induction generator (DFIG). Currently, the wind’s varied speed
system based on the DFIG is the most commonly used in onshore wind farms. Its major advantage lies in the
fact that its static converters in three phases are designed for a fraction of the DFIG’s nominal power, which
represents a significant economic advantage over other electromechanical conversion options [3].

Indirect field-oriented control (IFOC) known as vector control, is an independent control technique
particularly applied to the control of alternating current (AC) machines. Vector control using conventional
regulators (proportional, integral, and derivative) is not always able to effectively manage transient
conditions and, in general, variations in machine parameters. However, other types of control, such as
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synergetic control or artificial intelligence, are better suited to these requirements and offer greater sensitivity
and robustness [4].

Because wind energy generation is so important, strong controls the system is parametric and
insensitive to outside perturbations fluctuations have been designed because of research. It is the process of
developing strategies with improved performance and optimizing the energy quality in the electrical network
by applying scientific approaches and technical techniques. In Herizi et al. [5], the proportional-integral (PI)
controller was swapped out for a sliding mode control (SMC). As the response time and ripple capabilities
dropped, the use of SMC greatly enhanced the characteristics of the control strategy as in contrast to the
traditional control approach. In order to maximize the control’s effectiveness. Belgacem et al. [6] employed
yet another clever method. To reduce capacity variations and enhance the quality of the energy produced by
the DFIG, fuzzy control was employed as a clever technique. The results of the simulation illustrate the
effectiveness of fuzzy control to maximize its advantages. To improve the control strategy’s performance,
some researchers have suggested replacing nonlinear approaches. Nonlinear techniques are substituted for the
Pl controller in order to reduce power fluctuations and produce a method that is independent of changes
features of the system being examined.

This work builds on the work of Abdelli et al. [7], where the PI controller of the conventional
control strategy is replaced with the novel fractional-order super twisting algorithm (FOSTA) technique.
Additionally, the electrical power, power ripple value and the super-twisting algorithm (STA) reaction time
and the indirect FOSTA approach developed in this work are compared. Presenting a fresh idea for the
FOSTA controller that improves the contribution of the paper is the quality of the power generated by DFIG

Consequently, the structure of this work. First, the wind turbine system is presented. Models are
made for the wind turbine and the DFIG, respectively. The main advantages of this strategy are then
described along with an explanation of the new fractional-order nonlinear approach FOSTA. The pertinent
information about the intended control strategy for a DFIG is then given. Lastly, a comparison and analysis
of the DFIG control strategy’s characteristics utilizing fractional-order FOSTA controllers are conducted.

2. THE CONTROL SCHEMA
Both the FOSTA methods and the basic theoretical representations of the super twisting sliding
mode control (STSMC) are offered here for controlling the generic stiff system dynamics.

2.1. Super-twisting algorithm control design

This section makes the case that SMC suffers from the chattering phenomena, which is oscillations
that happen when the system trajectory crosses the sliding surface, even though it is effective against
constrained uncertainties and disturbances [8]. As a remedy, the STA is presented, which considerably
lowers chattering while maintaining the robustness of SMC. In contrast to traditional SMC, which requires a
sliding variable of the system’s order, the STA only requires motion variables of its own order for the same
system, which is a significant benefit. The STA is a well-liked option in many engineering fields, such as
renewable energy, electronics, and control, because of its affordability, robustness, and ease of use. The
precise STA control law mentioned in (1) is cited in the text’s conclusion [9].

UsT = Uq + U,
Uy, =2 —Asign(S) )

1
u, = —al|s|zsign(s)

where: @ > 0,4 > 0 the trajectory can converge to the sliding surface under the following conditions [10], [11].

1> Ki
m
2 — 4CKy(A+C) )
=~ kxl@-0)

where the STSMC positive constants are: C,Ky,,K,,. The control law consists of two parts (1). However, the
second component is a continuous function of the sliding variable; the first part is a continuous function of
the sliding variable, while the first component depends on the discontinuous derivative of the sliding variable
[12]. Based on (1), Figure 1 shows a simplified representation of the STA controller’s operation and was
created to facilitate understanding and use of the STA controller.
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Figure 1. Traditionnal STA controller

Even if the STA works well, fluctuations in both reactive and active power are still present when it
is used in automated systems like wind energy generating. Furthermore, the resulting poor current quality can
interrupt equipment operation. The fractional-order (FO) approach [13] is suggested as a solution to these
problems. The goal of this new nonlinear approach is to increase reliability while maintaining the original
STA’s simplicity and use.

