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Abstract: This paper deals with a variable speed device to 

produce electrical energy on a power network, based on a 

doubly-fed induction generator (DFIG) fed by a matrix 

converter and driven by dual rotor wind turbine. The 

scientific literature indicates that a dual-rotor wind turbine 

(DRWT) system could extract additional 20-30% power 

compared to a single rotor wind turbine (SRWT) system from 

the same wind stream. In the first place, we study the 

aerodynamic model of DRWT. In the second place, we 

carried out a study of modelling on the matrix converter 

controlled by the Venturini modulation technique and we 

developed a model of the doubly fed induction generator. In 

order to control the power flowing between the stator of the 

DFIG and the power network, a control law is synthesized 

using two types of controllers: PI and second order sliding 

mode (SOSMC). Their respective performances are 

compared in terms of power reference tracking, response to 

sudden speed variations, sensitivity to perturbations and 

robustness against machine parameters variations. 
 

Key words: Doubly fed induction generator, dual rotor wind 

turbine, matrix converter, PI controller, second order sliding 

mode. 

 

1. Introduction 
 The horizontal axis wind turbine, which has a single 
rotor wind turbine and three blades, has been widely 
used as the conventional type of wind turbines. 
However, various other types of wind turbines have been 
proposed for improvement of power efficiency and 
suitability for low wind speeds [1,2]. 
 The dual rotor wind turbine has been proposed as a 
new design for improvement of power efficiency, as 
shown in Figure 1. Its configuration consists of two 
rotors rotating in opposite directions on the same axis. 
According to the momentum theory by Newman [3], the 
ideal maximum power coefficient of a wind turbine 
having a single rotor is about 59% [4], but that of a wind 
turbine having two rotors is about 64%, which is about 
5% improvement. Based on this result, several 
experimental studies on the DRWT have been carried 
out to ultimately extract more power from the wind. 

Robust control power used in this paper is the second 

order sliding mode which is a particular mode of 

functioning of systems with variable structure. The 

“higher order sliding mode” control approach has been 

recently proposed [5,6,7] and developed as a 

generalization of the classical first order sliding mode 

theory. In higher order sliding mode control the selected 

sliding variable has relative degree greater than one with 

respect to the control. The discontinuous control signal 

acts on the higher derivatives of s to enforce a sliding 

motion on s = 0. For example, in second order sliding 

mode, the control affects of the second derivative of s = 

0. Higher order sliding mode control provides a natural 

solution to avoid the chattering effect, shows robustness 

against various kinds of uncertainties such as external 

disturbances and measurement errors (as the standard 

sliding mode control [8]) and provides a higher order 

precision. The main results concern the second order 

sliding mode control [9], even if sliding mode strategies 

of order higher than two have been proposed for 

nonlinear systems [10,11,12]. 

This paper is devised in six sections as follows: in 

section 2 we briefly review the system modeling. In 

section 3 we present the control of active and reactive 

powers of the DFIG using the SOSMC and vector 

control using PI controller. In section 4, we propose to 

compare the mechanical power extracted from a single 

and dual rotor wind turbine and then the two controllers 

are compared by simulation in terms of power reference 

tracking, sensitivity to the speed variation and 

robustness against machine parameters variations. 

Finally, in section 5 the main conclusions of the work are 

drawn. 

 

2. The DRWT model 
 Aerodynamic model of DRWT is different from 
SRWT to some extent. Since the wind which is flowing 
through the main turbine in DRWT is disturbed by the 
auxiliary turbine, then stream tube effect must be 
included in the aerodynamic torque calculations for 



 

  

DRWT. Through (1) & (2) aerodynamic torque of the 
main and auxiliary turbines are introduced by the blades 
is as follows: 

325
/....5.0 MMpMM CRT λωπρ=                                 (1) 

325
/....5.0 AApAA CRT λωπρ=                              (2)

 

 
Fig. 1.  Block diagram of DRWT with a DFIG fed by matrix converter. 

 

With RM , RA : blade radius of the main and auxiliary 

turbines, λM λA : the tip speed ratio of the main and 

auxiliary turbines, ρ : the air density and ωM, ωA the 

mechanical speed of the main and auxiliary rotors. Cp 

can be calculated as follows [13]: 
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With β is pitch angle. 
 Same method can be followed for main and auxiliary 
turbines. Tip speed ratios for the main and auxiliary 
turbines are calculated through (4) and (5), respectively. 

