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Abstract

The paper presents the design and the implementation of a direct predictive 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 a Finite States 

Model Predictive Control FS-MPC. The proposed control method selects the optimal switching state of the two levels back to back 

power converter that minimizes the cost function, where this optimal voltage vector is applied on the output of the power converter 

in next sampling time. The proposed predictive control strategy uses only one sample time prediction and it is intuitive since it is very 

simple for implementation. In order to adjust the measured rotor currents to track their references, the error between orthogonal 

rotor current components predictions to their computed values used to select the optimal vector and applied on the power converter 

in rotor side CSR in next sampling time. On other side, based on the error between the active and reactive power prediction and their 

references of the electrical grid, the predictive algorithm control of the gird side converter CSG kept the Dc-link voltage constant and 

guarantee that the whole system functioning with unity power factor. The experimental results confirm the advantages of using this 

structure for wind energy conversion system and the effectiveness of the proposed control strategy.
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1 Introduction
The global consumption of electricity observed over the 
last few decades is strongly linked to the development of 
industry, transport and communications. Fossil fuels, such 
as petroleum, coal and natural gas, are the most widely used 
fuels for the production of electric power today because of 
low production costs but lead to a massive release of gas 
pollutants. Thus, electricity production from fossil fuels 
is responsible for 40% of global CO2 emissions. On the 
other hand, their rate of regeneration is extremely slow on 
a human scale. This will lead, in the short term, to a non-
zero risk of depletion of these resources. In this context, 
most developed countries have focused on clean, non-pol-
luting renewable sources of energy. Among the various 
technologies developed, the turbine occupies a  consider-
able place. In 2021, the 93 GW of new installations brings 
total cumulative installations up to 743 GW in the world [1].

Electric power conversion systems using a Doubly 
Fed Induction Generator (DFIG) are the most popular 

configurations due to its advantages in the medium and 
high power such as: a variable speed operating range and 
operating capacity in the four quadrants [2, 3]. In general, 
the stator winding of DFIG is directly connected to the 
grid providing electric power with constant voltage and 
frequency, while the rotor winding is connected to the 
grid via a tow levels back-to-back converter (two cascaded 
converters connected with a direct current DC link). The 
Rotor Side Converter RSC controls the direct and quadra-
ture rotor currents components of the generator while 
the Grid Side Converter GSC controls the DC link volt-
age and ensures operation of large power factor. As the 
rotor speed is fluctuating, the electric power of the rotor 
is reversible depending on whether the machine operates 
in either sub synchronous mode or super synchronous 
mode. Other advantages of DFIG machines can be cited, 
such as the adaptability of the power factor, better effi-
ciency and the ability to control the reactive power without 

https://doi.org/10.3311/PPee.18874
https://doi.org/10.3311/PPee.18874

mailto:chikha-said%40univ-eloued.dz?subject=


Chikha et al.
Period. Polytech. Elec. Eng. Comp. Sci., 66(2), pp. 174–190, 2022|175

capacitive support. Also, they allow a significant reduc-
tion of the power converters size and cost since the size of 
the converters is related to the speed variation range, typ-
ically 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 [4].

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 [5, 6], the Direct Torque 
Control (DTC) [7–9], and Direct Self Control (DSC) [10].

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 modu-
lations, extremely simple, good performance and can be 
implemented with standard commercial microproces-
sors  [11]. The method uses the model of the system to 
predict for one step ahead prediction the behavior of the 
variables for each switching state. For the selection of the 
appropriate switching state to be applied to the system a 
quality function must be defined. The cost function is then 
evaluated for the predicted values on each sampling inter-
val and the optimal switching state that minimizes the 
quality function is selected to apply during the next sam-
pling interval [12, 13].

In this paper, we will extend the application and imple-
mentation of FS-MPC to WECS based on DFIG since the 
most papers in this field are mostly related to classic con-
trol methods. The superiority of FS-MPC over conven-
tional control will be confirmed by simulation and exper-
iment results.

