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ABSTRACT The super-twisting sliding mode controller (STSMC) is considered one of the simplest and
easiest to implement nonlinear controls, as it can be easily applied in industrial systems. Using this controller
leads to reducing the phenomenon of chatter and significantly increasing the durability of the systems.
However, this controller has several drawbacks and problems, as its use does not lead to improving the
systems as required. In this study, an idea has been proposed based on the use of neural networks in order
to overcome the defects and problems of the STSMC strategy. This proposed strategy is used to increase
the durability and improve the characteristics of an energy system based on wind turbines using a dual
induction generator. The latter is controlled by direct power control (DPC). The proposed controller was used
to control energies, where the pulse width modulation strategy was used to convert voltage reference values
into pulses to operate the rotor side converter. Therefore, simplicity, durability, outstanding performance, ease
of implementation, few gains, and low cost are among themost prominent features of the proposed intelligent
STSMC technique and control. TheMATLAB environment was used first to implement the proposed energy
system under different working conditions using variable wind speed, where the proposed controller was
compared with the performance of the STSMC technique. The proposed intelligent STSMC technique was
implemented experimentally using the dSPACE 1104 Card to verify the performance and the validity of the
simulated results. The experimental results show the effectiveness and ability of the proposed controller to
improve the characteristics of the DPC strategy and the energy system as a whole.

INDEX TERMS Neural algorithms, super-twisting-direct power command, dSPACE 1104 Card, doubly-
feed induction generator.

NOMENCLATURE
DPC Direct power control.
STSMC Super-twisting sliding mode controller.

The associate editor coordinating the review of this manuscript and
approving it for publication was Hongli Dong.

DFIG Doubly-fed induction generator.
PWM Pulse width modulation.
MPPT Maximum power point tracking.
REs Renewable energies.
ST Switching table.
HC Hysteresis comparator.
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WEG Wind energy conversion.
WTS Wind turbine system.
DTC Direct torque control.
THD Total harmonic distortion.
FOC Field-oriented control.
RSC Rotor side converter.
SMC Sliding mode controller.
BC Backstepping control.
VSWT Variable-speed wind turbines.
Ps Active power.
GSC Grid side converter.
Qs Reactive power.
DVC Direct vector control.
PMSMs Permanent magnet synchronous machines.
ANN Artificial neural network.
EP Electrical power.
IVC Indirect vector control.
SVM Space vector modulation.
PI Proportional-integral controller.
SC Synergetic command.
NSTSMC Neural super-twisting sliding mode controller.
WS Wind speed.

I. INTRODUCTION
Electric power (EP) is among the powers of the universe that
changed human life for the better. It is crucial in the economy
and growth, as it is among the basics of economic excellence.
EP is obtained by converting other energies, such as mechan-
ical energy, using electrical machines for this purpose, as the
cost of producing and consuming EP is largely related to
the generation systems. These systems are as diverse as the
EP production sources. To generate EP, traditional sources,
renewable sources, and hybrid sources can be used. Depend-
ing on the type of source used, the EP generating station
is named. Using traditional sources such as coal for energy
generation leads to undesirable results such as the emission
of toxic gases [1]. The latter affects the environment and
human life, prompting governments and researchers to search
for more appropriate and effective solutions to protecting the
environment from pollution and reducing the utilization of
traditional energy sources and the costs of producing EPs.
Also, the use of traditional sources in the production of EP
does not lead to a reduction in the EP consumption bill, which
is a negative matter that increases the burden on the level of
private individuals and companies, allowing for higher costs
for other manufactured materials.

In recent years, the idea of renewable energies (REs) has
come to light as a suitable solution for generating EP and
protecting the environment from gas emissions risks. Espe-
cially after the Tokyo Treaty of 1997, governments pledged
to reduce the use of traditional sources in generating EP
and resort to clean sources that do not release toxic gases,
in order to overcome the phenomenon of global warming that
has begun to affect several countries around the world [2].
These RE sources are diverse: wind energy (WE), water
energy, sun energy, wave energy, ocean current energy,. . . etc.

These sources are available in nature all year round and are
characterized by being free and easy to exploit compared
to traditional sources. In addition, the use of these sources
does not contribute to the release of toxic gases, and thus the
severity of the global warming phenomenon is reduced [3].
Exploiting these sources in the production of EP leads to
reducing the costs of production, transportation, and distribu-
tion of energy, which also contributes to reducing the energy
consumption bill, which encourages economic growth in poor
countries [4].

One of the most prominent REs that has proven its impor-
tance in generating EP is the WE. The use of this energy
source is uncomplicated and does not require complex tech-
nology, which allows for cost reductions [5]. This energy
source is considered clean energy and is available all year
round. To exploit this energy source, turbines called wind
turbines are used [6]. These turbines are used in the form
of farms called wind farms. The latter is accomplished on
land and at sea. Wind turbines convert WE into mechanical
energy, where the gained energy is later converted into EP.
This energy gain is related to the size of the turbine, as the
larger the dimensions of the turbine, the greater the energy
gained [7]. Also, the speed and shape of the wind have an
effect on the energy gained, as the higher the WS, the greater
the value of the energy gained, and vice versa. In these
turbines, blades are used to obtain mechanical energy from
the wind [8]. One, two, and three blades are used. Three-blade
turbines are the most widely used turbines in the field of wind
energy [9].

In the industry, there are two kinds of wind power gen-
erators (WEGs): Variable-speed wind turbines (VSWTs)
and fixed-speed wind turbines [10]. However, the first
kind ensures wide-range operations regarding improved effi-
ciency, higher energy-capturing capabilities, and wind speed
(WS). Therefore, the efficiency of VSWTs exceeds that
of fixed-speed wind turbines [11]. Also, in terms of cost,
complexity, control, and maintenance, VSWTs are supe-
rior to other types. The use of wind turbines has several
disadvantages and problems. They cannot withstand strong
winds (especially hurricanes) and fires, and therefore they
are quickly destroyed, and fires cannot be extinguished at
their level, which increases industrial costs [12]. Also, the
turbines should not be placed in the path of migrating birds,
and the lifespan of the energy system is short, approximately
20 years under normal working conditions. In wind farms, the
turbine yield decreases due to the wind generated between
the turbines, which hinders the movement of the turbines and
thus reduces the amount of energy gained from the wind,
which is a negative thing [13]. The energy produced by
traditional turbines is less compared to WE, as the energy
gained from the wind is related to the size of the turbine, and
therefore the larger its size, the greater the energy gained,
which is a negative matter that makes it difficult to com-
plete these giant turbines and increases the costs [14]. Also,
giant turbines require complex technologies and high-quality
materials, which is difficult at present. To overcome these
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disadvantages, the use of multi-rotor turbines has been pro-
posed as an effective solution to increase the yield and
overcome the wind generated between the turbines in wind
farms [15]. Also, to meet the increasing energy demand
and reduce the bill of production, transportation, and energy
consumption. These turbines have been studied in several
works [16], [17], [18], [19], and all of theseworks have shown
their importance in increasing the energy gained from the
wind. Also, these turbines withstand strong winds and are
characterized by stability, which makes them the most suit-
able in the field of generating energy from wind. In addition
to wind turbines, electrical machines called generators are
used. Their role lies in converting the energy gained from the
wind into current. Several types of generators can be used to
convert this energy.