2.2. Proposed fractional-order super twisting algorithm controller

This paper suggests a novel STA controller model based on the FO to get better the control
strategy’s performance and efficacy. Fractional calculus is widely recognized as a mathematical technique
intended to tackle difficult problems. Because of its benefits over alternative methods, it is utilized in a
variety of industries, including renewable energy. The primary benefits of this approach are sustainability and
adaptability [14], [15]. The STA controller’s simplicity and ease of use are retained in the new controller,
which combines fractional calculus with the STA controller.

In addition, the FOSTA controller is an altered STA controller designed to increase longevity.
Additionally, the following (3) can be used to determine the mathematical representation of the intended
fractional calculus theory (FCT) technique: where y # 0 [15].

usr = [uy +u,]"
1y =2 —Asign(S) (3)
1
u, = —als|zsign(S)
In Figure 2, the suggested FOSTA controller is shown. The FOSTA technique is simple, easy to
implement, and easy to change, as seen in Figure 2. Furthermore, this proposed method is easy to apply to

complex systems. In the next section, the constructed nonlinear controller is used to control the DFIG-based
wind power.

Figure 2. The suggested FOSTA controller

3. WIND TURBINE AND GEARBOX MODELING
The modelling of a wind turbine relies on the conversion of the wind’s kinetic energy into
mechanical energy, and then into electricity. It is based on the wind power equation [16].

-Sv3
B, = pT (4)

The following is an expression for the aerodynamic power that appears at the turbine rotor [17]:

-s-v3
Paerch'Pvch(/Lﬁ)’pT )

The variable C, (4, B) is the aerodynamic power coefficient. It is dependent on two: the tip speed
ratio A and the orientation angle of the blades (or pitch angle, often denoted by ). The tip speed ratio ratio 4,
which is the ratio of the speed of the turbine blade tips. The following statement [18] defines it in relation to
wind speed:
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_ RQtyrbine
A = Huurbine (6)

where: R is the radius of the turbine Q,,,pime iS angular speed of the turbine and v is the wind speed.
The expression for C, (4, £) is given by [19].

m.(140.1)
10-0.3.8

Cy(A,B) = (0.5 —0.167 - (B — 2)) - sin[ —0.00184- (A —3) - (B —2) @)

The expression for the aerodynamic power coefficient is generally complex and non-linear, and it varies
depending on the specific turbine design [20].

Pger A
Toer = = Cp £ (8)

Qturbine 2 Qturbine

4. MODELING OF THE DOUBLY FED INDUCTION GENERATOR
As seen in Figure 3, a wind turbine that uses a DFIG links its stator straight to the power grid. The
rotor is connected to a back-to-back power converter via individual slip rings for each winding. The

converter only needs to manage a small portion of the total stator power, usually up to 30%, which is a major
benefit of the DFIG architecture [21].

‘Wind turbine

ZH0S

oML

Figure 3. Block schematic of a wind turbine using DFIG

Bekiroglu and Yazar [22] provides a description of the DFIG stator and rotor voltage mathematical model in
the park reference frame (d, q):

. d
Vgs = Rglgs + 5(/)515 — WsPqs

)

. d
Vgs = Rslqs + E(pqs + WsPgs

. d

Vgr = Rpligr + E(pdr — (w5 — w)(pqr (10)
. d

Vgr = erqr + a(pqr + (ws - w)(pdr

where, vy, v, VgV are are characterized as the dg-axis voltage’s stator and rotor. R and R, are the
resistances of the rotor and stator. @, @, @4 and @, are demonstrated as the stator and rotor of dg-axis

flux. w and w, are the reference rotation speed and the electrical speed. The rotor and stator powers, both
active and reactive, are determined by [23]:

{Ps = Vgslgs + Vqsiqs

. . 11
Qs = VUgslas — Vaslgs ( )
{Pr = vdridr + Uqriqr (12)
Qr = vqridr - vdriqr
The electromagnetic torque T, is given by [24].
M . .
Tem =p 'Z(@qsldr - (pdslqr) (13)

Design and analysis of a new scheme of the FOSTA for DFIG based wind turbine (Kheira Belgacem)



1700 O ISSN: 1693-6930

5. CONTROL STRATEGY OF THE DOUBLY FED INDUCTION GENERATOR
5.1. Reactive and active power decoupling

A three-phase setup is necessary when the DFIG is linked to an already existing network. Matching
the stator voltages to the network voltages, which act as indicators is the first step. Connecting the stator to
this network is the next stage. The link can then be set up after this is finished. Following this connection, the
third step is to regulate the power transit between the DFIG and the grid. A stator flux field-oriented method
is typically employed to attain high-performance wind system control. Therefore, by setting the stator’s
quadratic component to the null value as (14) [25].

