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ABSTRACT 

 
In recent years, wind energy has become one of the most important and promising sources of renewable 
energy. As a result, wind energy demands additional transmission capacity and better means of maintaining 
system reliability. The evolution of technology related to the wind system industry has led to the 
development of a generation of variable speed wind turbines that present numerous advantages compared to 
fixed-speed wind turbines. This paper deals with the modeling and control of a wind turbine driven doubly 
fed induction generator (DFIG) that feeds AC power to the utility grid. Initially, a model of the wind 
turbine and maximum power point tracking (MPPT) control strategy of the doubly-fed induction generator 
is presented. Thereafter, control vector-oriented stator flux is performed. Finally, the simulation results of 
the wind system using a doubly-fed of 3MW are presented in a Matlab/Simulink environment. 

Keywords: Converter, Doubly Fed Induction Generator (DFIG), MPPT, vector control, wind turbine. 
 
1. INTRODUCTION  

 
Today the production of electrical energy is one 

of the main causes of air pollution. Produce 
electricity by continuing to use traditional fossil 
resources means to pollute the air, water and earth. 
However, the great opportunity offered by 
renewable energy can produce electrical energy in a 
clean way, reducing the incidence of activities and 
helps to save the environment. Wind power is the 
one that has the most significant energy potential. 
The power of the wind turbines installed worldwide 
increasing more and more every year [1], wind 
energy systems can no longer behave as only active 
power generators to distribution or transmission 
networks, according to the installed power. Indeed, 
they will certainly be brought in the short term, to 
provide system services (compensation of reactive 
power for example) as generators of conventional 
power plants and / or participate in enhancing the 
quality of electrical energy (filtering harmonic 
current in particular). 

There are many reasons for using a doubly-fed 
induction generator for a variable speed wind 
turbine; such as the accessibility to the stator and 
rotor provides the opportunity to have more degrees 
of freedom for well control the transfer of powers 
[2], has a slightly higher power density than other 

machines, and increases the speed variation range 
of ±30% around the synchronous speed, which 
reduces sizing of the converters between the rotor 
and the grid. 

In this paper, we start with a model of the wind 
turbine, and present how to maximize the power 
extracted using MPPT technique, then we make a 
model of the DFIG in the PARK reference, and the 
basis of the control of two power converters using 
vector control, we conclude by presenting in 
Matlab / Simulink environment the simulation 
results and their interpretation. 

2.  MODELING OF WIND TURBINE  

The structure used is based on the turbine 
coupled to the DFIG and the “back to back” 
converter which is connected between the rotor and 
the grid (figure 1), allows to pass a fraction of the 
power through the rotor [3] [4].The performance 
and power production does not only depend on the 
DFIG, but also the way in which the two parts of 
“back-to-back” converter are controlled. The power 
converter machine side is called “Rotor Side 
Converter” (RSC) and the grid side power 
converter is called “Grid Side Converter” (GSC). 
The machine side power converter controls the 
active power and reactive power produced by the 
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machine. As for the grid-side converter, it controls 
the DC bus voltage and line-side power factor. 

 

 
 

Figure 1: Structure of a wind energy system based on 

DFIG 

Bernoulli’s theorem and the theory of momentum, 
allow us to express the incident power due to wind 
[5] [6]: 

 
31

. . .
2incidentP S vρ=   (1) 

S  : the surface swept by the blades of the turbine 

ρ  : the density of air ( 31.225 /kg mρ =  at 

atmospheric pressure) 
v  : wind speed ( /m s ) 
 

In a wind energy system, due to various losses, 
the power extracted from provided on the rotor of 
the turbine is less than the incident power. The 
power extracted is expressed by [7]. 