Currently, the doubly-fed induction generators (DFIGs)-
based WEGs with the variable-speed are the most popular
generators used in WEGs [20]. Their primary benefit is pos-
sessing static converters with 3-phases, which are proposed
for a part of the nominal power of DFIG [21]. This makes
DFIG cost-effective compared to recent existing conversion
systems solutions (such as permanent magnet synchronous
machines (PMSMs) and hybrid excitation synchronous gen-
erators). The synchronization speed of the DFIGs is within
a ±30% range when operating, thus guaranteeing the reduc-
tion of the static converters dimensioning values, as they
are linked between the winding of the DFIG rotors and grid
[22]. Moreover, DFIG is considered to be highly durable, low
maintenance, low cost, and easy to control compared to many
generators, making it the most suitable in the field of wind
energy [23]. In energy systems that rely on the use of DFIG,
the network is connected directly to the fixed part of the
DFIG, and its moving part is connected to the network using
two inverters that are different in principle and operation.
The grid side inverter is called a grid side converter (GSC),
as its role is to convert alternating voltage into direct voltage.
The inverter on the automatic side is called the rotor side
converter (RSC), where the role is to convert the voltage
generated by the GSC into an alternating voltage of a lower
value than the grid voltage to feed the generator and control
its speed and thus the resulting energy [24]. To control the
DFIG, the RSC and GSC must be controlled, and therefore
two controls are used, as these two controls can be of the same
type or different. Mostly, GSC is used by an uncontrolled
inverter to smooth systems and reduce costs, and only RSC
is controlled [25]. Many control strategies have been adopted
to control capacities, as these strategies differ in principle,
simplicity, ease of completion, performance, durability, cost,
and ease of completion. These strategies have been classified
according to the work done in [26] into four families, where
the first family represents linear controls and the second
family represents non-linear control strategies that differ from
the first family in terms of performance, principle, and robust-
ness. The third family is the family of intelligent controls that
rely on artificial intelligence, where neural networks, fuzzy

logic (FL), and genetic algorithms (GAs) can be found. These
strategies are relied upon to determine control gain values and
therefore provide effective solutions, and simplicity and ease
of use are among their most prominent features. The fourth
family is the hybrid control family, where previous families
are relied upon to create this family. Hybrid control strategies
are a combination of various controls to obtain a new con-
trol characterized by high performance, great durability, and
effectiveness in improving the characteristics of the systems.

Traditionally, the vector command (VC) strategy is consid-
ered one of the most prominent strategies previously used to
control DFIG [27], as it relies on the use of a proportional-
integral (PI) controller in order to control the characteristic
quantities. In this control strategy, pulse width modulation
(PWM) is used to generate operating pulses in the RSC of
DFIG, where the voltage reference values generated by the PI
controllers are converted into pulses. This strategy depends
on knowledge of the mathematical model of DFIG, which
makes it complex and is affected if the system parameters
change [28]. This strategy is of two types: the direct VC
(DVC) strategy [29] and the indirect VC (IVC) strategy [30],
and the difference between them lies in the number of con-
trollers used, performance, and durability. According to the
work done in [31], the DVC strategy is considered easy to
implement, inexpensive, and simple compared to the IVC
strategy. However, the IVC strategy is characterized by high
performance, great durability, and quick dynamic response
compared to the direct strategy. Also, the IVC strategy under-
estimates the power ripple and total harmonic distortion
(THD) compared to the direct strategy [32]. A researcher
has used the DVC technique in [33], which uses fuzzy-space
vector modulation (FSVM) to command and control the
DFIG-based WE system. In this strategy, a two-level FSVM
was used to generate the pulses needed to operate the RSC.
The GSC was used with diodes to reduce the degree of
complexity and demonstrate the effectiveness of the FSVM
strategy in improving the quality of the current. The Matlab
environment was used to implement the proposed strategy
and study it with the traditional strategy. The simulated results
showed that using the FSVM strategy has a positive effect on
the quality of current and power. In [34], the IVC method is
suggested to regulate and command the power of the DFIG
integrated into the WEs. In this work, the author applied the
IVC strategy only to the RSC, where he used the modified
SVM strategy to generate the necessary operating pulses.
This strategy was applied to a 1.5 MW DFIG using a vari-
able wind speed in a MATLAB environment. The simulation
results showed that this strategy has satisfactory performance
but with ripples at the power and current levels, especially in
the durability test, which is negative.

In the families of linear controls, direct torque command
(DTC) is considered the most prominent and widespread
family in the field of controlling electrical machines due to
the ease and simplicity that distinguishes them from other
controls [35]. In this strategy, hysteresis comparators (HCs)
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are used to control both the torque and flux of the electrical
machine and the outputs of these controllers are used as
inputs to a conversion table through which the operating
pulses of the inverter are generated. The researchers in [36],
have designed a DTC technique to regulate and command
the flux and torque of DFIG-WEG. In this work, the DTC
strategy was applied as a suitable and effective solution to
control the RSC, as this strategy needs to estimate both torque
and flux in order to calculate the error in torque and flux,
which makes the DTC strategy affected in the event of a
malfunction in themachine, which is undesirable. In addition,
this strategy has a fast dynamic response, as proven by the
simulation results obtained using the Matlab environment.
In the completed durability test, a noticeable increase in the
value of THD of current and power ripples is observed, which
is a negative indication of a decrease in the quality of current
and power. In [37], the authors suggested the DTC strategy
based on second-order continuous sliding mode controllers
(SOCSMC) to control the RSC of a 1.5 MW DFIG-based
wind turbine system. A SOCSMC control was used to control
the characteristic amounts, and the outputs of these controls
are reference voltage values. The latter were used as inputs
to the SVM strategy in order to generate operating pulses for
the RSC, where simplicity and ease of implementation are
among the most prominent features of this control. Compared
to the traditional DTC strategy of the DFIG, the nonlinear
DTC technique is more reliable, where the flux and torque
ripples are minimized, and the quality of energy is lessened.
Despite the performance of SOCSMC, ripples remain present
at the level of power, torque, and current, especially in the
case of durability testing. An increase in the ripple values and
the THD of current is observed. The backstepping command
(BC) was suggested to command the flux and torque of the
DFIGs rotor [38]. In this work, the BC strategy was used
to convert the error in power to reference values in voltage,
as this strategy is considered robust and has satisfactory
performance. However, this strategy has drawbacks and prob-
lems. It is considered a complex strategy, expensive, difficult
to implement, and contains a significant number of gains,
which makes it difficult to control the dynamic response.
Also, this strategy depends on the mathematical model of
the machine, which makes it give unsatisfactory results in
the event of a malfunction in the machine. Moreover, in this
strategy, capacity estimation is used, which makes it affected,
which is negative. This strategy was implemented in a MAT-
LAB environment using variable wind speed to study the
behavior and compare it with the traditional strategy, where
the numerical simulation results show the characteristics of
the suggested command to reduce and minimize the supplied
active and reactive powers (Ps and Qs) ripples and ame-
liorates the currents/powers quality compared to the DVC
technique. A direct power command (DPC) for DFIG has
recently been suggested [39], where this strategy has the
same structure, principle, and simplicity as the DTC strategy,
with the only difference between them being the controlled

amounts. In this strategy, a two-level HC is used to control the
reactive power (Qs), and a three-level HC is used to control
the active power (Ps), while using a state table to generate the
necessary pulses necessary to operate the inverter.

