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Abstract: Direct Torque Control (DTC), without inner 
current control loops, is capable of simplifying the structure 
of control system and improving its dynamic performance 
when applied to the Doubly Fed Induction Generator 
(DFIG) based wind power generation system. However, the 
most significant drawback of the Conventional Direct 
Torque Control (C-DTC) strategy is the variable switching 
frequency which mainly depends on the sampling frequency, 
the lookup table structure, hysteresis bands, and the 
converter switching status. This paper proposes an 
improved DTC strategy by using an approach intelligent 
artificial technique such as Artificial Neural Networks 
(ANN), applied in switching select voltage vector; in this 
way, the ripple in current and torque can be reduced. The 
Levenberg- Marquardt back-propagation algorithm has 
been used to train the neural network and the simple 
structure network facilitates a short training and processing 
times. Finally, simulation results show that the proposed 
ANN-DTC strategy effectively reduces the torque and flux 
ripples at low switching frequency, even under variable 
speed operation conditions. 

Key words: Doubly fed induction generator, direct torque 
control, neural networks, wind energy.     
 
Nomenclature 
s, r : Rotor and stator indices 
d, q : Synchronous reference frame indexes 
α, β : Fixed stator reference frame indexes 
V, I, ψ : Voltage, current and flux 
Rs, Rr : Stator and rotor resistances 
Ls, Lr and Lm: Stator, rotor and mutual inductances 
Pt, Ps and Qs : Turbine, active and reactive powers 
Tt, Tem : Turbine and electromagnetic torques 
Ωr : Rotor speed 
ωs,ωr: Stator and rotor pulsations 
 
1. Introduction 

The most important advantages of variable speed 
wind turbines as compared with conventional constant 
speed system are the improved dynamic behavior, 
resulting in the reduction of the drive train mechanical 
stress and electrical power fluctuation, and also the 
increase of power capture [1]. One of the generation 
systems commercially available in the wind energy 
market currently is the Doubly Fed Induction Generator 
(DFIG) with its stator winding directly connected to the 
grid and with its rotor winding connected to the grid 
through a frequency converter. 

This arrangement provides flexibility of operation in 

subsynchronous and supersynchronous speeds in both 
generating and motoring modes (±30% around the 
synchronous speed). The power inverter needs to 
handle a fraction (25-30%) of the total power to 
achieve full control of the generator, the fraction 
depending on the permissible sub-and 
supersynchronous speed range [1]. 

Direct torque control (DTC) was proposed in 1980s 
and then it was well developed in power electronics 
and drives application for its excellent steady state and 
transient performance [2-3]. Compared to field oriented 
control (FOC) technique [4], DTC system is very 
simple and robust because current regulators and 
complicate coordinate transformation are eliminated. 
However, due to the fixed sampling frequency and 
limited minimum hysteresis bands, both torque and 
flux exceed the bands imposed by the hysteresis 
comparators, which lead to undesired torque and flux 
ripples. Another reason for large torque and flux 
ripples is that the selected voltage vector based on the 
classic DTC table is not necessarily the most suitable 
one. On the other hand, the slopes of the 
electromagnetic torque and flux vary according to 
different operating conditions and time interval, 
variable switching frequency behavior is unavoidable. 
These two main drawbacks of conventional DTC (C-
DTC) have become the obstacle for high power 
application such as wind power generation.  

To overcome these difficulties lots of papers have 
been published in the last few years on solving DTC 
drawbacks. Some of these papers are combined the 
DTC with Space Vector Modulation (SVM) technique 
(SVM-DTC) [5-6], or with Discrete Space Vector 
Modulation (DSVM) technique (DSVM-DTC) [7-8], 
other papers fuzzified the DTC system inputs and 
improve its characteristics [9-10], some else tried to 
improve the torque and flux estimators [11]. 

In this paper, a neuronal controller is used to replace 
the switching table, where the inputs are the error of 
the flux, of the electromagnetic torque plus the position 
angle of rotor flux, and the output is the impulses 
allowing the control of the inverter switches [12-13-
14]. in order to generate this neuronal controller by 
Matlab / Simulink, we selected three linear feed-
forward layers with thirty five neurons at the hidden 
layer, and three neurons at the output layer, with the 



 
  

activation tasks respectively of type 'tansig' and 
'purelin'. 

Finally, simulation results show that the proposed 
ANN-DTC strategy effectively reduces the torque and 
flux ripples at low switching frequency compared to 
the conventional DTC strategy. 
 