Ps = Pas = (pqs =0 (14)

The torque is then made simpler as shown (15)

Pas = Lsigs + Mig,
{ 0 = Lyigs + Mig (15)
By omitting the stator resistance Ry,
vdS = 0
16
{Vqs =V (16)

The (17) are acquired by using the aforementioned condition (14) and substituting the rotor flux (15) in (10).
The rotor voltages are [26]:
digr M dogs

Vgr = 0L, " + Ryigr —0Lywpig + Lo dr

17

digr
dt

. . M
Vgr = 0L, + Rpigr + oL wpigy + 1. WrPas

2
where: w, = wy — w = gws is the slip frequency, g is the slip range and o =1 —LML is the leakage

SH=T
coefficient. The rotor voltages can be rewritten as [27]:

di, .
Vgr = 0L, f + Ryigr + fem‘d (18)
di .
Vgr = 0L, —d‘? + Ryigr + fomg

with fe;, , and fem , are the coupling terms between the crosses d-axis and g-axis:

_ . M degs
fem,d = _GLrwrlqr +—-

Le  dt (19)
. M
fem,q = —olrwig + Is T Wy Pgs

These rotor currents are the only way to express the stator’s active and reactive power [21]:

. M .
F = V.'slqs = _Vs_lqr
(20)

5.2. Super twisting sliding mode control control design

STSMC is a powerful method used to address the issue of chattering present in traditional SMC,
while retaining the benefits of robustness and finite-time convergence. The design involves a continuous
control action whose time derivative is discontinuous, essentially acting on the second-order dynamics of the
sliding variable.

The powers’ errors are as (21):

{SC(P) =W -k
Se(Q) = (@5 — Q)

where Pyand Qs are the reference values for the stator’s active and reactive power. Next up, we will have:

(21)
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{SC(P) = (k- F) 22)
$e(@) = (0: = )
Changing (21) into (22) leads to (23).

Js'c (P) = (P Vo (g = lar = 2 ey — gM RZ;S))

(23)

(30 = (0 + 222 (v = b =Lt
Thus, the corresponding command is provided by (24).

Vgreq = Rrigr + OLyp@yigy + g"i—‘f +igy ML—‘S’S (24)
Therefore:

v = =MlSc(P)IPsign(S.(P)) — By [ sign(S.(P)) dt (25)
The correspondent command is is vgy q is defined as (24).

Vareq = =52 (Reigr + &5 = WMigy = S iy + Moy, ) (26)
Therefore:

Vi = =211:(@)17sign(5.(Q)) — B [ sign(s.(Q)) dt 27

5.3. Fractional-order super twisting algorithm design

In the following study, the primary objective is to apply the FOSTA to the DFIG, which is described
in this section. The requirement that the derivative of the sliding surfaces is zero S;, = 0 is applied in order
to obtain the whole rotor control voltage vector v, and v,. In the absence of disturbances, the equivalent
control vector ugqe,, Which is the ideal control effort required in order to keep the system moving on the
sliding surface, is produced in this stage. The following relation, which is obtained by setting the sliding
surface equation’s time derivative to zero, typically provides the corresponding control components:

oLsly (o - . gM oLsLy (Vs VsM .
[ (—VS—M(RTLQT +ol,w ig + L_SVS) - A—(— - L_sl‘”)> ]

VeM \ Lg
Headq = | LsL LsL M | (28)
. . . o . .
K_ VSsMr (Ryigr — oL, wyigy) — lﬁ(erdr + oL, w,ig + gL—SVS)>J
ugr = [ug +u,]”
1y =2 —Asign(S) (29)

1
u, = —als|zsign(s)

where:a > 0,1 >0y #0

6. RESULTS AND DISCUSSION
The FOSTA evaluation employs a rigorous simulation methodology to compare its performance
against traditional control methods. This structured approach ensures the reliability and reproducibility of
results concerning system resilience and tracking efficacy. Methodology and configuration:
—  Test condition: to thoroughly evaluate the FOSTA’s resilience and efficacy, a comparative analysis will
be carried out in situations with fluctuating wind speeds.
—  System model: a wind turbine with 7.5 kW with a DFIG is used in the simulation.
—  Simulation environment: MATLAB/Simulink is used to build the system model.
—  Parameters: Table 1 lists the precise parameter settings for the DFIG that was utilized in the simulation.
—  Tracking performance: when compared to the traditional STA-based system, the FOSTA-based system
obtains almost the same tracking performance for the DFIG stator powers.

