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  Keywords:  Asynchronous Generator Dual-Rotor Wind Turbine Neural Third-order Sliding Mode Direct Torque Control Traditional Proportional-integral    A B S T R A C T    In this paper, a neural third-order sliding mode-direct torque control (NTOSM-DTC) for an asynchronous generator (AG) based dual-rotor wind turbine (DRWT) is proposed. The classical DTC strategy with traditional proportional-integral (PI) controllers has been widely applied to induction machines in recent years due to the high characteristics that it provides in comparison with the classical DTC switching technique. Meanwhile, it has a major drawback that are the significant current, rotor flux and torque ripples generated by the traditional PI controllers. To overcome these drawbacks, the improvement of this control technique by removing these controllers is designed in this paper. The proposed intelligenet nonlinear control technique is based on replacing the classical PI controllers with neural TOSM controllers which will have the same inputs as these controllers. The simulation was performed in Matlab software, and the results obtained make it possible to evaluate the characteristics of the proposed intelligenet nonlinear control technique over the traditional one. doi: 10.5829/ije.2022.35.03c.04   1. INTRODUCTION  In recent years, the demand for electric power has been increasing. This is due to an increase in number of engines used in our daily lives, as well as the abandonment of traditional energy sources such as petroleum. The latter has become a threat to human life. Conventional energies (fossil fuels and natural gas) are among the causes of global warming. This made several governments across the world search for other clean and economically inexpensive sources of energy. Among these solutions, we find solar energy, wind energy, the potential energy of water, these energies are inexpensive, and renewable energies. Moreover, it is clean and easily exploitable energies [1]. Wind energy is among the most widely used renewable energies in the field of electric power generation. This is because of the simplicity of use, clean energy, inexpensive and gives a significant value of                                                            *Corresponding Author Institutional Email: habib.benbouenni@nisantasi.edu.tr (H. Benbouhenni) electrical energy [2]. This method is based on placing the turbines on shafts against the wind. The rotation of the turbine leads to the rotation of the generator and thus the generation of electric power. Several generators can be used in wind energy, such as the asynchronous generator [3] and the synchronous generator [4]. However, the asynchronous generator is the most widely used in the field of electric power generation using wind energy, especially in the case of variable wind speed. This is due to the advantages and characteristics of the asynchronous generator such as ease of control, efficiency, durability, and low cost [5]. As is known, there are several ways to control electrical machines (generators), such as direct torque control (DTC) [6], filed-oriented control (FOC) [7], direct power control (DPC) [8], backstepping control [9], synergetic control [10], nonlinear control [11-13], etc. However, the direct torque control strategy is the most prevalent and widely used method for controlling    



518                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    electrical machines such as induction motor and synchronous motor, and this is because of the advantages and characteristics that it has compared to other methods. The direct torque control strategy is an easy algorithmic method, can be implemented easily, low cost, and gives very satisfactory results compared to other methods. This method relies on the use of hysteresis comparators and a lookup table to control the torque and flux of the electric machine. This method has been used to control several electrical machines such as the asynchronous motor [14], synchronous motor [15], multi-phase induction motor [16], synchronous generator [17], multi-phase synchronous motor [18], and asynchronous generator [19]. In the field of electric power generation from wind, this method is used to control the asynchronous generator, due to the simplicity of the algorithm and the dynamic response. In this case, the torque and flux of the asynchronous generator are controlled. Controlling these two amounts leads to controlling the current and the output active power generated by the generator (AG). Despite the advantages of this method, it has several disadvantages like any other method. Among the disadvantages of the direct torque control method are ripples at the level of current, torque, and rotor flux. Plus, the direct torque control method gives a large total harmonic distortion (THD) ratio [20]. As it is known, these defects affect the yield and life span of the electric generator. The fluctuations in torque affect the quality of the current and the effective power [21]. There are several studies and scientific research conducted on the method of direct torque control in order to reduce the ripples of torque and current resulting from the asynchronous generator using several methods such as nonlinear methods (sliding mode control and super twisting algorithm), artificial intelligence (fuzzy logic, genetic algorithm, neural network, etc) and a combination of artificial intelligence and nonlinear methods (neuro-sliding mode control, fuzzy-super twisting algorithm, etc) in order to obtain a more robust method and thus, obtaining very satisfactory results. Fuzzy DTC control was proposed by Ayrira et al. [22] to control the asynchronous generator-based wind turbine. The proposed DTC strategy is more robust compared to the traditional DTC technique. On the other hand, the fuzzy DTC control reduces more the THD value of stator current and active power ripple compared to the traditional DTC technique. A new method is proposed by Benbouhenni [23], based on the use of both space vector modulation (SVM) and proportional-integral (PI) controller. This is in order to reduce the fluctuations in both current and torque. This method is based on replacing lookup table and hysteresis comparators with SVM technique and PI controllers, respectively. The proposed method is more robust and can be easily accomplished. The simulation results showed the effectiveness of the proposed method in reducing torque ripples and THD value compared to the classical method. PI controller and neural networks are combined to improve the performance and effectiveness of direct torque control [24]. The results showed the effectiveness of the proposed method in improving the quality of the current produced by the asynchronous generator compared to the classical method. Chattering is defined as the disadvantages of the traditional sliding mode approach at very high frequencies which creates noises in the system. A higher-order sliding mode approach is suitable for the elimination of this chattering phenomenon which was explained by Kelkoul  and  Boumediene [25]. Many strategies like super twisting algorithm, terminal synergetic control, second-order continuous sliding mode, third-order sliding mode control, and fast terminal sliding mode approach are available in the works. These strategies are used to improve the characteristics of an asynchronous generator [26-28]. On use, the settling time and chattering are eliminated or minimized which was presented in the traditional sliding mode approach. These nonlinear methods have been relied upon in some works in order to improve the effectiveness of the direct torque control method in order to obtain a high quality in the current produced by the asynchronous generator. A second-order continuous sliding mode approach was used by Boudjema et al. [29] to improve the DTC method for an asynchronous generator-based wind turbine. The results showed the effectiveness of the DTC method with a second-order continuous sliding mode approach in reducing torque and current ripples compared to the classical DTC method with PI controllers. It also shows the effectiveness of the proposed nonlinear DTC method. Boudjema et al. [29] discussed about the value of THD of stator current, as we find out that the proposed nonlinear DTC method gave a much lower value than the classical DTC method. Another nonlinear technique was proposed by Benbouhenni and Bizon [30] to improve the performances of the DTC control technique of the asynchronous generator-based dual-rotor wind turbine (DRWT) system. This new nonlinear technique is based on a third-order sliding mode controller. However, the proposed DTC with third-order sliding mode is simple to control, easy to implement, robust algorithm, and reduces the THD value of stator current and power ripple compared to the DTC strategy with PI controllers. Fractional-order second-order continuous sliding mode approach was proposed to improve the characterisitics of DTC control with a modified SVM technique to control the asynchronous generator-based wind turbine [31]. The proposed nonlinear DTC control is more robust than classical DTC with a modified SVM technique. On the other hand, the DTC strategy with fractional-order second-order sliding mode approach reduces the ripples 