2. Modeling of the DFIG 

In the synchronous d-q reference frame rotating at 
ωs speed, the model of the DFIG is given by the 
following equations: 
Stator voltage components: 
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Rotor components: 
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Stator flux components: 
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Rotor flux components: 
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DFIG electromagnetic torque: 
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Mechanical equation: 
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Generator active and reactive powers at the stator side 
are given by the expressions: 
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3. The simplified model of DFIG 

The rotor-side converter is controlled in a 
synchronously rotating d-q axis frame, with the d-axis 
oriented along the stator flux vector position (Fig. 1). 
In this approach, decoupled control between the stator 
active and reactive powers is obtained. The influence 

of the stator resistance can be neglected and the stator 
flux can be held constant as the stator is connected to 
the grid. Consequently [15]: 

0== qssds and ψψψ   (8)  

 

 
Fig. 1. Field oriented control technique. 
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Replacing the stator currents by their expressions given 
in (11), the equations below are expressed: 
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The electromagnetic torque is as follows:  
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4. Direct torque control principle 

Fig. 2 shows the schematic of Direct Torque 
Control of doubly fed induction generator. Stator 
winding of DFIG is connected directly to the grid and 
the rotor is fed by converter that is also connected to 
the grid. The main goal of the DTC is directly control 
the rotor flux and the electromagnetic torque of the 



 

DFIG with choosing the best voltage vector. 
 

 
Fig. 2. The diagram of the DFIG direct torque 

control system. 
 

As shown in Fig. 3, the position of the rotor flux is 
divided into six sectors. There are also 8 voltage 
vectors which correspond to possible inverter states. 
These vectors are shown in Fig. 3. There are also six 
active vectors V1, V2,…, V6 and two zero vectors V0 
and V7. 

 
(a) 

 
(b) 

 
Fig. 3. Flux space vectors in the rotor reference 
frame, in motor and generator modes. (a) Motor 

mode, (b) Generator mode. 

Depending on the operation conditions of the 
machine and the position of the rotor and stator flux 
space vectors expressed in the rotor reference frame 
(αr-βr), the rotor voltage vectors affect the torque in a 
different manner [16-17]. 

As the stator winding of DFIG is connected to 
power grid, by ignoring the voltage drop of stator 
winding resistance and the fluctuation of supply 
voltage, one can appropriately consider the magnitude 
of the stator flux vector ψ

s
 to be constant and rotate at 

synchronous speed ω
s
 [16]: 
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The torque of DFIG can be represented as a 
function of the angle δ between the stator and the rotor 
fluxes space vectors as follows:  
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is the leakage coefficient. 

Differentiating (16) results in the following equation:  
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Therefore, according to (17), we know that the 
torque control of wound rotor doubly fed machines can 
be realized through adjusting the rotor flux vector. 
Where the amplitude of the rotor flux vector can be 
expressed by: 
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Furthermore, in the case that the rotor flux rψ  has a 
circular trajectory (Fig. 4). The electromagnetic torque 
Tem becomes the function of phase angle δ. Tem increase 
as δ increase. Conversely, Tem decrease as δ decrease. 
Therefore, the control of the torque can be realized 
through adjusting the phase angle δ. 
 



 
  

 
Fig. 4. Trajectory representation of rotor flux space 

vector with different voltage vector. 
 
A. Hysteresis controllers choice 

The DTC technique selects the required rotor vector 
directly from the rotor flux and electromagnetic torque 
errors, using hysteresis controllers. The flux controller 
is based on a two level hysteresis comparator with HF 
hysteresis band, while the torque controller uses a three 
level hysteresis comparator with HT hysteresis band. At 
the zero level of this controller, the zero voltage vector 
is selected in order reduce the torque ripple.  
Flux vector control: 

So as to obtain very good dynamic performances, 
the choice of the hysteresis controller with two levels 
seems to be the simplest solution and best adapted to 
the studied control (Fig. 5). Indeed, with this type of 
controller, one can easily control and maintain the end 
of the vector flux Ψr in a circular ring. The exit of the 
comparator represented by the variables HF (= -1 or 1) 
must indicate if the module of flux must decrease (HF=-
1) or increase (HF=1) by such kind to always maintain 

rrr ψψψ ∆≤−* . 

 

 
Fig. 5. Tow level hysteresis controller. 

 
Torque vector control: 

The hysteresis controller on 3 levels, he makes it 
possible to control the device in the two directions of 
rotation that is to say for a positive or negative torque 
(Fig. 6). The exit of the comparator represented by the 

variable HT what must limit the torque to a value such 
as 

ememem TTT ∆≤−* .  

 

 
Fig. 6. Three level hysteresis controllers. 

