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Abstract
The paper presents an improved predictive direct rotor current 
control of a variable speed wind energy conversion system. 
The conversion chain uses a Doubly Fed Induction Generator 
DFIG whereas the control method is based on Finite States 
Space Model Predictive Control FS-MPC of the converter. The 
proposed control method selects the optimal switching state 
of the inverter that minimizes the error between orthogonal 
rotor current components predictions to their computed val-
ues. The optimal voltage vector that minimizes a cost function 
is then applied to the output of the power converter. Once the 
proposed predictive strategy is validated, multi-level convert-
ers well suited for high power application are then used to 
improve and highlight the obtained results. The proposed pre-
dictive control strategy uses only one sample time prediction 
and it is intuitive since it is very simple for implementation, 
avoids the cascade structure of several linear controllers and 
provides best performance.

Keywords
Variable speed wind energy conversion system, DFIG machine, 
predictive control, finite states-space model, cost function, 
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1 Introduction
Nowadays, wind energy conversion has acquired a mature 

technology and provides a clean and inexhaustible source of 
energy for maintaining the continuously growing energy needs 
of humanity.

Compared to other solutions such as fixed-speed induction 
generators or fully rated converter systems, variable speed 
Wind Energy Conversion Systems (WECSs) is the most popu-
lar used WECS allowing maximum power extraction over a 
large range of wind speeds. These WECS use generally a 
Doubly Fed Induction Generator (DFIG) due to its flexibility. 
The stator winding is directly connected to the grid phases; pro-
viding electric power with constant voltage and frequency. The 
rotor winding is connected to the grid via two back to back 
power converters (two cascaded converters connected with a 
direct current DC link). The Rotor Side Converter RSC con-
trols the active and reactive power of the generator while the 
Grid Side Converter GSC controls the DC link voltage and 
ensures operation of large power factor. As the rotor speed is 
fluctuating, the electric power of the rotor is reversible depend-
ing on whether the machine operates in either subsynchronous 
mode or supersynchronous mode. Other advantages of DFIG 
machines can be cited, such as the adaptability of the power 
factor, better efficiency and the ability to control the reactive 
power without capacitive support. Also, they allow a signifi-
cant reduction of the power converters size and cost since the 
size of the converters is related to the speed variation range, 
typically around +/- 30 % of the synchronous speed. Note that 
the main advantage of the WECS based DFIG machine is the 
perfect decoupling between active and reactive power control 
by controlling rotor currents [1-8].

Among the two last decades, several control strategies for 
WECSs based DFIG have been reported in specialist literature 
starting from the basic idea that control does significantly improve 
all aspects of WECS and the most widely used techniques may 
be classified within the Field Oriented Control (FOC) techniques 
and the Direct Control techniques (DTC and DPC).

In FOC techniques, the rotor current is decomposed into 
direct component that controls the torque (the stator active 
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power) and a quadrature component that commands the rotor 
flux (stator reactive power) and they are regulated separately 
with linear PI controllers. In [3-5], the block diagram of the 
power control of the DFIG incorporates a cascaded structure 
with four PI regulators, two PIs in the outer loops for stator 
active and reactive powers and two PIs in the inner rotor cur-
rents loops with also an additional PI loop for the speed. As a 
consequence there exists degradation in the dynamic perfor-
mance due to delay times of cascaded regulators and reduced 
robustness against model uncertainties. Simplified structures 
have been then proposed by eliminating sometimes inner cur-
rent loops and sometimes the outer power loops but at least the 
control block contains for three PIs controllers.

Direct Control techniques that originated from Direct Torque 
Control DTC for induction machines in [2-4] and Direct Self 
Control DSC in [6] provide direct control of the machine’s 
torque reducing the complexity of the FOC control. These 
methods have been translated to control DFIG and are different 
from FOC in that they take into account the discrete nature of 
power converters and use a switching table to select the appro-
priate voltage vector to be applied on terminal machine. These 
techniques provide better transient torque control conditions 
rather than FOC without requiring current regulators nor coor-
dinate transformations or specific modulations like PWM or 
SVM for pulse generation since the PI regulators in FOC are 
eliminated and replaced by hysteresis comparators but they still 
present some disadvantages compared to FOC such as the lack 
of direct current control, torque control difficulties at very low 
speeds and especially variable switching frequency behaviour.