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         519   in the torque, current, and rotor flux compared to the DTC strategy with the traditional second-order sliding mode approach. A new method for DTC control has been proposed based on the modified super twisting algorithm [32]. This new DTC method is a modification of the DTC-PI method, where PI controllers are replaced by modified super twisting algorithms.  In this work, a new nonlinear method is proposed in order to improve the efficiency and performance of the DTC control method, and thus improve the quality of the current and the active power generated by the asynchronous generator-based dual-rotor wind turbine system. In addition, in this work, a new intelligent high-order sliding mode approach was proposed to improve the performance of the DTC control technique. this proposed high-order sliding mode approach is named the neural third-order sliding mode (NTOSM) strategy. This proposed intelligent nonlinear controller is a more robust, simple algorithm and easy to implement. The objective is to reduce the ripples in the current, rotor flux, and torque of asynchronous generator-based dual-rotor wind turbine systems. The principle of the schematic and the disadvantages or advantages of DTC with neural TSOM controllers are proposed. The parameters used to observe the characteristics of the proposed intelligent nonlinear DTC control strategy are the THD value of stator current, rotor flux ripple, torque ripple, steady-state error, robustness, response time, and current ripple. Summarizing, the novelty and main findings of this work are as follows: - A new neural TOSM strategy based on the DTC technique is proposed to reduce the THD value of stator current; - Neural TOSM controllers minimize the tracking error for torque and rotor flux towards the references of AG-based DRWT systems. - The DTC-NTOSM technique with modified SVM technique minimizes ripples of torque, rotor flux, and stator current of AG-based DRWT systems. Thus, the structure of the work is as follows. In section 2 dual-rotor wind turbine system models are presented. In section 3 the model of the AG is presented using Park transformations. In section 4 the proposed neural TOSM controller is presented. Section 5 includes the DTC control technique with designed neural TOSM controllers. Section 6 presents and discusses the results of the present research.   2. DUAL-ROTOR WIND TURBINE  Dual-rotor wind turbine is a new technology that has emerged in recent years to generate electricity from wind   power. Studies on it have shown how effective this new technology is compared to classic turbines. This new technology is detailed in literature [33, 34]. This new technology offers more pneumatic torque than a single-rotor turbine. The dual-rotor wind turbine is not affected by the wind currents generated by the wind farm like this classic turbine, which in the future will be widely spread. Among the disadvantages of this technology is that it contains a larger number of mechanical components and is difficult to control compared to the classic turbine. But it offers a greater return compared to the rest of the existing technologies to this day. The total aerodynamic torque of DRWT is the auxiliary rotor (AR) torque add to the main rotor (MR) torque as shown by the following equation [35]: ARMRDRWT TTT +=  (1) with: wCRAT ARpARARAR 253 ......2 1
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 4. NEURAL THIRD-ORDER SLIDING MODE CONTROLLER  In this part, it is explained how to implement this new method (neural TOSM) and its advantages. This new method is a modification of the TOSM technique published by Benbouhenni and Bizon [30].  4. 1. Design of the TOSM Controller       There are many nonlinear controllers proposed to control the flux/torque of AC machines in the literature. Among all the strategies proposed for the high-order sliding mode approach, the super twisting controller is an exception, which requires only information on the sliding surface [11]. The third-order sliding mode approach is an effective technique for uncertain systems and it overcomes the main disadvantages of the classical sliding mode approach described. TOSM is a non-linear controller and is an alternative to linear and nonlinear techniques. This method was first proposed in order to improve the performance and efficiency of the direct power control (DPC) of asynchronous generator-based DRWT system [40] and then applied to DTC control of an asynchronous generator-based DRWT system. However, this technique is based on the super twisting algorithm. The control input of  the TOSM controller comprises of three inputs as Equation (12). uuutu 321)( ++=   (12) With : )()( 11 SsignStu ×= λ  (13) 

∫ ××= dtSsigntu )()( 22 λ  (14) )()( 33 Ssigntu ×= λ  (15) The control input of the TOSM controller is obtained as Equation (16). )()()(.)( 321 SsigndtSsignSsignStu λλλ +∫+=   (16) where, λ1, λ2 and λ3 are tuning constants of the TOSM controller. Figure 1 shows block diagram representation of TOSM controller. Through this figure, the TOSM controller is a simple algorithm and easy to implement. The stability condition is given by the following relation: 0.
〈SS  (17)  4. 2. Design of the Neural TOSM Controller        Neural TOSM controller is a new nonlinear technique, where this proposed technique is a simple algorithm, easy to implement, and more robust. This proposed new nonlinear technique based on a combined neural algorithm and TOSM controller in order to obtain a robust controller. This new nonlinear method (neural TOSM) is a modification of the TOSM method, where sign(U) of the TOSM controller is compensated by neural networks. Figure 2 shows the proposed neural TOSM controller. Through this figure, the proposed neural TOSM controller is a simple algorithm and easy to implement.   

