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Abstract

In this paper, a Direct Power Control (DPC) based on the switching table and Artificial Neural Network-based Maximum Power Point 

Tracking control for variable speed Wind Energy Conversion Systems (WECS) is proposed. In the context of wind energy exploitation, 

we are interested in this work to improve the performance of the wind generator by controlling the continuation of the Maximum 

Power Point Tracking (MPPT) using the Artificial Neural Network (ANN). The results obtained show the interest of such control in this 

system. The proposed Direct Power Control strategy produces a fast and robust power response, also the grid side is controlled 

by Direct Power Control based a grid voltage position to ensure a constant DC- link voltage. The THD of the current injected into the 

electric grid for the Wind Energy Conversion Systems with Direct Power Control is shown in this paper, the THD is lower than the 5 % 

limit imposed by IEEE STANDARDS ASSOCIATION. This approach Direct Power Control is validated using the Matlab/Simulink software 

and simulation results can prove the excellent performance of this control as improving power quality and stability of wind turbine.
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1 Introduction
The renewable energy market has grown considerably 
in recent years. Intensive consumption of electrical energy, 
rising hydrocarbon prices and concern for the environment 
have led several countries to initiate national and inter-
national programs to produce electricity from  renewable 
resources [1]. This change has been accompanied by  the 
liberalization of the electricity market and the proliferation 
of renewable production, in particular, wind power genera-
tion [2, 3]. The latter is characterized by its random and inter-
mittent nature which is often at the origin of serious prob-
lems related to the stability of the electricity network [4, 5].

For a wind turbine application where the use of DFIG is 
intense, the rotational speed of the rotor is adjusted accord-
ing to the wind speed. Indeed, the DFIG allows operation 
in hypo synchronous and hypersynchronous generator. 
The interest of the variable speed for a wind turbine is 
to be able to work on a wide range of wind speeds, which 

makes it possible to draw the maximum possible power, 
for each wind speed [6].

Artificial Neural Network (ANN) techniques are 
increasingly being used as an alternative to other conven-
tional approaches or as components in integrated systems. 
They  have been used to solve complex practical prob-
lems in various fields. ANN techniques have the follow-
ing characteristics: learning from examples, fault toler-
ances in the sense that they are able to process noisy and 
incomplete data, ability to deal with non-linear problems, 
and once formed, they can perform high-speed forecasting 
and generalization [7].

Artificial intelligence systems are developed and 
deployed in many applications, mainly because of 
their symbolic reasoning, flexibility, and explanatory capa-
bilities. Artificial intelligence has been used and applied 
in different sectors, such as engineering, economics, 
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medicine, the military, etc. It has also been applied for mod-
eling, identification, optimization, forecasting, and control 
of complex systems (and/or) non-linear.

To get the optimum performance of the wind turbine 
at variable speed wind, it is necessary to extract the MPPT 
using different MPPT controllers. The purpose of 
this paper discusses and compares advantages, efficiency, 
and accuracy for the chosen MPPT techniques in  wind 
conversion system (Artificial Neural Network (ANN) and 
Proportional-Integral (PI)). Matlab/Simulink is used to 
design and simulate the wind system turbine and to com-
pare selected MPPT controller's performances.

The first application developed was the control of 
an electric machine and the control structure was known 
as Direct Torque Control (DTC). In this case, the stator 
flux and the electromagnetic torque of the machine are 
controlled without any modulation block [8].

For thirty years, several control strategies have been 
developed to perform a decoupled control of the induction 
machine. These methods called "vector controls" provide 
dynamic performance equivalent to that obtained by  the 
DC machine [7, 8]. In recent years, the development of new 
signal processing techniques has enabled the realization of 
much  more advanced control structures. The  most recent 
steps in this direction are those grouped under the direct con-
trol of torque (DTC) and power (DPC). The control Synoptics 
have evolved in the sense of improving certain aspects 
such as the minimization of the influence of the parameters 
of the  machine. The principle of direct control, including 
torque, was proposed in 1986 by Takahashi and Noguchi [9], 
and it was developed later for other applications. The aim 
was to eliminate the modulation block and internal loops 
by replacing them with a switchboard whose inputs are 
the  errors between the reference values and the  measure-
ments made. In this control technique, the controlled vari-
ables are the active and reactive instantaneous powers.