Design and analysis of a new scheme of the FOSTA for DFIG based wind turbine (Kheira Belgacem)
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—  Chattering effect: there is a notable chattering effect in the classical (traditional) sliding mode control
scheme.

— FOSTA advantage: there is no chattering in the FOSTA-based system. The FOSTA delivers great
tracking performance and is eventually regarded superior than the standard STSMC because to its
ability to minimize chattering.

The efficacy of the proposed FOSTA relative to the traditional STA is visually confirmed by
observing the generator’s power control responses under the simulated conditions. Figure 4 illustrates the
power control characteristics of the DFIG when governed by the conventional STA scheme, showing how
effectively the reference power is tracked, but also revealing inherent control limitations. In contrast, Figure 5
provides the corresponding power control results for the same DFIG system when the advanced FOSTA is
implemented, allowing for a direct comparison of the two control methodologies, particularly regarding
chattering mitigation and steady-state performance.

Table 1. The parameter
Component Rated power/voltage/number of pole pairs  Stator electrical parameters  Rotor electrical parameters
DFIG nominal parameters 7.55 kW M =0.078 H 50 Hz
p=2 Ry = 0.455 0 R, =0.620
380/660 V L, =0.084 H L.=0.081H
Turbine parameters Blade configuration
Diameter = 13 m Number of blades = 3
(DFIG+turbine) parameters Total moment of inertia Viscous friction coefficient
J =0.3125 kg - m? f =0.00673 kg - m?/s

..... Prs

Active power Ps (W)
Active power Ps (W)

0 1 2 3 4 5 0 1 2 3 4 5

Time (s) . Time (s)

Reactive power Qs
N/ADY
Reactive power Qs
N/ADRY

Time (s) Time (s)
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Current lg (A)
Current Ig (A)
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Figure 4. Power control of the Figure 5. Power control of the
DFIG with STA DFIG with FOSTA
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The controller parameters utilized for both the STA and FOSTA algorithms, which are essential for
study reproducibility, are itemized below in Table 2. The performances of the three controllers are shown in
Tables 3 and 4. Where t,.5q, is the system’s reaction time, reject is the amount of time needed for the power
to reach the reference-defined corridor during the same test, and AX reject is the greatest discrepancy, in the
case of a disturbance, between the measured power (active and reactive) and the reference power.

Table 2. Controller parameters

Parameter Physical effect Data
a Governs reaching phase dynamics 12
A Rejects steady-state disturbances 25
)4 Accelerates convergence near S =0 0.02

Table 3. Performance comparison of FOSTA, SMC,  Table 4. Performance comparison of FOSTA, SMC,

and STA active power regulators and STA reactive power regulators
Active power regulator  t.gy, (Ms)  AX (W) tyejee (MS) Reactive power regulator  t,ge, (Ms)  AX (W) tyejee (MS)
sMC 135 320 150 sSMC 138 340 135
STA 98 130 45 STA 53 140 35
FOSTA 20 45 21 FOSTA 19 30 15

7. CONCLUSION

In the study, we have shown a full energy-production system using a DFIG-based wind turbine. A
DFIG with two converters linking the rotor to the same network is the system under investigation (machine
inverter, and grid inverter). Machine control was used to manage the flow of both active and reactive
electricity between the machine and the grid. Three different controllers are synthesized and compared. In
relation to reference tracking, disturbance susceptibility, and parameter changes. The established technique
has solved the main limitations of FOSTA, such as the large reactive and active power changes caused by the
switching frequency. Furthermore, oscillations of active and reactive power have been improved. Simplicity,
ease of implementation, great robustness, and exceptional proficiency in improving system features
characterize the designed command. Following the presentation of the turbine and DFIG mathematical
models, the planned method was examined, during which the underlying principle of operation was explained
and the required equations were provided. The anticipated technique was then put into practice using
MATLAB. When compared to the STA regulator, the results demonstrated the FOSTA’s great competency
by minimizing the rates of undulations and overshoot. The dynamic attributes (torque, reactive power, and
active power) showed a significant improvement, according to the numerical data.
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