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Dynamic performance of rotor‑side 
nonlinear control technique 
for doubly‑fed multi‑rotor wind 
energy based on improved 
super‑twisting algorithms 
under variable wind speed
Habib Benbouhenni 1, Mourad Yessef 2*, Ilhami Colak 1, Nicu Bizon 3,4, Hossam Kotb 5, 
Kareem M. AboRas 5 & Ali ELrashidi 6,7

The paper proposes a nonlinear controller called dual super‑twisting sliding mode command 
(DSTSMC) for controlling and regulating the rotor side converter (RSC) of multi‑rotor wind power 
systems that use doubly‑fed induction generators. It was proposed that this controller be developed 
as an alternative to the direct power control (DPC), which makes use of a pulse width modulation 
(PWM) strategy to regulate the RSC’s functioning. Overcoming the power/current quality issue with 
the proposed technique (DPC‑DSTSMC‑PWM) is characterized by great robustness and excellent 
performance. The designed strategy was contrasted with the standard method of control and other 
methods already in use. So, the unique proposed control strategy’s robustness, performance, 
efficiency, and efficacy in enhancing system characteristics were tested and validated in Matlab/
Simulink. In both tests, the proposed method resulted in significant improvements, reducing active 
power ripples by 83.33%, 57.14%, and 48.57% in the proposed tests. When compared with the 
traditional regulation method, the reduction rates of reactive power ripples are 64.06%, 52.47%, and 
68.7% in the tests. However, in contrast to the conventional method, the proposed tests showed a 
decrease of between 72.46%, 50%, and 76.22% in the value of total harmonic distortion (THD) of the 
provided currents. These ratios show how effective the proposed plan is in ameliorating and enhancing 
aspects of the energy system.
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Abbreviations
DFIG  Doubly-fed induction generator
STC  Super-twisting control
NNs  Neural networks
DSTSMC  Dual super-twisting sliding mode control
DPC  Direct power control
WE  Wind energy
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MSVM  Modified space vector modulation
DTC  Direct torque control
EE  Electrical energy
MPPT  Maximum power point tracking
PWM  Pulse width modulation
PI  Proportional-integral controller
FL  Fuzzy logic
FOC  Field-oriented control
GA  Genetic algorithm
Ps  Active power
Qs  Reactive power
ST  Switching table
HC  Hysteresis comparator
THD  Total harmonic distortion
RSC  Rotor side converter
SMC  Sliding mode control
SSE  Steady-state error
GSC  Grid side converter
MRWT   Multi-rotor wind turbine system
STSMC  Super-twisting sliding mode control
SC  Synergetic control
TOSMC  Third-order sliding mode control

Nowadays, in almost every field, electrical energy (EE) is widely used to operate devices and for industrial uses, 
which creates an increasing demand for it, as traditional sources have become insufficient and do not meet the 
increasing energy demand. All traditional sources adopted for generating EE cause several unwanted problems, 
such as the spread of toxic gases and environmental  pollution1. Also, the use of conventional sources makes the 
bill for the production and consumption of EE high. Because of these problems and defects, other energy systems 
must be considered that do not depend on traditional sources and can provide a very large amount of EE to meet 
the increasing  demand2. Because the EE generated from the sources is not of high quality at all, and the resulting 
current has ripples, these ripples affect the network and the energy system itself. The energy systems are numer-
ous, and the difference between these systems lies in the sources used, as the sources used can be classified into 
renewable sources and non-renewable  sources3. The latter is undesirable because it causes several defects and is 
costly. Therefore, renewable sources are considered one of the most prominent sources at present for producing 
EE, as a major shift to these sources is observed throughout the world as they have become a solution to several 
problems. The use of these sources contributes significantly to protecting the environment and minimizing 
the emission of toxic gases. Also, its use significantly reduces the cost of producing and consuming EE. Solar 
power is considered one of the most prominent renewable powers in the world, especially in desert areas where 
the temperature is very high, where this free energy available throughout the year can be exploited to generate 
electrical  energy4. To exploit solar energy to generate EE, photovoltaic cells are used for this purpose, as these 
cells are used in the form of sheets. The issue of generating EE from solar energy has been addressed in several 
different scientific  works5, where all of these works have proven the effectiveness of this energy and its impor-
tance in the energy and industrial fields. To exploit solar energy, farms are used for this purpose, as these farms 
contain thousands of photovoltaic cell panels, which require a vast area to generate the EE necessary to meet the 
city’s demand. The energy produced by the photovoltaic system is considered less efficient and with low quality 
of EE (there are ripples), so to exploit this energy well, filters must be used with the photovoltaic system. These 
filters have been discussed in several scientific works regarding the photovoltaic system and their importance in 
increasing EE  quality6.  In7, the author used a novel self-adaptive fuzzy-PID controller (SAFPIDC) to control the 
active filter. This strategy was relied upon to improve the quality of the current and minimize the value of total 
harmonic distortion (THD) of current compared to traditional control. The proposed control depends on experi-
ence as a result of the use of fuzzy logic (FL), as experimental and simulation results showed the effectiveness of 
the designed system in improving the quality of current and overcoming defects in traditional energy systems. 
Another work dealt with filters using hybrid particle swarm optimization-grey wolf optimization (PSO-GWO) 
and fractional-order proportional-integral-derivative controller (FOPIDC)8. In this work, the importance of 
filters and the proposed control in improving EE quality and reducing the value of THD of current was discussed. 
Experimental work was used to verify the validity of the proposed energy system. Experimental results show that 
the designed power system improves the quality of current and EE significantly, which is a good thing.  In9, the 
author used bothdual-tree complex wavelet transform (DT-CWT), conventional proportional–integral (CPI), 
and type-1 and type-2 fuzzy logic controllers (T1FLC and T2FLC) in order to control an active filter to overcome 
the problem of low EE quality and current. The use of these strategies contributes significantly to increasing 
the EE quality and reducing the value of THD of current, and this is proven by the obtained experimental and 
simulation results. However, despite these solutions, the problem of EE quality remains, which is undesirable.

In addition to solar energy, wind energy (WE) is a renewable source that has proven its efficiency and great 
ability to meet the large demand for EE, where turbines called wind turbines are  used10. These turbines convert 
WE into mechanical energy, and this energy gained from the wind is used to generate electrical current using 
 generators11. In WE, a single turbine of large dimensions can be used to finance an entire city with EE, which is 
not possible in the case of solar  energy12. The EE resulting from WE depends on both the wind speed and the 
size of the turbine, which contributes significantly to reducing costs and increasing the EE  produced13. The use 
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of wind turbines has both positives and negatives, the most prominent of which is that it reduces the costs of 
producing and consuming EE compared to non-traditional sources. Also, it contributes significantly to reducing 
the emission of toxic gases and protecting the environment from the risks of pollution, as the use of wind turbines 
does not contribute to the presence or production of dangerous  materials14. One of its disadvantages is that it 
should not be placed in the path of bird migration, as it hinders the movement of birds and contributes to their 
elimination, which is undesirable. Also, wind turbines are very vulnerable to hurricanes and bad weather, causing 
damage and thus increasing  costs15. In addition, when a fire occurs in the turbine, it cannot be extinguished due 
to the seriousness of the matter, and this contributes to increasing costs and reduces the lifespan of the  turbine16. 
On the other hand, the use of traditional three-blade turbines or other types does not contribute significantly 
to increasing the energy gained from the wind. In wind farms, these turbines are affected by the wind generated 
between the turbines, as the farm’s yield as a whole decreases as a result of these winds, and therefore the amount 
of EE generated is affected, which is undesirable, especially during peak demand for it. Therefore, researchers 
developed these turbines and tried to overcome these defects and problems. A multi-rotor wind turbine (MRWT) 
system was proposed for this purpose. This new technology has been discussed in several scientific  works17–20, 
where the mathematical model of this turbine was discussed, mentioning the negatives and positives.

Traditionally, MRWT is considered one of the most prominent technologies that have recently emerged for 
generating EE from WE, as it is not widespread because it is a very advanced technology and has a high  cost18. 
The use of this type of turbine leads to overcoming the problems and defects found in traditional turbines, as the 
use of this technology leads to significantly overcoming the wind generated between the turbines in wind  farms19. 
Also, its use leads to a significant increase in the energy gained from the wind compared to traditional turbines, 
as the energy is increased by an estimated 25% to 35%, which is a significant percentage of great importance 
in the field of renewable energies. The use of MRWT greatly increases the durability and stability of the energy 
system, as this technology is highly resistant to strong winds and  hurricanes21. This technology relies on the use 
of several turbines of different dimensions in order to form the mother turbine, where the resulting energy is the 
sum of the energies of each  turbine22. Using MRWT technologies requires more mechanical components and 
therefore regular maintenance, which increases costs, as this technology is considered expensive and expensive 
compared to traditional turbines, which is a  negative23. Due to the use of several turbines, this technology is 
difficult to control, so the maximum power point tracking (MPPT) strategy is used for this purpose. So the 
MPPT strategy for MRWT is complex and difficult to achieve compared to MPPT for conventional turbines, 
as many equations are used to achieve the MPPT  strategy24. In wind turbines, the energy gained from the wind 
is converted into electrical energy using generators. The latter are of several types, as direct current generators, 
synchronous machines, and asynchronous machines can be used for this purpose. The use of the generator must 
be compatible with the power generated by the turbine. For better operation, the power of the generator must be 
approximately the same as the power of the turbine. The doubly-fed induction generator (DFIG) is considered 
one of the most prominent and widely used types of generators in wind turbines on land and at sea due to sev-
eral characteristics that distinguish this generator from other  types25. Durability, low cost, ease of control, low 
maintenance, and greater efficiency and performance in variable wind speeds are the most prominent features of 
 DFIG26. Also, the resulting energy can be controlled by feeding the rotating part of the generator, which allows 
for greater energy of high quality, as the stator of the generator is connected directly to the network without 
an intermediary, which is a feature not found in other generators. To feed the DFIG, two different inverters are 
 used27. The inverter on the grid side is called the grid side converter (GSC), and its role is to convert alternating 
voltage to direct voltage, and the second inverter is called the rotor side converter (RSC), and its role is to convert 
constant voltage to alternating voltage. To control DFIG power, you must control both GSC and RSC, as two 
similar or different controls can be used for them. In most scientific works, only the RSC is controlled, and an 
uncontrolled inverter is used in the GSC in order to simplify the system and reduce the overall cost. In the field 
of control, it has been proposed to use several control strategies to control DFIG power, the most prominent of 
which are linear controls (direct power control (DPC)28 and direct torque control (DTC)29), smart controls (FL 
 technique30, neural networks (NNs)31, genetic algorithm (GA)32), non-linear controls (Sliding mode control 
(SMC)33, synergetic control (SC)34, passivity  control25, predictive  control35, backstepping control (BC)36, super-
twisting control (STC)37), and hybrid controls (FL-GA  technique38, NN-FL-SMC  technique39, DTC-STC-NN 
 technique40, SMC-FL  technique41, STC-SC  technique42). These controls were mostly used to control the RSC, as 
they provided satisfactory results despite the presence of problems and defects. This is normal due to the nature 
of the turbine-based energy system. It is a nonlinear system, and with continuous and permanent operation, a 
change occurs in the parameter values, which affects the power quality. The influence of power quality on inter-
nal and external factors of the studied energy system is an undesirable matter that affects the network, causing 
disturbances in the operation of other devices and the energy system itself.