This work aims to study and apply the DPC control 
technique to control the operation in the optimal condi-
tions of the Wind Energy Conversion System.

The goal of this control was to ensure the sampling of 
sinusoidal currents while guaranteeing a unit power factor 
with decoupled control of the active and reactive powers.

This work is divided into two parts: The first part is 
dedicated to the modeling of the kinetic-mechanical 
energy conversion system (wind, blades, turbine, multi-
plier, ...) and its MPPT control.

The second part is intended for modeling and DPC 
control of the mechanical-electrical conversion system 

(the wind generator). The last part presents the modeling 
of the power converter associated with the wind generator. 
The entire system will be validated by simulation using 
Matlab/Simulink software. From the result obtained, 
the DPC control makes it possible to obtain high dynamic 
performances with a simple structure.

2 Description of a Wind Energy Conversion System
The turbine converts the kinetic energy of the wind 
into mechanical energy and the total kinetic power avail-
able on the wind turbine is given by:

P Sv=
1

2

3ρ . 	 (1)

For wind turbines, the energy extraction coefficient Cp 
that depends on both the wind speed and the rotational speed 
of the turbine is generally defined in the range 0.35-0.59 [10].

Thus, the DFIG transforms the latter into electrical 
energy. The converters are used to transfer the maximum 
energy delivered by the wind turbine to the grid depend-
ing on the wind speed [11].
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3 The MPPT controllers
Wind turbines used for the production of electricity must 
allow producing a maximum of power by making the best 
use of the available energy in the wind. This is why many 
control systems of the wind turbine, acting at the mechani-
cal part via the wedge angle of the blades or electric by the 
control of the electrical machine via the power electronics, 
are developed to maximize energy conversion.

3.1 The Proportional-Integral controller
This control strategy consists of adjusting the electromag-
netic torque of the generator to set the mechanical rotation 
speed at a reference speed making it possible to extract 
the maximum power from the turbine [8]. Thus, a servo-con-
trol of the rotation speed of the DFIG must be performed. 
For a given operating point (fixed wind speed), the mechan-
ical power is maximum if the maximum value of the coeffi-
cient Cp is reached. This is obtained if the relative speed λ is 
equal to its optimum value λopt. Therefore, the reference rota-
tion speed of the DFIG g

*Ω  is obtained by Eq. (3):

Ω Ωg tG* *= 	 (3)
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with:

Ωt
optV
R

*
.=

λ 	 (4)

The reference electromagnetic torque g
*  allowing to 

have a speed of rotation Ωg equal to its reference value g
*Ω  

obtained at the output of the speed regulator.
A Proportional-Integral type regulator (PI) thus serves 

to control the speed of rotation and to attenuate the effect 
of the torque of the DFIG Cg considered as a disturbance. 
The block diagram of the MPPT control with servo-con-
trol of the mechanical speed of rotation is shown in Fig. 1.

3.2 The Artificial Neural Network controller
Artificial Neural Networks are a technique that makes 
it possible to learn slightly numerically than symbolically 
and that is based on arithmetic rather than logic (rules 
of production). They have been used primarily for pat-
tern recognition, speech recognition, optimization, etc., 
but their learning capabilities make them interesting in the 
field of process control and control as well [12].

The back-propagation algorithm in its basic form uses 
the gradient descent technique, which is among the sim-
plest, but it is not very efficient in the general case because 
it uses little information on the surface of the gradient 
the mistake. In the literature, there is a large amount of 
more sophisticated techniques, among these techniques 
the Levenberg-Marquardt algorithm. This last algorithm 
will be used in our work for its speed of computation com-
pared to the classic back-propagation algorithm [13].