 
31

. . . ( , ).
2extract pP S C vρ λ β=   (2) 

( , )pC λ β  : is called the power coefficient, which 

expresses the aerodynamic efficiency of the turbine, 
it depends on the ratio λ , which is the ratio 
between the speed at the end of the blades and the 
wind speed, and the orientation angle β . The ratio 

λ  can be expressed by the following equation [7] 
[8]: 

 
.t R

v
λ

Ω
=   (3) 

t
Ω  : The turbine speed of rotation ( /rad s ). 
R  : The length of a blade ( m ). 
 
Albert Betz calculated the maximum of 

p
C  as 

following [9]: 

 
16

( , ) 0.5926
27pmaxC λ β = =   (4) 

The model of the power coefficient is given by the 
following relation [10]: 

 

 
.( 0.1)

( , ) .sin
14.34 0.3.( 2)pC A B

π λ
λ β

β
 +

= − − − 
  (5) 

With: 
 0.35 0.0167.( 2)A β= − −   (6) 

 0.00184.( 3)( 2)B λ β= − −   (7) 

 
Figure 2 shows the evolution of 

p
C  as a function of  

λ  for various β  values. This gives a maximum 

power coefficient of 0.35 for λ equal to 7, 

maintaining β at 2° . By setting β  and λ  to their 

optimal values, the system will provide optimum 
electrical power. 

 
Figure 2: Power coefficient as a function of speed ratio 

Aerodynamic torque on the slow axis is given by 
[8]: 

 
31

( , )
2.sa p

t

T C Svλ β ρ=
Ω

  (8) 

The gearbox, which is arranged between the 
wind turbine and the generator, has aims at 
adapting the speed of the turbine

t
Ω , quite slow, to 

which the generator requires
m

Ω . It is modeled by 

the following two mathematical equations [7]: 
 

 m tGΩ = Ω   (9) 

 sa faT GT=   (10) 

 
The shaft is composed of a mass corresponding 

to the inertia of the turbine rotor supporting the 
blades, the hub, and small inertia showing the rotor 
of the generator. In the proposed mechanical model, 
the total inertia J  is that of the generator 

g
J  and 

the inertia of turbine 
t

J  applied to the rotor of the 

generator [8]: 

 
2
t

g

J
J J

G
= +   (11) 

t
J  : inertia of the turbine. 
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g
J : inertia of DFIG. 

 
The evolution of the mechanical speed 

m
Ω  

depends on the mechanical torque applied to the 
generator rotor 

mec
T  which is the result of an 

electromagnetic torque produced by the 
generator

em
T , a torque of viscous friction ( f

m
Ω ) 

and a torque in fast axis
fa

T , as follows [11]: 

 
m

mec fa em m

d
J T T T f

dt

Ω
= = − − Ω   (12) 

The previous relations used to establish the 
block diagram of the mechanical part of the wind 
system (figure 3). 

 

 

Figure. 3: Block diagram of the turbine model 

3.    MAXIMUM POWER EXTRACTION 

In practice, an accurate measurement of wind 
speed is sometimes hard to get, leading to a 
degradation of the received power. This is why 
most wind turbines are controlled without control 
of the speed [12]. 

This control structure is based on the 
assumption that the wind speed varies very little 
steady. In this case, from the dynamic equation of 
the turbine, we obtain the static equation describing 
the standing turbine speed: 

 

 0m

mec fa em m

d
J T T T f

dt

Ω
= = = − − Ω   (13) 

This means considering the mechanical torque 
developed at zero, we obtain: 

 
 

em fa m
T T f= − Ω   (14) 

The controller in this case should impose 
reference torque to allow DFIG turning at an 
adjustable speed to ensure optimal operating point 
of power extraction. In this context, the ratio of the 
speed of wind λ  must be maintained at its 
optimum value (

opt
λ λ= ) on a certain wind speed 

range. Thus, the power coefficient would be kept at 
its maximum value (

p pmax
C C= ).The aerodynamic 

torque on the slow axis will in this case as an 
expression: 

 
31

2.sa pmax

t

T C Svρ=
Ω

  (15) 

At the output of the gearbox, reference torque 
becomes: 