One of the linear strategies is the DPC technique, that has appeared in recent years as a genuine solution 
among the suggested solutions for controlling and regulating electrical machines. The DTC technique and this 
command scheme are extremely similar, as it has the same principle and idea, and the difference between them 
consists in the references used or the controlled  quantities43. In the DPC technique, both the active (Ps) and reac-
tive power (Qs) are controlled, while in the DTC technique, the torque and flux are controlled directly without 
the utilization of internal  loops44. Simplicity, durability, low cost, and few gains are among the characteristics 
that the DPC technique is famous for compared to both vector control and field-oriented control (FOC)45. In the 
DPC technique, hysteresis comparator (HC) type controllers are used to control the power of the DFIG, where a 
three-level HC controller (1, 0, and − 1) is used to control the Ps. On the other hand, a two-level HC controller 
(1 and 0) is used to regulate the Qs of a DFIG-based wind turbine system. Their inputs are the resulting errors 
in both Qs and Ps of the machine.

In the DPC strategy of the DFIG, the estimation of both Ps and Qs is used to calculate the power error, where 
both voltage and current are measured. Estimating capabilities is linked first to estimating rotor flux, which 



4

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5664  | https://doi.org/10.1038/s41598-024-55271-7

www.nature.com/scientificreports/

makes the DPC strategy linked to the machine parameters, which is a negative thing that makes the DPC strategy 
affected in the event of a malfunction in the machine. However, some drawbacks limit the use of this technique, 
as the quality of the current is low and there are high ripples at the level of both the Qs and Ps as a result of using 
the hysteresis comparator 46. Also, a switching table (ST) is used to generate command pulses for the inverter 
IGBTs, which results in an electric current of non-constant frequency, which is  undesirable47. In addition, the 
decrease in strategic durability is one of the most prominent of these undesirable defects resulting from the use 
of power estimation, as it causes an increase in the value of the power ripples and an increase in the THD value 
of the current. Several genuine solutions have been proposed and suggested to ameliorate the advantages and 
overcome the problems and defects of the DPC technique, such as the use of NN  technique48, SC  technique49, FL 
 technique50, GA  technique51, SMC  strategy52, BC  technique53, STC  technique54, and fractional-order  control55. 
Using these techniques leads to ameliorating the advantages and significantly reducing the Qs and Ps fluctuations. 
 In56, the author combined fractional-order control and NN technique in order to overcome the disadvantages 
of the DPC strategy of DFIG-based MRWT, where the PWM strategy was used to control the operation of the 
RSC of DFIG-MRWT. A fractional-order NN controller was used to control the power, and the outputs of these 
controllers are the reference values of the voltage. The latter is used to generate the pulses necessary to operate 
the inverter. The advantage of this proposed strategy is that it is simple, more durable, has excellent performance, 
and is easy to implement. Also, it has few gains which makes it easy to adjust and change. This proposed strategy 
was implemented in a Matlab environment using several different tests running a 1.5 MW DFIG. The validity and 
safety of the proposed control and its efficiency in improving the characteristics of the energy system compared 
to the DPC strategy were verified in terms of the percentages of reduction in response time, ripples, THD value 
of the current, overshoot, and steady-state error (SSE) of DFIG power. In addition, the author made a compari-
son between the proposed strategy and some existing works, where the graphical and numerical results showed 
the superiority of this strategy over DPC and a group of works in terms of power quality and current. However, 
this strategy has a negative effect, which is the increase in the values of ripples and THD in the durability test as 
a result of using power estimation, which is an undesirable negative. In order to overcome the ill effects of low 
stream quality in the strategic DPC of DFIG-based wind turbine systems, different solutions exist; Including the 
use of fractional-order FL technique as a suitable and effective solution that has been relied upon in the  work57. In 
the latter, the PWM strategy was used to generate the pulses necessary to operate the inverter. This strategy was 
relied upon to simplify control and reduce its total cost. Despite its many advantages, the use of the FL technique 
is not very effective in some circumstances and the quality of the stream is not significantly improved since there 
is no mathematical rule that shows how to use the FL strategy to obtain better results.

Researchers have developed new controls to overcome the drawbacks of the DPC strategy of DFIG, reduce 
power and current ripples, and overcome the drawbacks of traditional strategies.  In58, the author proposed a 
controller of the form PI (1 + PI) in order to overcome the disadvantages of the DPC strategy of 1.5 MW DFIG-
MRWT, where the PWM strategy was used to control the RSC. In this work, the MPPT strategy was used in 
order to obtain the reference value for the active power, and thus the value of the current and torque become 
related to the wind speed. The proposed strategy is characterized by the presence of a significant number of gains, 
which makes it difficult to adjust the dynamic response. Also, using capacity estimation, where the same rates 
are used in the traditional strategy, which contributes to raising the ripples and the THD of the current value in 
testing the durability or the occurrence of a malfunction in the system. Despite these shortcomings, the use of 
the PI (1 + PI) controller significantly improved the characteristics of the DPC strategy. Another solution, which 
is to use the integral SC technique in order to overcome the problems of the DPC of the DFIG strategy, was 
proposed  in59. In this work, an integral SC technique control was used to control DFIG power. The proposed 
strategy is a change to the traditional strategy, as the author used the integral SC technique to compensate for 
the use of HC controllers and used the PWM strategy to replace the use of ST to generate operating pulses. The 
proposed control is simple, uncomplicated, easy to implement, has high durability, and has outstanding perfor-
mance in reducing power ripples and increasing the quality of the current compared to the traditional strategy, 
and this is proven by the completed simulation results. The negative of this strategy lies in the use of power 
estimation, as a decrease in the quality of the current and an increase in the value of the energy ripples is 
observed, which is an undesirable negative. The SC and fractional-order control strategy were combined to 
overcome the disadvantages of the DPC strategy of a 1.5 MW DFIG-MRWT  system60. The proposed fractional-
order SC (FOSC) controller is characterized by simplicity, few gains, robustness, and ease of implementation. 
This proposed strategy plays the role of two different controllers, as it can be the DPC-SC technique or the DPC-
FOSC technique. This proposed strategy was used to control the RSC only, with the MPPT strategy used to 
generate the reference value for the active power. The results obtained using the Matlab environment show the 
high performance of the proposed strategy compared to traditional control in terms of current/power quality, 
noting the presence of an increase in the ripple values for both current and torque in the event of changing the 
DFIG parameters, which is undesirable. A new strategy for DPC of DFIG is proposed as a suitable and effective 
solution to overcome the problem of ripples and low current  quality61. In the latter, the modified SC technique 
was used in order to control the power with the use of the PWM strategy to generate control pulses in the RSC 
of a 1.5 MW DFIG-MRWT system. This proposed strategy is characterized by simplicity, low cost, fast dynamic 
response, small number of gains, outstanding performance, high durability, and ease of implementation. This 
proposed strategy was compared with the traditional strategy and some scientific works, where the necessary 
numerical and graphical results were extracted to accomplish this comparison, and the Matlab environment was 
used to obtain these results. The proposed strategy has a very fast dynamic response and presents fewer ripples 
compared to the proposed strategy and some scientific works, which is a positive thing. This strategy is negative 
in its behavior against changing machine parameters, as it is noted to be slightly affected compared to the tradi-
tional strategy and this appears through an increase in the value of THD of current and power ripples.  In62, the 
author used a neural PI controller to control the powers of the DFIG-MRWT system, where the DPC strategy is 
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used to control the machine. In this strategy, the modified space vector modulation (MSVM) technique was used 
to generate the pulses needed to operate the RSC of 1.5 MW DFIG. The DPC strategy based on neural PI control-
lers is a different strategy from the above-mentioned works and the traditional strategy, as it depends on estimat-
ing capabilities, and the same estimation equations found in the traditional strategy are used. The Matlab envi-
ronment was used to implement this strategy, using several different tests to prove its effectiveness and ability to 
improve the characteristics of the studied energy system. The obtained numerical results show that the proposed 
strategy has a response time to capabilities that is much lower than the traditional strategy and some actions. 
The ripples, THD of current, SSE, and overshoot were also reduced by high percentages, which indicates the 
distinctive and effective performance of this strategy. PI controller and proportional derivative (PD) controller 
were used in the form of PD(1 + PI) to overcome the disadvantages of the DPC of 1.5 MW DFIG-MRWT 
 strategy63, where the PWM strategy was used to convert the voltage reference values resulting from the PD(1 + PI) 
controller into pulses to turn on the RSC. The advantage of this strategy is simplicity and ease of implementation, 
as it is a change to the traditional strategy. Therefore, the power estimation process is used in this proposed 
strategy to obtain the power error, which makes it affected in the event of a malfunction in the machine. Another 
negative of this strategy lies in the high number of gains compared to the DPC strategy based on PI controllers, 
which is a negative matter that makes it difficult to control the dynamic response and this appears through the 
simulated results obtained, where it is noted that the proposed strategy has a longer response time than the 
traditional strategy. But in terms of ripple values, SSE, and overshoot, the proposed strategy provided better 
results compared to the traditional strategy, and this is shown by the relatively high reduction rates. The modified 
SMC technique is a new strategy that was proposed to overcome the problems of the SMC strategy, and it was 
used as a suitable  solution64. In this work, the modified SMC strategy was used to control the power and reduce 
the current and torque ripples of the 1.5 MW DFIG-MRWT system, where the PWM is used to control the RSC. 
This proposed strategy has many advantages, such as simplicity, robustness, lack of precise knowledge of the 
mathematical model of the machine, ease of implementation, and the presence of a small number of gains, which 
makes it the most suitable for controlling capabilities. This proposed strategy was implemented in a Matlab 
environment, where a variable wind speed was used for this purpose. The graphical and numerical results show 
the robustness and ability of the DPC strategy based on the modified SMC technique to overcome the problem 
of low current quality and power ripples compared to the proposed strategy and some scientific papers. In the 
robustness test, it is noted that the DPC strategy based on the modified SMC technique is less affected compared 
to the traditional strategy, as the rates of influence were very low, which is a positive thing. However, the DPC 
technique based on these techniques becomes difficult to achieve, expensive more complex. Super-twisting SMC 
(STSMC) technique is among the non-linear methods designed and suggested to surpass some real problems of 
the SMC method, which is distinguished by high robustness, easy to apply, and can be used in many fields such 
as controlling electric machines and renewable  powers65.  In66, the author used the STSMC strategy to overcome 
the problems of the FOC technique of 1.5 MW DFIG. In this proposed strategy (FOC-STSMC), the PWM 
strategy based on the NN-FL algorithm was used to generate operating pulses for the RSC. The FOC-STSMC 
strategy is characterized by complexity and a significant number of gains compared to the traditional strategy 
and DPC. Despite this complexity, it provided satisfactory results, and this is shown by the simulation results in 
all completed tests. However, in the durability test, a noticeable increase in the ripple values is observed, which 
is negative.  In67, the author used the STSMC strategy with the four-level neural MSVM strategy to improve the 
performance of the DPC strategy of the DFIG. In this proposed strategy, an STSMC strategy control was used 
to control the power, and power estimation was used for this purpose. The strategy provided satisfactory results 
compared to traditional control, as torque and current ripples were reduced. However, this strategy was proposed 
in the robustness test. It was noted that it was affected and this appears through the increase in energy ripples, 
which is negative. In the  work68, the author made a comparison between the STSMC strategy and the SC tech-
nique in order to find out which strategy has the best ability to improve the performance of the DPC strategy. 
These controls were implemented using the Matlab environment, where a variable wind speed was used to 
accomplish this comparison. Through the graphical and numerical  results, it is noted that the STSMC strategy 
provided unsatisfactory results compared to the SC strategy, which is negative. To overcome the problems of the 
STSMC strategy, several solutions have been proposed to improve the performance and effectiveness of this 
strategy. The neural STSMC strategy was used as an effective solution to improve the performance of the DPC 
strategy of DFIG and reduce the value of energy  ripples54,69. The use of neural networks increased the perfor-
mance and robustness of the STSMC strategy, and thus the performance of the DPC strategy. The negative of 
using neural networks is the lack of a mathematical rule for choosing the number of internal layers or the number 
of cells in each layer, which makes it difficult to determine the appropriate solution.  In70, the author used the 
NN-FL algorithm to overcome the problems and defects of the STSMC strategy of the DPC technique, where 
the sign(u) function was replaced by the NN-FL algorithm. This proposed strategy was compared with the neural 
STSMC strategy of the DPC technique. The obtained simulation results prove the high performance of the 
STSMC-NN-FL technique compared to the STSMC-NN strategy in improving the characteristics of the DPC 
strategy and reducing the value of energy ripples. The negative of this strategy lies in the lack of mathematical 
rules that determine the number of FL rules and the number of neurons for each layer. Also, its reliance on 
capacity estimation makes it affected in the event of a malfunction in the system, which is undesirable.