The algorithm consists, in its first step, in propagat-
ing forward inputs until an output calculated by the net-
work. The second step compares the calculated output 
to the actual known output. The parameters (weight) are 
then modified such that, at the next iteration, the error 
made between the calculated output and the actual output 
is minimized.

Thus, for the conventional structure of the network 
with a layer of hidden neurons, it is necessary to determine 

the optimal number of these by a selection procedure. It is 
the same for the number of layers. However experience 
shows that a single hidden layer is also sufficient.

The proposed neuron network architecture for MPPT 
consists of a single multilayer neuron network MLP 
(multi-layered perceptron) with a single hidden layer, using 
a Levenberg-Marquardt back-propagation algorithm to 
perform the learning. Simulations are carried out to evalu-
ate the proposed techniques in terms of trajectory tracking 
to maximize the power extracted from the wind [14, 15].

We used the Levenberg-Marquardt algorithm in our 
work for its speed of computation compared to the classic 
back-propagation algorithm.

The back-propagation algorithm is used to train the neural 
networks. As soon as the training procedure is over, the neu-
ral network gives almost the same output pattern for the 
same or nearby values of input. This tendency of the neural 
networks which approximate the output for new input data 
is the reason for which they are used as intelligent systems.

From the tests carried out on the various structures, 
we found that the most judicious choice was to take multi-
layer neuron network architecture with structure: 1-10-1, 
that is to say 3-layer MLP, an input layer containing one neu-
ron, a single hidden layer containing 10 neurons and an out-
put layer containing one neuron.

This work is devoted to the application of neural control 
to control the speed of rotation and to attenuate the effect of 
the DFIG Cg couple considered as a disturbance. The pro-
posed control scheme ANN is shown in Fig. 2.

In this application the structure of the MPPT neural 
control of the turbine is shown in Fig. 3, whose PI control-
ler is replaced by ANN neural controller.

In this algorithm, the speed control is realized using 
the  two types of regulators (PI, ANN). The simulation 
results for the two types of regulators inherent in this algo-
rithm are shown in Figs. 4-8, respectively. These results 
show that better control for closed loop ANN is obtained 
in transient and steady state conditions.
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Fig. 4 shows the power coefficient of the wind tur-
bine as a function of time, it can be seen that the value 
of the  power coefficient reached the maximum value 
(Cpmax = 0.48) for the control ANN.

Extraction of maximum wind power is always complete 
(Fig. 5) for ANN control with maximum torque (Fig. 6).

The result obtained in Fig. 7 shows the good static and 
dynamic performances, good continuation of the controlled 
setpoint (mechanical speed) and a desirable response time 
offered by the regulator ANN compared to PI.

In this case, a maximum power coefficient and an opti-
mal speed ratio  have been maintained as shown in Fig. 4 
and Fig. 8. It can be seen that energy efficiency is almost 
optimal for the entire range of wind speeds.

Finally, the results obtained for the MPPT control strategy 
(ANN) show good static and dynamic performance, a desir-
able response time offered by this technique. This justifies 
the choice of the MPPT method for controlling the turbine.

4 Modeling and vector control of the DFIG
The modeling of the DFIG is described in the Park refer-
ence system. Equations (5)-(7) describe the overall model-
ing of the generator [16, 17].
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Fig. 3 MPPT control of DFIG (ANN)
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Ω
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The electromagnetic torque is also expressed as a func-
tion of currents and flux by:

C M
L
p I Iem

s
qs dr ds qr= −( )3

2
ϕ ϕ . 	 (8)

To be able to control the electricity production of the wind 
turbine easily, we will carry out an independent control of 
the active and reactive powers by establishing the equations 
which link the values of the rotor voltages, generated by an 
inverter, with the active and reactive stator powers [18, 19].