On the other hand, Predictive Direct Power Control P-DPC 
which is a more sophisticated control method than DTC for 
direct power control has been recently proposed. The method 
selects a set of concatenated-voltage vectors, obtaining high-
dynamic responses in large-transients. These concatenated-
voltage vectors can be built in different forms, combining 
different design criteria such as conversion efficiency, current 
ripple or others. There have been some improvements of con-
ventional P-DPC, including the multilevel inverter topologies 
[20] using two or three vectors during one control period and 
space vector modulation (SVM) based method [7] etc. Although 
better performances were obtained, generally the complexity of 
these methods is also increased.

Recently; Finite-States Model Predictive Control (FS-MPC) 
appears as a complete and accurate approach to control power 
converters due to its fast dynamic response, no need for linear 
controllers in inner loops, no need for modulator (as in PWM 
or SVM modulation), completely different approach compared 
to PWM and SVM modulations, extremely simple, good per-
formance and can be implemented with standard commercial 
microprocessors. The method uses the model of the system 
to predict for one step ahead prediction the behaviour of the 
variables for each switching state. For the selection of the 

appropriate switching state to be applied to the system a qual-
ity function must be defined. The cost function is then evalu-
ated for the predicted values on each sampling interval and the 
optimal switching state that minimizes the quality function is 
selected to apply during the next sampling interval [17-19].

In this paper, we will extend the application of FS-MPC 
to WECSs based DFIG since the most papers in this field are 
mostly related to classic control methods. The superiority of 
FS-MPC over conventional control will be confirmed by simu-
lation results.

2 WECS Modeling
2.1 Wind turbine characteristic

Several variable-speed WECS configurations are being 
widely used in literature. The configuration studied in the 
present paper is a fixed pitch Horizontal Axis Wind Turbines 
HAWT having a power coefficient (aerodynamic efficiency), 
Cp  depending on the tip speed ratio  λ = RΩt / ν  (i.e., the ratio 
between the blades peripheral speed and the wind speed) hav-
ing a maximum for  λopt  as it is given by Fig. 1. The power char-
acteristics of the wind turbine have a maximum for each wind 
speed. All these maxima form the so-called Optimal Regimes 
Characteristics (ORC). The available power on the turbine 
shaft is given as:

P C R vm p= ( ) ⋅ ⋅ ⋅ ⋅
1

2

2 3λ ρ π

Where  ρ  is the air density,  R  is the turbine radius and  v  is the 
wind speed (m/s). The turbine torque is the ratio of the output 
power to the shaft speed.

The power coefficient  Cp  of the used 2 MW turbine depends 
on the pitch angle (β) and on the tip-speed ratio  λ  and can be 
expressed as [13]:
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Figure 1 depicts the aerodynamic efficiency  Cp  versus the 
tip speed ratio  λ  for different values of the angle  β.

Fig. 1 3 D plot of power coefficient Cp (λ, β)

(1)

(2)
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2.2 DFIG Model
The equations that describe a doubly fed induction genera-

tor in a d-q reference frame where different parameters of the 
machine appear in a continue form are identical to those of a 
squirrel cage induction generator; the only exception is that the 
rotor winding is not short-circuited. We assume balanced volt-
ages and non-ground connection points. Two orthogonal axes 
are defined, the  d  and  q  axis. The stator and rotor voltages are 
given by the following equations:
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The electromagnetic torque is expressed as:

C p i i p M
L

i iem ds qs qs ds
r

dr qs qr ds= −( ) = −( )ψ ψ ψ ψ

where  ( Vds , Vqs ), ( ids , iqs ), ( ψds , ψqs ), ( Vdr , Vqr ), ( idr , iqr ), 
(ψdr , ψqr )  are respectively, the d-q stator voltage components, 
the d-q stator current components, the d-q stator flux compo-
nents, the d-q rotor voltage components, the d-q rotor current 
components, the d-q rotor flux components.  Rs  and  Rr  are 
respectively the stator and rotor resistances. Ls , Lr and  M  are 
respectively the stator, rotor and magnetizing inductances.  ωs 
and  ωsl  are respectively the synchronous and slip pulsations,  
p  is the pair poles number,  s  is the slip.