 
B. Rotor voltage vector selection 
The output of both hysteresis controllers that show flux 
and torque should be increase or decrease. The voltage 
vectors are selected from the hysteresis controllers’ 
outputs and the sector where the rotor flux space vector 
is located. Then the selection of rotor voltage vector is 
carried out according to Table 1, deduced from Fig. 4: 
Table 1  
Switching table with zero voltage vectors 

As an example, if the rotor flux is located in the first 
sector, the application of voltages vectors V5 and V6 
results in an increase in the torque (HT=1) whereas, the 
application of vectors V2 and V3 would decrease it 
(HT=-1). In the other hand, the application of V2 and V6 

would increase the rotor flux (HF=1), while V3 and V5 
would decrease it (HF=-1).  

As a generalization it can therefore, be said that if 
the rotor flux resides in the kth

 sector, where k = 1, 2, 
…6, the application of voltage vectors Vk+1 and Vk+2 
would decrease the electromagnetic torque, while the 
vectors Vk-1 and Vk-2 would increase it. Moreover, the 
application of Vk+2 and Vk-2 would decrease rotor flux, 
while Vk+1 and Vk-1 would increase it. In this case, for 
each sector only four active vectors are permitted (Vk-2, 
Vk-1, Vk+2, Vk+1) and the zero vectors (V0, V7). 

Hysteresis 
bands 

HF 1 -1 

HT 1 0 -1 1 0 -1 
Sector 

versus 

Rotor 

Flux 

Angle 

1 (330°, 30°) V6 V0 V2 V5 V7 V3 

2 (30°, 90°) V1 V7 V3 V6 V0 V4 

3 (90°, 150°) V2 V0 V4 V1 V7 V5 

4 (150°, 210°) V3 V7 V5 V2 V0 V6 

5 (210°, 270°) V4 V0 V6 V3 V7 V1 

6 (270°, 330°) V5 V7 V1 V4 V0 V2 



 

The choice of the zero vectors produces a smaller 
torque and flux variations compared with the active 
vectors. Then, the zero vectors are not really needed to 
keep the torque and flux controlled; however, it is used 
to reduce the torque and flux ripples at steady state 
operation. For almost every application of DTC, it is 
advantageous if the torque and flux ripples are 
minimized as much as possible [17]. 

 
5. Artificial Neural Network Based Voltage Vector 
Selection 

ANN has a very significant role in the field of 
artificial intelligence. The artificial neurons learn from 
the data fed to them and keep on decreasing the error 
during training time and once trained properly, their 
results are very much same to the results required from 
them, thus referred to as universal approximators [18]. 
The most popular neural network used by researchers 
are the multilayer feed forward neural network trained 
by the back propagation algorithm [19] .There are 
different kinds of neural networks classified according 
to operations they perform or the way of 
interconnection of neurons. Some approaches use 
neural networks for parameters estimation of electrical 
machines in feedback control of their speeds [20]. Here 
we have used a feed forward neural network to select 
the voltage vector which replaces the lookup table in 
the case of C-DTC strategy [12-13-21-22].  

In the case presented in this paper the DTC control 
strategy shown on Table 1 has been implemented. 
Neural network has been devised having as inputs the 
torque error, the rotor flux error and the position of the 
flux sector and as output the rotor voltage space vector 
to be generate by the inverter [22]. The ANN block 
then replaces the switching table selector block of Fig. 
2; this is illustrated in the Fig. 7. 

 
Fig. 7. DTC neural networks controller scheme. 

 
The network taken in this study is a 3-35-3 feed-

forward network with first layer of log sigmoid transfer 
function, second layer of hyperbolic tangent sigmoid 
transfer function and third layer of linear transfer 
function. Training method used was again back-
propagation. All the three neural networks were trained 
to performance 0.01 msec. 

The back-propagation algorithm is used to train the 
neural networks. The training function used is 

Levenberg-Marquardt (LVM) back propagation [23-
24], it updates weights and bias values according to 
Levenberg-Marquardt optimization algorithm. As soon 
as the training procedure is over, the neural network 
gives almost the same output pattern for the same or 
nearby values of input. This tendency of the neural 
networks which approximates the output for new input 
data is the reason for which they are used as intelligent 
systems. In Matlab command we generate the Simulink 
block ANN of switching table by “gensim (net35)” 
given this model shown in Fig. 8. 
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Fig. 8. ANN model switching table. 

 
The block ANN content two layer 1 and 2: 
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Fig. 9. Neural Network Block. 

 
Where the Layer 1 and Layer 2 are show in Fig. 9.  
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Fig. 10. Block Layer 1 and Layer 2. 

 
6. Simulation results and comparison  

Simulations of the proposed direct torque and 
reactive power control approach are carried out using 
Matlab/ Simulink. The simulated DFIG is based on the 
parameters available in the appendix. 

The simulation results of torque control and rotor 
flux for both C-DTC strategy and the proposed strategy 
(ANN-DTC) are presented in Fig. 11 and Fig. 12 
respectively 
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Fig. 11. C-DTC strategy responses. 