Nevertheless, the DPC technique has several advantages:
robustness against machine parameter mismatch, computa-
tional simplicity, and fast dynamic response [40]. However,
the energy ripples and the high value of the THD of supplied
DFIG currents are the main drawbacks of the DPC tech-
nique [41]. Also, the DPC strategy is affected by the change
in machine parameters due to the presence of power estima-
tion, which allows for higher ripple values and lower current
quality, so several solutions have been proposed to overcome
these problems and drawbacks. In [42] the authors suggested
the DPC technique based on an estimated flux. This strategy
differs from the traditional DPC strategy, as flux estimation
was used as a suitable solution to increase performance and
overcome problems. The MATLAB environment was used to
implement the proposed strategy, comparing the behavior of
the proposed strategy with that of the traditional strategy. The
results showed that there was a noticeable improvement in
the system’s performance if the proposed strategy was used,
and a noticeable decrease in the value of THD of current.
However, the quality of power and current remains present,
along with the problem of estimating flux, which is related
to measuring voltage and current, which requires the use of
high-precision measuring devices to reduce error. In [43],
it was proposed to utilize a new DPC technique that is based
on the flux-oriented control (FOC) with a fixed switching
frequency. This FOC-based DPC strategy is complex, diffi-
cult to implement, expensive, and has a significant number
of gains. Also, using the FOC strategy to improve the per-
formance of the DPC strategy makes this strategy linked to
the mathematical model of the system, which is a negative
thing that contributes to increasing the ripples in the event
of a malfunction. However, the simulation results showed
that there is an improvement in the characteristics of the
DPC strategy in the case of using the FOC strategy with the
presence of ripples at the level of torque, power, and current,
which is undesirable. In [44], the researchers propose a novel
DPC technique based on the fuzzy technique to command
the DFIG-WEGs. In this proposed solution, the FL technique
was used to replace traditional controllers and state tables,
as using this solution is not related to the mathematical model
of the machine, which allows for better results. The use of
the FL technique is based on experience and is characterized
by high robustness against internal and external influences of
the system. The negative of this proposed control is the lack of
mathematical rules that allow defining the FL rules necessary
to obtain good results and using them to estimate capaci-
ties, which allows for raising the ripple value and the THD
value in the durability test. However, this proposed DPC-FL
strategy gave many advantages such as reducing the torque
ripple, reducing the overshoot value, and reducing the THD
voltage.
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In [45], the researcher suggests a new DPC strategy
based on neural NSVM strategy to command the RSC of a
DFIG-based wind turbine system. The DPC-NSVM strategy
is different from the traditional strategy in terms of struc-
ture and principle and uses the same estimation equations.
The DPC-NSVM strategy is characterized by high durability,
easy implementation, fast dynamic response, and outstanding
performance in reducing power and torque ripples. TheMAT-
LAB environment was used to implement this strategy on a
variable-speed 1.5 MW DFIG. The graphical and numerical
simulation results show the superiority of the DPC-NSVM
strategy over the traditional strategy in improving the charac-
teristics of the studied energy system. Recently, the twelve
sectors of the DPC technique based on neural HCs were
proposed [46]. In this work, the author used neural networks
to replace traditional controllers and used a state table to
generate operating pulses for an RSC of 1.5 MW DFIG,
where the proposed control has the same structure as the
traditional strategy. This proposed strategy was implemented
in a Matlab environment using variable wind speed to study
the proposed control behavior, where the results showed a
noticeable improvement in the value of power and torque
ripples compared to the traditional strategy. However, the
quality of current and energy remains present in this strategy
due to the presence of capacity estimation, as in the durability
test, an increase in the values of ripples and THD of current
is observed, which is negative. Moreover, the DPC strategy
based on artificial neural networks (ANNs) is suggested to
command the DFIG-WEGs by the integration of the neural
PWM (NPWM) technique [47]. In this work, the author used
an ANN to generate voltage reference values based on error
powers, and an ANN-type control was used for this pur-
pose. Also, the PWM strategy based on the ANN controller
was used to generate the necessary operating pulses for the
RSC of 1.5 MW DFIG. The proposed control is character-
ized by high durability, outstanding performance, simplicity,
inexpensive, and easy to implement. This proposed solu-
tion is based on estimating capabilities and on experience
in determining the number of neurons in each layer, as the
MATLAB environment was used to implement it. The results
obtained indicate that the quality of the current and power
increased significantly compared to the traditional strategy
in all tests performed. In [48], the researchers combined
the DPC technique with the SVM strategy to command and
control the supplied energy and torque of a permanent magnet
synchronous generator. In addition to using the SVM strategy,
a PI controller was used to control the capabilities, as the sim-
plicity and ease of implementation enjoyed by the traditional
strategy was maintained. This strategy was implemented in
a MATLAB environment using variable wind speed, where
the results showed that the quality of the current, the over-
shoot value, steady-state error (SSE), and response time are
low in the case of the proposed strategy compared to the
traditional strategy. However, in the durability test, it is noted
that the ripples increased in value, which is negative. In [49],

the sliding mode control (SMC) technique was suggested
in order to ameliorate the performances of the DPC tech-
nique for DFIG-WEGs. Using the SMC strategy increases
the durability and performance of the DPC strategy, which
increases the quality of current and power. But using the SMC
strategy increases complexity and makes the DPC strategy
related to the mathematical model of the machine, which
is a negative thing that increases the ripples and the value
of the THD of current if the machine parameters change.
The simulation results show the outstanding performance of
the proposed control in all completed tests, noting that there
is an impact if the machine parameters are changed as a
result of using power estimation. The DPC technique and BC
technique are combined to improve the current quality of the
DFIG [50]. The BC technique was used to compensate for
traditional controllers, as the outputs of this strategy are the
reference voltage values. The latter are inputs to the PWM
strategy, where these reference values are converted into
pulses to operate the RSC of DFIG. Therefore, using the BC
technique increases complexity and makes the DPC strategy
difficult and expensive to implement. Also, using the BC
technique increases the number of gains in the DPC strategy,
which is a negative matter that makes it difficult to control
the dynamic response to capabilities. Another negative of
this proposed strategy lies in its use to estimate capabili-
ties, as the same equations found in the traditional strategy
are used. The results obtained using MATLAB showed that
the proposed technique has effective performance and great
effectiveness in improving the characteristics of the studied
system compared to the traditional DPC strategy. In [51],
the author proposed a new strategy for DPC of 1.5 MW
DFIG based on the use of both the PWM and terminal syner-
getic controller (TSC) strategies, where simplicity, efficiency,
simplicity, durability, distinguished performance, low cost,
and ease of implementation are the most prominent features
of this strategy. proposed. In this proposed strategy, a TSC
control was used to control the power, where the outputs of
these controls are the reference values of the voltage. The
negative of this strategy lies in its use of estimating capabili-
ties, which is a negative thing that helps reduce the quality of
power and increase the value of THD of current. Using MAT-
LAB, the proposed control was implemented and compared
with the traditional strategy in terms of reference tracking,
robustness, ripple reduction ratios, THD, overshoot, and SSE
value. The numerical and graphical results demonstrate the
superiority of the proposed strategy over the traditional strat-
egy in improving system characteristics. Another nonlinear
technique is suggested to ameliorate the characteristics of the
DPC strategy in [52], where the third-order SMC strategy is
used to replace traditional controllers. The third-order SMC
strategy is a development of the traditional SMC strategy,
as its use contributes to increasing the performance and dura-
bility of the DPC strategy. In the latter, a third-order SMC
control was used to control the power, and the PWM strategy
was used to convert the voltage reference values resulting