Figure 1. Structure of the TOSM controller X -*X sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Y 3λ + 



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         521   In the proposed neural TOSM controller, feedforward neural network controllers were used to the replace the sign(U) functions. This proposed controller is used in this paper for reducing a stator current, torque, and rotor flux ripples in an AG-based DRWT system using the DTC technique which the inverter was controlled by the modified SVM strategy.   5. DTC CONTROL WITH NEURAL TOSM CONTROLLERS  5. 1. DTC-TOSM Strategy          The DTC-TOSM principle is to control the torque and the rotor flux of the AG-based DRWT systems. The rotor flux is controlled utilizing the direct axis voltage Vdr, while the torque is controlled utilizing the quadrature axis voltage Vqr [41]. As is known, flux and torque ripples which represent the big problems of the classical DTC control with PI controllers can be very hurtful for the AG-DRWT because of the use of the hysteresis comparators and switching table or PI controllers [30]. The major idea was to replace the PI controllers with TOSM controllers and at the same time to conserve the major characteristics of the whole system.  The DTC-TSOM technique, which is proposed to control the torque and rotor flux of the AG-DRWT system is shown in Figure 3. The magnitude of rotor flux, which can be estimated by the following experssions [23]: 
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θ =  (21) The electromagnetic torque, which can be estimated by Equation (22): )(23 αββα rrrrem IQIQpT −⋅−=  (22) Figure 2. Structure of the command law of the proposed neural TOSM controller   

Figure 3. Bloc diagram of the AG with DTC-TOSM   The errors of the electromagnetic torque and rotor flux are shown in Equations (23) and (24). TTS ememTem −= *  (23) QQS rrQr −= *  (24) where the surfaces are the flux magnitude error Sφr = φr*-φr and the electromagnetic torque error STem = Tem*- Tem.  The sliding surfaces shown in Equations (23) and (24) are used as input to the TOSM control law. Torque and rotor flux TOSM controllers are used to influence respectively on the two rotor voltage components as in Equations (25) and (26).  )(3)(2)(.1* SQrsigndtSQrsignSQrsignSQrV dr λλλ +∫+=    (25) )(3)(2)(.1* STemsigndtSTemsignSTemsignSTemV qr λλλ +∫+= (26) The controller structure for the TOSM controller for the torque and rotor flux of the DTC control strategy is presented in Figures 4 and 5, respectively. The DTC-TOSM control technique is proposed by Benbouhenni and Bizon [30] to obtain a minimum rotor X -*X Neural algorithm Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Y 3λ + 
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522                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    flux and torque ripples and to minimize the chattering phenomenon. The DTC-TOSM strategy improves the performances of the asynchronous generator compared to DTC with PI controllers.  5. 2. DTC-NTOSM Control strategy          The DTC control with neural TSOM controllers, which is proposed to control the  torque and rotor flux of the AG-DRWT system is shown in Figure 6. This proposed strategy is more simple, easy to implement. This proposed strategy is robust compared to traditional DTC and DTC-TOSM techniques. The DTC-NTOSM method is a modification of the DTC-TOSM method, where the proposed NTOSM method is used instead of the TOSM controller. The newly proposed method is based on a combination of the TOSM controller and feedforward neural networks in order to improve the characteristics and advantages of the DTC method of the AG-DRWT system. The controller structure for the neural TOSM algorithms for the torque and rotor flux of the DTC control strategy of the AG-DRWT system is presented in Figures 7 and 8, respectively. In order to make the feedforward neural networks, we used the Levenberg-marquardt backpropagation algorithm. This algorithm is a simple algorithm. However, the feedforward neural networks structure consists of three layers: hidden layer, output layer, and input layer. The characteristics of the feedforward neural networks used to improve the TOSM controller are summarized in Table 1. The feedforward neural network training of torque is shown in Figure 9. Figure 10 shows the training plot of    
Figure 4. Structure of the TOSM torque controller   
Figure 5. Structure of the TOSM flux controller Figure 6. Bloc diagram of the AG with DTC-NTOSM    

Figure 7. Proposed neural TOSM torque controller   
Figure 8. Proposed neural TOSM flux controller   the feedforward neural networks for torque and rotor flux. From this figure, the best training performance is 3.6315e-006 at epoch 29 for torque and 3.4867e-008 at epoch 3 for rotor flux. The error plot of feedforward neural networks is shown in Figure 11. Through this figure, we find that the targeting field is [-0.5 0.5] and the training value is R=0.99997, and the output is given by (output = 1*Target+2.6e-005) for torque and for rotor flux the training value is R=0.99912, and the output is given by (output = 1*Target+3.3e-006). On the other hand, Gradiant, Mu, and Validation Checks are shown in Figure 12 and they represent the properties of the feedforward neural networks of torque. From this figure, the best Gradiant, Mu, and validation checks are  7.1107e-006, 0.08, and 0 at epoch 29, respectively. Tem -*Tem  sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Vqr* 3λ + Qr -*Qr  sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Vdr* 3λ + Rotor Flux and Torque 
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H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         523   TABLE 1. Parameters of the feedforward neural networks 
4 Values Performances Mean Squard Error (mse) Training Levenberg-Marquardt algorithm (trainlm) TrainParam.show 50 TrainParam.Lr 0.05 Neurons of output layer 1 TrainParam.goal 0 TrainParam.mu 0.8 Neurons of input layer 1 Coeff of acceleration of convergence(mc) 0.9 Derivative Default (default deriv) Neurons of hidden layer 12 Number of hidden layer 1 Functions of activation Tensing, Purling, trainlm Number of output layer 1 TrainParam.eposh 200 Number of input layer 1    