(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Fig. 12. ANN-DTC strategy responses. 



 

The Sampling period of the system is 100µs, the 
torque and flux references used in the simulation 
results of the both strategies are (-5kN.m in 0s 
(generator mode), +5kN.m in 0.4s (motor mode), and 
again -5kN.m in 0.7s) and 1.1Wb respectively. The 
machine is driven at supersynchronous speed 
(1700rpm). All simulation results are show in Fig. 10 
and Fig. 11. From top to bottom, the curves are rotor 
rotating speed, electromagnetic torque, rotor flux, rotor 
currents, stator currents, and stator current wave form 
with THD rate. 

Fig. 10-(a) and Fig .11-(a) show the rotor speed 
range of operating of the doubly fed induction 
machine, the machine is running from the 
subsynchronous speed (1000rpm) until the 
supersynchronous speed (2000rpm) by crossing the 
synchronous speed (1500rpm) in 0.55s. 
The electromagnetic torque follows the reference value 
quickly in both cases, this is illustrated in Fig. 10-(b) 
and Fig. 11-(b); it can be seen that the torque’s ripples 
with ANN-DTC strategy in steady state is significantly 
reduced (±50N.m) compared to the C-DTC strategy 
(±150N.m). 

Fig. 10-(c) and Fig. 11-(c) are showing the rotor 
flux magnitude responses of C-DTC and ANN-DTC 
strategy respectively. Note that the rotor flux is 
maintained constant (1.1Wb) while torque changes, it 
certify that the decoupled control of rotor flux and 
torque is achieved. It is also remarkable that the ripple 
in steady state is reduced in the case of ANN-DTC 
strategy compared with C-DTC strategy. The rotor flux 
fluctuating ranges are nearly ±0.12Wb for C-DTC and 
only ±0.06Wb for ANN-DTC. 

The simulation results in Fig.10-(d and e) and 
Fig.11-(d and e) show the response of rotor and stator 
currents of C-DTC strategy and ANN-DTC strategy 
respectively. The changeover from subsynchronous to 
supersynchronous speed crossing the synchronous 
speed in 0.55s is observed to be smooth without any 
transients in the rotor current waveform. 

On the other hand, the FFT analysis (evaluated for 
five cycles starting at t=0.1s) of the stator current 
waveform of phase (a) show that the total harmonic 
distortion (THD) of the stator currents with ANN-DTC 
[Fig. 11-(f)] is much smaller than that of the stator 
currents with C-DTC [Fig. 10-(f)]. In the case of C-
DTC strategy the THD rate is nearly 2.10%, while in 
the case of ANN-DTC is only 0.51%. Then, we can say 
that the ANN-DTC strategy has a negligible ripple in 
stator current and a nearly sinusoidal wave form 
compared to the C-DTC strategy. 

 
7. Conclusion  

This paper presents an improved direct torque 
control strategy for DFIG based wind energy 
conversion systems. The torque and flux ripples can be 
reduced significantly and low constant switching 

frequency is achieved with the proposed ANN-DTC 
strategy while the simplicity and robustness of the C-
DTC is inherited at the most. 

Simulation results show that the C-DTC strategy 
presents a fast and good dynamic torque in steady state 
behavior. However this strategy because of the variable 
switching frequency presents the drawback to having a 
high frequency of switching which present a high 
harmonic distortion of currents, high ripples of 
electromagnetic torque, and warming-up of the silicon 
switchers.   

The proposed ANN-DTC strategy constitutes a 
viable alternative to the conventional control strategy 
and it has many features and advantages such as: 

- It has good performances; 
- Fast flux and torque responses; 
- Fixed and low switching frequency; 
- Reduced torque and current ripples. 
- It offers sinusoidal line currents. 

 
Appendix 
 

Table 2 
Wind turbine parameters 
Blade radius, R   35.25 m 
Number of blades 3 
Gearbox ratio, G 90 
Moment of inertia, J  1000 Kg.m2 

Viscous friction coefficient, fr  0.0024 N.m.s-1 
Cut-in wind speed  4 m/s 
Cut-out wind speed 25 m/s 
Nominal wind speed, v  16 m/s 

 

Table 3 
Doubly fed induction generator parameters 
Rated power, Pn 1.5 MW 
Stator rated voltage, Vs 398/690 V 
Rated current, In 1900 A 
Rated DC-Link voltage UDC 1200 V 
Stator rated frequency, f 50 Hz 
Stator inductance, Ls 0.0137 H 
Rotor inductance, Lr 0.0136 H 
Mutual inductance, Lm 0.0135 H 
Stator resistance, Rs 0.012 Ω 
Rotor resistance, Rr 0.021 Ω 
Number of pair of poles, p 2 
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