In71, the author used both the seven-level neural MSVM technique and the STSMC-NN-FL controller to 
improve the characteristics of the DPC strategy of a 1.5 MW DFIG-based wind turbine. This proposed strategy is 
somewhat complex and expensive compared to the traditional strategy, as it relies heavily on artificial intelligence, 
which makes it not use the mathematical model of the machine and is less effective in the event of a malfunction. 
The advantage of this strategy is that it is more durable and has high performance in reducing power ripples and 
reducing the THD of current. The Matlab environment was used to implement this proposed strategy, and the 
results showed high performance and the extent of reducing energy ripples compared to the traditional strategy. 
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This strategy has a negative side, which is that it is used to estimate capabilities, which makes it linked to the 
machine’s parameters, which is a negative thing in the event of a defect that contributes to an increase in undula-
tions and a decrease in durability and performance. SC technique and STSMC strategy are combined to overcome 
the drawbacks of the DPC technique of the  DFIG42. The resulting strategy (SC-STSMC) is characterized by high 
performance and is effective in reducing power ripples and increasing the quality of the current compared to the 
traditional strategy. In this work, an SC-STSMC control was used for power control, with the MSVM strategy 
used to generate the pulses necessary to operate the RSC of 1.5 MW DFIG. The advantage of this strategy is high 
performance and high efficiency in overcoming the problem of power ripples and significantly improving the 
quality of the current. The negatives of this strategy can be limited to the use of estimating capabilities and the 
presence of a significant number of gains. The simulation results obtained show high performance, although 
there is a noticeable effect on changing the machine parameters, as the ripple values   increased significantly, and 
this increase was less than the traditional strategy. Another strategy for STSMC has been proposed  in72 in order 
to improve the properties of DPC of DFIG, which is represented by the fuzzy STSMC (FSTSMC) technique. The 
latter depends on experience and does not require precise knowledge of the mathematical model of the machine, 
as a control was used to control the capabilities. In addition to using the FSTSMC technique, the MSVM strategy 
was used to control the RSC of DFIG. This strategy is characterized by high performance and great durability 
compared to the traditional strategy. This strategy was implemented using the Matlab environment in different 
working conditions for DFIG, where the results obtained in all tests prove the superiority of the proposed strat-
egy over traditional control in terms of improving the quality of current and power. This proposed strategy has 
disadvantages, which are that it is used to estimate capabilities and the lack of mathematical rules. It facilitates 
the application of the FL strategy. Also, this proposed strategy provided a longer potential time than the tradi-
tional strategy, which is undesirable.  In73, the author proposed the use of fractional order control as a suitable 
solution to overcome the drawbacks and problems of the STSMC strategy. The proposed strategy is character-
ized by high durability and distinguished performance in improving the characteristics of the studied energy 
system. This proposed strategy is not related to the mathematical model of the system under study, which makes 
it provide better results. The Matlab environment was used to implement and verify this strategy, using several 
tests for this purpose. The simulation results show the high performance and robustness of the proposed strategy 
compared to the traditional strategy.  In74, the author used the GA strategy to calculate the parameters of the 
STSMC controller used to improve the performance of the DPC strategy used in an energy system that contains 
a filter and a photovoltaic system. The proposed strategy is simple, easy to implement, and has distinctive and 
effective performance. This strategy was implemented in the Matlab environment, comparing the performance 
with the traditional strategy. The obtained graphical and numerical results demonstrate the high and distinctive 
performance of this strategy in improving the characteristics of the energy system compared to the traditional 
strategy. Another smart strategy proposed  in75 to overcome the problems of the SMC strategy is Particle Swarm 
Optimization (PSO). The proposed strategy, represented by STSMC-PSO, was used to improve the characteristics 
of the indirect FOC technique of DFIG. This proposed strategy is characterized by very high performance and 
great durability against changing machine parameters, as the graphical and numerical results obtained from the 
simulation prove this matter. This proposed strategy was compared with the SMC strategy, where several differ-
ent tests were used to compare them. All the results obtained show that the proposed strategy outperforms the 
SMC strategy in terms of improving the characteristics of the energy system. However, this proposed strategy 
has a negative side, which is the complexity and difficulty of implementation. Also, using power estimation, 
which is undesirable, contributes to raising the ripples. A new scheme of the fractional-order STSMC technique 
is proposed  in76 to control a DFIG-based wind turbine system. This strategy is different and relies on the use of a 
new formula for fractional-order control, where using a gain that represents differential arithmetic, two different 
controls can be obtained, an advantage not found in other controls. This strategy is not complicated and does 
not use a mathematical model of the studied system, as the simulation was used to implement it and compare it 
with the traditional strategy. A variable wind speed was used to study the behavior of the proposed control. The 
numerical and graphical results showed the superiority of the proposed control over the traditional strategy in 
terms of improving the performance of the studied energy system. Fractional-order proportional-integral STSMC 
technique was proposed to overcome DFIG  problems77. In this work, the PWM strategy was used to generate 
the pulses necessary to operate both RSC and GSC. The proposed control is characterized by high performance 
and great durability as a result of the use of a combination of various strategies and the use of the PSO strategy 
to calculate the values   of the gains of the proposed control. This proposed strategy has disadvantages that lie in 
complexity, difficulty of implementation, and the presence of a significant number of gains. Also, it is used for the 
estimation process, which contributes to raising the ripples and the THD value of the current in the durability 
test. This proposed strategy was implemented in a Matlab environment on a 1.5 MW generator under different 
working conditions, where different wind speeds were used. Numerical and graphical results extracted from 
the simulation demonstrate the superiority of the proposed control, but the undulations are not significantly 
overcome. The current quality is excellent in the proposed control compared to the conventional strategy. In 
this work, attention is paid to the STSMC controller because of its great importance in the field of control and 
its great ability to improve systems performance. A new strategy or idea will be given based on the use of the 
STSMC controller in order to control the DFIG-MRWT system.

In this work, a dual STSMC (DSTSMC) controller is utilized to ameliorate and improve the advantages and 
efficiency of the traditional DPC strategy of DFIGs, where two STSMC controllers are used in parallel to regulate 
the Ps and the same applies to the Qs. The proposed strategy differs from the traditional strategy (DPC) and the 
above-mentioned works in terms of principle and idea, as the MSVM strategy was used to generate the pulses 
necessary to operate the RSC of 1.5 MW DFIG-MRWT system. So, the essential contribution of the paper lies in 
proposing the DSTSMC technique as a suitable solution to reduce energy ripples and minimize the THD value 
of the current compared to the traditional DPC technique. Moreover, the second contribution lies in the use of 
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the DPC-DSTSMC technique based on thetwo-level MSVM technique to regulate the DFIG-MRWT power. To 
demonstrate the efficiency of the suggested new control strategy in improving the system features, GSC is used 
using a diode, as the system becomes simpler and less expensive. The obtained method features high efficiency 
and low Qs and Ps ripples compared to the classical technique. Matlab software is used to verify the efficiency and 
performances of the DPC method based on the DSTSMC technique compared to the DPC-STSMC technique 
in terms of ripples reduction, THD value, robustness, reference tracking, and the SSE of Qs and Ps of the DFIG-
based MRWT system. The objectives achieved by this work are explained in the following points:

• Significantly improving energy quality;
• Overcoming the shortcomings and problems of the DPC strategy;
• Reduction of THD values for current;
• Improving the performance and robustness of the STSMC strategy;
• Verifying the performance and effectiveness of the DSTSMC strategy;
• Using the MRWT turbine to generate electrical energy from wind;
• Increasing the durability of the energy system.

The article has been divided into five different sections. In the second section, an overview of the proposed 
strategy represented by the DSTSMC technique is given. The DPC-DSTSMC strategy is detailed in section 
“Two-level MSVM strategy”. Numerical and graphical results are given in section “Proposed DPC technique”, 
with two tests used for this purpose. In Ssection “Conclusions”, a summary of the work completed is mentioned, 
along with a mention of future work.

Proposed DSTSMC strategy
STSMC technique is among the methods that are featured by high efficiency and high performance in enhancing 
systems’ dynamic response. The STSMC technique is considered one of the nonlinear strategies that has shown 
distinctive performance and high robustness compared to linear controls and some controls, as using this strategy 
does not require precise knowledge of the mathematical model of the studied system. This strategy has fewer 
gains, which enables the dynamic response to be easily adjusted. Moreover, this strategy is easy to implement 
and inexpensive, as it can be easily applied to complex systems. This technique is a development of the SMC 
technique, which is specified by robustness, simplicity, and ease of execution compared to the SMC  technique65. 
Equation (1) represents the STSMC technique used in this work.

where, α1 and α2 are the gains of the STSMC controller, S is the surface; r is the exponent defined for the STSMC 
technique. In most applications, the value of r is taken the rang 0.3–0.7.

The STSMC controller has drawbacks, as its use does not significantly improve the characteristics of the stud-
ied energy system, which leads to thinking about effective solutions to overcome this problem. Several solutions 
were proposed as mentioned in  works42,54,69–77, where all of these solutions provided additions and significantly 
improved the STSMC controller. But these solutions have positives and negatives, and most of the solutions 
used smart strategies, as these smart strategies depend on experience and there are no mathematical rules that 
facilitate their application, which is a negative thing. So, in this section, a simple and effective proposal is made 
that does not require knowledge of the mathematical model of the studied energy system.

The idea of the proposed solution is very simple and depends on using two STSMC techniques in parallel in 
order to increase the durability of the energy system and improve the performance of the DPC strategy. In order 
to obtain the mathematical model of the proposed controller, Eq. (1) is used for this purpose. In this proposed 
solution, there are no complex calculations and it can be accomplished easily, as it can be expressed by Eq. (2).

With:

where, r1 and r2 are the exponents defined for the proposed DSTSMC technique. Therefore, the values of the 
exponents are r1 = 1/2 for y1(t) and r2 = 1/3 for the y2(t).

α1, α2, α3, and α4 are the gains of proposed DSTSMC technique. Using these gains, the response of the pro-
posed controller can be changed and modified. So, in this proposed controller, there are four gains, where smart 
strategies can be used to calculate their values.