1/. VRAAA ωλ =        (4) 

MMMM VR /.ωλ =                                                    (5) 

 Where V1 is the wind speed on auxiliary wind turbine 
and VM is the speed of the unified wind on main turbine. 
So, the essential element for calculating the tip speed 
ratio is wind speed on the main and auxiliary turbines. 
Obtaining the wind speed on auxiliary turbine is straight 
forward. However, calculation of wind speed on main 
turbine requires further investigation. Based on the (6), 
it is possible to estimate the amount of the wind speed at 
any point between the auxiliary and main blades. 

))
.41

.2
1(

2

11
1(

2
1

x

xC
VV

T

x

+
+

−−
−=               (6) 

 With x the non-dimensional distance from the 
auxiliary rotor disk, Vx the velocity of the disturbed wind 
between rotors at point x and CT the trust coefficient 
which is taken to be 0.9. So, with respect to x=15, the 
value of the Vx close to the main rotor is computable 
(rotors are located 15 meters apart from each other) 
[14]. 

 

3. Matrix converter modeling 
 The matrix converter performs the power conversion 
directly from AC to AC without any intermediate dc 
link. It is very simple in structure and has powerful 
controllability. The converter consists of a matrix of bi-
directional switches linking two independent three-phase 
systems.  Each output line is linked to each input line via 
a bi-directional switch. Figure 2 shows the basic diagram 
of a matrix converter [15]. 
 The switching function of a switch Smn in figure 2 is 
given by: 
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 The mathematical expression that represents the 
operation of the matrix converter in figure 2 can be 
written as [16,17] : 
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Fig. 2. Schematic representation of the matrix converter. 

 To determine the behavior of the matrix converter at 
output frequencies well below the switching frequency, a 
modulation duty cycle can be defined for each switch. 
 The input/output relationships of voltages and 
currents are related to the states of the nine switches and 
can be expressed as follows : 
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With : 

,10 ≤≤
mn

k

   

m = A, B, C,   n = a, b, c                     (12) 

 The variables kmn are the duty cycles of the nine 
switches Smn and can be represented by the duty-cycle 
matrix k. In order to prevent a short circuit on the input 
side and ensure uninterrupted load current flow, these 
duty cycles must satisfy the three following constraint 
conditions : 

kAa + kAb + kAc = 1                                                     (13) 

kBa + kBb + kBc = 1                                                     (14) 

kCa + kCb + kCc = 1                                                    (15) 

 The high-frequency synthesis technique introduced by 
Venturini (1980) and Alesina and Venturini (1988), 
allows a control of the Smn switches so that the low 
frequency parts of the synthesized output voltages (Va, 
Vb and Vc) and the input currents (iA, iB and iC) are purely 
sinusoidal with the prescribed values of the output 
frequency, the input frequency, the displacement factor 

and the input amplitude.  
Where θ: is the initial phase angle. The output voltage is 
given by : 
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Where :
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 The running matrix converter with Venturini 

algorithm generates at the output a three-phases 

sinusoidal voltages system having in that order pulsation 

ωm, a phase angle θ and amplitude δ.Vs        (0 < δ < 

0.866 with modulation of the neural) [18]. 

 

4. Doubly fed induction generator modeling 
 A DFIG is used to produce electrical power at 
constant frequency whatever wind and shaft speed 
conditions. We used the classical d-q modeling of the 
induction generator in the Park reference frame [19]. 
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Vds, Vqs, Vdr, Vqr are the statoric and rotoric voltages in 

the d-q reference frame. 

Ids, Iqs,Idr, Iqr are the statoric and rotoric currents in the d-

q reference frame. 

ѱds, ѱqs, ѱdr and ѱqr are statoric and rotoric flux in the d-

q reference frame. 
The stator and rotor angular velocities are linked by the 
following relation : ωs = ω + ωr. 
The mechanical equation is : 

Ω+
Ω

+= f
dt

d
JTT rem

                            
            (18) 

Tem is the electromagnetic torque, Tr the resistant torque, 

f the viscous torque coefficient, Ω the mechanical 

rotation speed and J the global inertia. 

The electromagnetic torque depends on d-q flux and 

current : 
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 In order to easily control the production of electricity 



 

  

by the wind turbine, we will carry out an independent 
control of active and reactive powers by orientation of 

the stator flux. 
 By choosing a reference frame linked to the stator 

flux, rotor currents will be related directly to the stator 
active and reactive power. An adapted control of these 
currents will thus permit to control the power exchanged 
between the stator and the grid. If the stator flux is 
linked to the d-axis of the frame we have : 

0and      == qssds ψψψ
                                          

(20) 

The electromagnetic torque can then be expressed as 
follows : 
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The grid is assumed to be stable and consequently ѱds 
constant. By neglecting the statoric resistor of the DFIG, 
we obtained : 
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Where Vs: is the rms value of the grid voltage. The active 

and reactive powers of the DFIG can be expressed by : 
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Or from the rotoric currents by : 
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We have s = d/dt : Laplace operator, the equation 25 
becomes: 
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The resulting block diagram of the DFIG is presented 
in figure 3. 