Figure 9. Feedforward neural networks training   6. ANALYSIS AND SIMULATION RESULTS  The designed control techniques are simulated and compared regarding stator current harmonics distortion, rotor flux ripple, reference tracking, torque ripples, and robustness against AG parameter variations. The simulations are carried out with a 1.5 MW AG attached to a 398 V/50 Hz grid, by using the simulation numerique. The generator parameters used in this work  (a) Torque  (b) Rotor flux 
Figure 10.Training plot    (a) Torque 0 5 10 15 20 25
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Figure 11. Error plot    

Figure 12. Characteristics of the feedforward neural network for torque   are the same as the generator parameters used in the literature [29-32]. The two nonlinear DTC strategies; DTC-TOSM and DTC-NTOSM are simulated and compared in terms of torque ripple, reference tracking, current ripple, THD value of current, and rotor flux ripple. 
A. First test:This test represents the reference tracking test. This test aims to study the behavior of the proposed strategies of nonlinear DTC control by taking the generated speed as constant and equal to the nominal value. As well as knowing which DTC method provides the best results and minimizes electromagnetic torque and rotor flux ripples together. The results obtained are shown in  Figures 13 to 20. As it’s shown in Figures 15-16, for the two nonlinear DTC strategies, the rotor flux, and torque track almost perfectly their reference values.  Figure 17 shows the stator current of both nonlinear DTC control techniques. It, therefore, confirms that the amplitudes of the currents depend on the state of the drive system and the value of the load rotor flux and torque. Figures 13 and 14 show the THD value of stator current of the AG-based DRWT system for both nonlinear DTC control strategies. It can be clearly observed through these figures that the THD value is reduced for the DTC-NTOSM (THD = 0.32%) when compared to the DTC-TOSM (THD = 0.50%).  The zoom in the torque, rotor flux, and stator current is shown in Figures 18, 19 and 20, respectively. It can be seen that the DTC-NTOSM control strategy reduced the ripples in torque, rotor flux, and stator current compared to the DTC-TOSM control technique. Based on the results above, it can be said that the proposed DTC-NTOSM control strategy has proven its efficiency in reducing ripples and chattering phenomena in addition to keep the same advantages of the DTC-TOSM control strategy.  The results of this test are summarized in Table 2. Through this table, it can be said that the proposed DTC-    
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Figure 16. Rotor flux    

Figure 17. Stator current    
Figure 18. Zoom (torque)    

Figure 19. Zoom (rotor flux)   NTOSM control method is better than the DTC-TOSM control strategy in terms of reducing current, torque and rotor flux ripples. Also, in terms of dynamic response. On the other hand, the proposed DTC-NTOSM control method minimized the ripples of current, torque, and rotor flux by about 75%, 70 and 62.50%, respectively, compared to the DTC-TOSM control strategy.    
Figure 20. Zoom (current) TABLE 2. Compare the results obtained from the proposed method with the classical method 

Criteria Strategies 
DTC-TOSM DTC-NTOSM 

Dynamic response (s) Medium Fast 
Settling time (ms) High Medium 
Overshoot (%) Remarkable ≈ 3% Neglected near ≈ 1% 
Torque and flux 
tracking Good Excellent 
Sensitivity to 
parameter change Medium Low 
Rise Time (s) Medium Low 
THD (%) 0.50 0.32 
Simplicity of converter 
and filter design Simple Simple 
Torque: ripple (N.m) Around 100 Around 30 
Simplicity of 
calculations Simple Simple 
Rotor flux: ripple (wb) Around 0.008 Around 0.003 
Improvement of 
transient performance Good Excellent 
Stator current: ripple 
(A) Around 20 Around 5 
Quality of stator 
current Good Excellent   The proposed DTC-NTOSM control strategy reduced the THD value of current by about 36% compared to the DTC-TOSM control strategy. 

B. Second test:The principal objective of this test is to examine the influence of an asychronous generator parameters variation on the rotor flux, stator current, and torque and behavior for the proposed intelligent nonlinear DTC control strategy. The simulation results are shown in Figures 21 to 28. These figures show that the torque and rotor flux follows the references with high accuracy for all the proposed methods (see Figures 23 and 24). However, the stator current remains sinusoidal (see Figure 25) and is related to the system and the reference value of the torque and rotor flux. On the other hand, we notice by looking at Figures 26 to 28 that the proposed intelligent nonlinear DTC-NTOSM control method significantly reduced the ripples of stator current, torque, and rotor flux compared to the DTC-TOSM control strategy.  Figures 21 to 22 show the THD value of stator current for two proposed DTC control strategies. It can be clearly observed that the THD value is reduced for the proposed intelligent nonlinear DTC-NTOSM control method (0.32%) when compared to the DTC-TOSM control 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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526                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    strategy (0.55%). This result is attractive for dual-rotor wind turbine applications to guarantee the quality and stability of the generated power when the generator parameters are changing. Thus, it can be said that the proposed intelligent nonlinear DTC-NTOSM control method provided better performance than the DTC-TOSM control strategy, and this is what we observed through two tests, as well as the THD ratio and the value of torque and rotor flux ripples (see Table 3). Table 3 summarizes the results obtained. Through this table, the proposed intelligent nonlinear DTC-     
Figure 21. THD (DTC-TOSM)    

Figure 22. THD (DTC-NTOSM)   
 

Figure 23. Torque   
 

Figure 24. Rotor flux  
Figure 25. Stator current 

 
  