 
* * 1

em fa m sa m
T T f T f

G
= − Ω = − Ω   (16) 

Substituting the expression of
sa

T , we get: 

 
* 31

2em pmax m

t

T C Sv f
G

ρ= − Ω
Ω

  (17) 

An estimate of the speed of the turbine 
t

Ω  is 

calculated from equation (9): 

 
1

t m
G

Ω = Ω   (18) 

Assuming that the orientation angle β  of the 

blades is constant, the wind speed can be estimated 
from equation (3) as follows: 

 
t

opt

R
v

λ
Ω

=   (19) 

The electromagnetic torque reference will be 
expressed as: 

 
* 5 2

3 3

1

2em pmax m m

opt

T C R f
G

ρπ
λ

= Ω − Ω   (20) 

The representation of a block diagram is shown in 
figure 4. 
 

 
 

Figure 4: Block diagram without control of the speed 

4.    MODELING OF DFIG 

The electrical equations of DFIG in the (dq) 
reference can be written [8] [13]: 
 

 
sd

sd s sd s sq
v i

d
R

dt

ϕ
ω ϕ= + −   (21) 
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sq

sq s sq s sd
v i

d
R

dt

ϕ
ω ϕ= + +   (22) 

 
rd

rd r rd r rq
v i

d
R

dt

ϕ
ω ϕ= + −   (23) 

 
rq

rq r rq r rd
v i

d
R

dt

ϕ
ω ϕ= + +   (24) 

The pulse of the stator currents being constant, 
the rotor pulse is derived from [8] [13]: 

 
 

r s m
pω ω= − Ω   (25) 

 
The equations for the flux in (dq) reference are 

given by [8] [13]: 
 

 
sd s sd rd

L Mϕ ϕ ϕ= +   (26) 

 
sq s sq rq

iL Miϕ = +   (27) 

 
rd r rd sd

iL Miϕ = +   (28) 

 
rq r rq sq

iL Miϕ = +   (29) 

With: 

s s s
L l M= −  : Cyclic inductance of stator phase. 

r r r
L l M= −  : Cyclic inductance of rotor phase. 

s
l and 

r
l  : inductors own stator and rotor of the 

machine. 

s
M  and 

r
M  : mutual inductances between two 

stator phases and between two rotor phases of the 
machine. 
M  : maximum mutual inductance between stator 
and rotor stage. 
p  : number of pairs of poles of the DFIG. 

The electromagnetic torque is expressed by [8]: 

 ( )
em sd sq sq sd

T i ip ϕ ϕ= −   (30) 

The active and reactive power of the stator and 
rotor are written as follows [8] [13]: 

 
s sd sd sq sq

P v i v i= +   (31) 

 
s sq sd sd sq

Q v i v i= −   (32) 

 
r rd rd rq rq

P v i v i= −   (33) 

 
r rq rd rd rq

Q V I V I= −   (34) 

5.    VECTROR CONTROL OF DFIG 

DFIG control strategies are based on two different 
approaches [14]: 

• Flow control in closed loop, where the 
frequency and voltage are considered variables  

• Flow control in open loop when the voltage and 
frequency are constant (stable grid). 

In our study, the frequency and voltage are 
deemed to be unchanging. We can be clear from 
equation (30), the strong coupling between flows 
and currents. Indeed, the electromagnetic torque is 
the cross product between flows and stator currents, 
making the control of DFIG particularly difficult. 
To simplify ordering, we approximate the model to 
that of the DC machine which has the merit of 
having a natural coupling between flows and 
currents. For this, we apply vector control, also 
known order by the direction of flow. We choose 
(dq) reference linked to the rotating field (figure 5) 
[15]. 