The flux components are given as follows:
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In order to obtain a decoupled control of stator active-
reactive powers, the DFIG model requires all quantities to be 
expressed under stator flux orientation concept and assuming 
that the stator resistance is small when compared to the stator 
reactance for medium and high power size machine, the stator 
flux can be computed as: 
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After some manipulations, we can get the stator current 
components by:
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Then the torque is simplified into:
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The stator active-reactive powers expressions are:
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Using the expressions of the rotor active and reactive powers:
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Then, the total active and reactive powers involved in the grid 
are expressed by:
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The dynamics of the rotor current components can be expressed 
then from relations (3)-(7) by:
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2.3 Two Level Voltage Source Inverter Model
To describe the inverter output voltages, the concept of com-

plex space vector is applied [16-19]. For a two level voltage 
source inverter feeding a symmetrical three-phase grid con-
nected system given in Fig. 2, each leg is composed of two by-
directional switches (Si1 , Si2 i = a, b, c) where a, b, c the three 
phases. The switching states S determined by gating signals are 
given in vectorial form as follows [16]:

S S aS a Sa b c= + +( )2

3

2

Where  a = e j2π/3 . Si takes the value of  0  if  Si  is off and  Si
*  is 

on,  Si  takes the value of  1  if  Si  is on and  Si
*  is off. 

(3)

(4)

(5)

(6)

(7)
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Fig. 2 Tow level voltage source inverter topology

The output voltage space vectors of the inverter are:

V v av a vaN bN cN= + +( )2

3

2

(vaN , vbN , vcN) are the phase to neutral (N) voltages.
As it is well known, there are eight possible voltage vec-

tors that the inverter can apply to the grid terminals. By using 
these switching functions the grid space voltage vector can be 
expressed as [16-19]:

V S S S V S S e S ea b c dc a b
j

c
j

, ,
/ /( ) = + +( )2

3

2 3 4 3π π

where  Vdc  is the DC-link voltage.
According to the combination of switching modes, the space 

vectors  V0 (0,0,0)  and  V7 (1,1,1)  are the space zero voltage 
vectors and the others are the space nonzero active voltage vec-
tors as shown in Fig. 3.

V2(110)V3(010)

V4(011)

V5(001) V6(101)

V0(000)

V7(111)

V2VV (1(

β(Im)

α(Re)

Fig. 3 Representation of different voltage 
vectors of a two level voltage inverter.

Also, the inverter output voltage is related to DC link volt-
age by:

V V Sdc=

The inverter output voltage vector is kept constant during 
the switching period, so the inverter current and, hence, the 
grid currents can be controlled by choosing the appropriate 
voltage vector.

3 Control Strategy
Several control algorithms of the WECS have been reported 

recently through the literature [1-7], whether for a wind system 
feeding an isolated load, or the network. The configuration of 
the present work is given by Fig. 5; where the rotor of the DFIG 
is connected to the grid via a two back to back power convert-
ers and a RL filter assuming that +/- 30% of the DFIG nominal 
power is exchanged with the grid whereas the rest of this power 
is directly generated by the stator to the grid. The Maximum 
Power Point Tracker MPPT controller is used to track closely 
the maximum power point of the wind turbine (turbine rotor 
works closely on the Optimal Regime Characteristic ORC).

3.1 MPPT control
In order to obtain the maximum captured energy from the 

wind, the designed controller should guarantee that the turbine 
is kept on the MPPT curve as the wind velocity changes. The 
based control is to adjust the electromagnetic torque on the 
shaft of the DFIG in order to fix the rotational speed to a refer-
ence value. To achieve this, a control of the rotation speed of 
the DFIG has to be performed, the electromagnetic reference 
torque C*

em is obtained at the output of the speed PI controller 
as it is shown by Fig. 4. This controller allows the tracking of 
the DFIG rotational speed and mitigates the effect of mechani-
cal torque Cem considered as a perturbation [9-11].