Figure 26. Zoom (torque)    
Figure 27. Zoom (rotor flux)    

Figure 28. Zoom (current)   NTOSM control method minimized the ripples in the stator current, torque, and rotor flux by about 66.66%, 61.11%, and 60%, respectively compared to the DTC-TOSM control strategy. On the other hand, the proposed DTC-NTOSM control strategy reduced the THD value by about 41.81% compared to the DTC-TOSM control strategy. On the other hand, this proposed intelligent nonlinear DTC-NTOSM control strategy minimized the THD value of stator current compared to other strategies (see  Table 4).  0 100 200 300 400 500 600 700 800 900 1000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency (Hz)

Fundamental (50Hz) = 1830 , THD= 0.55%

M
ag

 (%
 o

f F
un

da
m

en
ta

l)

0 100 200 300 400 500 600 700 800 900 1000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Frequency (Hz)

Fundamental (50Hz) = 1831 , THD= 0.32%

M
ag

 (%
 o

f F
un

da
m

en
ta

l)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-5000

0

5000

10000

Time (s)

To
rq

ue
 T

e 
(N

.m
)

 

 

Te (TOSM)
Te (Neural TOSM)
Teref

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.9

1

1.1

1.2

1.3

Time (s)

Ro
to

r F
lu

x 
Q

r (
wb

)

 

 
Qr (TOSM)
Qr (Neural TOSM)
Qrref

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-4000

-2000

0

2000

4000

Time (s)

St
at

or
 c

ur
re

nt
 Ia

s 
(A

)

 

 

Ias (TOSM)
Ias (Neural TOSM)

0.639 0.6395 0.64 0.6405 0.641 0.6415 0.642 0.6425 0.643 0.6435

7800

7900

8000

8100

Time (s)

To
rq

ue
 T

e 
(N

.m
)

 

 

Te (TOSM)
Te (Neural TOSM)
Teref

0.587 0.588 0.589 0.59 0.591 0.592 0.593 0.594

0.995

1

1.005

Time (s)

Ro
to

r F
lu

x 
Q

r (
wb

)

 

 

Qr (TOSM)
Qr (Neural TOSM)
Qrref

0.1985 0.199 0.1995 0.2 0.2005 0.201

1750

1800

1850

Time (s)

St
at

or
 c

ur
re

nt
 Ia

s 
(A

)

 

 

Ias (TOSM)
Ias (Neural TOSM)



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         527    
TABLE 3. Comparative ripples obtained from the DTC-TOSM with the proposed DTC-NTOSM strategy  DTC-TOSM Proposed DTC-NTSOM technique Ratios 

THD (%) of current 0.55 0.32 41.81 % 
Rotor flux ripple (wb) Around 0.01 Around 0.004 60 % 
Stator current ripple (A) Around 60 Around 20 66.66 % 
Torque ripple (N.m) Around 180 Around 70 61.11 %   

TABLE 4. Compare the THD value obtained from the proposed method with values for several published methods 
Techniques  THD (%) Reference DPC control with STA controller 1.66 Ref. [42] DPC 4.88 Ref. [43] VF-DPC 4.19  Fuzzy SMC control 3.05 Ref. [44]    DPC-IP 0.43 Ref. [45] PI controller 0.77 Ref. [46] STA-SOSMC controller 0.28  DPC control with intelligent metaheuristics 4.05 Ref. [47] Intelligent super twisting sliding mode controller 0.52 Ref. [48] DTC-SOCSMC 0.98 Ref. [29] FOC 3.70 Ref. [7] ISMC MRSMC 9.71 3.14 Ref. [12] Direct FOC with synergetic sliding mode controller 0.50 Ref. [33] DTC method 7.54 Ref. [49] DTC method with genetic algorithm 4.80  Traditional DTC strategy 6.70 Ref. [22] Fuzzy DTC technique 2.04  FOC with Type 2 fuzzy logic controller (FOC-T2FLC) 1.14 Ref. [50] FOC with neuro-fuzzy controller (FOC-NFC) 0.78  Two-level DTC method 9.87 Ref. [51] Three-level DTC method 1.52  Fuzzy 12 sector DTC control 1.74 Ref.[52] DTC-NTOSM 0.32 Designed technique where, DPC is the direct power control, VFDPC is the virtual flux direct power control, FOC is the field-oriented control, MRSMC is the multi-resonant-based sliding mode controller and SOCSM is the second-order continuous sliding mode 