31896 VOLUME 12, 2024



M. Yessef et al.: Real-Time Validation of Intelligent STSMC

from the third-order SMC strategy to the operating pulses
in the RSC. Using a third-order SMC strategy increases
complexity and implementation costs compared to the tra-
ditional strategy, which is undesirable. Using the third-order
SMC strategy increases the number of gains, which makes
it difficult to determine the optimal values for these gains
and to obtain good results. Simulation results show that the
results were better when using the third-order SMC strategy
compared to the traditional strategy. SC and SMC techniques
are combined to regulate thePs andQs of theDFIG controlled
by the DPC strategy [53]. This proposed strategy is different
from the above works in terms of principle, structure, and
performance. TheDPCmethod based on SC-SMCcontrollers
is more robust than the DPC technique. In this proposed
control, a PWM strategy was used to convert the voltage
reference values generated by the SC-SMC controller into
operating pulses for the RSC of 1.5MWDFIG. This proposed
strategy is simple, inexpensive, easy to implement, and has
high performance with great durability. This is demonstrated
by the results obtained using the MATLAB environment.
The use of a SC-SMC controller led to an increase in the
quality of current and power while reducing the values of
both response time, SSE, and overshoot compared to the
traditional DPC technique. In the works [54], [55], a proposal
for new linear controls relied upon using both a PI controller
and a proportional-derivative (PD) controller to improve the
characteristics of the DPC strategy of 1.5MWDFIG-MRWT,
where the PWM strategy was used to simplify the system and
reduce the cost of implementation. In these works, controllers
of the form PD(1+PI) and PI(1+PI) were used to control
the power, as using these controllers increased the number
of gains compared to using the PI controller. These proposed
controls, were implemented in the MATLAB environment
using different forms of WS, and the results obtained show
the extent of the effectiveness of these strategies in improving
the characteristics of the studied energy system compared to
the traditional strategy. These strategies have the disadvan-
tages of higher ripples, response time, THD of current, SSE,
and overshoot in robustness testing as a result of using power
estimation. Several scientific works were proposed in [56],
[57], [58], [59], and [60] based on the use of new strategies,
where genetic algorithms and the particle swarm optimization
(PSO) technique were used to determine the values of gains in
some of these controls to increase performance and durability.
These proposed strategies are characterized by high durability
and effective performance in improving current quality and
reducing power ripples. TheMATLAB environment was used
to implement these strategies, and a 1.5 MW DFIG was
used to accomplish these tasks. The results obtained show
the high performance of these strategies compared to the
traditional strategy. Experimental work on a new strategy
was completed in [61], where a feedback PI controller was
used to increase performance and improve the quality of the
current. The proposed control is simple, effective, robust, has
excellent performance, and few gains, easy to implement,

and inexpensive. First, this proposed strategy was imple-
mented in a MATLAB environment using a variable wind
speed, and this strategy was applied to a 1.5 KW DFIG.
Secondly, this proposed strategy was implemented experi-
mentally using dSPACE 1104, where the experimental results
confirm the obtained simulated results. Experimental results
confirm that the use of a feedback PI controller contributes to
increasing power quality and reducing the value of THD of
current compared to a traditional controller. However, in the
durability test, it is observed that the ripples rise and the
quality of the current decreases, which is negative. In [62],
the authors used a combination of both neural networks and
fractional-order control to obtain an effective and robust con-
troller to overcome the defects and problems of the DPC of
1.5 MW DFIG-MRWT strategy. The principle of this pro-
posed strategy is almost the same as the principle used in the
work [63] with a difference in the smart strategy used, as in
this work a combination of FL technique and fractional-order
control was used. These proposed controls are new effective
solutions based on changing the structure of the traditional
strategy while using the same estimation equations. In these
controls, the PWM strategy was used to generate the control
pulses necessary to operate the RSC of 1.5 MW DFIG-
MRWT. These strategies were implemented in the Matlab
environment under different working conditions, where the
graphical and numerical results showed high performance
and great robustness compared to the traditional strategy.
In [64], the super-twisting sliding mode control (STSMC)
and SC technique are combined to ease the DPC technique
characteristics of the DFIG-WEG. In this work, an SC-type
control was used to control the power and generate volt-
age reference values. In addition, the maximum power point
tracking (MPPT) strategy was used to obtain the reference
value for active power. This proposed strategy relies on esti-
mating capabilities, which makes it slightly affected if the
machine parameters change. This strategy was implemented
in a MATLAB environment using different tests, and the
results obtained show that the quality of current and power
is better when using the proposed strategy compared to the
traditional strategy. The STSMC strategy is considered one
of the simplest and easiest to implement nonlinear strategies,
as this strategy has effective performance and great durabil-
ity. Using this strategy leads to significantly improving the
characteristics of the systems. In [65], a GA strategy was
used to calculate STSMC gains to control a photovoltaic
system, where experimental results showed the distinctive
performance of this strategy in reducing energy ripples, THD
value of current, overshoot, and SSE. Another smart strategy,
represented by PSO, was used in [66] to improve the char-
acteristics of the STSMC strategy of DFIG. The proposed
strategy is characterized by simplicity, outstanding perfor-
mance, great durability, and ease of implementation. The
results obtained from the MATLAB environment show that
the power quality is high when using this strategy compared
to the traditional control. In [67], fractional-order control was
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used to improve the characteristics of the STSMC strategy of
the DFIG, as the proposed strategy is characterized by sim-
plicity, ease of implementation, and high robustness. The use
of this proposed strategy led to improving the characteristics
of the studied energy system, and this is confirmed by the
simulation results obtained compared to the traditional strat-
egy. In [68], PI, STSMC, and fractional-order control were
combined to obtain a new controller characterized by strong
and effective performance in order to increase the quality of
power generated by DFIG. This proposed controller is char-
acterized by high performance, as theMATLAB environment
was used to implement it and compare it with the traditional
controller. The numerical and graphical results showed that
using this proposed controller has high performance and
great durability compared to the traditional controller. Several
new strategies for the STSMC technique have been proposed
as suitable and effective solutions to increase the durability
and performance of energy systems [69], [70], [71], [72],
[73], [74], [75], [76], [77], [78], [79], [80], as these solu-
tions differ in terms of durability, performance, simplicity,
and ease of implementation. These proposed solutions were
implemented in the Matlab environment with a study of
the behavior compared to the behavior of traditional control
based on traditional controllers. The results obtained show
the satisfactory performance of these solutions in terms of
increasing the durability and performance of the systems. All
of the work mentioned above is work that was completed
using simulation only, where the MATLAB environment was
used to verify the validity of the proposed strategies. Power
quality, THD value of current, overshoot, SSE, response time,
durability, and performance are almost the most prominent
negatives found in these proposed solutions. As is known,
energy quality is one of the most prominent features that must
be focused on and paid attention to. The quality of power and
current is related to the type of proposed control strategy and
the extent of its ability to improve the characteristics of the
studied energy system. Therefore, it is necessary to choose
a control strategy with high characteristics in order to obtain
excellent results.

In this work, a new DPC strategy for DFIG-WEG is sug-
gested. The developed command relies on the use of the
combination between STSMC and neural networks to control
the Ps and Qs of DFIG-WEG and to generate the neces-
sary reference values to operate the RSC of DFIG. Neural
STSMC (NSTSMC) is a controller characterized by effective
performance in reducing ripples and increasing the quality
of the current, as it is characterized by durability, simplicity,
and ease of implementation. Besides using NSTSMC, the
space vector pulse width modulation (SVPWM) strategy is
used to convert reference values into operating pulses for
the RSC of DFIG. The newly suggested DPC-NSTSMC-
SVPWM technique ensures the advantages of the traditional
DPC strategy such as simplicity, fewer parameters depen-
dence, and fast response times by the control systems. The
stability of the DPC-NSTSM-SVPWM technique is fully
guaranteed using the Lyapunov stability strategy. So, the

DPC-NSTSMC-SVPWM technique is one of the main con-
tributions of this paper, as it is confirmed by simulation and
experimental work. In this proposed strategy, GSC was used
by an uncontrolled inverter to simplify the studied energy
system and demonstrate the extent to which the proposed
strategy is capable of improving the quality of current and
power without resorting to using GSC control. First, this
proposed strategy was verified using the Matlab environ-
ment and by comparing its behavior with the DPC-STSMC
strategy under different working conditions. The numeri-
cal and graphical results showed the high performance and
effectiveness of the proposed strategy in improving the
characteristics of the energy system compared to the DPC-
STSMC strategy. Secondly, the dSPACE 1104 card is used
to immediately implement the proposed new strategy and
verify its validity and its ability to improve the characteristics
of the energy system in the case of variable wind speeds.
The obtained experimental results are compared with the
DPC-STSMC strategy. Accordingly, the experimental work
of this proposed strategy is one of the most prominent main
contributions of this paper. The objectives achieved from this
completed paper can be summarized in the following basic
points:

• Reducing power and current ripples compared to the
DPC-STSMC strategy;

• Increasing the performance of the energy system based
on wind speed compared to the DPC-STSMC strategy;

• Reducing the THD of current compared to the DPC-
STSMC strategy;

• The proposed strategy is experimentally validated and
confirms the simulation results significantly;

• Significantly overcome the drawbacks and problems of
the traditional strategy (DPC technique);

• Improving and increasing the resiliency and durability
of real wind power and energy generation systems.