Figure 1a represents the STSMC technique used to obtain the DSTSMC technique. Figure 1b represents a 
simple diagram of the proposed controller (DSTSMC) to improve and ameliorate the efficiency and capacity of 
the DPC-HC technique.

(1)
{

d u1
dt = α2 sgn(S)

u = α1 |S|
r sgn(S)+ u1

(2)y(t) = y1(t)+ y2(t)
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Two‑level MSVM strategy
Traditionally, the MSVM strategy is a new strategy that was proposed to overcome the shortcomings of the SVM 
strategy, which is the complexity and difficulty of implementation. It was proposed in the  work78, mentioning 
its negatives and positives compared to both PWM and SVM techniques. This strategy was discussed in detail 
in the  work79, where the necessary equations were given and applied to a two-level reflector. Moreover, it was 
performed experimentally using Dspace 1104, comparing the results obtained experimentally with the results 
of both PWM and SVM techniques. These experimental results show the high and effective performance of the 
MSVM strategy in terms of reducing the THD of current compared to both the PWM and SVM techniques.

This strategy depends on calculating both Maximum and Minimum for three-phase tensions, and then these 
values are combined to determine the corresponding times. In order to accomplish this strategy, the following 
main steps are  followed77,78:

• Calculates the minimum voltages (min (V1, V2, and V3))
• Calculates the maximum voltages (max (V1, V2, and V3))
• Add the maximum and minimum voltages (max (V1, V2, and V3) + min (V1, V2, and V3)).
• The last step is to compare step-3 waveforms with Vp(VTriangle) and generate the pulses for that switch present 

in the 3-phase voltage source converter circuit.

The two-level MSVM strategy used in this work is shown in Fig. 2.
Equation (4) represents the calculation of the Maximum and Minimum values of voltages.

From Eq. (4) the following equations can be extracted:

The signal expressing this strategy is shown in the following equation:

Based on Eq. (7), the pulses necessary to operate the RSC are generated, and this signal is compared with a 
signal from the Signal Saw Teeth in order to generate these pulses. So this strategy is simple and uncomplicated, 
and it was also accomplished experimentally in the  work80 using the NNs technique, which provided very sat-
isfactory results in terms of reducing the THD value of voltage and current. Due to its simplicity and ease of 
implementation, it was proposed to control the five-level inverter of the multi-phase permanent synchronous 

(4)r(t) = Max(V1,V2, andV3)+Min(V1,V2, andV3)

(5)r1 (t) =
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2

(6)r2 (t) =
Max(V1,V2, andV3)+Min(V1,V2, andV3)

2
− 0.5

(7)r3 (t) =
Max(V1,V2, andV3)+Min(V1,V2, andV3)

2
− 0.5+ (V1,V2, andV3)

X*- X Sgn (U) 

U(1)^U(2) 

1/s 

׀U׀

r 

x 

+ 
+ 

α1

α2

Y 

X*- X STSMC technique 

1 

STSMC technique 

2 

+ 
+ 

y(t) 

a) STSMC technique. 

b) DSTSMC technique. 

Figure 1.  Proposed nonlinear controller.
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 motor81. In this work, the MSVM strategy was used as a suitable solution to control a fifth-level inverter in order 
to reduce the complexity of the system and improve the value of THD of current, where the Matlab environment 
was used to implement the proposed system. The results obtained show that the value of THD of current has been 
significantly reduced while reducing the value of torque ripples, which is positive. In the  works82–84, the MSVM 
strategy based on smart strategies was used, where all of the NNs, FL, and NN-FL techniques were used for this 
purpose in order to control the RSC of the DFIG-based wind turbine system. These smart strategies proposed 
for MSVM strategy have proven their high and effective performance compared to the traditional strategy. In 
these works, the pros and cons of the MSVM strategy were mentioned, and the Matlab environment was used 
to implement and verify these proposed strategies. Simulation results prove that applying these strategies leads 
to significantly improving the quality of the stream compared to other strategies. Therefore, this strategy can 
be relied upon in this work to obtain good results, as it is used in addition to the proposed controller to control 
capabilities and increase the quality of current/energy.

Proposed DPC technique
In this section, an effective and simple solution is presented that relies on changing the traditional DPC strategy 
in order to overcome defects and problems, as this proposed solution is of great importance in the field of control. 
Figure 3 illustrates the new method suggested in this work for controlling the Qs and Ps of a 1.5 MWDFIG-
based MRWT. The proposed nonlinear DP technique differs from the classical DPC strategy in principle and 
idea, where the HCs and ST were dispensed with and replaced with both the two-level MSVM technique and 
the suggested DSTSMC controller. In this strategy, two DSTSMC controllers are used to control the capabilities, 
as this controller has one input and one output. The inputs represent the power error and the voltage reference 
values represent the outputs. Therefore, the use of the DSTSMC controller aims to calculate the voltage refer-
ence values that are used to generate control pulses in the RSC. In this work, GSC is used with diodes to reduce 
the system complexity and overall cost. Also, to show the effectiveness and ability of the proposed strategy to 
improve the quality of current and energy. This proposed strategy has several advantages that distinguish it 
from the traditional strategy and control techniques mentioned above. One of the most important features of 
the proposed technique is its durability and high efficiency in reducing Qs and Ps ripples. Also, the quality of the 
supplied electric currents is improved compared to the traditional DPC method.

The suggested technique in this paper uses the same estimation equations utilized in the traditional DPC-HC 
technique to estimate both the Qs and Ps. In addition, the MPPT technique isutilizedand employed to calculate 
the reference value of the Ps. Also, the reference value of the Qs can be set to 0 VAR.

To estimate the DFIG energy, the Eqs. (8) and (9) are used. In addition, we need to know the rotor flux, 
where the voltage and current are measured to know and define the flux. Equation (10) is used to calculate and 
estimate the  flux51.
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where, Ψrβ is the flux linkage of β-axis, Lm is the mutual inductance, Ѱrα is the rotor flux linkage of α-axis.

where, Vs is the voltage.

Equation (12) can be used to calculate and estimate the quadrature and direct fluxes. The angle between Ψsβ 
and Ψsα is given by Eq. (14)49,51.

where, Vsα and Vsβ are the voltage linkage of α–β axis.
The flux is calculated and given by:

The two Eqs. (15) and (16) represent the estimation of the Qs and Ps using both the stator flux and the rotor 
flux.
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Figure 3.  Proposed DPC technique of DFIG-MRWT.
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In this proposed strategy, the reference rotor voltage values are expressed by the following equations:

With:

where, β1, β2, β3, and β4 are the gains of the proposed controller of the reactive power.
r1 and r2 are the exponents defined for the proposed DSTSMC technique of reactive power (r1 = 1/2 for y1(t) 

and r2 = 1/3 for the y2(t)).
The reference value for quadrature rotor voltage is represented in Eq. (19).

With:

where, β5, β6, β7, and β8 are the gains of the proposed controller of the active power.
r3 and r4 are the exponents defined for the proposed DSTSMC technique of active power (r3 = 2/3 for y1(t) 

and r4 = 1/2 for the y2(t)).
SQs and SPs are the surfaces (errors) of the DFIG power (SQs =Qs*−Qs and SPs = Ps*−Ps).
Figure 4 represents the designed strategy for controlling the Qs and Ps of the DFIG using the DSTSMC tech-

nique, where two DSTSMC technique are used. The purpose of using DSTSMC technique is utilized in order 
to compute the reference values of both the quadrature and direct rotor voltages from the error in Ps and Qs.

Simulation results
To study the characteristics of the proposed DPC technique based on DSTSMC controllers compared to the DPC-
STSMC techniques, the numerical simulation of the DFIG-based MRWT system was accomplished using Matlab 
software. The parameter used is a 50 Hz, 380/690 V, p = 2, 1.5 MW, fr = 0.0024 Nm/s, Rr = 21 mΩ, Lr = 0.0136 H, 
Rs = 0.012 Ω, J = 1000 kg.m2, Lm = 13.5 mH, Ls = 13.7  mH85,86.
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Tracking test
The effectiveness of the proposed DPC-DSTSMC technique and the DPC-STSMC technique in reference track-
ing is examined in this section. From the results presented in Fig. 5a and 5b evident that the THD of generated 
currents for the DPC technique based on DSTSMSC strategies is minimized (0.69% for the traditional control 
and 0.19% for the proposed control), where the ratio of minimization was estimated at about 72.46% compared 
to the DPC-STSMC technique. On the other hand, it is noted that the DPC-DSTSMC technique provided a 
fundamental (50 Hz) of current signal amplitude of 1336 A and 1338 A for the traditional strategy. Therefore, 
the proposed DPC-DSTSMC technique provided lower amplitudes than the traditional strategy, which is an 
undesirable negative.

From the system responses given in Fig. 6a and b for both techniques the Qs and Ps tracks the reference pow-
ers without overshoot, with ripples in both Ps and Qs. These graphical results show the satisfactory performance 
of the two controllers in terms of tracking references. Table 1 presents the SSE values/ratios of the Qs and Ps 
of the DFIG. Through these ratios, the suggested control minimized the SSE of the Qs and Ps compared to the 
DPC-STSMC technique, where the minimization rates were estimated at 57.14% and 64.06% for each of the Ps 
and Qs, respectively.

The zoom in the Qs and Ps is shown in Fig. 7a and b, respectively. It can be seen that the DPC-DSTSMC 
technique reduced the undulations in Ps and Qs compared to DPC-STSMC technique. The ratios of ripples are 
recorded in Table 1. Through this table, the DPC-DSTSMC technique minimized the Ps and Qs ripples by 83.33% 
and 68%, respectively. So, through these high ratios, it can be said that the designed control is more efficient in 
minimizing undulations compared to the DPC-STSMC technique.
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Robustness test
In this section, the resistance values will be multiplied by 2 and the inductance values will be divided by 2. 
Numerical results are displayed in Figs. 8, 9 and 10. As presented by these figures, these variations and fluctua-
tions present an apparent effect on the Qs and Ps curves, and the impact seems more noteworthy for the DPC-
STSMC technique compared to the DPC-DSTSMC technique (Fig. 8a and b). Although the machine parameters 
have changed, the capabilities still follow the references well, with the proposed control having an advantage 
over the DPC-STSMC technique.

The THD of the current in the DPC-DSTSMC technique has been considerably reduced (Fig. 9a and 
9b),where the value of THD of current was 1.43% and 0.34% for both the traditional and the proposed strategy, 
respectively. The proposed DPC-DSTSMC technique reduced the THD value by an estimated 76.22% compared 
to the DPC-STSMC method. Thus, it can be concluded that the designed DPC-DSTSMC technique is more robust 
than the DPC-STSMC techniques. Figure 9 also gives fundamental amplitude values (50 Hz) of the current of 
both strategies, where the amplitude is 1408 A for the traditional technique and 1405 A for the proposed strategy. 
Therefore, it can be said that the proposed strategy provided unsatisfactory results in terms of the amplitude of 
the fundamental signal (50 Hz) of current, and this can be attributed to the gain values, as this problem can be 
overcome by using smart strategies to calculate the gains of the proposed control.

In Fig. 10, a zoom is given of the results of the second test, as this figure gives a clear picture of the superiority 
of the proposed DPC-DSTSMC technique over the traditional DPC-STSMC strategy in terms of potential ripples. 
These ripples are less if the proposed DPC-DSTSMC technique is used, which is a positive thing that shows the 
superiority of the proposed DPC-DSTSMC technique over traditional control.