528                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530     7. CONCLUSION   This work presents the simulation results of the rotor flux and electromagnetic torque neural third-order sliding mode control technique of a AG-based dual rotor wind turbine, using the modified SVM technique. With results obtained from the numerical simulation, it is clear that for the same operation condition, the proposed nonlinear DTC control with neural TOSM controllers had high effectiveness and performance than the DTC control using TOSM controllers and that is clear in the THD value of stator current which the use of the neural TOSM controller, it is minimized of harmonics more than the TOSM controller. So, summarizing, the main findings of this research are as follows: 
• Minimizes the rotor flux, current and torque ripples. 
• Simple nonlinear DTC control was proposed. 
• Minimization of the total harmonic distortion of stator current by 36%. 
• A new intelligent nonlinear controller was presented and confirmed with numerical simulation. The work can be extended with neuro-fuzzy-TOSM controllers (NFTOSM) to obtain minimum torque ripple, zero settling time, minimum flux ripple, robust control, and zero steady-state error. DPC-based neural TOSM controllers can also be taken up as an extension of this work.   8. REFERENCES   1. Mohan Kumar, P., Sivalingam, K., Lim, T.-C., Ramakrishna, S. and Wei, H.J.C.T., "Strategies for enhancing the low wind speed performance of h-darrieus wind turbine—part 1", Clean Technology,  Vol. 1, No. 1, (2019), 185-204, doi: 10.3390/cleantechnol1010013 2. AlGhamdi, S., Hamdan, I., Youssef, M.M. and Noureldeen, O.J.M., "Development and application of fuzzy proportional-integral control scheme in pitch angle compensation loop for wind turbines", Machines,  Vol. 9, No. 7, (2021), 135, doi: 10.3390/machines9070135 3. Alhato, M.M., Ibrahim, M.N., Rezk, H. and Bouallègue, S.J.M., "An enhanced dc-link voltage response for wind-driven doubly fed induction generator using adaptive fuzzy extended state observer and sliding mode control", Mathematics,  Vol. 9, No. 9, (2021), 963, doi: 10.3390/math9090963 4. Zhang, Z., Zhao, Y., Qiao, W. and Qu, L.J.I.T.o.I.A., "A discrete-time direct torque control for direct-drive pmsg-based wind energy conversion systems", IEEE Transactions on Industry Applications,  Vol. 51, No. 4, (2015), 3504-3514, doi: 10.1109/TIA.2015.2413760 5. Cortajarena Echeverria, J.A., Barambones Caramazana, O., Alkorta Egiguren, P. and Cortajarena Alcorta, J., "Grid frequency and amplitude control using dfig wind turbines in a smart grid", Mathematics,  (2021), doi: 10.3390/math9020143 6. Iacchetti, M.F., Marques, G.D. and Perini, R.J.I.T.o.P.E., "Torque ripple reduction in a dfig-dc system by resonant current controllers", IEEE Transactions on Power Electronics,  Vol. 30, No. 8, (2014), 4244-4254, doi: 10.1109/TPEL.2014.2360211 7. Amrane, F., Chaiba, A., Babes, B.E. and Mekhilef, S.J.R.R.S.T.-E.E.E., "Design and implementation of high performance field oriented control for grid-connected doubly fed induction generator via hysteresis rotor current controller", Revue Roumaine Sciences Techniques Electrotechnique Et Energetique,  Vol. 61, No. 4, (2016), 319-324. 8. Alhato, M.M., Bouallègue, S. and Rezk, H.J.M., "Modeling and performance improvement of direct power control of doubly-fed induction generator based wind turbine through second-order sliding mode control approach", Mathematics,  Vol. 8, No. 11, (2020), 1-31, doi: 10.3390/math8112012 9. Djeriri, Y.J.I.J.o.E. and Engineering, E., "Lyapunov-based robust power controllers for a doubly fed induction generator", IJEEE,  Vol. 16, No. 4, (2020), 551-558.  10. Benbouhenni, H. and Bizon, N.J.E., "Terminal synergetic control for direct active and reactive powers in asynchronous generator-based dual-rotor wind power systems", Electronics,  Vol. 10, No. 16, (2021), 1880, doi: 10.3390/electronics10161880 11. Boudjema, Z., Hemici, B. And Yahdou, A.J.J.O.E.E., "Second order sliding mode control of a dual-rotor wind turbine system by employing a matrix converter", Journal of Electrical Engineering,  Vol. 16, No. 3, (2016), 11-11. 12. Quan, Y., Hang, L., He, Y. and Zhang, Y.J.A.S., "Multi-resonant-based sliding mode control of dfig-based wind system under unbalanced and harmonic network conditions", Applied Sciences,  Vol. 9, No. 6, (2019), 1124, doi: 10.3390/app9061124 13. Ullah, N., Sami, I., Chowdhury, M.S., Techato, K. and Alkhammash, H.I.J.I.A., "Artificial intelligence integrated fractional order control of doubly fed induction generator-based wind energy system", IEEE Access,  Vol. 9, (2020), 5734-5748, doi: 10.1109/ACCESS.2020.3048420 14. Benbouhenni, H.J.I.J.o.E. and Engineering, E., "Seven-level direct torque control of induction motor based on artificial neural networks with regulation speed using fuzzy pi controller", Iranian Journal of Electrical and Electronic Engineering,  Vol. 14, No. 1, (2018), 85-94.  15. Nasr, A., Gu, C., Bozhko, S. and Gerada, C.J.E., "Performance enhancement of direct torque-controlled permanent magnet synchronous motor with a flexible switching table", Energies,  Vol. 13, No. 8, (2020), 1907, doi: 10.3390/en13081907 16. Heidari, H., Rassõlkin, A., Vaimann, T., Kallaste, A., Taheri, A., Holakooie, M.H. and Belahcen, A.J.E., "A novel vector control strategy for a six-phase induction motor with low torque ripples and harmonic currents", Energies,  Vol. 12, No. 6, (2019), 1102, doi: 10.3390/en12061102 17. Boussekra, F. and Makouf, A., "Sensorless speed control of ipmsm using sliding mode observer based on active flux concept", Modelling, Measurement and Control A,,  Vol. 93, (2020), 1-4, doi: 10.18280/mmc_a.931-401 18. Mehedi, F., Yahdou, A., Djilali, A.B. and Benbouhenni, H.J.J.E.d.S.A., "Direct torque fuzzy controlled drive for multi-phase ipmsm based on svm technique", Journal Européen des Systèmes Automatisés,  Vol. 53, No. 2, (2020), 259-266, doi: 10.18280/jesa.530213 19. Mondal, S., Kastha, D.J.I.J.o.E. and Electronics, S.T.i.P., "Input reactive power controller with a novel active damping strategy for a matrix converter fed direct torque controlled dfig for wind power generation", IEEE Journal of Emerging and Selected Topics in Power Electronics,  Vol. 8, No. 4, (2019), 3700-3711, doi: 10.1109/JESTPE.2019.2938012 