2 System modeling 
Several variable-speed WECS configurations are being 
widely used in [14]. The schematic diagram of a DFIG 
based wind energy generation system studied in this paper 
is shown in Fig. 1 where the rotor winding is connected to 
the utility grid via two power converters. The Rotor Side 
Converter RSC controls the direct and quadrature compo-
nents of the rotor currents while the Grid Side Converter 
GSC controls the DC link voltage and ensures operation of 
large power factor [15].

2.1 DFIG modeling
The equations that describe a doubly fed induction gen-
erator in a dq 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 voltages and non-ground connection 
points. Two orthogonal axes are defined, the d and q axis. 
The rotor voltages are given by Eq. (1) [16]: 
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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 com-
pared to the stator reactance for medium and high power 
size machine, the stator flux can be computed as [17, 18]: 
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Then the torque is simplified into:
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The dynamics of the rotor current components can be 
expressed then from relations (Eqs. (2), (3) and (4)) by:
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Fig. 1 Schematic diagram of a DFIG based wind energy generation 
system
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2.2 Modeling of the grid network and DC-link voltage
In order to decouple and further simplify the grid-side 
converter system linked to the electrical network through 
an RL filter, the synchronous angular speed is typically 
chosen equal to the angular speed of the network voltage, 
and the axis d of the rotating frame is aligned with the grid 
voltage vector:

v v vdg g qg= =; ,0 	 (6)

the dq current components of the electrical network volt-
ages are given by: 
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where vdp and vqp denote the output voltage components of 
the converter; vdg and vqg represent the grid voltage compo-
nents; and idg and iqg are the phase current components in 
dq reference frame.

The orientation of the grid voltage not only simplifies 
the filter current equations, but also reduces the calcula-
tions of active and reactive grid power. Here, instanta-
neous active and reactive power inputs are given by:

P v i

Q v i
g g dg

g g qg

�

� �

�
�
�

��
. 	 (8)

The two power converters of the wind power conver-
sion system (GSC and RSC) are interconnected via a DC 
bus so allows power transfer between the rotor of the 
DFIG and the electrical grid [19], the DC-link capacitor 
voltage can be expressed in terms of the DC-link capacitor 
current as follows:

V
C
ic dtdc � �

1
. , 	 (9)

where the dc current ic in super synchronous mode given 
by (the transfer of the electrical power from the rotor to the 
electrical grid:

i I Ic RSC GSC� � ,	 (10)

and DC current ic in sub synchronous mode given by the 
transfer of the electrical power from the electrical grid to 
the rotor:

i I Ic GSC RSC� � . 	 (11)

The C is the DC-link capacitor, IRSC is the output cur-
rent of the RSC and IRSC is the output current of the GSC.

2.3 Two level voltage source inverter model
To describe the inverter output voltages, the concept of 
complex space vector is applied. For a two-levels voltage 
source inverter feeding a symmetrical three-phase grid 
connected system given in Fig. 2, each leg is composed of 
two by-directional switches (Si1, Si2i = a, b, c) where a, b, c 
three phases. The switching states S determined by gating 
signals are given in vector form as follows [20]:

S S aS a Sa b c� � �� �2

3

2
, 	 (12)

where a = e j2π/3. Si takes the value of 0 if Si1 is off and Si2 is 
on, Si takes the value of 1 if Si1 is on and Si2 is off. 

The output voltage space vectors of the inverter are:

V v av a vaN bN cN� � �� �2

3

2 .	 (13)

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

vectors that the inverter can apply to the grid terminals. 
By using these switching functions the grid space voltage 
vector can be expressed as:

V S S S V S S e S ea b c dc a b
j
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j
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/ /� � � � �� �2

3
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where Vdc is the Dc-link voltage.
According to the combinations of switching modes, the 

space vectors V7 (0,0,0) and V8 (1,1,1) are the space zero 

Fig. 2 Tow level Neutral Point Clamped inverter topology (2L-NPC)
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voltage vectors and the others are the space nonzero active 
voltage vectors as shown in Fig. 3.

