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Abstract- Recently applications of second order super-twisting sliding mode (STSM) algorithm become more convenient in 
control of AC machines. The conventional technique, the capability of creating a high value of current or voltage. On the other 
hand, the STSMC algorithm popular in more applications. There are several types of intelligent techniques such as neural 
networks (NNs), adaptive network-based fuzzy inference system (ANFIS) and fuzzy logic controller (FLC). The ANFIS 
controller is very popular than other controllers because its control is very simple in comparison with others. The new 
technique of STSMC is utilized to reduce the  harmonic distortion in direct torque control (DTC). Cat ANFIS-STSM algorithm 
is introduced as a new STSM algorithm to minimize harmonic distortion and electromagnetic torque ripples. The simulation 
results have been carried out using Matlab/Simulink software. 

Keywords: ANN, FLC, ANFIS, STSM, DFIG, THD, DTC, ANFIS-STSM. 

 

Nomenclature 
DFIG             Doubly fed induction generator 
VSS               Variable structure systems 
DTC              Direct torque control 
DPC              Direct power control 
SMC             Sliding mode controller 
WPS             Wind power system 
STSMC         Super-twisting sliding mode controller 
PI                  Proportional integral 
ANN             Artificial neural network 
ANFIS          Adaptive network-based fuzzy inference system 
FL                 Fuzzy logic 
SVPWM       Space vector pulse width modulation 
SOSMC        Second order sliding mode controller 
THD             Total harmonic distortion 
 
1.Introduction 
The development  of variable structure systems (VSS) 
theories allows us to use the sliding mode controller (SMC) 
instead of traditional control schemes. The major advantages 
of the SMC technique are as follows : robust control and 
insensitivity to parameter variations [1]. On the other hand, 
several papers have been published based on SMC of doubly 

fed induction generator (DFIG) based wind power system 
(WPS) [2-7]. 
İn [8], direct power control (DPC) strategy based on artificial 
neural networks (ANN) algorithm is presented. İn [9], a 
twelve sectors DPC strategy was proposed based on the 
ANN algorithm, where the switching table is replaced with 
the ANN algorithm. İn [10], direct torque control (DTC) 
technique based on neural PI regulators and space vector 
pulse width modulation is presented. Neural networks and 
SMC are combined to control the DFIG-based wind turbines 
(DFIG-WT) [11]. İn [12], a modified SMC method was 
proposed based on the fuzzy logic (FL) technique, where the 
harmonic distortion of stator current is reduced compared to 
vector control. SMC and adaptive network-based fuzzy 
inference system (ANFIS) are combined to reduce the power 
ripple of DFIG-WT [13]. İn [14], second-order sliding mode 
controller (SOSMC) based on neural algorithm has been 
proposed. A fuzzy SOSMC method is designed to control the 
active/reactive power of DFIG-WT [15]. In [16], the ANFIS-
SOSMC method is proposed to reduce the power ripple and 
electromagnetic torque of DFIG-WT. 
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The robust technique used in this work is the second-order 
super-twisting sliding mode (STSM) algorithm with is a 
particular mode of SMC strategy. 
In this work, the direct torque control (DTC) system with the 
application of the adaptive network-based fuzzy inference 
system (ANFIS) second-order super twisting sliding mode 
algorithms (ANFIS-STSMC) has been considered. The 
original contribution of this work is the application of the 
ANFIS-STSM algorithms in the DTC method of the DFIG 
and simulation investigation of this novel method. 
This work is divided into 7 sections. In section 1, the 
introduction is presented. In section 2, the mathematical 
model of the three-phase DFIG is described. The space 
vector pulse width modulation (SVPWM) strategy has been 
discussed in section 3. In section 4, the description of the 
ANFIS-STSM algorithm is presented. Section 5 deals with 
the description of the DTC technique with the application of 
ANFIS-STSMC algorithms. Simulation studies are presented 
and discussed in section 6. The work is concluded with a 
summary. 