The work was divided into 6 different sections, where the
mathematical model of a system was given in the second
section. In the third section, explain the proposed control by
mentioning the pros and cons. Simulation results by MAT-
LAB are presented in Section IV. The fifth section offers the
experimental work done with the results. The conclusions of
the work are explained in the last section.

II. WP SYSTEM
The energy system studied in this section has great impor-
tance in reducing production costs and electrical energy
consumption compared to traditional systems. Also, it con-
tributes greatly to protecting the environment and reducing
temperature rise, as it is considered an environmentally
friendly system. The studied energy system is character-
ized by simplicity, low cost, and ease of implementation.
In Figure 1 a general model of WEGs based on DFIG is
illustrated. To study and implement this system, it is neces-
sary to know the main sections andmathematical modeling of
this system, as this mathematical modeling is used for digital
simulation [81].
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FIGURE 1. DFIG-WEG system.

The turbine, RSC, DFIG, and GSC are among the most
prominent main sections of this studied energy system, as it
is necessary to model both the turbine and the generator. As is
known, the turbine is responsible for converting wind energy
into mechanical energy, and the generator is responsible for
producing energy. Therefore, the mathematical model for
these two parts of the system must be known.

Equations of the mathematical turbine model are given and
presented as follows [50]:
PRotor = Pwind .Cp(λ, β)
Pwind = 0.5ρAv3

TRotor =
PRotor

�t

⇒

PRotor = 0.5ρACp.v3

TRotor =
1

2�t
ρS.Cpv3

(1)

With:
Cp(λ, β) = k1(

k2
A

− k3β − k4)e(
−k5
A )

+ k6λ

k1 = 0.5872, k2 = 116, k3 = 0.4, k4= 5, k5= 21
and k6=0.0085

The energy produced by turbines is related to the change in
wind speed, as the higher the wind speed, the greater the
energy gained, and vice versa. Also, the dimensions of the
turbine have an impact on the amount of energy gained from
the wind, as the larger the dimensions of the turbine, the
greater the energy gained, and the smaller these dimensions
are, the less energy gained.

Equation (2) expresses the mechanical part of the
machine [82]. Tmec = J

d�mec

dt
Tmec = Tg − (Tem + f�mec)

⇒ J
d�mec

dt

= Tg − (Tem + f�mec) (2)

Equation (3) represents the gearbox.{
�g = G.�t

TRotor = G.Tg
(3)

DFIG is considered one of the induction machines that is
characterized by high performance and great durability, as it
is low in maintenance and low in cost, making it the most
suitable in the field of generating electrical energy fromwind.

Also, the rotation speed and the resulting power can be con-
trolled by controlling the feeding of the moving part, which
gives an advantage not found in other machines. Moreover,
this generator is easy to control and any control can be applied
easily. The focus was on this generator in this work to gen-
erate electrical energy, and therefore it is necessary to know
the mathematical model of this machine, as mathematical
equations are given for the electrical and mechanical parts of
this machine. To give the model of DFIG the Park transform
is used, in which the corresponding electrical and mechanical
equations are given [83].

Equations (4) and (5) express the electrical part of the
machine. 

Vsd = Rs.Isd +
dϕsd

dt
− ωs.ϕsq

Vsq = Rs.Isq +
dϕsq

dt
− ωs.ϕsd

Isd =
1

σ.Ls
.ϕsd −

Msr

σ.Lr
.ϕrd

Isd =
1

σ.Ls
.ϕsd −

Msr

σ.Ls.Lr
.ϕrd

(4)



Vrd = Rr .Ird +
dϕrd

dt
− ωr .ϕrq

Vrq = Rr .Irq +
dϕrq

dt
− ωr .ϕrd

Ird =
1

σ.Lr
.ϕrd −

Msr

σ.Lr .Ls
.ϕsd

Irq =
1

σ.Lr
.ϕrq −

Msr

σ.Lr .Ls
.ϕsq

(5)

Equation (6) represents the torque.

Tem = (ϕrd .ϕsq − ϕrq.ϕsd )p (6)

With: 
ϕrd = Lr .Ird + IsdMsr

ϕrq = Lr .Irq +Msr .Isq
ϕsd = Ls.Isd + Ird .Msr

ϕsq = Ls.Isq +Msr .Irq

Equation (7) represent the power of the DFIG.{
Ps = Vsd Isd + VsqIsq
Qs = VsqIsd − Vsd Isq

(7)

A. PROPOSED DPC TECHNIQUE
The DPC technique is a linear command characterized by
simplicity and ease of implementation. Also, it has a fast
dynamic response and does not require knowledge of the
mathematical model of the machine, which makes it give
better results than several controls such as radial control [84].
This strategy relies on using the state table to generate trigger
pulses in the RSC of DFIG, and therefore there are no internal
loops in this strategy. In this command, two HCs are used to
control and regulate the Ps and Qs of the DFIG [85]. The
negative of this strategy lies in its use to estimate capabilities,
which makes it linked to the parameters of the machine,
especially the resistance Rs, as with the continuous operation
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of the machine, this resistance changes, and thus there is an
impact on the results and performance of the DPC strategy,
which is negative. The DPC technique gives minimum energy
ripples compared to the FOC, IVC, and DVC techniques [86].

Compared to predictive and BC techniques, the DPC tech-
nique gives more Ps andQs ripples, and the THD value of the
currents.

Several strategies were used to overcome the drawbacks of
the traditional DPC strategy, as smart, nonlinear, and hybrid
strategies were used as mentioned in the introduction. All of
these solutions presented gave positive and negative results,
which makes it necessary to always search for the best solu-
tion that can be applied in order to obtain good results. In this
section, hybrid strategies are used as a suitable solution to
surmount the drawbacks of DPC strategy and reduce sup-
plied energy and current ripples. Also, the robustness of the
system is greatly increased. To increase and strengthen the
robustness of the system, the STSMC technique and ANN
are combined in this work as an appropriate solution due to
the characteristics of the two strategies, such as simplicity,
where the resulting strategy is not related to the system
parameters, and this is a good thing that gives satisfactory
results. These two strategies were relied upon due to their
advantages compared to other controls. As is known, neural
networks are smart strategies that rely on experience and
do not require knowledge of the mathematical model of the
machine or system under study, as only the number of inputs
and outputs is known. Also, neural networks are characterized
by high performance and great durability against internal and
external factors of the system, which makes them the most
suitable in this work to reduce energy ripples and increase
the quality of the current. Accuracy is also considered one of
the biggest advantages of neural networks, which allows the
characteristics of the systems to be greatly improved upon
use.

The famous ANN technique is a mathematical model that
was created using the concepts that exist in biological nerve
systems as inspiration. Its goal is to simulate human mental
capacities throughout the system, both in terms of machine
and control behavior. Numerous nonlinear processing units,
or neurons, are linked to one another in a neural network by
synapses made of numerical values known as weights. These
parts work together to efficiently get over the drawbacks of
earlier technologies. They are organized into three layers:
input, concealed, and output. The adaptability of this model
to internal and external information passing via the network
is one of its defining features. The following equation can
be used to conceptually model the fundamental structure of a
neuron:

yANNi = f
(∑n

i
wixi + b)

)
(8)

The number of neural network inputs, the network outputs
vector, the activation function, the neural network input vec-
tor, the weight matrix, and the bias are all indicated by
the variables n, yANNi , f , x {xi, i = 1, 2, . . . , n}, wi and b
respectively. Usually, the backpropagation approach is used

FIGURE 2. Diagram of the ANN controller training steps.

to update the weight matrix, and the bias input (the neuron’s
threshold or intercept) is either +1 or −1. The flowchart
in Figure 2 provides a summary of the stages involved in
creating an ANN technique.