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

V V Sdc= . 	 (15)

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 Predictive Control of the back to back converter
3.1 Control of the rotor side converter
3.1.1 Predictive model of the rotor current
For a two-level voltage source inverter or rectifier, the 
finite set of states of the switches S1, …, S6 contains only 
six different voltage active vectors and two null voltage 
vectors [21], the dynamics of the rotor current components 
can be expressed from relations Eq. (5) by :
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where Vdq–r are the output voltage space vectors generated 
by the inverter.

By approximating the derivative 
di
dt
dq r_  in Eq. (16) for 

a sampling time T by:
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Prediction of rotor current components can be made for 
one step ahead prediction as: 
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3.1.2 Minimization of a cost function
The cost function C summarizes the desired behavior 
of the inverter. The control objective is to get high per-
formance in term of rapid and precise dynamic current 
control response by using a quadratic cost function that 
minimizes the error between reference currents to their 
computed values. The predictions on rotor currents are 
used to evaluate the impact of every voltage vector on the 
WECS. The cost function is formulated as [22–24]:
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The flow chart of the proposed predictive control is given 
by Fig. 4, where for each rotor voltage vector the cost func-
tion C is evaluated and the voltage vector that minimizes 
the cost function is then applied during the next sampling 
period according to the receding horizon control [22].

Fig. 3 Representation of different voltage vectors of a two-levels 
voltage inverter

Fig. 4 Flow chart of the predictive algorithm for the RSC
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3.2 Control of the grid side converter
3.2.1 Predictive model of the grid power
By applying the Euler approximation method described 
above to Eq. (7), we obtain the following discrete model:
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3.2.2 Minimization of cost function
The objective of the grid side converter GSC control is to 
regulate the DC bus voltage and controlling the active and 
reactive power passing through it. The power factor can 
be set to one simply by imposing a reactive power refer-
ence equal to zero. In order to assure this objective, the 
error between the active/reactive power references and the 
active/reactive power predicted components is chosen to 
represent the cost function and given by [25]:

C P P Q QGSC g g
k

g g
k

7

1 1

� �
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. 	 (22)

4 Control strategy
Several control algorithms of the WECS have been 
reported recently through the literature [4, 26–28], whether 
for a wind system feeding an isolated load, or the network. 
The configuration of the present work is given by Fig. 5 and 
Fig. 6; where the rotor of the DFIG is connected to the grid 
via a back to back power converter and a RL filter assum-
ing that +/- 30% of the DFIG nominal power is exchanged 
with the grid whereas the rest of this power is directly gen-
erated by the stator to the grid. The Maximum Power Point 
Tracker MPPT controller is used to track closely the maxi-
mum power point of the wind turbine (turbine rotor works 
closely on the Optimal Regime Characteristic ORC [29, 30]. 
In this work don't studying the MPPT controller.

The global control structure of the studied WECS using 
back to back based on two level source voltage converters is 
given by Figs. 5 and 6. Fig. 5 illustrates the principal work 
of the model predictive control to control the active and 
reactive powers of the rotor of DFIG fed by the 2L-NPC 
inverter. Fig. 6 shows how the grid side converter GSC con-
trols the DC-link voltage and ensures the unity power fac-
tor. Technique control is based on model predictive control. 

4.1 Control of DFIG
Generally, the field oriented control (FOC) concept of the 
DFIG is based on stator active-reactive power control, how-
ever this solution is suitable only when the machine oper-
ates in normal regime, but when the grid is affected by 

Fig. 5 Model predictive control for rotor side converter
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disturbances and faults which is not considered in this study, 
the measure of stator powers is not appropriate, so the rotor 
currents are chosen to be directly controlled [4, 26–28]. 