The SSE values   for each of the two designed techniques in this work are listed in Table 2, where the suggested 
strategy reduced the SSE value by an estimated 83.33% and 68.75% compared to the DPC-STSMC technique. 
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Figure 6.  Results of the first test.

Table 1.  The ripples and SSE ratios/values of the Qs and Ps (first test).

Techniques Ps(W) Qs (VAR)

SSE

DPC-STSMC 28,000 32,000

DPC-DTSMC 12,000 11,500

Ratios (%) 57.14 64.06

Ripples

DPC-STSMC 60,000 62,500

DPC-DTSMC 10,000 20,000

Ratios (%) 83.33 68
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The Qs and Ps ripples were reduced by using the DSTSMC technique compared to using STSMC controllers, 
where the minimization ratios were estimated at about 72.33% and 68.75% for each of the Qs and Ps, respectively.

In Tables 3 and 4, a study is given on the extent to which the values of the THD of current and the amplitude 
of the fundamental signal (50 Hz) of current are affected, where the percentages of influence necessary to find 
the best control are calculated. From Table 3, it is noted that the THD value increased significantly in the second 
test for the two controls, which indicates that the THD value is affected by changing the DFIG parameters. This 
change was 51.47% and 44.11% for both the traditional and proposed strategies, respectively. Therefore, the 
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Figure 7.  Zoom in the results of the first test.
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Figure 8.  Results of the second test.
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proposed DPC-DSTSM strategy is less affected by the change in the THD value, which is a positive thing that 
indicates the robustness of the proposed DPC-DSTSM strategy. Regarding the amplitude shown in Table 4, it 
is noted that this amplitude increased in value in the second test for the two controls, and accordingly chang-
ing the DFIG parameters led to an increase in the amplitude of the fundamental signal (50 Hz) of current. This 
increase is estimated at 4.97% and 4.91% percent for both the traditional and proposed strategy, respectively.

Third test
This test is different from the rest of the other tests, as a variable wind speed is used, as shown in Fig. 11. In this 
test, the MPPT strategy is used in order to determine the reference value for the Ps, and the reference value for the 
Qsis set at 0 VAR. The graphical results are shown. In Figs. 12 and 13, the numerical results are shown in Table 5. 
From Fig. 12a, it is noted that the Ps changes according to the change in wind speed. It is noted that as the speed 
increases, the value of the Ps increases and decreases as it decreases. But the Qs follows the reference value well 
and is not affected by the change in wind speed and remains a constant value (Fig. 12b), noting the presence of 
ripples in the power. In Fig. 13, the values of THD of current and amplitude of fundamental (50 Hz) signal of 
current of both techniques are shown. From this figure it is noted that the value of THD was 0.46% for the tra-
ditional DPC-STSM strategy and 0.23% for the proposed DPC-DSTSM strategy. So, the proposed DPC-DSTSM 
strategy reduced the THD value compared to the traditional DPC-STSM strategy, which is a positive thing that 
indicates that the quality of the current is better if the proposed DPC-STSM strategy is used, as the THD rate 
was reduced by an estimated 50% percent compared to the traditional DPC-STSM strategy. However, in terms 
of the amplitude value of the fundamental signal, the proposed DPC-DSTSM strategy provided unsatisfactory 
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Figure 9.  THD value of the current.
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Figure 10.  Zoom in the results of the second test.

Table 2.  The ripples and SSE ratios/values of the Qs and Ps (second test).

Strategies Ps (W) Qs (VAR)

SSE

DPC-STSMC 60,000 64,000

DPC-DTSMC 10,000 20,000

Ratios (%) 83.33 68.75

Ripples

DPC-STSMC 60,000 62,500

DPC-DTSMC 10,000 20,000

Ratios (%) 83.33 68

Table 3.  The ratios of change in the THD value between the two tests.

THD value of current

DPC-STSMC technique DPC-DSTSM strategy

Test_1 0.69% 0.19%

Test_2 1.43% 0.34%

Ratios 51.47% 44.11%

Table 4.  Ratios change in the amplitude value of the fundamental signal (50 Hz) between the two tests.

Amplitude value of the fundamental signal (50 H)

DPC-STSMC technique DPC-DSTSM strategy

Test_1 1338 A 1336 A

Test_2 1408 A 1405 A

Ratios 4.97% 4.91%



17

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5664  | https://doi.org/10.1038/s41598-024-55271-7

www.nature.com/scientificreports/

results, as the amplitude was estimated at 376.2 A and 375.2 A for both the traditional DPC-STSM strategy and 
the proposed DPC-DSTSM strategy, respectively.

In Fig. 14, the power ripples are shown. It is noted that the DPC-DSTSM strategy provided fewer ripples than 
the DPC-DSTSM strategy, which is a positive thing and indicates an effective performance in improving power 
quality compared to the traditional DPC-STSM strategy.

In Table 5, the obtained numerical results are given, where the values and percentages of reduction of SSE 
and ripples of DFIG power are presented. From this table, it is noted that the proposed DPC-DSTSMC technique 
has excellent results, and this is demonstrated by the calculated reduction rates. The proposed DPC-DSTSMC 
technique reduced the ripple value by percentages estimated at 75% and 51.16% for both Ps and Qs, respectively, 
compared to the traditional PC-STSMC technique. The reduction rates for SSE were estimated at 48.57% and 
52.42% for both Ps and Qs, respectively, compared to conventional DPC-STSMC technique. So these high 
percentages indicate the effective performance in improving the characteristics of the studied energy system.

In Tables 6 and 7, the effect of the amplitude value of the fundamental signal (50 Hz) and the THD value of 
current of both techniques between the first and third tests is studied. In Table 6, it is noted that the THD value 
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Figure 12.  Results of the third test.
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was affected and its value changed from the first test to the second test, where in the traditional DPC-STSMC 
technique the THD value decreased significantly. This decrease was estimated at 33.33%, which indicates that 
the traditional DPC-STSMC technique was greatly affected. In the proposed DPC-DSTSMC technique, it is 
noted that the THD value increased slightly from the first test to the third test, where this increase is estimated at 
17.39%, which makes us say that the quality of the current was better in the first test compared to the third test.
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Figure 13.  THD value of the current (Third test).

Table 5.  The SSE and ripples ratios/values of the Qs and Ps (Third test).

Strategies Ps (W) Qs (VAR)

SSE

DPC-STSMC 3500 3350

DPC-DTSMC 1800 1593.70

Ratios 48.57% 52.42%

Ripples

DPC-STSMC 10,000 9883.80

DPC-DTSMC 2500 4827

Ratios 75% 51.16%
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In Table 7, the change in the amplitude of the fundamental signal (50 Hz) for the two controls in the first and 
third tests is shown. It is noted that this amplitude decreased in value significantly in the third test compared to 
the first test for the two controls. This decrease was estimated at 71.88% and 71.91% for both the traditional and 
proposed strategies, respectively. So the two controls provided the same reduction in amplitude, which shows that 
they have the same amount of effect. Also, using a variable wind speed affects the amplitude value significantly.

The designed technique reduced the THD of the supplied currents compared to other commands (Table 8). 
Based on the obtained results above, it can be stated that the proposed DPC-DSTSMC technique has proven its 
effectiveness in minimizing undulations and chattering problems, in addition to keeping the same characteristic 
of the DPC strategy.

The proposed strategy is compared with some papers in terms of the reduction ratios of both undulations and 
SSE of Ps and Qs. The comparison results are listed in Tables 9 and 10, where it is noted that the DPC-DSTSMC 
technique provided high rates of ripples and SSE of Ps and Qs compared to some existing controls. So, it can be 
said that the DPC-DSTSMC technique has high performance and great effectiveness in improving the efficiency 
of the systems, and therefore it can be relied upon as a solution in the field of command.
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Figure 14.  Zoom in the results of the second test.

Table 6.  The ratios of change in the THD value between the first and third tests.

THD value of current

DPC-STSMC technique DPC-DSTSM strategy

Test_1 0.69% 0.19%

Test_3 0.46% 0.23%

Ratios 33.33% 17.39%

Table 7.  Ratios change in the amplitude value of the fundamental signal (50 Hz) between the first and third 
tests.

Amplitude value of the fundamental 
signal (50 H)

DPC strategy DPC-NSTA technique

Test_1 1338 A 1336 A

Test_3 376.20 A 375.20 A

Ratios 71.88% 71.91%
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Conclusions
In this new research paper, a novel robust control strategy is suggested to improve the characteristics of the 
DPC technique of the DFIG-MRWT systems. DSTSMC controller is designed to replace the traditional hys-
teresis comparators of the DPC strategy and PWM technique to control the RSC of DFIG. The novel designed 
DPC technique based on DSTSMC controllers preserves the characteristics of the DPC technique such as less 
parameter dependence and simplicity. The effectiveness and robustness of both strategies are studied under 
THD of current and power ripples. By comparing the characteristics of the suggested control scheme with the 
DPC-STSMC technique, it can be concluded that the DPC-DSTSMC technique has reduced the THD of current. 
The designed strategy has been very successful in improving the current quality provided by the DFIG-MRWT 
system. The results obtained from this work can be summarized in the following points:

• Power ripples are affected by changes in DFIG parameters.
• The reactive power ripple value was improved by 50.73%, 51.85%, and 51.16% in the three proposed tests 

compared to the traditional strategy. The active power ripples in the three tests were improved by 34.25%, 
49.23%, and 75% compared to the conventional control.

• The value of power ripples is affected by the change in machine parameters and the shape of the wind speed 
change.

Table 8.  Comparison between others works.

References Commands HD (%)
87 Second-order SMC 3.13

88
DPC 4.88

Virtual-flux DPC 4.19
89 DTC 7.83
90 Predictive torque control 2.15

Proposed techniques
DPC-STSMC 0.69

DPC-DSTSMC 0.19

Table 9.  Comparison in terms of SSE for Ps and Qs.

References

SSE ratios

Qs (VAR) Ps (W)
91 36.93% 35%
92 35.48% 62%
93 42.14% 47.57%

DPC-DSTSMC 51.85% 49.75%

Table 10.  Comparison in terms of ripples minimization rates.

References

Ratios

Qs (VAR) Ps (W)
92 Intelligent control 35% 36%
93 Backstepping control 46.93% 28.57%
91 36.93% 22.95%

94
STSMC 22.66% 21.75%

Modified STSMC 21.23% 19.11%

95
Super-twisting algorithm 2.01% 7.35%

Modified super-twisting algorithm 8.96% 13.44%

68 STSMC
Test_1 60.13% 33.33%

Test_2 31.03% 33.33%

DPC-DSTSMC

First test 50.73% 34.25%

Second test 51.85% 49.23%

Third test 51.16% 75%
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• The SSE value has been improved compared to the traditional control, where the reduction rates for active 
power were estimated at 83.33%, 57.14%, and 48.57% in the three proposed tests, and the reduction rates 
were estimated at 68.75%, 64.06%, and 52.47% for reactive power compared to the traditional strategy.

• The THD value was improved by 72.46%, 76.22%, and 50% in the three proposed tests compared to the 
traditional strategy.

• The amplitude value of the fundamental signal (50 Hz) is greatly affected by changing the machine param-
eters.

In future work, we will try to add intelligent techniques such as grey wolf optimization or neural networks 
to determine the values of the DPC-DSTSMC technique gains and compare the results with other strategies.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request. In the event of communication, the corresponding author (Mourad Yessef, E-mail: mourad.yessef@
usmba.ac.ma) will respond to any inquiry or request.