The first step in creating the ANN technique is gathering
and importing the datasets, as shown in Figure 2. The dataset
used in this new proper work was imported from the STSMC
method’s simulation results generated by the workspace of
MATLAB (R2021a).

As is known, neural networks are numerous and numerous,
and several types can be used for this purpose. In addition,
the use of neural networks is linked to learning algorithms,
as several algorithms can be adopted to implement the neural
controller.

The strategy proposed in this section differs from the
controls mentioned above, as it is proposed to use a new
NSTSMC method to control DFIG powers, as this strategy
differs from the traditional DPC strategy. The NSTSMC
strategy is used to generate reference voltage values from
the power error, as there is one input and one output to
the NSTSMC. On the other hand, the SVPWM strategy is
used to generate the necessary pulses to operate the RSC
of DFIG. The use of this DPC-NSTSMC-SVPWM strategy
aims to improve the characteristics of the traditional strat-
egy and increase the durability of the energy system. Also,
improving the quality of the current if themachine parameters
change. The new DPC-NSTSMC-SVPWM strategy is shown
in Figure 3, where the robustness is a big one of the other
advantages of this technique.

Compared to the IVC technique, the proposed strategy has
outstanding performance, and great robustness, is easy to
perform, has no internal loops, and is inexpensive.

31900 VOLUME 12, 2024



M. Yessef et al.: Real-Time Validation of Intelligent STSMC

FIGURE 3. The DPC-NSTSMC strategy structure of DFIG.

The suggested DPC-NSTSMC-SVPWM strategy depends
on capacity estimation to calculate the error, where the energy
error is used as input to NSTSMC techniques. The estima-
tion equations are the same equations used in the traditional
DPC strategy and shown in the works [62], [63], where
Equation (9) represents the estimation of capacities used in
this work.

Qs = −
3
2
(
Vs

σ.Ls
· 9rβ −

Vs.Lm
σ.Ls.Lr

· 9rα)

Ps = −
3
2

Lm
σ.Ls.Lr

· (Vs.9rβ )
(9)

STSMC strategy of the Ps andQs is conceived to respectively
change the q and d-axis voltages as shown in the Equa-
tions (10) [65], [66]:

Vdr = K1
∣∣SQs ∣∣r sgn(SQs ) +

∗

V dr1
∗

V dr1 = K2sgn(SQs )

Vqr = K1
∣∣SPs ∣∣r sgn(SPs ) +

∗

V qr1
∗

V dr1 = K2sgn(SPs )

(10)

where, SQs = Qsref – Q is the reactive power error,
SPs=Psref – P is the active power error.
In this proposed strategy, the reference value of active

power is calculated using the MPPT strategy, and thus the
value of active power becomes related to the shape of thewind
speed change. The two constant gains k1 and k2 should prove
the condition system stability. The Figure 4 show the structure
STSMC- Ps and Qs command.
The following equations present a dynamic studied system

withthe input u, the output y and the state x [65], [66], [67],
[68]: 

dx
dt

= a(x, t) + b(x, t)u

y = c(x, t)
(11)

FIGURE 4. The STSMC- Ps and Qs techniques.

This command’s difficulty is finding the input function u = f
(y, ẏ) that can lead the system trajectories to the departure
point y = ẏ = 0 of phase planes, if possible in restricted
times. The input ‘‘u’’ is specified as a new state variable,
wherein the commutation command is carried out on its time
derivative u̇1 [34].
The output of STSMC technique is related to the error (S),

where S = y∗
− y.

Equations (12) and (13) express the mathematical model
and how to calculate the parameters, respectively [67], [68].{

u = |S|
r K1sgn(S) + u1

∗
u = K2sgn(S)

(12)
K1 >

AM
Bm

K2 ≥
4AM
B2m

·
BM (K1 + AM )
Bm(K1 − AM )

(13)

where, the upper and lower bounds of B and A in the 2nd

derivative are represented by BM≥ B ≥ Bm and AM≥ |A|,
[65], [68].

d2y
dt2

= A(x, t) + B(x, )
du
dt

(14)

ANN technique replaces the sign(u) to obtain NSTSMC tech-
nique. The suggested NSTSMC technique is robust, simple,
and easy, in embedded system, to be implemented. The sug-
gested NSTSMC technique minimizes the THD of supplied
currents compared to the STSMC technique. Also, reduces
thePs andQs ripples compared to the STSMC technique [39].
Figure 5 shows the NSTSMC technique of the Qs and Ps of
the DFIG-based wind turbine.

The ANN technique is a type of smart command charac-
terized by robustness and simplicity [62]. In the NSTSMC
technique, 8 neurons in the hidden layer are employed. A sin-
gle neuron is also used in the entry and exit layers. Figure 6
gives the ANN technique used to ameliorate and improve the
performance of the STSMC Qs and Ps of the DFIG.

The Figure 7 shows the structure of the hidden layer of the
ANN method.

VOLUME 12, 2024 31901



M. Yessef et al.: Real-Time Validation of Intelligent STSMC

FIGURE 5. The NSTSMC command.

FIGURE 6. The ANN strategies.

FIGURE 7. Hidden layer.

Accordingly, the properties of the neural network used to
implement the two controllers corresponding to Ps and Qs
control are represented in Table 1.

III. NUMERICAL RESULTS
A. SIMULATION TEST UNDER REAL WIND PROFILE
The simulation test of the DPC-NSTSMC strategy of the
machine 1.5 KW DFIG-WEGs is compared with the DPC
technique based on the classical STSMC controllers. Both
control schemes were tested using the tracking reference test.

The used generator for simulations test has the follow-
ing specific real parameters: Pn = 1.5 kW, Vn = 398 V,

TABLE 1. Characteristics of the neural algorithms.

FIGURE 8. Wind speed profile.

Rs = 1.18 �, f = 50 Hz, Ls=0.20 H, M = 0.17 H,
Rr= 1.66�, J= 0.04Kg.m2, Lr= 0.18H, fr= 0.0024Nm/s.

The obtained results are shown in Figures 8 to 21. Figure 8
represents the WS used to test the behavior of the DPC-
NSTSMC-SVPWM technique, as the WS has a random
shape. The effective power gained from the real wind is rep-
resented in Figure 9. This energy takes the form of changing
the WS, as the value of the gained energy increases with
increasing in the value of the WS. Also, the speed of the
rotating part of the machine takes the forms of a significant
change in the WS, as it is noted that the speed of the rotating
part is related to theWS and its changes (Figure 10). Figure 11
is the tip speed ratio (TSR) of the turbine. It is noted that the
TSR takes almost a constant value around 7.5 with presence
of fluctuations and ripples, as these fluctuations are related to
the strategy used to control the turbine (MPPT-PI technique).
These ripples can be overcome by using smart or nonlinear
strategies.

Figure 12 represents the Cp of the turbine, where the value
of the Cp is not related to WS, but remains almost constant
and takes a value of 0.49 with the presence of ripples. The
Ps is represented in Figure 13. This Ps has a random shape
for the two controls used in this work. Also, the change in
the Ps takes the form of a change in the WS, as the value
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FIGURE 9. Mechanical power.

FIGURE 10. Mechanical angular speed.

FIGURE 11. Tip speed ratio TSR.

of the Ps increases with the value of the WS and vice versa.
Also, it is noted that there are ripples and fluctuations at
the level of Ps, and these fluctuations are larger in the case
of the DPC-STSMC technique compared to DPC-NSTSMC-
SVPWM technique. Qs are represented in Figure 14. This
power is unaffected by the change in WS and remains equal
to 0 VAR with ripples. The latter is greater in the event of
DPC-STSMC technique in comparison to DPC-NSTSMC-
SVPWM strategy.

Figure 15 represents a machine’s power factor, where this
parameter’s value is 1 for the DPC-NSTSMC-SVPWM tech-
nique compared to the DPC-STSMC strategy. This last one,
and at the moment 13 seconds, the parameter becomes not
equal to 1, which is not desirable. However, the proposed
control maintains the coefficient value equal to 1 throughout
the simulation period. The torque is represented in Figure 16.
The latter proves that the torque change is significantly

FIGURE 12. Power coefficient Cp.