For obvious reasons of simplification, a reference 
d-q linked to the rotating field and a stator flux aligned 
with the axis d have been adopted, consequently [20, 21]:

ϕ ϕ ϕ ϕ= = =ds s qsand 0. 	 (9)

Equation (4) of the flux becomes:
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If we assume that the electrical network is stable, 
this  leads to a constant stator flux φs. Besides, the stator 
resistance can be neglected since this is a realistic assump-
tion for the generators used in the wind turbine. Starting 
from these considerations, we obtain [22, 23]:

V
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In the two-phase reference, the active and reactive sta-
tor powers of a DFIG are written according to:
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Adaptation of this Eq. (12) to simplifying hypotheses 
gives [24]:
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To control the DFIG, expressions are established show-
ing the relationship between the currents and the rotor 
voltages that will be applied to it.
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5 Direct Power Control strategy
5.1 DPC of the DFIG
The principle of the DPC consists in selecting a sequence 
of switching commands ( Sa , Sb , Sc ) of the semiconductors, 
from a switching table [25]. The selection is made on the 
basis of the errors between the references of the active and 
reactive powers and their real values, provided by two hys-
teresis comparators of digitized outputs Hp and Hq respec-
tively, as well as on the sector (zone) in which the vector of 
the rotor flux is [26, 27].

The DPC control structure of the DFIG is represented 
by the block diagram of Fig. 9.

5.2 Estimation of active and reactive powers
Instead of measuring the powers on the line, we capture 
the rotor currents and estimate Ps and Qs. This approach gives 
early control of the powers in the stator windings [28, 29]:
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By introducing the angle δ between the stator and rotor 
flux vector, Ps and Qs become [30, 31]:
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To ensure that the inverter has a stable DC voltage, 
an intermediate DC voltage bus is created [32]. It is man-
aged by a rectifier fed through a transformer by the three-
phase system of the supposedly symmetrical electrical 
network with imposed and constant amplitude and fre-
quency voltages. After straightening a filter stage is nec-
essary in order to stabilize the voltage [33, 34].

The control of the static converter connected to the "NSC" 
network consists in regulating the intermediate DC bus 
regardless of the power generated by the variable frequency 
conversion system while ensuring a unit Power Factor (PF) 
on the AC side. While the static converter connected to 
the rotor of the DFIG "MSC" is used for the management of 
the active and reactive powers of the machine [33, 35].

To determine the angles required for Park transforma-
tions for stator magnitudes ( θs ) and for rotor magnitudes 
( θr ), we used a Phase-Locked Loop (PLL) as shown in 
Fig.  10. This PLL makes it possible to estimate the fre-
quency and amplitude of the network voltage accurately.

The wind turbine parameters are presented in Table 1. 
Table 2 presents the main parameters of the DFIG simu-
lation model.

6 Simulation Results
The simulation results are shown in Figs. 11-13. The simu-
lation is performed using Matlab/Simulink software.
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Table 1 Parameters of the wind turbine (1.5 MW)

Parameters Unites Values

Number of blades [] 3

The power coefficient Cpmax [] 0.59

Rotor radius R [m] 35.25

Speed multiplier gain G [] 90

The density of the air ρ kg/m3 1.225

Moment of total inertia  J Kg.m2 1000
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Fig. 11 illustrates the voltage of the three network phases; 
the results obtained show that the currents have sinusoidal.

To control the relay functionality, two hysteresis com-
parators and one switching table are used. The DC bus 

voltage is controlled to provide the reference of the active 
power, on the other hand the reference of the reactive 
power is kept zero to ensure unit power factor operation.

Fig. 12 shows the behavior of the intermediate DC bus 
between the two static converters "MSC" and the "NSC", 
which shows a stable DC voltage to the inverter.

Fig. 13 illustrates the reactive power injected into the 
array by the assembly. We set ourselves a zero instruction 
to have a unity power factor on the network side.

Fig. 14 shows very good responses of the active power, 
where they follow perfectly their references with static 
error almost null.