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         529   20. Kebbati, Y., "Modular approach for an asic integration of electrical drive controls", International Journal of Engineering, Transactions B: Applications,  (2011).  21. Benbouhenni, H. and Boudjema, Z., "Two-level dtc based on ann controller of dfig using 7-level hysteresis command to reduce flux ripple comparing with traditional command", in 2018 International Conference on Applied Smart Systems (ICASS), IEEE. (2018), 1-8. 22. Ayrir, W., Ourahou, M., El Hassouni, B., Haddi, A.J.M. and Simulation, C.i., "Direct torque control improvement of a variable speed dfig based on a fuzzy inference system", Mathematics and Computers in Simulation,  Vol. 167, (2020), 308-324, doi: 10.1016/j.matcom.2018.05.014 23. Benbouhenni, H.J.I.J.o.S.G., "Stator current and rotor flux ripples reduction of dtc dfig drive using fstsmc algorithm", International Journal of Smart Grid,  Vol. 3, No. 4, (2019), 226-234, doi:  24. Benbouhenni, H.J.M.J.o.E.M., "Torque ripple reduction of dtc dfig drive using neural pi regulators", Majlesi Journal of Energy Management,,  Vol. 8, No. 2, (2019), 21-26.  25. Kelkoul, B. and Boumediene, A.J.E., "Stability analysis and study between classical sliding mode control (smc) and super twisting algorithm (sta) for doubly fed induction generator (dfig) under wind turbine", Energy,  Vol. 214, (2021), 118871, doi: 10.1016/j.energy.2020.118871 26. Shah, A.P. and Mehta, A.J., "Direct power control of grid-connected dfig using variable gain super-twisting sliding mode controller for wind energy optimization", in IECON 2017-43rd Annual Conference of the IEEE Industrial Electronics Society, IEEE. (2017), 2448-2454. 27. Azimi, A., Bakhtiari-Nejad, F. and Zhu, W.J.J.o.t.F.I., "Fractional-order control with second-order sliding mode algorithm and disturbance estimation for vibration suppression of marine riser", Journal of the Franklin Institute,  Vol. 358, No. 13, (2021), 6545-6565, doi: 10.1016/j.jfranklin.2021.06.022 28. Shah, A.P. and Mehta, A.J., "Direct power control of dfig using super-twisting algorithm based on second-order sliding mode control", in 2016 14th International Workshop on Variable Structure Systems (VSS), IEEE. (2016), 136-141. 29. Boudjema, Z., Taleb, R., Djeriri, Y., Yahdou, A.J.T.J.o.E.E. and Sciences, C., "A novel direct torque control using second order continuous sliding mode of a doubly fed induction generator for a wind energy conversion system", Turkish Journal of Electrical Engineering & Computer Sciences,  Vol. 25, No. 2, (2017), 965-975.  30. Benbouhenni, H. and Bizon, N.J.M., "Improved rotor flux and torque control based on the third-order sliding mode scheme applied to the asynchronous generator for the single-rotor wind turbine", Mathematics,  Vol. 9, No. 18, (2021), 2297, doi: 10.3390/math9182297 31. Almakki, A.N.J., Jbarah, A.A.N., Mazalov, A., Andrey, M.J.M.T.S. and Technologies, "Improved dfig dftc by using a fractional-order super twisting algorithms in wind power application", Transportation Systems and Technology,  Vol. 7, No. 3, (2021), 131-149, doi: 10.17816/transsyst202173131-149 32. Almakki, A.N.J. and Mazalov, A.A., "Improving the efficiency of direct flux and torque control technology for doubly-fed induction generator with a robust control using modified super-twisting algorithms", Vestnik Gosudarstvennogo universiteta morskogo i rechnogo flota imeni admirala S. O. Ma-karova,,  Vol. 13, No. 4, (2021), 586–603,, doi: 10.21821/2309-5180-2021-13-4-586-603. 33. Benbouhenni, H. and Bizon, N.J.E., "A synergetic sliding mode controller applied to direct field-oriented control of induction generator-based variable speed dual-rotor wind turbines", Energies,  Vol. 14, No. 15, (2021), 4437, doi: 10.3390/en14154437 34. Benbouhenni, H. and Bizon, N.J.E., "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,  Vol. 14, No. 18, (2021), 5877, doi: 10.3390/en14185877 35. Benbouhenni, H. and Bizon, N.J.M., "Advanced direct vector control method for optimizing the operation of a double-powered induction generator-based dual-rotor wind turbine system", Mathematics,  Vol. 9, No. 19, (2021), 2403, doi: 10.3390/math9192403 36. Yahdou, A., Hemici, B., Boudjema, Z.J.T.M.J.o.M. and Control, "Sliding mode control of dual rotor wind turbine system", The Mediterranean Journal of Measurement and Control,  Vol. 11, No. 2, (2015), 412-419.  37. Yahdou, A., Djilali, A.B., Boudjema, Z. and Mehedi, F.J.J.E.d.S.A., "Improved vector control of a counter-rotating wind turbine system using adaptive backstepping sliding mode", Journal Européen des Systèmes Automatisés,  Vol. 53, No. 5, (2020), 645-651.  38. Solat, A., Ranjbar, A. and Mozafari, B.J.I.J.o.E., "Coordinated control of doubley fed induction generator virtual inertia and power system oscillation damping using fuzzy logic", International Journal of Engineering, Transactions A: Basics,  Vol. 32, No. 4, (2019), 536-547, doi: 10.5829/ije.2019.32.04a.11 39. Douadi, T., Harbouche, Y., Abdessemed, R. and Bakhti, I.J.I.J.o.E., "Improvement performances of active and reactive power control applied to dfig for variable speed wind turbine using sliding mode control and foc", International Journal of Engineering, Transactions A: Basics,,  Vol. 31, No. 10, (2018), 1689-1697, doi: 10.5829/ije.2018.31.10a.11 40. Benbouhenni, H., "Direct active and reactive powers command with third-order sliding mode theory for dfig-based dual-rotor wind power systems", International Journal of Natural and Engineering Sciences,  Vol. 15, No. 1, (2021), 17-34.  41. Mazaheri Body, K. and Vaez Zadeh, S.J.I.J.o.E., "On line determination of optimal hysteresis band amplitudes in direct torque control of induction motor drives", International Journal of Engineering, Transactions A: Basics,  Vol. 15, No. 4, (2002), 329-338.  42. Yaichi, I., Semmah, A., Wira, P. and Djeriri, Y., "Super-twisting sliding mode control of a doubly-fed induction generator based on the svm strategy", Periodica Polytechnica Electrical Engineering and Computer Science,  Vol. 63, No. 3, (2019), 178-190.  43. Yusoff, N.A.M., Razali, A.M., Karim, K.A., Sutikno, T., Jidin, A.J.I.J.o.P.E. and Systems, D., "A concept of virtual-flux direct power control of three-phase ac-dc converter", International Journal of Power Electronics and Drive System,  Vol. 8, No. 4, (2017), 1776, doi: 10.11591/ijpeds.v8i4.pp1776-1784 44. Boudjema, Z., Meroufel, A., Djerriri, Y. and Bounadja, E., " Fuzzy sliding mode control of a doubly fed induction generator for energy conversion", Carpathian Journal of Electronic and Computer Engineering,,  Vol. 6, No. 2, (2013), 7-14.  45. Fayssal, A., Bruno, F. and Azeddine, "C. Experimental investigation of efficient and simple wind-turbine based on dfig-direct power control using lcl-filter for stand-alone mode", ISA Transactions, (2021), 1-34, doi: 10.1016/j.isatra.2021.07.008 46. Mazen Alhato, M., Bouallègue, S. and Rezk, H., "Modeling and performance improvement of direct power control of doubly-fed induction generator based wind turbine through second-order sliding mode control approach," Mathematics,  Vol. 8, (2020), doi: 10.3390/math8112012 