2.Mathematical model of three-phase DFIG 

The mathematical model of three-phase DFIG has been 
formulated based on commonly used simplifying 
assumptions presented in detail in [17-19]. 
The voltage equations of the rotor and stator in the basic d-q 
coordinate system which rotates relatives to the stator at 
arbitrary angular speed wr : 

                                       (1) 

                                       (2) 

Rotor flux components : 

                                                        (3) 

And stator flux components : 

                                                        (4) 

The equation of the electromagnetic torque (Te) : 

         
                                              (5) 

Where : p is the number of pole pairs. 
Te is the electromagnetic torque 
The mechanical motion equation : 

                                                (6) 

Where : Ω is the mechanical rotor speed. 
J is the inertia 
f is the viscous friction coefficient 
Tr is the load torque. 

3.Three-level SVPWM technique 

In the analyzed conventional DTC method, it is assumed that 
three-phase DFIG is controlled by a 2-level three-phase 
voltage source inverter (VSI). Voltage space vectors 
generated by the three-phase VSI in the coordinate system α-
β are shown in Figure 1. 
 

 
 

Figure 1. Voltage space vectors generated by three-phase 
VSI in the coordinate system (α-β). 

 
For three-phase VSI, as shown in Figure 1, there are total 8 
vectors : 6 active vectors (1, 2, 3, 4, 5, 6) and two zero 
vectors (0, 7) in α-β coordinate system. 
The traditional DTC method gives more ripples in rotor flux 
and electromagnetic torque [20]. In [21], the THD of stator 
current is a 0.95% and 1.31% in [22]. 
In this method, the active and reactive powers of DFIG are 
controlled by two proportional-integral (PI) controllers and a 
conventional SVPWM technique (See Figure 4). This 
method is easy to implement and simple structure compared 
to the DTC method based on the switching table (ST). The 
DTC with PI controllers reduces the rotor flux and 
electromagnetic torque ripples compared to the DTC with 
traditional ST [23].  
For the three-level SVPWM technique, as shown in Figure 2, 
there are a totally 6 hysteresis comparators and two portoses. 
This proposed modulation use of maximum (MAX) and 
minimum (MIN) of three-phase voltages (Va, Vb, Vc). This 
modulation strategy is detailed in [24-27]. The graphical 
representation of the hysteresis comparators of the SVPWM 
technique is shown in Figure 3. 
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Figure 2. Three-level SVPWM strategy. 
 

  

 

 

 

 

 

Figure 3. Block diagram of hysteresis comparators. 

The magnitude of rotor flux, which can be estimated by: 

                                                  (7) 

The rotor flux amplitude is given by: 

                                                    (8) 

Where: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                          (9) 

The rotor flux angle is calculated by : 

                                                  (10) 
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4. Description of the ANFIS-STSM algorithm 
The STSM algorithm maintains the advantages of the 
traditional SMC  strategies and allows for the elimination of 
the undesirable phenomena of chattering [28]. This method 
of command is easy to implement and simple algorithm 
compared to other technique (fuzzy logique or neural 
networks). This technique no need to model mathematical of 
system. On the other hand, the output signal from regulator 
of this type is comparable with the control signal obtained 
form linear proportional-integral (PI) controllers. This 
technique is detailed in [29].The control law of the STSM 
algorithms can be defined as follows : 
 

 
Figure 4. DTC with PI controllers. 

The graphical representation of the control law of the 
STSMC controller is shown in Figure 5. 

 
 
 
 
 
 
 
 
 
 
Figure 5. Graphical representation of the control law of the 

STSM algorithm. 
 

The procedure for determining the coefficients Kp and Ki of 
the super-twisting controllers is based on the analysis of 
equations for the nonlinear command system and the 

equations of the output signals. These equations in the matrix 
from are presented as follows [30]: 

                                                 (11) 

Where S is the switching function determined for the STSM 
algorithm, Kp and Ki are the coefficients of the proportional 
and integral parts of the STSM algorithm, respectively ; r is 
the exponent defined for the STSM algorithm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 

 
 

                                      (12) 

Where x is the state vector of the system; a(x, t), b(x, t) and 
c(x, t) are the vector functions; u is the vector of input 
command signals; y is the vector of output control signals. 
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The second time derivative of equations for the output 
signals has the matrix from presented as follows: 

                                                 
(13) 

The bounds of B(x, t) and A(x, t) of the second derivative of 
y can be labelled as AM, Am, BM and Bm, where BM and AM 
are upper bounds and Am and Bm are lower bounds. The K1 
and K2 are determined for all STSMC algorithms according 
to the equations presented as follows [31] : 

                            
(14) 

In this work, the procedure for determining the coefficients 
Kp and Ki for the STSM of the DFIG powers has been 
presented. The same principle has been used to determine the 
values of the Kp and Ki for the super-twisting algorithm of 
the magnitude of the reactive/active power used in the DTC 
system with three-phase induction generator. 