The rotor currents references can be expressed by:

i
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The stator reactive power Qs* is set to 0, then the new 
value of the reference direct rotor current given as follows:
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The reference for the stator active power Ps* is then 
given as:
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4.2 Control of the power flow side the electrical grid
The main goal of the grid side converter control is to keep 
the dc-link voltage constant and to achieve a desired reactive 
power reference. In normal operation, the power flowing 
through the grid and rotor side converters is balanced, that 
is, Pr is equal to Pg, so the DC-link voltage is constant [31]. 
A PI regulator used to control the dynamic response of the 
DC link voltage, the output of the PI regulator is multiply-
ing by a DC link voltage to obtain the DC link power Pc_ref. 
The DC bus voltage regulation loop is shown in Fig. 7.

P i Vc ref c ref dc_ _
.= 	 (27)

The power appearing in the rotor circuit corresponds to 
the output power of the DC-link voltage added to the out-
put power of the network (hyper synchronous operation):

P P Pr g dc ref� �
_
. 	 (28)

The active power reference transiting the grid side con-
verter Pg_ref is obtained by subtracting the power Pc_ref of 
the active power appearing in the rotor of the DFIG Pr 
(hyper-synchronous operation) [32]:

P P Pg ref r dcref_
.� � 	 (29)

5 Experimental implementation and validation 
5.1 Experimental setup
The experimental validation of the power wind conver-
sion system was performed on an experimental test rig at 
reduced power (DFIG and DC-motor with 3KW), which is 
shown in Fig. 8 with the parameters as indicated in Table 1 
in the Appendix.

Fig. 6 Model predictive control for a grid side converter

Fig. 7 DC-link voltage controller
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The predictive control algorithm has been implemented 
using a two host PCs running with MATLAB-Simulink 
2012a software through Real-Time Interface (RTI). The 
back-to-back converter between the rotor of the DFIG and 
the electrical grid contains a two Semikron power con-
verters (inverter or rectifier corresponding the power flow) 
separate by capacitance bank with 2200 uf. Each of them 
controlled separately by two TI TMS320F240 DSPs cards 
from Texas Instrument. An interface board is used between 
the dSPACE card and IGBT gate drivers for adapting the 
interface output signals of the dSPACE TTL (0/5V) with 
the logic levels of the input signals of the SKHI 22 driver 
(0/15 V). Measuring the position of the rotor of the DFIG 

is performed using an encoder incremental placed on the 
shaft of the generator. The grid voltage, the Dc-link volt-
age, the continue current of the DC-motor, the stator cur-
rents and the rotor currents are measured with LEM trans-
ducers. The inductance of 32 mH is inserted between the 
rotor of the DFIG and the RSG for smoothing the rotor 
currents. To feed the DFIG we used the transformer with 
one input of 220 V and two outputs with 220 V for sta-
tor and 127 V for rotor. In order to fix the speed of the 
DC-Motor at desired value we used the chopper four quad-
rants, where the rotor of the DFIG coupled directly to a DC 
machine. The schematic diagram is shown in Fig. 9.

Fig. 8 Photograph of experimental system (1): DFIG, (2): Dc-motor, (3): RSG (two level semikron inverter), (4): GSC (two level semikron inverter), 
(5): chopper four quadrant, (6): 1st Dsapce card 1104, (7): 2nd Dspace card 1104, (8): 1st Host PC, (9): 2nd Host PC, (10): voltage sensors, (11): current 

sensors, (12): L filter, (13): 3-phase grid, (14) oscilloscope

Fig. 9 Schematic diagram of the experimental system
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5.2 Simulation results 
The proposed predictive control of the studied WECS given 
by Fig. 5 is tested in Matlab/simulink environment with 
a sampling time of 90 μs, considering a DFIG of 3 KW for 
reduced generation system whose parameters are given in 
the Appendix. One-step prediction horizon is considered in 
all the simulation tests. The results are presented in order 
to show the performance, the speed time response, and the 
accurate of the tracking reference. The simulations divide 
in two-parts GSC and RSC simulation.