The third term of equation system 25, which 
constitutes cross-coupling terms, can be neglected 

because of their small influence. These terms can be 
compensated by an adequate synthesis of the regulators 
in the control loops. Figure 4 shows a part of our system 
corrected by the PI controller whose transfer function is 
of the form Kp+(Ki/s). We choose the method of 
compensation pole for the synthesis of controllers. 

 

Fig. 3. Diagram of the DFIG. 

5. PI controller synthesis 

This controller is simple to elaborate. Figure 5 shows 

the block diagram of the system implemented with this 

controller. The terms Kp and Ki represent respectively 

the proportional and integral gains. The quotient C/B 

represents the transfer function to be controlled, where B 

and C are presently defined as follows : 

ssrrs MVCLLsRLB =+= and. σ
                   

(27) 

The regulator terms are calculated with a pole 

compensation method [19]. The time response of the 

controlled system will be fixed at 10 ms.  This value is 

sufficient for our application and a lower value might 

involve transients with important overshoots. The 

calculated terms are : 
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Fig. 4. Block diagram of power control by PI. 

 

 

Fig. 5. System with PI controller. 

It is important to specify that the pole-compensation 

is not the only method to calculate a PI controller but it 

is simple to elaborate with a first-order transfer-function 

and it is sufficient in our case to compare with other 

controllers. This synthesis method is also used to 

determine the current loops corrector’s parameters. 

6. SOSMC design 

 The first order sliding mode control (SMC) is an 

effective nonlinear robust control. However, a few 

problems arise in some practical applications, such as 

chattering effect and undesirable mechanical stresses. 

The second order sliding mode algorithm synthesizes a 

discontinuous control which makes the surface and its 

derivative null with continuous control, therefore 

reducing chattering and avoiding strong mechanical 

efforts while preserving (SMC) advantages [20]. The 

block diagram of the second order sliding mode control 

applied to the DFIG is illustrated in Figure 6. Let us 

consider the following surfaces: 
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Expressions of active and reactive power by his 

expressions expressed in equation (24) is replaced, we 

obtain: 
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Posing A such that: 
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Expressions of direct and quadrate rotor currents of 

equation (25) are replaced in equation (32) yields: 
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Equation (33) can be written:   

















−

−−−+=

−

+−+=

•

•

•

•

refs

s

s

drrsqrr

r

qr

r

q

refs

qrrsdrr

r

dr

r

d

P

L

MV
gILgIR

L

A
V

L

A
e

Q

ILgIR
L

A
V

L

A
e

][

][

σω
σσ

σω
σσ

 

(34) 

Posing G1 and G2 such that: 
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Then it follows that: 
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On deriving the relationship of equations (36) yields: 
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The SOSMC proposed based on the super twisting 

algorithm known (ST) which is introduced by Levant 

[21]. 
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Then it follows that: 
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And: 

 

21 wwVqr +=                                                           (40) 

Including: 









−=

−=
•

)(

)(

5.0

22

21

qq

q

esignew

esignw

θ

α
                                    (41) 

To ensure the convergence of controllers in the 

infinity of time constants αi and θi are chosen to satisfy 

the following inequality: 
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Fig. 6. Block diagram of power control by SOSMC.

7.  DFIG-grid synchronization process 

A specific methodology needs to be adopted for 

effective synchronization. So far we described one of the 

stages of synchronization which was to generate stator 

induced voltage identical in magnitude, phase angle and 

frequency to the grid voltage. The second stage of 

synchronization process involves precise control of the 

three-phase circuit breaker which is the interconnecting 

bridge between the power grid and the stator of the 

DFIG. The start-up and synchronization process 

irrespective of the type of orientation frame used can be 

achieved in steps mentioned below [22,23,24]. 

A. Turbine acceleration 

The first step is to start the DFIG system. The 

aerodynamic drive torque exerted by wind on the DRWT 

blades rotates the system and accelerates the generator 

shaft. The pitch angle β is maintained at the lowest point 

in order to obtain maximum torque and to keep the 

acceleration time very short. Due to inertia of heavy 

masses of the dual rotor wind turbine mechanical 

system, this step can take the longest time. 