Received: 23 November 2023; Accepted: 21 February 2024

References
 1. Benbouhenni, H., Colak, I. & Bizon, N. Application of genetic algorithm and terminal sliding surface to improve the effectiveness 

of the proportional–integral controller for the direct power control of the induction generator power system. Eng. Appl. Artif. 
Intell. 125, 106681. https:// doi. org/ 10. 1016/j. engap pai. 2023. 106681 (2023).

 2. Chojaa, H. et al. Advanced control techniques for doubly-fed induction generators based wind energy conversion systems. Glob. 
Energy Conf. (GEC) 2022, 282–287. https:// doi. org/ 10. 1109/ GEC55 014. 2022. 99870 88 (2022).

 3. Habib, B., Gasmi, H. & Bizon, N. Direct reactive and active power regulation of DFIG using an intelligent modified sliding-mode 
control approach. Int. J. Smart Grid-ijSmartGrid 6(4), 157–172. https:// doi. org/ 10. 20508/ ijsma rtgrid. v6i4. 266. g229 (2022).

 4. Debdouche, N., Deffaf, B., Benbouhenni, H., Laid, Z. & Mosaad, M. I. Direct power control for three-level multifunctional voltage 
source inverter of PV systems using a simplified super-twisting algorithm. Energies 16, 4103. https:// doi. org/ 10. 3390/ en161 04103 
(2023).

 5. Debdouche, N., Zarour, L., Habib-Benbouhenni, F. & Mehazzem, B. D. Robust integral backstepping control microgrid connected 
photovoltaic System with battery energy storage through multi-functional voltage source inverter using direct power control SVM 
strategies. Energy Rep. 10, 565–580. https:// doi. org/ 10. 1016/j. egyr. 2023. 07. 012 (2023).

 6. Deffaf, B., Farid, H., Benbouhenni, H., Medjmadj, S. & Debdouche, N. Synergetic control for three-level voltage source inverter-
based shunt active power filter to improve power quality. Energy Rep. 10, 1013–1027. https:// doi. org/ 10. 1016/j. egyr. 2023. 07. 051 
(2023).

 7. Mishra, A. K., Nanda, P. K., Ray, P. K., Das, S. R. & Patra, A. K. DT-CWT and type-2 fuzzy-HSAPF for harmonic compensation 
in distribution system. Soft Comput. https:// doi. org/ 10. 1007/ s00500- 023- 08286-7 (2023).

 8. Mishra, A. K. et al. IFGO optimized self-adaptive fuzzy-PID controlled HSAPF for PQ enhancement. Int. J. Fuzzy Syst. 25, 468–484. 
https:// doi. org/ 10. 1007/ s40815- 022- 01382-0 (2023).

 9. Mishra, A. K. et al. PSO-GWO optimized fractional order PID based hybrid shunt active power filter for power quality improve-
ments. IEEE Access 8, 74497–74512. https:// doi. org/ 10. 1109/ ACCESS. 2020. 29886 11 (2020).

 10. Kadi, S., Benbouhenni, H., Abdelkarim, E., Imarazene, K. & El Madjid, B. Implementation of third-order sliding mode for power 
control and maximum power point tracking in DFIG-based wind energy systems. Energy Rep. 10, 3561–3579. https:// doi. org/ 10. 
1016/j. egyr. 2023. 09. 187 (2023).

 11. Habib, B., Colak, I., Bizon, N., Mazare, A. G. & Thounthong, P. Direct vector control using feedback PI controllers of a DPAG 
supplied by a two-level pwm inverter for a multi-rotor wind turbine system. Arab. J. Sci. Eng. 48, 2023. https:// doi. org/ 10. 1007/ 
s13369- 023- 08035-w (2023).

 12. Chojaa, H. et al. A novel DPC approach for DFIG-based variable speed wind power systems using DSpace. IEEE Access https:// 
doi. org/ 10. 1109/ ACCESS. 2023. 32375 11 (2023).

 13. Chojaa, H. et al. Enhancement of direct power control by using artificial neural network for a doubly fed induction generator-based 
WECS: An experimental validation. Electronics 11(24), 4106. https:// doi. org/ 10. 3390/ elect ronic s1124 4106 (2022).

 14. Kadi, S., Imarazene, K., El Madjid, B., Benbouhenni, H. & Abdelkarim, E. A direct vector control based on modified SMC theory 
to control the double-powered induction generator-based variable-speed contra-rotating wind turbine systems. Energy Rep. 8, 
15057–15066. https:// doi. org/ 10. 1016/j. egyr. 2022. 11. 052 (2022).

 15. Benbouhenni, H. Amelioration effectiveness of torque and rotor flux control applied to the asynchronous generator (AG) for 
dual-rotor wind turbine using neural third-order sliding mode approaches. Int. J. Eng. Trans. C:Aspects 35(03), 517–530 (2022).

 16. Benbouhenni, H. Intelligent super twisting high order sliding mode controller of dual-rotor wind power systems with direct attack 
based on doubly-fed induction generators. J. Electr. Eng. Electron. Control Comput. Sci. 7(4), 1–8 (2021).

 17. Ullah, W., Khan, F., Hussain, S., Yousuf, M. & Akbar, S. A novel dual port dual rotor wound field flux switching generator with 
uniform and non-uniform rotor poles for counter-rotating wind power generation. IEEE Trans. Energy Convers. 38(4), 2420–2433. 
https:// doi. org/ 10. 1109/ TEC. 2023. 32725 20 (2023).

 18. Beik, O. & Al-Adsani, A. S. Active and passive control of a dual rotor wind turbine generator for DC grids. IEEE Access 9, 1987–
1995. https:// doi. org/ 10. 1109/ ACCESS. 2020. 30472 67 (2021).

 19. Ullah, W., Khan, F. & Hussain, S. A novel dual rotor permanent magnet flux switching generator for counter rotating wind turbine 
applications. IEEE Access 10, 16456–16467. https:// doi. org/ 10. 1109/ ACCESS. 2022. 31498 95 (2022).

 20. Ullah, W., Khan, F. & Hussain, S. A comparative study of dual stator with novel dual rotor permanent magnet flux switching gen-
erator for counter rotating wind turbine applications. IEEE Access 10, 8243–8261. https:// doi. org/ 10. 1109/ ACCESS. 2022. 31431 
66 (2022).

 21. Benbouhenni, H. & Bizon, N. Third-order sliding mode applied to the direct field-oriented control of the asynchronous generator 
for variable-speed contra-rotating wind turbine generation systems. Energies 14, 5877. https:// doi. org/ 10. 3390/ en141 85877 (2021).

 22. Habib, B. & Bizon, N. Improved rotor flux and torque control based on the third-order sliding mode scheme applied to the asyn-
chronous generator for the single-rotor wind turbine. Mathematics 9, 2297. https:// doi. org/ 10. 3390/ math9 182297 (2021).

 23. Habib, B. & Bizon, N. Advanced direct vector control method for optimizing the operation of a double-powered induction 
generator-based dual-rotor wind turbine system. Mathematics 9, 2403. https:// doi. org/ 10. 3390/ math9 192403 (2021).

https://doi.org/10.1016/j.engappai.2023.106681
https://doi.org/10.1109/GEC55014.2022.9987088
https://doi.org/10.20508/ijsmartgrid.v6i4.266.g229
https://doi.org/10.3390/en16104103
https://doi.org/10.1016/j.egyr.2023.07.012
https://doi.org/10.1016/j.egyr.2023.07.051
https://doi.org/10.1007/s00500-023-08286-7
https://doi.org/10.1007/s40815-022-01382-0
https://doi.org/10.1109/ACCESS.2020.2988611
https://doi.org/10.1016/j.egyr.2023.09.187
https://doi.org/10.1016/j.egyr.2023.09.187
https://doi.org/10.1007/s13369-023-08035-w
https://doi.org/10.1007/s13369-023-08035-w
https://doi.org/10.1109/ACCESS.2023.3237511
https://doi.org/10.1109/ACCESS.2023.3237511
https://doi.org/10.3390/electronics11244106
https://doi.org/10.1016/j.egyr.2022.11.052
https://doi.org/10.1109/TEC.2023.3272520
https://doi.org/10.1109/ACCESS.2020.3047267
https://doi.org/10.1109/ACCESS.2022.3149895
https://doi.org/10.1109/ACCESS.2022.3143166
https://doi.org/10.1109/ACCESS.2022.3143166
https://doi.org/10.3390/en14185877
https://doi.org/10.3390/math9182297
https://doi.org/10.3390/math9192403


22

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5664  | https://doi.org/10.1038/s41598-024-55271-7

www.nature.com/scientificreports/

 24. Ullah, W. et al. A novel dual electrical and dual mechanical wound field flux switching generator for co-rotating and counter-
rotating wind turbine applications. IEEE Trans. Ind. Appl. https:// doi. org/ 10. 1109/ TIA. 2023. 33145 91 (2023).

 25. Hu, B. et al. Impedance reshaping band coupling and broadband passivity enhancement for DFIG system. IEEE Trans. Power 
Electron. 38(8), 9436–9447. https:// doi. org/ 10. 1109/ TPEL. 2023. 32703 64 (2023).

 26. Du, K.-J. et al. LVRT capability improvement of DFIG-based wind turbines with a modified bridge-resistive-type SFCL. IEEE 
Trans. Appl. Supercond. 31(8), 1–5. https:// doi. org/ 10. 1109/ TASC. 2021. 30911 14 (2021).

 27. Boussaid, I., Harrouz, A. & Wira, P. Advanced control of doubly fed induction generator for wind power systems: Optimal control 
of power using PSO algorithm. Appl. Mech. Mater. 905, 29–42. https:// doi. org/ 10. 4028/p- 20n6a9 (2022).

 28. Mohammadi, J., Vaez-Zadeh, S., Afsharnia, S. & Daryabeigi, E. A combined vector and direct power control for DFIG-based wind 
turbines. IEEE Trans. Sustain. Energy 5(3), 767–775. https:// doi. org/ 10. 1109/ TSTE. 2014. 23016 75 (2014).

 29. Mahfoud, S., Derouich, A., Iqbal, A. & El Ouanjli, N. Ant-Colony optimization-direct torque control for a doubly fed induction 
motor: An experimental validation. Energy Rep. 8, 81–98. https:// doi. org/ 10. 1016/j. egyr. 2021. 11. 239 (2022).

 30. Sharmila, V., Rakkiyappan, R. & Joo, Y. H. Fuzzy sampled-data control for DFIG-based wind turbine with stochastic actuator 
failures. IEEE Trans. Syst. Man Cybern. Syst. 51(4), 2199–2211. https:// doi. org/ 10. 1109/ TSMC. 2019. 29468 73 (2021).

 31. Ruiz-Cruz, R., Sanchez, E. N., Loukianov, A. G. & Ruz-Hernandez, J. A. Real-time neural inverse optimal control for a wind 
generator. IEEE Trans. Sustain. Energy 10(3), 1172–1183. https:// doi. org/ 10. 1109/ TSTE. 2018. 28626 28 (2019).

 32. Rezaei, N., Uddin, M. N., Amin, I. K., Othman, M. L. & Marsadek, M. Genetic algorithm-based optimization of overcurrent relay 
coordination for improved protection of DFIG operated wind farms. IEEE Trans. Ind. Appl. 55(6), 5727–5736. https:// doi. org/ 10. 
1109/ TIA. 2019. 29392 44 (2019).

 33. Quan, Y., Hang, L., He, Y. & Zhang, Y. Multi-resonant-based sliding mode control of DFIG-based wind system under unbalanced 
and harmonic network conditions. Appl. Sci. 9, 1124. https:// doi. org/ 10. 3390/ app90 61124 (2019).