5.2.1 GSC results
Fig. 10 shows the DC link voltage. As it can be seen, after 
a short transient time (<0.2 s), is regulated at its reference 
value (220 V). The ripple of this DC voltage is less than 2 V. 
At 1.25 s the Fig. 10 presents test, which was response to 
the step change of DC-link voltage reference value from 

220 V to 250V, where the DC link voltage response needs 
just 0.055 s to achieve a new reference (250 V).

The grid reactive power tracks to its reference with fast 
dynamics. The decoupled control for active and reactive 
powers (thus for d and q-axis currents, respectively) has 
been achieved as demonstrated in Fig. 11 and Fig. 12.

Fig. 13 shows the electrical network current, which is in 
phase with the electrical network voltage. And this com-
patibility we obtained from the effectiveness of the control 
technique and forcing it to follow the desired reference.

5.2.2 RSC results
In this section, we find the results of the rotor side converter 
controlling the DFIG. In order to shows the performance 
of the control algorithm we made several tests (varying in 
d or q reference current component or the speed generator 
like hypo synchronous mode to hyper synchronous mode). 

(a)

(b)
Fig. 10 a) DC-link voltage; b) Zoom of the dynamic response of DC-link voltage at 1.25 s
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Fig. 11 Active and reactive powers

Fig. 12 dq controlled filter components

Fig. 13 Grid current and grid voltage
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As illustrates Figs. 14 to 16 the measured d or q currents 
are tracked their references precisely and in decoupled 
form that's mean we can control d or q separately.

5.3 Experimental results and discussion
5.3.1 GSC results
Figs. 17 to 19 show the dynamic response of the DC-link 
voltage. We can see with clarity the capacitor voltage 
kept their reference in mode permanent without static 
error. The dynamic response of the Dc-link voltage takes 
20 ms to reach their reference. That result slow response 
of PI controller. But this controller allows the bidirec-
tional power flow between the rotor of DFIG and electri-
cal grid. In other side, when the DC-link voltage reference 
value change from 220 V to 250 V the active power and 

line current are increase. The grid voltage and grid cur-
rent are in phase, that's mean the power factor is unity and 
obtained when the reactive power set to zero. It is verified 
that the current is practically sinusoidal. The great ripple 
in measured active and reactive power caused by a limited 
choice of the sampling time in experimental setup with 
dSPACE 1104 card (Ts = 90 μs).

5.3.2 RSC results
Figs. 20 and 21 illustrates an experiment based on the 
change in the value of the current idr

*, where we started by 
a positive value 4 A in the time domain [0–9 s], and then 
we reduced it to a negative value -2A in the time domain 
[1–2.6 s] and finally we returned it to a positive value 4.5 A 
in the period [2.6–3.6 s]. On the contrary, the value of the iqr

* 

Fig. 14 idr varied and iqr fixe

Fig. 15 idr fixed and iqr varied
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Fig. 16 idr varied and iqr fixe

Fig. 17 DC-link voltage

Fig. 18 Active and reactive power 
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Fig. 19 Grid current and grid voltage

Fig. 20 idr varied and iqr fixe

Fig. 21 Rotor currents and generator speed
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current remained constant 0 A during this test. Here we 
clearly notice that the change in the value of the idr

* cur-
rent is followed by a change in the speed of the motor pro-
portional to the change in the current where if the value 
of the current increases, the speed also increases and vice 
versa. Here, the DFIG functioning in mode hypo-synchro-
nous (the speed of machine is less than to the synchronous 
speed 1500 tr/min).

Figs. 22 and 23 presents the same tests in the previous 
figure but here we changed the value of the current iqr

*, 
where we started by -4A in [0–1.6 s], 1 A in the [1.6–2.75 s] 
and finally -4A in the period [2.75–3.6 s]. The idr

* is take 
the fixe value in all test +4A. Also, the change in the value 
of the current iqr

* directly affects the value of the speed. 
Contrary to the first test the DFIG functioning in mode 
hyper-synchronous (the speed of machine is greater than to 
the synchronous speed 1500tr/min).