 

Figure 5: Orientation of the axis d to stator flux 

Figure 5 shows that the stator flux 
s

ϕ  coincides 

with the axis (d), which allows writing [15]: 

 
sd s

ϕ ϕ=   (35) 

 0
sq

ϕ =   (36) 

 
From equations (26) and (27) , we can write: 
 
 

sd s sd rd s
L Mii ϕϕ = + =   (37) 

 0
sq s sq rq

L Miiϕ = + =   (38) 

 
In the field of production of wind energy, these 

are average machines and high power which are 
mainly used. Thus, we neglect the stator resistance. 
Taking the constant stator flux, we can write: 
 0

sd
v =   (39) 

 
sq s s s

v v ϕω= =   (40) 

 
To determine the angles necessary for 

transformation Park of the stator variables (
s
θ ) and 

the rotor variables (
r
θ ), we used a phase locked 

loop (PLL) as showed in figure 6. This PLL allows 
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to accurately estimate the frequency and amplitude 
of the grid [16]. 

 

 
Figure 6: Establishment angles processing using a PLL 

 
The architecture of the controller is illustrated in 

figure 7. It is built on the three-phase model of the 
electromechanical conversion chain of the wind 
energy system [17]. Three commands are needed: 
• Maximum extraction control wind power by 

controlling said MPPT (detailed in Section III). 
• Control of RSC by controlling the 

electromagnetic torque and stator reactive 
power of DFIG 

• Control of GSC by controlling the voltage of the 
DC bus and the active and reactive power 
exchanged with the grid. 

 

Figure 7: Control architecture of the wind system 

5.1 Control of the rotor side converter 

The principle of the control of the rotor side 
converter is shown in figure 8 [17]. 

 

 

Figure 8: Principle of the Control of the rotor side 

converter 

The controls of electromagnetic torque and 
stator reactive power will be obtained by 
controlling the rotor (dq) axes currents of DFIG. 
From the equations (37) to (40) we obtain the 
expression of the stator current: 

 
sq

sd rd

s s s

v M
i i

L Lω
= −   (41) 

 sq rq

s

M
i i

L
= −   (42) 

These expressions are then substituted in the 
equations (28) and (29) of the rotor flux which then 
becomes: 

 
sq

rd r rd

s s

Mv
L i

L
σ

ω
ϕ = +   (43) 

 
rq r rq

L iϕ σ=   (44) 

With: 
2

1
r s

M

L L
σ = −  : the dispersion coefficient of the 

DFIG. 
Substituting the expressions of the direct and 

quadrature components of the rotor flux in the 
equations (23) and (24) we get: 

 
rd

rd r rd r rd

di
v R i L e

dt
σ= + +   (45) 

 
rq

rq r rq r rq

di
v R i L e e

dt
φσ= + + +   (46) 

With: 
 

rd r r rq
e L iσ ω= −   (47) 

 
rq r r rd

e L iσ ω=   (48) 
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r sq

s s

Mv
e

L
φ

ω

ω
=   (49) 

Replacing the expressions of 
sd

i , 
sq

i  and 
sd

ϕ  in 

the expression of the electromagnetic torque in 
equation (30) we get: 

 
sq

em rq

s s

pMv
T i

Lω
= −   (50) 

Substituting the expressions of 
sd

i , 
sq

i  in 

equations (31) and (32), we get the expressions of 
stator active and reactive powers : 

 s sq rq

s

M
P v i

L
= −   (51) 

 

2
sq sq

s rd

s s s

v Mv
Q i

L Lω
= −   (52) 

These last expressions show that the choice of 
coordinate system (dq) makes the electromagnetic 
torque produced by the DFIG, and therefore the 
stator power, proportional to the current of the rotor 
axis (q). The stator reactive power, in turn, is 
proportional to the current of the rotor axis (d) due 
to a constant imposed by the grid. Thus, these stator 
powers can be controlled independently of one 
another. This shows us that we can set up a control 
rotor current due to the influence of the couplings. 
Every current can be controlled independently each 
with its own controller. The reference values for 
these regulators will be the rotor axis current (q) 
and the rotor axis current (d) .The block diagram of 
the control loops of the axis rotor currents (dq) is 
shown in figure 9, regulators used are PI correctors. 