For a given operating point (fixed speed wind), it is desired 
that the mechanical power is maximum, which corresponds to 
the maximum value of the coefficient Cp-max . This is obtained if 
the relative velocity λ reaches its optimal value  λopt  (for a pitch 
angle β  constant and equal to 2° in our case study).

+++ PIP
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Fig. 4 MPPT controller

The reference rotational speed of the turbine Ωt
* is then 

obtained from the Eq. (2) and it is defined by:

(14)

(15)

(16)
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Ωt
optv
R

* =
λ

We deduce then the reference speed of the DFIG taking into 
account the gain of the multiplier G (gear box multiplier) by:

Ω Ωm tG* * �= ⋅

3.2 Control of DFIG
Generally, the field oriented control (FOC) concept of the 

DFIG is based on stator active-reactive power control, however 
this solution is suitable only when the machine operates in nor-
mal regime, but when the grid is affected by disturbances and 
faults which is not considered in this study, the measure of sta-
tor powers is not appropriate, so the rotor currents are chosen 
to be directly controlled [10-14]. 

The rotor currents references can be expressed by:

i L
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The reference for the stator active power Ps
* is then given as:

P
p
Cs

s
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* *= ⋅
ω

The stator reactive power Qs
* is set to 0. The global control 

structure of the studied WECS using two back to back voltage 
source converter VSI is given by Fig. 5.

4 Predictive Control
4.1 Predictive model

The rotor current components can be expressed from rela-
tions (12) by:
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Where  Vdr ,  Vqr  are the output voltage space vectors gener-
ated by the inverter.

Prediction of rotor current components can be made for one 
step ahead prediction as: 
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Fig. 5 Predictive control for WECS.

4.2 Minimization of cost function
The control objective is to get high performance in term of 

rapid and precise dynamic current control response by using a 
cost function that minimizes the error between reference cur-
rents to their computed values. The predictions on rotor cur-
rents are used to evaluate the impact of every voltage vector on 
the WECS. The cost function is formulated as:

C i k i k i k i kdr dr qr qr7
1 1 1 1[ ] = +( ) − +( ) + +( ) − +( )* *

The flow chart of the predictive control is given by Fig. 6, 
where for each rotor voltage vector the cost function C is evalu-
ated and the optimal voltage vector is then applied during the 
next sampling period [17-19].

(18)

(17)

(22)

(20)

(19)

(21)

(23)

(24)
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Fig. 6 Flow chart of the predictive algorithm [17-19].

5 Simulation results
The proposed predictive control of the studied WECS given 

by Fig. 5 is tested in Matlab environment with a sampling time 
of 100μs, considering a DFIG of 2MW for high power genera-
tion system whose parameters are given in the appendix. The 
results are presented in order to show the performance, the 
speed time response, and the accurate of the tracking reference. 
The wind speed profile is given by Fig. 7.

Fig. 7 Wind speed profile.

In Fig. 8, the rotor line currents against speed generator vari-
ation are depicted for both subsynchronous and supersynchro-
nous regimes.

Fig. 8 Rotor currents versus speed generator.

In Fig. 9, We can see the good performance obtained with 
the proposed control in term of good reference tracking per-
formance. The generated stator active and reactive powers are 
illustrated by Fig. 9 for a stator reactive power reference settled 
to 0 VAR. The tracking performance shows high dynamic per-
formance for both stator powers since the powers are perfectly 
decoupled and track their references accurately and precisely. 
As a consequence, the stator current in Fig. 10 appears highly 
sinusoidal and is achieved in opposite phase with the grid-stator 
voltage because the machine operates in subsynchronous mode.

Fig. 9 Stator active and reactive power.