5. ANFIS-STSM DTC strategy 

The DTC technique of a three-phase induction generator with 
the application of ANFIS-STSM algorithms is shown in 
Figure 6. In this method, the electromagnetic torque and 
rotor flux are controlled by the ANFIS-STSM algorithms. 
However, this proposed method reduced the torque ripples, 
flux ripples and THD of stator current for induction 
generator. This proposed control scheme is easy to 
implement and simple technique. 
In the outer command loop of the induction generators 
electromagnetic torque and rotor flux, the reference value of 
the torque and flux is compared with the measured torque 
and flux. The switching function for torque and rotor flux 
can be specified as follows :  

 
 

Figure 6. DTC system of DFIG with application of ANFIS-
STSM algorithms 

                                                                (15) 

The output signal for the electromagnetic torque controller is 
determined by the following system of equations : 

                                    (16) 

 
Where Kpps and Kips are the coefficients of the proportional 
and integral part of the ANFIS-STSM electromagnetic torque 
regulator, respectively. 
 The procedure for determining the values of the coefficients 
Kpps and Kips is given in the following sections. 
The second derivative of the switching function for the 
regulator of the induction generator electromagnetic torque 
can be defined as follows: 

                                                    
(17) 

 
Equation (17) after the substitution of the converted torque 
equation (5) and the equation of the generator stator flux (17) 
and other algebraic manipulations takes the following from: 
 

                         
(18) 

 
The second derivate of the electromagnetic torque can be 
presented in the following from: 
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(19) 

Which gives the coefficients A and B: 
 

                                                               
(20) 

                                                                 
(21) 

The coefficients B and A are used for the coefficients Kpp 
and Kip according to equation (16). 
In the outer control loop of the flux, the reference value of 
the magnitude of the flux is compared with the estimated 
value. The switching function for flux controller can be 
specified as follows: 

                                                                 (22) 

The output signal from the regulator of the magnitude of the 
rotor reactive power is determined by the following system 
of equations: 

                             (23) 

Where Kpѱ and Kiѱ are the coefficients of the proportional 
and integral parts of the STSM rotor flux regulator, 
respectively. 
In the analyzed DTC system with super-twisting algorithms, 
the two inner command loops have also been applied : the 
command loop for the Te and ѱr. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Block diagram of the ANFIS-STSM algorithms. 

In the inner control loop of the ѱr, the reference value of this 
component is compared with the measured transformed 
value. On the other hand, The block diagram of the ANFIS-
STSM algorithm is shown in Figure 7. 
An ANFIS algorithm is an FLC scheme that employs a 
learning procedure resulting from the NN principle to find 
out its parameters (fuzzy sets and rules) by dealing with data 
examples. By mixing both NN and FL command, it is 
possible to achieve the advantages of both the commands in 
single implementation [32]. The ANFIS based STSM 
algorithm is given in Figure 8. The ANFIS rules for the 
proposed algorithm are given in Table 1. On the other hand, 
The training used is that of the algorithm, Gradiant descent 
with momentum & Adaptive LR. The convergence of the 
network in summer obtained by using the value of the 
parameters grouped in Table 2. 

Table 1. ANFIS ruls 
e NB NM NS EZ PS PM PB 
∆e 
NB NB NB NB NB NM NS EZ 
NM NB NB NB NM NS EZ PS 
NS NB NB NM NS EZ PS PM 
EZ NB NM NS EZ PS PM PB 
PS NM NS EZ PS PM PB PB 
PM NS EZ PS PM PB PB PB 
PB EZ PS PM PB PB PB PB 

Figure 9 shows the NN training performance of the NN 
regulator for ANFIS-STSM algorithms. On the other hand, 
the  Figure  10  show  the  Gradiant,  validation  checks  and  
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Learning Rate performances of the ANFIS-STSM algorithms 
(torque and rotor flux). 