FIGURE 13. Active power Ps.

FIGURE 14. Reactive power Qs.

associated with the WS change with the presence of fluc-
tuations and ripples, where these ripples are less in the
case of the DPC-NSTSMC-SVPWM technique compared
to the DPC-STSMC technique. Figure 17 and Figure 18
represent the direct rotor currents and the quadrature
rotor currents and of DFIG. It is noted from the two
figures that the quadrature current changes according to a
change in thePs and theWS. The direct current is not affected
by the change in WS and remains constant with the presence
of ripples and fluctuations. The latter is greater in the case
of the DPC-STSMC technique in comparison to the DPC-
NSTSM technique.

Figures 19 and 20 represent the machine’s rotor and stator
currents. These currents are sinusoidal with ripples. How-
ever, in the case of the DPC-NSTSMC-SVPWM technique,
the currents’ shape is much better than the DPC-STSMC
technique. Moreover, the change of stator currents and rotor
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FIGURE 15. Power factor PF.

FIGURE 16. Electromagnetic torque Te.

FIGURE 17. Direct rotor current Idr.

FIGURE 18. Quadrature rotor current Iqr.

currents takes the form of WS change for the two commands,
and the ripples are less in the case of the DPC-NSTSMC-
SVPWM technique than in the DPC-STSMC technique
command. Figure 21 represents the THD of the currents
(Isa) value for each of the two commands suggested in

TABLE 2. Value and ratios of energy ripples, overshoot, SSE, and
response time of both techniques for the first test wind real wind profile.

this recent research work. It is noted from the two fig-
ures that the DPC-STSMC technique gave a higher value
than the DPC-NSTSMC-SVPWM technique, where the THD
value was 1.07% and 0.83% for the DPC-STSMC tech-
nique and DPC-NSTSMC-SVPWM technique, respectively
(see Figure 21). Accordingly, the DPC-NSTSMC-SVPWM
technique reduced the value of the THD by an estimated
rate of 22.42%. On the other hand, it is noted that the two
controls have the same amplitude value of the signal (50 Hz)
of current, which is positive for the proposed strategy. The
numerical values for this test are represented in Table 2,
where the values and percentages of reduction are given for
response time, ripple, overshoot, and SSE of DFIG power.
Through this table, the values of ripples, SSE, and overshoot
of active power were reduced by percentages estimated at
10%, 50%, and 32.20%, respectively, compared to the DPC-
STSMC strategy.

For reactive power, the ripple, SSE, and overshoot values
were reduced by 12.02%, 44.06%, and 38.32%, respectively
compared to the DPC-STSMC strategy. The proposed strat-
egy provided an unsatisfactory turnaround time compared to
the DPC-STSMC strategy. The latter reduced response time
by rates estimated at 50.90 % and 26.06 % for both active
and reactive power, respectively, compared to the proposed
strategy.

B. ROBUSTNESS TEST UNDER REAL WIND PROFILE
In this test, the behavior of the proposed strategy is studied in
terms of changingmachine parameters compared to the DPC-
STSMC strategy, where the same wind speed profile used in
the first test is used. In this test, the values of the resistors
and coils are changed, where the values of the resistors are
multiplied by 2 and the values of the coils are divided by 2.
The graphical results are represented in Figures 22 to 36. In
Table 3 the numerical results obtained from this test are repre-
sented. Figure 22 represents the mechanical power resulting
from the wind. It is noted that this power changes according
to the change in the WS despite the change in the machine
parameters. This is the same for the angular speed represented
in Figure 23. In Figure 24 the tip speed ratios of the turbine are

31904 VOLUME 12, 2024



M. Yessef et al.: Real-Time Validation of Intelligent STSMC

FIGURE 19. Stator currents (Isabc).

FIGURE 20. Rotor currents (Irabc).

shown, as its value is affected by the change inWS. These are
the same results shown in the first test. In Figure 25, the power
coefficient is given, where its value is close to 0.48 with
ripples. These ripples are the result of using the traditional
MPPT strategy.

In this test, the powers follow the references well, with
ripples present (see Figures 26 and 27). The power remains
constant and its value does not change according to the

FIGURE 21. THD of Isa.

TABLE 3. Value/ratios of energy ripples, SSE, overshoot, and response
time of both techniques for the robustness test under real wind profile.

FIGURE 22. Mechanical power Pm.

change in the shape of the WS, as it is noted that the undula-
tions are larger in the case of using the DPC-STSMC strategy
compared to the DPC-NSTSMC-SVPWM technique. How-
ever, the active power keeps changing according to the change
in WS, and this is despite the change in the DFIG param-
eters. In Figure 28, the power factor is represented, where
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FIGURE 23. Angular speed.

FIGURE 24. Tip speed ratio TSR.

FIGURE 25. Power coefficient Cp.

this factor takes a fixed value equal to 1 in the presence
of ripples. These ripples are less in the proposed strategy,
which is a positive thing despite the change in the machine
parameters. The torque represented in Figure 29 takes the
form of a change in WS and active power, where ripples
are observed. The latter is less in the proposed strategy.
In Figure 30 the shape of the current Id is represented, where
its value remains constant with the presence of ripples. These
ripples are less in the proposed strategy, with the shape of
the change in this current being the same as the shape of the
change in the reactive power. The shape of the change in the
current Iq is represented in Figure 31. This current changes
according to the change in WS, with large undulations in the
case of the DPC-STSMC strategy compared to the proposed
strategy. The stator and rotor currents are represented in
Figures 32 to 35, where it is noted that these two currents

FIGURE 26. Reactive power.

FIGURE 27. Active power Ps.

have the same shape as the WS change. This current takes a
sinusoidal shape with better quality if the proposed strategy
is used compared to the DPC-STSMC strategy. The value
of THD of current is represented in Figure 26, where its
value was 1.30 % and 0.99 % for DPC-STSMC and DPC-
NSTSMC-SVPWM, respectively. Through these values, the
DPC-NSTSMC strategy gave a lower value compared to
the DPC-STSMC strategy, as the value was reduced by an
estimated percentage of 23.84 % compared to the DPC-
STSM strategy. In addition, the two controls provide the same
amplitude as the fundamental signal (50 Hz) of the current,
and therefore the proposed strategy has satisfactory results
that make it one of the strategies that can be relied upon
in the future. The values and percentages of reduction of
response time, ripple, overshoot, and SSE of DFIG power for
the controls are represented in Table 2. The latter shows that
the proposed DPC-NSTSMC-SVPWM strategy gave lower
values for both ripples, overshoot, and SSE compared to the
DPC-STSMC strategy and this is shown by the calculated
reduction ratios. However, this proposed DPC-NSTSMC-
SVPWM strategy provided unsatisfactory results compared
to the DPC-STSMC strategy. The latter reduced the response
time by an estimated percentage of 60 % and 28.50 % for
both active and reactive power, respectively, compared to the
proposed DPC-NSTSMC-SVPWM strategy.

In Table 4 the change in the THD value of current in the
tests is shown. From this table, it is noted that the THD value
increased in the second test compared to the first test for
the two controls. This increase was estimated at +0.23 %
and +0.16 % for both the traditional and proposed strategies,
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FIGURE 28. Power factor PF.

FIGURE 29. Electromagnetic torque.

FIGURE 30. Direct rotor current Id .

FIGURE 31. Quadrature rotor current Iq.

respectively. So the proposed strategy has the least change,
as this change was estimated at percentages of 17.69 % and
16.16% for both the traditional and proposed strategy, respec-
tively. Therefore, the proposed strategy is highly efficient and
robust compared to the traditional strategy.

FIGURE 32. Stator currents Isabc of DPC-STSMC.

FIGURE 33. Stator Currents Isabc of DPC-NSTSMC.