Moreover, the results obtained show that the stator 
and rotor currents (Figs. 15, 16) have sinusoidal shapes 
with fewer ripples, which means a good quality of energy 
supplied to the network. These simulation results show 
that the instantaneous active and reactive powers transited 
in the electrical network are perfectly adjusted with respect 
to their references and the absorption of sinusoidal currents.

Table 2 Doubly fed induction generator parameters

DFIG parameters

Parameter name Symbol Value Unit

Rated power Pn 1.5 MW

Rated current In 1900 A

Rated DC-Link voltage UDC 1200 V

Stator rated voltage Vs 398/690 V

Stator rated frequency f 50 Hz

Rotor inductance Lr 0.0136 H

Stator inductance Ls 0.0137 H

Mutual inductance M 0.0135 H

Rotor resistance Rr 0.021 Ω

Stator resistance Rs 0.012 Ω

Number of pair of poles p 2 -
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In order to better illustrate the effect of the DPC con-
trol on the signal quality provided by the DFIG, a spec-
tral analysis of the stator and rotor currents was performed 
(Fig. 17). Note that this measurement was made in the case 
of the operation of the variable speed wind turbine.

Fig. 18 shows that the unit Power Factor (PF) stable 
for DPC.

Table 3 shows the performance of control DPC. The pro-
posed wind energy system with DPC achieved the best per-
formance. Nevertheless, due to the fractional-order control 
strategy proposed in this paper, the current THD with DPC is 
lower than 5 % limit imposed by IEEE Std 519™-2014 [36].

7 Conclusion
The paper proposes a DPC scheme for a grid-connected 
DFIG system. The scheme is implemented on a 1.5 MW 

wind-turbine DFIG system. The MPPT strategy pro-
vides maximum active power output to the power 
grid through variable speed operation of the DFIG. 
Then, in our work, we realized the MPPT block by two 
controllers (PI,  ANN) whose objective is to analyze 
their performances in terms of pursuit.

In order to control the active and the reactive powers 
exchanged between the Doubly Fed Induction Generator 
and the electrical grid used in a Wind Energy Conversion 
System, a control DPC is proposed. We have shown in this 
work the contribution of the DPC control law for the decou-
pling between the active and reactive power of the Doubly 
Fed Induction Generator. DPC provides high dynamic 
performance with a simple structure. It provides a con-
crete solution to the problems of robustness and dynam-
ics encountered in the vector control structure. Hence, the 
current THD with DPC is lower than 5 % limit imposed 
by the IEEE STANDARDS ASSOCIATION (Std 519™), 
which is used as a guideline for comparison purposes.

Nomenclature
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Table 3 Performances of the control DPC

Performances DPC

Response time (ms) 5

Active and reactive
power control Directly controlled

Computational complexity Low

Transitory response Very good

Power Factor (PF) More strong 

THD (%) 1.28

Cp Power coefficient
R Blade radius (m)
Rs, Rr Stator and rotor resistances (Ω)
Ls, Lr Self inductance of stator and rotor (H)
M Mutual magnetizing inductance.
φs, φr Stator and rotor flux (Wb)
Cem Electromagnetic torque (Nm)
v Wind speed (m/s)
J Inertia moment of the moving element (kgm2)
λ Ratio of the tip speed
ρ Air density 
β Pitch angle
Ω Mechanical speed (rad/s)
P Active power (W)
Q
MPPT

Reactive power (Var)
Maximum Power Point Tracking

fr Viscous friction and iron-loss coefficient.
p Number of pair poles
G Mechanical speed multiplier
ωr Electrical angular rotor speed (rad/s)
ωs Synchronously rotating angular speed (rad/s)
Vs, Vr Stator and rotor voltage (V)
Ids, Iqs Direct and quadrature component of 

the stator currents (A)
Idr, Iqr Direct and quadrature component of 

the rotor currents (A)
g Slip
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MSC Machine Side Control
NSC Network Side Control
AC Alternating Current
DC Direct Current

FFT Fast Fourier Transform
PF Power Factor
PLL Phase-Locked Loop
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