Table 2. Parameters of the ALR for ANFIS regulator. 

Parameters of the ALR Values 
Number of hidden layer 12 
Training Gradiant descent with momentum 

& Adaptive LR (traingdx) 
TrainParam.Lr 0.05 

TrainParam.show 50 
Performance Mean squared error (mse) 
TrainParam.eposh 1000 
Coeff of acceleration of 
convergence (mc) 

0.8 

derivative Defaut (defaultderiv) 
TrainParam.goal 0 
TrainParam.mu 0.8 
Functions of activation Tensing, Purling, traingdx 
 

 

Figure 8. Block diagram of the ANFIS regulator. 
 

 
a) Rotor flux 

 
 

b) Torque 
 

Figure 9. Training performance of NN regulator. 
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b) Torque 
Figure 10. Gradiant, Validation Checks and 

Learning Rate performances 

6.Simulation studies of ANFIS-STSM DTC method 

The simulation studies of the considered strategy method 
have been carried out using the especially designed. 
Simulation studies were carried out for the three-phase 
induction generator with the following data and parameters : 
Pn=1MW, stator voltage : 380/696V, two poles, stator 
voltage frequency : 50Hz; Rs = 0.012 Ω, Ls = 0.0137H, Rr = 
0.021 Ω, Lr = 0.0136H, Lm = 0.0135H, J = 1000 kg.m2 and  fr 
= 0.0024 Nm/s [33, 34]. 

A. Reference tracking test (RTT) 

Figures 11-12 show the stator current THD of DFIG for the  
DTC-ANFIS-STSM method and DTC-PI respectively. It can 
be clearly observed that the THD is minimized for the DTC-
ANFIS-STSM control scheme (THD = 0.32%) when 
compared to DTC-PI (THD = 0.65%). Figures 13-15 show 
the obtained simulation results. For the DTC-ANFIS-STSM 
and DTC-PI method, the rotor flux and electromagnetic 
torque track almost perfectly their reference values (Te-ref and 
ѱs-ref). Moreover, the DTC-ANFIS-STSM method minimized 
the stator current, rotor flux, and torque ripples compared to 
the DTC-PI (See Figs 16-18). 

 

 
  

Figure 11. Harmonic distortion (DTC-PI). 

 
Figure 12. Harmonic distortion (DTC-ANFIS-STSMC). 
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Figure 13. Torque 

Figure 14. Rotor flux 
 

 
Figure 15. Stator current. 

 

 
Figure 16. Zoom in the torque 

 
Figure 17. Zoom in the rotor flux. 

 
Figure 18. Zoom in the stator current. 

B.Robustness test (RT) 
In this test, the nominal values of Rr and Rs are multiplied by 
2. Simulation results are presented in Figures 19-23. As it’s 
shown by these figures, these variations present an apparent 
effect on stator current, rotor flux and torque such as the 
effect appears more significant for the DTC-PI method 
compared to DTC-ANFIS-STSM (See Figures 24-26).  
The THD value of stator current in the DTC-ANFIS-STSMC 
method has been minimized significantly (See Figures 26-
27). Table 3 shows the comparative analysis of THD values. 
Thus it can be concluded that the proposed DTC with 
ANFIS-STSMC algorithms is more robust than the 
conventional DTC strategy. 

Table 3. Comparative analysis of THD value 

 THD (%) 
DPC-PI DTC-ANFIS-STSM 

Stator current 0.75 0.32 
 

 
Figure 19. Harmonic distortion (DTC-PI). 
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Figure 20. Harmonic distortion (DTC-ANFIS-STSM). 
 

 
 

Figure 21. Torque. 

 

Figure 22. Rotor flux. 

 

Figure 23. Stator current. 

 

Figure 24. Zoom in the torque 

 

Figure 25. Zoom in the rotor flux. 

 

Figure 26. Zoom in the stator current. 
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obtained show well the superiority of the proposed technique 
(DTC-ANFIS-STSM) compared to the DTC-PI especially in 
the attenuation of the fluctuations of the flux and 
electromagnetic torque supplied and the robustness against 
parametric variations. 
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