 

 
Figure 9: Control of rotor currents 

 
The rotor current of the reference axis (q) is 

derived from the MPPT control via the 
electromagnetic torque reference (figure.4). The 
rotor current of the reference axis (d) is derived 
from the control of the stator reactive power. 

 
From the equations (50) and (52) we obtain: 

 
* * sqs

rd s

sq s

vL
i Q

Mv Mω
= − +   (53) 

 
* *s s

rq em

sq

L
i T

pMv

ω
= −   (54) 

Figure 10 shows the block diagram of the control of 
RSC. 
 

 

Figure 10: Control of rotor side converter 

 

5.2 Control of the grid side converter 

Figure 11 shows the principle of the control of the 
rotor side converter performs the following two 
functions [17]: 
• Control currents that flowing in the RL filter. 
• Control voltage of the DC bus. 

 

 

Figure 11: Principle of the control of the grid side 

converter 

5.2.1 Control currents flowing in the RL filter 

According to Kirchhoff’s laws, the equations of 
the filter in the three-phase reference voltages are 
given by [17]: 

 
1

1 1 1

f

f f f f s

di
v R i L v

dt
= − − +   (55) 

 
2

2 2 2

f

f f f f s

di
v R i L v

dt
− − +=   (56) 
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3

3 3 3

f

f f f f s

di
v R i L v

dt
= − − +   (57) 

Applying the Park transformation, we obtain: 

 
fd

fd f fd f fd

di
v R i L e

dt
= − − +   (58) 

 
fq

fq f fq f s f fq fq

di
v R i L L i e

dt
ω= − − − +   (59) 

With: 
 

fd s f fq
e L iω=   (60) 

 
fq s f fq sq

e L i vω= − +   (61) 

 
The pattern of binding of GSC to grid in the 

landmark Park along the stator rotating field shows 
us that we can put in place a control of the currents 
flowing in the RL filter is given to the influence of 
the couplings, every axis can be controlled 
independently with each its own PI controller. The 
reference values for these controllers will be the 
current in RL filter (figure 12). 

 

 
 

Figure 12: Control currents flowing in the RL filter 

 
Reference currents *

fd
i  and *

fq
i  are respectively 

given from the control block of the DC bus and 
control of reactive power at the GSC connection 
point to the grid (figure 11). 

 
Neglecting losses in 

f
R  resistance of RL filter 

and taking the orientation of the coordinate system 
(dq) connected to the rotary stator field ( 0

sd
v = ), 

the equations for the powers generated by the GSC 
are given by [17]: 

 
 

f sq fq
P v i=   (62) 

 

 
f sq fd

Q v i=   (63) 

 
From these equations, it is possible to impose 

the active and reactive power reference noted here 

*
f

P  and *
f

Q , imposing the following reference 

currents: 

 

*

* f

fd

sq

Q
i

v
=   (64) 

 

*

* f

fq

sq

P
i

v
=   (65) 

 

5.2.2 Control of the DC bus voltage 

We can express of the powers involved on the 
DC bus by [17]: 

 
 

rec dc rec
P V i=   (66) 

 
c dc c

P V i=   (67) 

 
inv dc inv

P V i=   (68) 

 
These powers are linked by the relation [17]: 
 
 

rec c inv
P P P= +   (69) 

 
Neglecting all the Joule losses (losses in the 

capacitor, the converter and the RL filter), we can 
write: 

 
 

f rec c inv
P P P P= = +   (70) 

 
By adjusting the power 

f
P  , then it is possible 

to control the power 
c

P  in the capacitor and 

therefore to regulate the DC bus voltage. To do this, 
the 

inv
P  and 

c
P  powers must be known to 

determine *
f

P . The reference power for the 

capacitor is connected to the reference current 
flowing through the capacitor: 

 
 

* *
c dc c

P V i=   (71) 

 
Figure 13 shows that we can regulate the DC 

bus voltage using an external loop, based on a PI 
controller that generates the reference *

c
i . 
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Figure 13: Control loop of the DC bus voltage 

 

Figure 14 shows the block diagram of the 
control of GSC. This block diagram includes the 
terms of decoupling and compensation to be able to 
independently control the (dq) axes currents 
circulating in the RL filter and the active and 
reactive power exchanged between the GSC and the 
grid. 