530                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    47. Alhato, M.M., Bouallègue, S.J.M. and Applications, C., "Direct power control optimization for doubly fed induction generator based wind turbine systems", Mathematical and Computational Applications,  Vol. 24, No. 3, (2019), 77, doi: 10.3390/mca24030077. 48. Benbouhenni, H.J.J.o.E.E., Electronics, Control and Science, C., "Intelligent super twisting high order sliding mode controller of dual-rotor wind power systems with direct attack based on doubly-fed induction generators", Journal of Electrical Engineering, Electronics, Control and Computer Science,  Vol. 7, No. 4, (2021), 1-8.  49. Mahfoud, S., Derouich, A., EL Ouanjli, N., EL Mahfoud, M. and Taoussi, M.J.S., "A new strategy-based pid controller optimized by genetic algorithm for dtc of the doubly fed induction motor", Systems,  Vol. 9, No. 2, (2021), 37, doi: 10.3390/systems9020037 50. Amrane, F. and Chaiba, A., "A novel direct power control for grid-connected doubly fed induction generator based on hybrid arti ficial intelligent c ontrol with space vector mo dulation", Revue Roumaine Sciences Techniques Electrotechnique Et Energetique, (2018).  51. El Ouanjli, N., Derouich, A., El Ghzizal, A., Taoussi, M., El Mourabit, Y., Mezioui, K., Bossoufi, B.J.P. and Systems, C.o.M.P., "Direct torque control of doubly fed induction motor using three-level npc inverter", Protection and Control of Modern Power Systems,  Vol. 4, No. 1, (2019), 1-9, doi: 10.1186/s41601-019-0131-7 52. Younes, S., Salah, T., Sofia, L.B., Seddik, B., Nasim, U., Ahmad, A.A. and Ali, N.A., "Advanced fuzzy 12 dtc control of doubly fed induction generator for optimal power extraction in wind turbine system under random wind conditions,"  Vol. 13, (2021), 1-23, doi: 10.3390/su132111593                     Persian Abstract �����  �� �����	 
���
 �� ������ ��� ��) ���� ��� ����� � !"� #��$ %&��NTOSM-DTC) '��!()�* �����*+ �� ,��- (AG) ����� �� ,��- �&-��� �- ����� (DRWT ( /0  ��1��&2 ,3������ .#��DTC 
���
 �- �&�5
/0��
) 6����� 
��7�*� ���� ,�)PI�	3�� 8&�� �- ( 9�&:&;�� �&�<� �- ������ �� �
 ��=�- ,�)DTC &�5
 �;��� � ��
�� �� �0)��& �� �� /����	 ��> �- �&?� ,�)@�� � ����� ��  ��A�� 8-�B '���A �
 ���� /0(� 
�< � �� �
�$ �&() �� .#�� /0  
�(�� ������ ,�) �����	 ,�) 
���
 C��� /0  0&���/0��
 ,�)PI  �D?�&E 
���
 F�� .#�� /0  �$��> ����� ��� �� �)�����
 ��� GH$ �- 
���
 �&�<� ��� ���1- �I=�< � ��� �- ��JE ,��- .#�� ����
���
 ���!7��A �- ����� ,��1��&2 0�( �)/0��
 ,�)PI 
���
 �- �&�5
/0��
 ,�)TOSM ,���� �
 #�� ����
���
 ��� �-��� ,�)/0��
� �)�&�  .# �� 0�)��? � ,K�� ��* �� ��!L�Matlab �- M���* � 0  ��N*�#���	3�� �-��K�� '�<�� /0�O�� �<(� ���� F�� �- #��* �� ,��1��&2 0�( �) �D?�&E 
���
 �&�<� ,�).�K��  


	TABLE 1. Parameters of the feedforward neural networks