 34. Ardjal, A., Bettayeb, M., Mansouri, R. & Mehiri, A. Nonlinear synergetic control approach for dc-link voltage regulator of wind 
turbine DFIG connected to the grid. In 2018 5th International Conference on Renewable Energy: Generation and Applications 
(ICREGA), Al Ain, United Arab Emirates 94–97 (2018). https:// doi. org/ 10. 1109/ ICREGA. 2018. 83376 39.

 35. Zhang, Y., Zhang, S., Jiang, T., Jiao, J. & Xu, W. A modified model-free predictive current control method based on an extended 
finite control set for DFIGs applied to a nonideal grid. IEEE Trans. Ind. Appl. 58(2), 2527–2536. https:// doi. org/ 10. 1109/ TIA. 2021. 
31377 59 (2022).

 36. Bossoufi, B. et al. Rooted tree optimization for the backstepping power control of a doubly fed induction generator wind turbine: 
dSPACE implementation. IEEE Access 9, 26512–26522. https:// doi. org/ 10. 1109/ ACCESS. 2021. 30571 23 (2021).

 37. Djilali, L., Badillo-Olvera, A., Yuliana-Rios, Y., López-Beltrán, H. & Saihi, L. Neural high order sliding mode control for doubly 
fed induction generator based wind turbines. IEEE Latin Am. Trans. 20(2), 223–232. https:// doi. org/ 10. 1109/ TLA. 2022. 96614 61 
(2022).

 38. Tohidi, S. Discussion on “a genetic algorithm-based low voltage ride-through control strategy for grid connected doubly fed 
induction wind generators”. IEEE Trans. Power Syst. 30(1), 548–548. https:// doi. org/ 10. 1109/ TPWRS. 2014. 23593 51 (2015).

 39. Benbouhenni, H. Second order sliding mode with ANFIS controllers for DFIG using seven-level NSVPWM technique. Majlesi J. 
Energy Manage. 8(1), 29–39 (2019).

 40. Benbouhenni, H. A comparative study between DTC-NSTMC and DTC-FSTSMC control scheme for a DFIG-based wind turbine. 
Majlesi J. Energy Manage. 7, 4 (2018).

 41. Habib, B. Comparative study between PWM and SVPWM technique for a DFIG-based wind turbine system controlled by fuzzy 
sliding mode. Majlesi J. Energy Manage. 7, 4 (2018).

 42. Habib, B. & Lemdani, S. Combining synergetic control and super twisting algorithm to reduce the active power undulations of 
doubly fed induction generator for dual-rotor wind turbine system. Electr. Eng. Electromech. 2021(3), 8–17. https:// doi. org/ 10. 
20998/ 2074- 272X. 2021.3. 02 (2021).

 43. Kong, H., He, J., Liu, Y., Cheng, P. & Ma, J. Improved direct power control of doubly fed induction generator without phase-locked 
loop. IEEE Sustain. Power Energy Conf. (iSPEC) 2020, 199–204. https:// doi. org/ 10. 1109/ iSPEC 50848. 2020. 93510 36 (2020).

 44. Ejlali, A. & Arab khaburi, D. Power quality improvement using nonlinear-load compensation capability of variable speed DFIG 
based on DPC-SVM method. In The 5th Annual International Power Electronics, Drive Systems and Technologies Conference (PED-
STC 2014) 280–284 (2014). https:// doi. org/ 10. 1109/ PEDSTC. 2014. 67993 86.

 45. Weiguang, W. & Tian, Q. A review of direct power control technologies of DFIG with constant switching frequency. Chin. Control 
Dec. Conf. (CCDC) 2011, 2819–2822. https:// doi. org/ 10. 1109/ CCDC. 2011. 59686 91 (2011).

 46. Hu, B., Nian, H., Yang, J., Li, M. & Xu, Y. High-frequency resonance analysis and reshaping control strategy of DFIG system based 
on DPC. IEEE Trans. Power Electron. 36(7), 7810–7819. https:// doi. org/ 10. 1109/ TPEL. 2020. 30458 60 (2021).

 47. Errouissi, R., Al-Durra, A., Muyeen, S. M., Leng, S. & Blaabjerg, F. Offset-free direct power control of DFIG under continuous-time 
model predictive control. IEEE Trans. Power Electron. 32(3), 2265–2277. https:// doi. org/ 10. 1109/ TPEL. 2016. 25579 64 (2017).

 48. Benbouhenni, H., Boudjema, Z. & Belaidi, A. Power ripple reduction of DPC DFIG drive using ANN controller. Acta Electrotech. 
Inf. 20(1), 15–22 (2020).

 49. Benbouhenni, H. Synergetic control theory scheme for asynchronous generator based dual-rotor wind power. J. Electr. Eng. Electron. 
Control Comput. Sci. 7(3), 19–28 (2021).

 50. Pichan, M., Rastegar, H. & Monfared, M. Fuzzy-based direct power control of doubly fed induction generator-based wind energy 
conversion systems. In 2012 2nd International Conference on Computer and Knowledge Engineering (ICCKE) 66–70 (2012). https:// 
doi. org/ 10. 1109/ ICCKE. 2012. 63953 54.

 51. Habib, B. Application of DPC and DPC-GA to the dual-rotor wind turbine system with DFIG. Int. J. Robot. Autom. 10(3), 224–234. 
https:// doi. org/ 10. 11591/ ijra. v10i3. pp224- 234 (2021).

 52. Hu, J., Nian, H., Hu, B., He, Y. & Zhu, Z. Q. Direct active and reactive power regulation of DFIG using sliding-mode control 
approach. IEEE Trans. Energy Convers. 25(4), 1028–1039. https:// doi. org/ 10. 1109/ TEC. 2010. 20487 54 (2010).

 53. Xiong, P. & Sun, D. Backstepping-based dpc strategy of a wind turbine-driven DFIG under normal and harmonic grid voltage. 
IEEE Trans. Power Electron. 31(6), 4216–4225. https:// doi. org/ 10. 1109/ TPEL. 2015. 24774 42 (2016).

 54. Benbouhenni, H., Boudjema, Z. & Belaidi, A. Comparison study between neural STSM and ANFIS-STSM method in DPC control 
scheme of DFIG-based dual-rotor wind turbines. Int. J. Math. Comput. Simul. 14, 73–86 (2020).

 55. Habib, B., Bizon, N., Colak, I., Thounthong, P. & Takorabet, N. Application of fractional-order pi controllers and neuro-fuzzy pwm 
technique to multi-rotor wind turbine systems. Electronics 11, 1340. https:// doi. org/ 10. 3390/ elect ronic s1109 1340 (2022).

 56. Benbouhenni, H., Colak, I., Bizon, N. & Abdelkarim, E. “Fractional-order neural control of a DFIG supplied by a two-level PWM 
inverter for dual-rotor wind turbine system. Meas. Control 1–18, 2023 (2023).

 57. Benbouhenni, H. et al. Enhancement of the power quality of DFIG-based dual-rotor wind turbine systems using fractional order 
fuzzy controller. Expert Syst. Appl. 238, 121695. https:// doi. org/ 10. 1016/j. eswa. 2023. 121695 (2024).

 58. Habib, B., Zellouma, D., Bizon, N. & Colak, I. A new PI(1 +PI) controller to mitigate power ripples of a variable-speed dual-rotor 
wind power system using direct power control. Energy Rep. 10, 3580–3598. https:// doi. org/ 10. 1016/j. egyr. 2023. 10. 007 (2023).

 59. Habib, B., Bizon, N., Thounthong, P., Colak, I. & Mungporn, P. A new integral-synergetic controller for direct reactive and active 
powers control of a dual-rotor wind system. Measure. Control https:// doi. org/ 10. 1177/ 00202 94023 11951 17 (2023).

 60. Benbouhenni, H. et al. “Fractional-order synergetic control of the asynchronous generator-based variable-speed multi-rotor wind 
power systems. IEEE Access 11, 133490–133508. https:// doi. org/ 10. 1109/ ACCESS. 2023. 33359 02 (2023).

https://doi.org/10.1109/TIA.2023.3314591
https://doi.org/10.1109/TPEL.2023.3270364
https://doi.org/10.1109/TASC.2021.3091114
https://doi.org/10.4028/p-20n6a9
https://doi.org/10.1109/TSTE.2014.2301675
https://doi.org/10.1016/j.egyr.2021.11.239
https://doi.org/10.1109/TSMC.2019.2946873
https://doi.org/10.1109/TSTE.2018.2862628
https://doi.org/10.1109/TIA.2019.2939244
https://doi.org/10.1109/TIA.2019.2939244
https://doi.org/10.3390/app9061124
https://doi.org/10.1109/ICREGA.2018.8337639
https://doi.org/10.1109/TIA.2021.3137759
https://doi.org/10.1109/TIA.2021.3137759
https://doi.org/10.1109/ACCESS.2021.3057123
https://doi.org/10.1109/TLA.2022.9661461
https://doi.org/10.1109/TPWRS.2014.2359351
https://doi.org/10.20998/2074-272X.2021.3.02
https://doi.org/10.20998/2074-272X.2021.3.02
https://doi.org/10.1109/iSPEC50848.2020.9351036
https://doi.org/10.1109/PEDSTC.2014.6799386
https://doi.org/10.1109/CCDC.2011.5968691
https://doi.org/10.1109/TPEL.2020.3045860
https://doi.org/10.1109/TPEL.2016.2557964
https://doi.org/10.1109/ICCKE.2012.6395354
https://doi.org/10.1109/ICCKE.2012.6395354
https://doi.org/10.11591/ijra.v10i3.pp224-234
https://doi.org/10.1109/TEC.2010.2048754
https://doi.org/10.1109/TPEL.2015.2477442
https://doi.org/10.3390/electronics11091340
https://doi.org/10.1016/j.eswa.2023.121695
https://doi.org/10.1016/j.egyr.2023.10.007
https://doi.org/10.1177/00202940231195117
https://doi.org/10.1109/ACCESS.2023.3335902


23

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5664  | https://doi.org/10.1038/s41598-024-55271-7

www.nature.com/scientificreports/

 61. Habib, B., Bizon, N., Colak, I., Mosaad, M. I. & Yessef, M. Direct active and reactive powers control of double-powered asynchro-
nous generators in multi-rotor wind power systems using modified synergetic control. Energy Rep. 10, 4286–4301. https:// doi. 
org/ 10. 1016/j. egyr. 2023. 10. 085 (2023).

 62. Habib, B. & Bizon, N. A new direct power control method of the DFIG-DRWT system using neural PI controllers and four-level 
neural modified SVM technique. J. Appl. Res. Technol. 21(1), 36–55 (2023).

 63. Habib, B., Bounadja, E., Gasmi, H., Bizon, N. & Colak, I. A new PD(1+PI) direct power controller for the variable-speed multi-
rotor wind power system driven doubly-fed asynchronous generator. Energy Rep. 8, 15584–15594. https:// doi. org/ 10. 1016/j. egyr. 
2022. 11. 136 (2022).

 64. Benbouhenni, H., Boudjema, Z., Bizon, N., Thounthong, P. & Takorabet, N. Direct power control based on modified sliding mode 
controller for a variable-speed multi-rotor wind turbine system using PWM strategy. Energies 15, 10. https:// doi. org/ 10. 3390/ en151 
03689 (2022).