 

 
Figure 14: Control of grid side converter 

6.    SIMULATION RESULTS 

The simulations of the whole system were 
performed with Matlab / Simulink using the 
parameters of the wind system in appendix, the DC 
bus reference voltage, denoted *

dc
v  is set at 1200 V. 

The reactive power reference *
f

Q  is set to 0 VAr, 

which guarantees a unitary power factor at the GSC 
connection to the grid. By cons, we will vary the 
stator reactive power 

s
Q  by adjusting the reference 

value in the RSC control. We present in this section 
the results of the proposed control. 

 
 

Figure 15: Wind speed 

 

 

Figure 16: Mechanical speed 

 

 
 

Figure 17: Electromagnetic torque (reference and 

simulated) 

 

 
 

Figure 18: Stator active power 

 

 
 

Figure 19: Stator reactive power (reference and 

simulated) 

 
 

Figure 20: DC bus voltage 
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Figure 15 illustrates the profile of the average 
wind speed used in simulation, while figure 16 
shows the shaft rotational speed derived from the 
turbine. Figure 17 shows that the electromagnetic 
torque follows its reference, which allows for 
optimum power shown in figure18, and we can see 
in figure 19 that the reactive power follows its 
reference exactly, this is due to control of direct and 
quadrature components of the rotor current. Finally, 
figure 20 shows that the DC bus voltage is perfectly 
regulated at 1200V. 

 
We see in Figure 21 that the current supplied by 

the wind system is in phase with the line voltage. 
This confirms that the wind energy system injects 
into the grid only the active power. 

 

 
(a) Current of DFIG 

 

 
(b) Zoom on current and voltage. 

 
Figure 21: Evolution of current 

Figure 22 shows the rotor current and the mechanical 
speed during a transition of hypo-synchronous to 
hypersynchronous regime. This result confirms that the 
DFIG can work in both systems while providing a 
smooth transition during the regime change. 

 
(a) Rotor current and mechanical speed 

 

 
(b) Zoom on rotor current and mechanical speed 

 
Figure 22: Simulation results of the transition from 

one operating system to another 

 

7.    CONCLUSION 

This paper dealt with the modeling and control 
of a variable speed wind turbine system based on a 
DFIG. First, we explained why this wind system is 
the most widely used, partly because of savings 
from low sizing phase static converters 
implemented. Then we are interested in modeling 
the various constituents of the wind system. In fact, 
the aerodynamic and mechanical models of the 
turbine have been developed. Then, in order to 
establish the different commands of the two 
converters, we developed the model of DFIG. 
Finally, we implemented the vector control based 
on PI regulators. The results obtained demonstrate 
that the proposed control is effective and have 
many benefits. But it is not robust against 
parametric variations of the machine and affected 
by noise and spurious signals. This allows to 
consider other regulators that are more efficient as 
controllers of artificial intelligence. 
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APPENDIX 

Parameters of the wind system 

System Parameters 

Turbine 
Number of blades= 3 , 13 /nv m s=  

45R m= , 6 21.410 .tJ kg m=  

Gearbox 100  

DFIG 

3 , 50 , 2nP MW f Hz p= = =  
690sU V= , 12.12M mH=  

12.241 , 12.177s rL H L Hµ µ= =  
2.97 , 3.82s rR m R m= Ω = Ω  

2 1114 . , 0.0024 . . .g gJ kg m f N m s rd −= =  

DC bus 38 , 1200dcC F v Vµ= =  

RL filter 0.075 , 0.75f fR L mH= Ω =  

Grid 690 , 50U V f Hz= =  
 