FIGURE 34. Rotor Currents Irabc of DPC-STSMC.

FIGURE 35. Rotor currents Irabc of DPC-NSTSMC.

In Tables 5 and 6, a comparison is made between the
proposed control and some works in terms of response time
and THD of current. These two tables give a clear picture of
the superiority of the proposed strategy over some existing
controls in terms of reducing the response time of power and
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FIGURE 36. THD of Isa currents.

TABLE 4. The THD value changed in the two tests.

TABLE 5. Comparison in terms of response time.

THD of current. Therefore, the proposed strategy has a satis-
factory dynamic response and high current quality compared
to several strategies, which is desirable.

IV. IMPLEMENTATION RESULTS OF THE PROPOSED
STRATEGY
The suggested command is implemented on the
dSPACEDS1104 R&D controller Board on a computer run-
ning the MATLAB (R2021a) program to carry out and
execute the designed command. According to Figure 37,
the controller board transmits the required signals to the
inverter’s IGBTs. This diagram illustrates how dSPACE inter-
acts with a WEG system built on DFIG.

TABLE 6. Comparison in terms of THD value.

FIGURE 37. Hardware-in-the-Loop (HIL) Diagram of the implemented
system.

Four crucial phases are involved in the implementation
of the suggested NSTSMC control system in the dSPACE
DS1104 hardware:

• Phase1: in theMATLAB environment, development and
design of the control system model.

• Phase 2: C code generation using of the control system
using a real-time interface (RTI).

• Phase 3: Upload the generated C code into the DS1104
Controller by the Control Desk software.

• Phase 4: Run and execute the control system in real
time and visualize the results through the Control Desk
interface.

The DS1104 R&D Controller Board upgrades a personal
computer (PC) to a development system for rapid command
prototyping. The board can be installed in virtually any PC
with a 5 V free PCI or PCIe slot. It is a cost-effective
system with a real-time processor (Figure 38). The combi-
nation of MATLAB software with the dSPACE controller
gives an efficient, high, and powerful development environ-
ment. The function models can be easily run on the DS1104
R&D controller board with its Real-Time Interface (RTI).
All Inputs/Outputs (I/O) can be, easily, and graphically con-
figured. All command system blocks will be added to a
Simulink block diagram, and Simulink®Coder TM builds
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FIGURE 38. Test bench of the HIL setups of the designed control system
and WECS.

FIGURE 39. Wind speed profile.

the model code. Using RTI, the model code will be gener-
ated via Simulink®Coder™(formerly Real-TimeWorkshop).
The Control Desk software can be used to configure the
Outputs/Inputs of the command system graphically. The real-
time (rt Model) model will be compiled, downloaded, and
started automatically. This fact reduces the implementation
time to a minimum. The real-time ( rt Model ) model will be
compiled, downloaded, and started automatically. This fact
reduces development costs and the implementation time to a
minimum. In addition, it increases the performance and the
productivity [61].

The DS1104 controller board collects from the WECS
all measurements requested by the designed strategy using
and the real-time workshop (RTW) tool and the real-time
interface (RTI). The dSPACE DS1104 controller is well-used
for controlling the system. The Secondary DSP, Texas Instru-
ments TMS320F240 DSP, generates PWM signals and the
PowerPC (PPC 603e core) calculates the simulated controller
model. The PWM signals are extracted from the secondary
Inputs/Outputs PWM connector on the connection panel
CP1104 connector panel and it is visualized on the digital
oscilloscope (see Figure 38) [61]. with the use of the Dspace
R&D controller the real-time workshop tool, experimental

FIGURE 40. Mechanical power.

FIGURE 41. Mechanical angular speed.

FIGURE 42. Tip speed ratio TSR.

validation, and tests were conducted as part of the suggested
method (see Figures 37 and 38).

This work demonstrates that, in contrast to other tactics,
this strategy is simple, affordable, and does not require spe-
cialists or a sophisticated program. As a result, the proposed
command can be applied more broadly in the future. The
following figures display the outcomes of our experimental
investigation. Utilizing a fluctuating wind profile, this test
is designed to demonstrate the tracking effectiveness and
regulation of the suggested command. The primary conclu-
sion that can be concluded from these experimental real-time
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FIGURE 43. Power coefficient Cp.

FIGURE 44. Active power Ps.

FIGURE 45. Reactive power Qs.

results findings is that they are consistent with the conclusions
reached through the numerical simulation. Nearly the same
behavior was found in both the experimental investigation
and the numerical study.

Experimental results are represented in Figures 39-51. It is
noted that the experimental validation real-time results con-
firm the results obtained by theMATLAB 2021a simulations.
Figures 39 and 40 represent both the WS and the mechani-
cal power gained from the wind. It is noted that the power
gained from the wind takes the form of a change in the WS,
which is the same as the turbine’s rotational speed represented
in Figure 41. The rotation speed changes according to the

FIGURE 46. Power factor PF.

FIGURE 47. Electromagnetic torque Te.

FIGURE 48. Direct rotor current Idr.

change in the wind’s real speed. The system speed increases
with the increase in real WS profile and decreases with its
decrease. Figure 42 represents the TSR, which is almost the
same as that obtained in the simulation, as it takes a constant
value of approximately 7.20. Figure 43 represents Cp. The
latter takes a value of approximately 0.48 with ripples, as it
does not change with the change of WS.

The supplied system power Ps and Qs are represented in
Figures 44 and 45, respectively. These figures show that the
change in the Ps is associated with a significant change inWS
with the presence of fluctuations and ripples, as these ripples

31910 VOLUME 12, 2024



M. Yessef et al.: Real-Time Validation of Intelligent STSMC

FIGURE 49. Quadrature rotor current Iqr.

FIGURE 50. Stator currents (Isabc ).

are greater in the case of using DPC-STSMC technique
compared to the DPC-NSTSMC technique. Also, ripples are
observed at the level of Qs in Figure 45. The latter is less in
the case of using DPC-NSTSMC-SVPWM technique com-
pared to the DPC-STSMC technique and it is the same as
the results obtained in the simulation. Figure 46 represents
energy factor. This latter is equal to the value of 1 in the
case of theDPC-NSTSMC-SVPWMwith larger ripples in the
DPC-STSMC technique compared to the DPC-NSTSMC-
SVPWM technique. Figure 47 represents the torque, as this
torque takes the Ps change with the presence of ripples. These
fluctuations are larger in the DPC-STSMC technique case
than the DPC-NSTSMC-SVPWM technique, which is the
same as the simulation results.

FIGURE 51. Rotor currents (Irabc ).

Figures 48 and 49 represent the quadrature rotor currents
and direct rotor currents of DFIG, respectively. Ripples are
observed in the direct rotor current, whose value is not
affected by the change in Ps. These ripples are larger in
the case of DPC-STSMC technique compared to the DPC-
NSTSMC-SVPWM technique. For quadrature rotor current,
its value is related to the change in wind speed profile,
as ripples are observed. The latter is greater when using
DPC-STSMC technique compared to the DPC-NSTSMC-
SVPWM technique. Also, stator and rotor currents are
represented in Figures 50 and 51. These currents are signifi-
cantly related to the change of Ps and WS and are the same
as the simulation results.

V. CONCLUSION
This work presents a method for implementing an intelligent
super-twisting sliding mode control on the dSPACE card.
Neural networks are proposed as the best solution in this work
to enhance the nonlinear strategy used to control DFIG power
because of their high accuracy, resilience, and robustness.
In the designed command, the sign(u) has been replaced by
an ANN. The simulated and experimental results showed that
the suggested command (neural super-twisting sliding mode
control) performs better than the conventional command in
terms of reference tracking, minimizing energy ripples, and
improving current quality.
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In the future, other experimental works will be launched
using modern techniques based on the combination of com-
mands, such as the combination of synergetic command and
backstepping command, to obtain strong control that greatly
facilitates the characteristics of the power generation system.
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