 65. Benbouhenni, H. Utilization of an ANFIS-STSM algorithm to minimize total harmonic distortion. Int. J. Smart Grid 4(2), 56–67 
(2020).

 66. Habib, B., Driss, A. & Lemdani, S. Indirect active and reactive powers control of doubly fed induction generator fed by three-level 
adaptive-network-based fuzzy inference system—pulse width modulation converter with a robust method based on super twisting 
algorithms. Electr. Eng. Electromech. 2021(4), 8–17 (2021).

 67. Habib, B. High order sliding mode direct power control of a DFIG supplied by a five-level NSVPWM strategy for the wind energy 
conversion system. TECNICA ITALIANA-Ital. J. Eng. Sci. 65, 1 (2021).

 68. Benbouhenni, H. & Gasmi, H. Comparative study of synergetic controller with super twisting algorithm for rotor side inverter of 
DFIG. Int. J. Smart Grid-ijSmartGrid 6(4), 144–156. https:// doi. org/ 10. 20508/ ijsma rtgrid. v6i4. 265. g228 (2022).

 69. Yessef, M. et al. Intelligent direct power control based on the neural super-twisting sliding mode controller of a DFIG. In Digital 
Technologies and Applications. ICDTA 2023. Lecture Notes in Networks and Systems, vol. 669 (eds. Motahhir, S. & Bossoufi, B.) 
(Springer, 2023). https:// doi. org/ 10. 1007/ 978-3- 031- 29860-8_ 73.

 70. Benbouhenni, H., Boudjema, Z. & Belaidi, A. DPC based on ANFIS super-twisting sliding mode algorithm of a doubly-fed induc-
tion generator for wind energy system. J. Eur. Syst. Autom. 53(1), 69–80 (2020).

 71. Habib, B. Second order sliding mode with ANFIS controllers for DFIG using seven-level NSVPWM technique. Majlesi J. Energy 
Manage. 8(1), 29–39 (2019).

 72. Habib, B. A novel direct active and reactive power control method using fuzzy super twisting algorithms and modified space vector 
modulation technique for an asynchronous generator-based dual-rotor wind powers. Iran. J. Energy Env. 12(2), 109–117 (2021).

 73. Almakki, A. N. J., Mazalov, A., Benbouhenni, H. & Bizon, N. Comparison of two fractional-order high-order SMC techniques for 
the DFIG-based wind turbine: Theory and simulation results. ECTI Trans. Electr. Eng. Electron. Commun. 21, 2. https:// doi. org/ 
10. 37936/ ecti- eec. 20232 12. 249817 (2023).

 74. Debdouche, N. et al. Genetic algorithm-super-twisting technique for grid-connected PV system associate with filter. Energy Rep. 
10, 4231–4252. https:// doi. org/ 10. 1016/j. egyr. 2023. 10. 074 (2023).

 75. Gasmi, H., Sofiane, M., Benbouhenni, H. & Bizon, N. Optimal operation of doubly-fed induction generator used in a grid-
connected wind power system. Iran. J. Electr. Electron. Eng. 19(2), 2431–2431. https:// doi. org/ 10. 22068/ IJEEE. 19.2. 2431 (2023).

 76. Gasmi, H., Benbouhenni, H., Mendaci, S. & Colak, I. A new scheme of the fractional-order super twisting algorithm for asynchro-
nous generator-based wind turbine. Energy Rep. 9, 6311–6327. https:// doi. org/ 10. 1016/j. egyr. 2023. 05. 267 (2023).

 77. Gasmi, H., Mendaci, S., Laifa, S., Kantas, W. & Benbouhenni, H. Fractional-order proportional-integral super twisting sliding mode 
controller for wind energy conversion system equipped with doubly fed induction generator. J. Power Electron. 22, 1357–1373. 
https:// doi. org/ 10. 1007/ s43236- 022- 00430-0 (2022).

 78. Habib, B. A comparison study between fuzzy PWM and SVM inverter in NSMC control of stator active and reactive power control 
of a DFIG based wind turbine systems. Int. J. Appl. Power Eng. (IJAPE) 8(1), 78–92 (2019).

 79. Habib, B., Bizon, N. & Colak, I. A brief review of space vector modulation (SVM) methods and a new SVM technique based on 
the minimum and maximum of the three-phase voltages. Iran. J. Electr. Electron. Eng. 18(3), 1–18. https:// doi. org/ 10. 22068/ IJEEE. 
18.3. 2358 (2022).

 80. Boudjema, Z., Benbouhenni, H., Bouhani, A. & Chabni, F. DSPACE implementation of a neural SVPWM technique for a two level 
voltage source inverter. Iran. J. Electr. Electron. Eng. 17, 3 (2021).

 81. Mehedi, F., Benbouhenni, H., Nezli, L. & Boudana, D. Feedforward neural network-DTC of multi-phase permanent magnet 
synchronous motor using five-phase neural space vector pulse width modulation strategy. J. Eur. Syst. Autom. 54(2), 345–354. 
https:// doi. org/ 10. 18280/ jesa. 540217 (2021).

 82. Habib, B., Boudjema, Z. & Belaidi, A. Intelligent SVM technique of a multi-level inverter for a DFIG-based wind turbine system. 
Int. J. Digital Signals Smart Syst. 3(1), 4–19 (2019).

 83. Benbouhenni, H., Boudjema, Z. & Belaidi, A. DFIG-based wind energy conversion system using five-level FSVM technique. Int. 
J. Renew. Energy Technol. 10, 1 (2019).

 84. Habib, B., Boudjema, Z. & Belaidi, A. Higher control scheme using neural second order sliding mode and ANFIS-SVM strategy 
for a DFIG-based wind turbine. Int. J. Adv. Telecommun. Electrotechn. Signals Syst. 8(2), 17–28 (2019).

 85. Benbouhenni, H., Mehedi, F. & Soufiane, L. New direct power synergetic-SMC technique based PWM for DFIG integrated to a 
variable speed dual-rotor wind power. Automatika 63(4), 718–731. https:// doi. org/ 10. 1080/ 00051 144. 2022. 20658 01 (2022).

 86. Benbouhenni, H., Bizon, N., Colak, I., Thounthong, P. & Takorabet, N. Simplified super twisting sliding mode approaches of the 
double-powered induction generator-based multi-rotor wind turbine system. Sustainability 14, 5014. https:// doi. org/ 10. 3390/ 
su140 95014 (2022).

 87. Yahdou, A., Hemici, B. & Boudjema, Z. Second order sliding mode control of a dual-rotor wind turbine system by employing a 
matrix converter. J. Electr. Eng. 16, 1–11 (2016).

 88. Yusoff, N. A., Razali, A. M., Karim, K. A., Sutikno, T. & Jidin, A. A concept of virtual-flux direct power control of three-phase 
AC-DC converter. Int. J. Power Electron. Drive Syst. 8(4), 1776–1784. https:// doi. org/ 10. 11591/ ijpeds. v8i4. pp1776- 1784 (2017).

 89. Said, M., Derouich, A., El Ouanjli, N. & El Mahfoud, M. Enhancement of the direct torque control by using artificial neuron 
network for a doubly fed induction motor. Intell. Syst. Appl. 13, 1–18. https:// doi. org/ 10. 1016/j. iswa. 2022. 200060 (2022).

 90. Mahmoud, A. M., Echeikh, H. & Atif, I. Enhanced control technique for a sensor-less wind driven doubly fed induction generator 
for energy conversion purpose. Energy Rep. 7, 5815–5833. https:// doi. org/ 10. 1016/j. egyr. 2021. 08. 183 (2021).

 91. Habib, B., Hamza, G., Ilhami, C., Nicu, B. & Phatiphat, T. Synergetic-PI controller based on genetic algorithm for DPC-PWM 
strategy of a multi-rotor wind power system. Sci. Rep. 13, 13570. https:// doi. org/ 10. 1038/ s41598- 023- 40870-7 (2023).

 92. Habib, B., Gasmi, H. & Colak, I. Intelligent control scheme of asynchronous generator-based dual-rotor wind power system under 
different working conditions. Majlesi J. Energy Manage. 11(3), 8–15 (2022).

 93. Habib, B., Gasmi, H. & Colak, I. Backstepping control for multi-rotor wind power systems. Majlesi J. Energy Manage. 11(4), 8–15 
(2023).

 94. Xiahou, K., Li, M. S., Liu, Y. & Wu, Q. H. Sensor fault tolerance enhancement of DFIG-WTs via perturbation ob-server-based DPC 
and two-stage kalman filters. IEEE Trans. Energy Convers. 33(2), 483–495. https:// doi. org/ 10. 1109/ TEC. 2017. 27712 50 (2018).

 95. Ravikiran, H. & Tukaram, M. Modified super twisting algorithm based sliding mode control for LVRT enhancement of DFIG 
driven wind system. Energy Rep. 8, 3600–3613. https:// doi. org/ 10. 1016/j. egyr. 2022. 02. 235 (2022).

https://doi.org/10.1016/j.egyr.2023.10.085
https://doi.org/10.1016/j.egyr.2023.10.085
https://doi.org/10.1016/j.egyr.2022.11.136
https://doi.org/10.1016/j.egyr.2022.11.136
https://doi.org/10.3390/en15103689
https://doi.org/10.3390/en15103689
https://doi.org/10.20508/ijsmartgrid.v6i4.265.g228
https://doi.org/10.1007/978-3-031-29860-8_73
https://doi.org/10.37936/ecti-eec.2023212.249817
https://doi.org/10.37936/ecti-eec.2023212.249817
https://doi.org/10.1016/j.egyr.2023.10.074
https://doi.org/10.22068/IJEEE.19.2.2431
https://doi.org/10.1016/j.egyr.2023.05.267
https://doi.org/10.1007/s43236-022-00430-0
https://doi.org/10.22068/IJEEE.18.3.2358
https://doi.org/10.22068/IJEEE.18.3.2358
https://doi.org/10.18280/jesa.540217
https://doi.org/10.1080/00051144.2022.2065801
https://doi.org/10.3390/su14095014
https://doi.org/10.3390/su14095014
https://doi.org/10.11591/ijpeds.v8i4.pp1776-1784
https://doi.org/10.1016/j.iswa.2022.200060
https://doi.org/10.1016/j.egyr.2021.08.183
https://doi.org/10.1038/s41598-023-40870-7
https://doi.org/10.1109/TEC.2017.2771250
https://doi.org/10.1016/j.egyr.2022.02.235


24

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5664  | https://doi.org/10.1038/s41598-024-55271-7

www.nature.com/scientificreports/

Author contributions
Conceptualization, H.B., M.Y.; methodology, H.B., M.Y.; software, H.B., I.C. and M.Y.; validation, H.B., N.B. 
and H.K.; formal analysis, H.B, K.M-A and A.E.; investigation, H.B, I.C and N.B; resources, H.B and H.K.; data 
curation, H.B. and H.K.; writing—original draft preparation, H.B., N.B. and I.C.; writing—review and editing, 
H.K., A.E., K.M-A. and M.Y.; visualization, I.C. and H.K.; supervision, H.B., I.C., and M.Y.; project adminis-
tration, H.B.; funding acquisition, H.K., K.M-A., and A.E. All authors have read and agreed to the published 
version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dynamic performance of rotor-side nonlinear control technique for doubly-fed multi-rotor wind energy based on improved super-twisting algorithms under variable wind speed
	Proposed DSTSMC strategy
	Two-level MSVM strategy
	Proposed DPC technique
	Simulation results
	Tracking test
	Robustness test
	Third test

	Conclusions
	References