6 Predictive Control with switching frequency 
reduction

Reduction of switching frequency for high power wind 
energy application is very important to improve the effi-
ciency by reducing the power losses due to commutations in 
the inverter. One of the most benefits of finite states predictive 
control is its flexibility since we can add nonlinear constraints 
which are usually difficult to consider in linear controllers by 
adding more terms in the cost function to be minimised [17-19]. 
Here a third term that takes into account the reduction of the 
switching frequency without degradation of the reference track-
ing performance is added to the objective function of (25) by:
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C i k i k i k i k

V

dr dr qr qr

k a b c
j

7

18

1 1 1 1[ ]

=
=

= +( ) − +( ) + +( ) − +( )

+ ∑

* *

λ
, ,

:

kkr krj V j
opt

( ) − ( )( )

where:

V j S j V

V j S j V

V j S j V

ar dc

br dc

cr dc

( ) = ( ) ⋅
( ) = ( ) ⋅
( ) = ( ) ⋅









1

2

3

,

,

,

The last term in (25) is the number of commutations required 
to switch from the optimal present switching state to the switch-
ing state under evaluation. The parameter λ is a weighting fac-
tor chosen according to the desired performance.

Fig. 10 Stator current vs. stator voltage (The bottom curve 
represents the zoom of the curve at the top)

6.1 Selection of weighting factor
The choose of the weighting factor value can be considered 

as the hard task of the method since several tests have been 
used to select the better variation interval for λ.

By using the cost function (25), the behaviour of the rotor 
currents, the number of commutation and switching frequency 
for different values of  λ  for this special example, where the 
wind speed is set constant at 11m/s, are given by Figs. 11-13.

As can be seen from these figures that switching frequency can 
be reduced by increasing the weighting factor but on the other 
hand high values of  λ  can deteriorate the reference tracking 
performance of rotor currents as it can be seen by Fig. 11, so a 
compromise between reduction of the switching frequency to an 
acceptable level and good tracking performance should be made.

Fig. 11 Rotor currents for different values of λ (Vwind = 11m/s)

Fig. 12 Reduction of the switching number for different values of λ of Fig. 11.

Fig. 13 Reduction of switching frequency by increasing λ

7 Interest of multilevel converters for wind energy 
conversion

Two level voltage source inverters (2L-VSI) are widely used 
in wind energy conversion for low voltage low power applica-
tions [20-21]. In medium voltage high power systems multi-
level converters are used due to several advantages over the 
traditional two-level converters, such as, operation with volt-
ages over the switching devices rating, reduced common-mode 

(25)

(26)
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voltages, smaller voltage changes (dv/dt) and low harmonic 
distortion THD. Also, it was proofed in such system that the 
transited active power via a multilevel inverter having (n + 1) 
voltage levels with unity power factor is (n) times that can be 
transited with (n) inverters having two voltage levels.

In order to improve the obtained results, two topologies of 
multilevel converters suitable for this high power application 
are used, namely a three level Neutral Point Clamped converter 
(3L-NPC) and a four level NPC converter (4L-NPC) converter. 
The power circuits are shown in Fig. 14 and Fig. 15.

Fig. 14 Three level Neutral Point Clamped inverter topology (3L-NPC)

Fig. 15 Four level Neutral Point Clamped inverter topology (4L-NPC)

It is well known that a multilevel converter having (n + 1) 
voltage levels is supplied by n input capacitors and when it 
is connected to a three phase load the converter applies to the 
load (3n2 + 3n + 1) different voltage vectors generated from n3 
switching states as it is presented in Fig. 16. In 3L-NPC topol-
ogy, there are 27 switching states; only 19 different voltage vec-
tors are applied to terminal rotor machine whereas in 4L-NPC 
structure there are 64 switching states, only 37 different voltage 
vectors are applied by the RSC converter as given by Fig. 17.

The main drawback of these multilevel converters is the 
unbalance voltages of the DC link capacitors in the input side 
converter. To improve the results of the wind energy conver-
sion system in term of high efficiency, low electromagnetic 
ripples, low power oscillations and low harmonics on current 
waves without unbalance of the DC-link voltage capacitors, the 
cost function is now formulated for both topologies as:

For the 3L-NPC:

C
* *

27

1 2

1 1 1 1

1

[ ] = +( ) − +( ) + +( ) − +( )
+ +( ) −
i k i k i k i k

V k V k
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for the 4L-NPC:

C
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1 1

2 3

3 1
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c

c c
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The third term in (27) and (28) evaluates the error of the 
input capacitor voltages. The parameters  α, β  are weighting 
factors that allows to adjust the importance of different terms 
in the cost function.