The Fig. 24 shows how the direction of the three-phase 
rotor current changes with the change in the value of the 
speed and this result when we change the value of the cur-
rent iqr

* from 2.5 A to -2.5 A. PCC performance is exam-
ined when varying the rotor speed from 1440 to 1640tr/min, 
as shown in Fig. 24. During the test, the rotor d-axis cur-
rent is constant at 5 A but the q-axis current is varied from 
2 A to -2.5 A. As seen, during the speed variation, the rotor 
and stator currents are well controlled. The rotor current 
frequency decreases initially due to the reduced rotor slip, 
reaching zero at the 1500-r/min synchronous speed, and 
increases after passing 1500 r/min.

As we see in Figs. 20, 22 and 24 the tracking perfor-
mance shows high dynamic performance for both d-q axis 
rotor current since the d-q axis are perfectly decoupled 
and track their references accurately and precisely.

Fig. 22 idr fixe and iqr varied

Fig. 23 Rotor currents and generator speed
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Figs. 21, 23 and 25 shows the rotor current and speed 
mechanics during a transition from hypo-synchronous 
regime to hyper-synchronous speed. These results con-
firm that the DFIG can operate in both regimes while 
allowing a smooth transition during the change of regime.

Fig. 26 shows the rotor current iar, the stator current ias 
and the stator voltage vas. It is seen that the stator current 
and voltage are not in phase and not in opposite in phase 
because the value of a idr ≠ V

w M
s

s
. Furthermore, the rotor 

current operates with a low frequency along the wind speed 

Fig. 24 idr varied and iqr fixe 

Fig. 25 Rotor currents and generator speed

Fig. 26 (green) Phase (a) rotor current (iar + 30), (red) Phase (a) stator current, (blue) phase (a) stator voltage, (vas/10)
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profile and its amplitude is depending on the amplitude of 
the wind speed (where the value of the idr or iqr increases or 
decreases the amplitude of the rotor current also increases 
or decreases, respectively). It should also be noted that the 
frequency of the rotor current is much lower compared to 
that of the stator current. Also, when the stator current is in 
phase opposition with the voltage, thus allowing the gener-
ator to deliver only active power to the network.

6 Conclusions
A direct predictive control strategy is proposed and applied 
to control a wind energy conversion chain based on a dou-
bly fed induction generator using a tow level back-to-
back converter. The most advantage of the proposed con-
trol 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 system. 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. Simulation 
results show accurate tracking performance with a signif-
icant reduction of oscillation of current that improves the 
efficiency of the conversion chain. The proposed control-
ler algorithm is designed and implemented on experimen-
tal bench of a 3 KW-DFIG in a real time via a dSPACE 
1104 card. The obtained results validate the control strate-
gies, and provided a good dynamic performance in term the 
response time, robustness and dynamics accurate tracking.
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Appendix
Table 1 Wind turbine system parameters

Variables Description Experimental value

Source

Vs RMS supply grid voltage phase (V) 220

fs Supply Frequency (Hz) 50

DFIG

Vs RMS supply stator voltage phase (V) 220

Vr RMS supply rotor voltage phase (V) 110

Pn Nominal power (KW) 3

Rr Rotor Resistance (Ω) 1.7329

Rs Stator Resistance (mΩ) 88

M Mutual Inductance (mH) 168.6

Ls Stator Inductance (mH) 175.2

Lr Rotor Inductance (mH) 175.2

P Number of pair of the pole 2

DC-banc

C DC-link capacitance (uf) 2200

Vdc Dc-link voltage (V) 250

Grid

Lg Grid inductor (mH) 32

Rg Grid resistor (Ω) 2.8
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