By setting weighting factors to  α = 0  and  β = 0, Figs. 18 
and 19 show the enhancement of stator active and reactive 
powers of multilevel structures in term of reduced oscillations 
and ripples that improves the efficiency of the wind energy 
conversion chain. 

Fig. 16 Possible voltage vectors for a 3L-NPC topology (19 voltage vectors)

Fig. 17 Possible voltage vectors for a 4L-NPC topology (37 voltage vectors)

(27)

(28)
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In order to control the input DC-Link voltage of the input 
capacitors, the weighted factors are now settled in the range 
[0-2s] to  α = 0,  β = 0  and to  α = 0.1,  β = 0.12  in the range 
[2-4s]. Note that the the capacitor voltage reference is defined 
as  V Vdcdc

*
/= 2   for the 3L-NPC structure and V Vdcdc

*
/= 3  

for the 4L-NPC topology. On the results shown in Fig. 20 and 
Fig. 21, one can see that the capacitor voltages are out of bal-
ance when  α = 0,  β = 0  and can deteriorate the current wave-
forms by adding some harmonics in their THD but when the 
weighting factors are settled to  α = 0.1,  β = 0.12, the capacitor 
voltages are controlled and the DC-Link voltage is correctly at 
its true value and consequently reduces some harmonics in the 
current waveforms.

Fig. 18 Stator powers for 3L-NPC topology

Fig. 19 Stator powers for 4L-NPC topology

Fig. 20 DC-link voltage for 3L-NPC topology

Fig. 21 DC-link voltage for 4L-NPC topology.

Also, Figs. 22-24 show the improvement of stator currents 
THD where it clear to see that as the number of voltage levels 
increases the current THD decreases justifying the use of mul-
tilevel converters in high power applications, (THD of 3.57 % 
for the 2L-NPC, 2.70 % for the 3L-NPC and 1.29 % for the 
4L-NPC topology).

Fig. 22 Stator current THD (2L-VSI)

Fig. 23 Stator current THD (3L-NPC-VSI).
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Fig. 24 Stator current THD (4L-NPC-VSI)

8 Conclusion
A predictive rotor current control strategy with multi objec-

tive criterions is proposed and applied to control a wind energy 
conversion chain based on a doubly fed induction generator 
using different topologies of power electronic converters. The 
most advantage of the proposed control method is its simplicity 
in implementation, since the method avoids the use of linear or 
nonlinear controllers except for the external wind speed loop 
and there is no need for any type of modulator, such as in PWM 
modulation, which can reduce the overall cost of the drive sys-
tem. The control scheme is very simple and uses discrete model 
of the converter to predict the behavior of rotor currents and to 
obtain the best suited converter switching state. The method 
is very flexible since cost functions are used to control many 
objectives simultaneously by adding more terms that take 
into account for reduction of the switching commutation fre-
quency and balance voltage of the input capacitors. Simulation 
results show accurate tracking performance of rotor currents 
with a significant reduction of oscillation of stator powers that 
improves the efficiency of the conversion chain.

The multilevel converters have many benefits in high power 
systems since they provide low ripple on powers and low har-
monic distortion on stator currents where it is confirmed that 
as the number of voltage levels increases the current THD 
decreases. To cope with the unbalance voltage capacitors, a 
third term that minimises the voltage capacitor errors is added 
in the cost function. The results show that it is possible to over-
come to this drawback due to the flexibility of the method.

Appendix

Variables Description Simulation 
value

Source
Vs RMS supply stator voltage 

phase (V)
690

fs Supply Frequency (Hz) 50

DFIG

Pn Nominal power (MW) 2

Rr Rotor Resistance (mΩ) 55.44

Rs Stator Resistance (mΩ) 4.45

M Mutual Inductance (mH) 4.41

Ls Stator Inductance (μH) 134

Lr Rotor Inductance (mH) 1.6

P Number of pair of the pole 2

Turbine

R Rotor blades 3
Ntn Nominal rotational speed

(tr/min)
19.5

G Multiplication of gear box 80
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