 

B. Controller initialization 

As the DRWT speeds up to the cut-in wind speed, the 

rotor-side current controller is initialized. The d-q rotor 

control voltage generated by the controller is injected to 

the rotor of the DFIG through the matrix converter to 

induce voltage in the stator. The voltage induced in the 
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stator is produced. At this stage, the stator is ready to be 

connected to the power grid. However step C ahead 

needs to be understood before making connection by 

closing the circuit breaker. 

 

C. Stator connection 

This is the most critical stage of the synchronization 

process. The time at which the three-phase circuit 

breaker needs to be closed for connecting the stator is 

very important. Care has to be taken that the breaker is 

closed at a point of time when the stator induced voltage 

is exactly equal in magnitude to the grid voltage. The 

stator induced voltage would be in phase with grid 

voltage and so would be the frequency, but the 

magnitude needs to be monitored. If the circuit breaker is 

closed with a stator induced voltage less than the grid 

voltage, heavy transient stator and rotor currents would 

be observed which indicates unsuccessful 

synchronization.  

In general, these conditions can be summarized in 

form of equations given below. 

)sin()sin( ϕωϕω +=+ tVtV statorstatorgridgrid        (43) 

statorgridstatorgrid ffVV == and                          (44) 

Where �grid, �stator,
grid, 
stator, �grid, �stator, |
grid|, |
stator| 

are the phase angle, peak value, frequency and 

magnitude of the grid and stator voltage respectively. 

 

8.  Simulation results and discussions 

In this section, simulations are realized with a 1.5 

MW generator coupled to a 398V/50Hz grid, fed by a 

matrix converter and driven by dual rotor wind turbine. 

The system parameters are given next in appendix. The 

whole system is simulated using the Matlab / Simulink 

software.  

In the objective to evaluate the performances of the 

controllers, six categories of tests have been realized: 

extracted mechanical power of DRWT and SRWT, 

stator-grid synchronization,  pursuit test, comparison 

between the waveforms of the statoric currents using the 

SMC and SOSMC, sensitivity to the speed variation and 

robustness facing variations of the machine's 

parameters.  

 

A. Extracted mechanical power 

Figure 7 shows a comparison of mechanical power 

extracted from a single and dual rotor wind turbine. The 

mechanical power extracted at time t = 50 s of SRWT is 

equal to 0.536 MW and the power of the DRWT equal 

to 0.642 MW. 

From this simulation result, we note that the 

mechanical power of the dual rotor wind turbine has 

increased by about 20% compared to that of single-rotor 

wind turbine. 

 

B. Stator-grid synchronization 

Figure 8 shows the stator connection for one of the 

three phase voltages. The fundamental component of the 

stator induced voltage (Vstator) over the grid voltage 

(Vgrid) shows no deviation in magnitude, phase angle and 

frequency. A high frequency noise is observed in the 

induced voltage before the synchronization            (t = 

0.02s). We can conclude that, A successful 

synchronization at t = 0.02s reflects in almost no or very 

low impact on the grid. 

 

C. Pursuit test 

This test has for goal the study of the two controller’s 

behaviours in reference tracking, while the machine’s 

speed is considered constant at its nominal value. The 

simulation results are presented in figure 9. As it’s 

shown by this figure, for the two controllers, the active 

and reactive generated powers tracks almost perfectly 

their references.  

In addition and contrary to the PI controller where the 

coupling effect between the two axes is very clear, we 

can notice that the SOSMC controller ensures a perfect 

decoupling between them. Therefore we can consider 

that the second order sliding mode controller has a very 

good performance for this test. 

 

D. Waveforms of the statoric currents   

Figure 10 and 11 shows the waveforms of the statoric 

currents and their total harmonic distortion (THD) using 

the SMC and SOSMC. It can be clear observed that the 

THD is reduced for SOSMC (THD = 2.62%) when 

compared to SMC (THD = 3.13%).  

Therefore it can be concluded that the proposed 

controller (SOSMC) is the most effective in eliminating 

chattering phenomenon. 

 

E. Sensitivity to the speed variation 

The aim of this test is to analyze the influence of a 

speed variation of the DFIG on active and reactive 

powers. For this objective and at time = 0.02s, the speed 

was varied from 150 rad/s to 100 rad/s. The simulation 

results are shown in figure 12.This figure express that 

the speed variation produced an important oscillations 

on the powers curves of the system with PI controller, 

while the effect is almost negligible for the system with 

SOSMC one. We can notice that this last has a nearly 

perfect speed disturbance rejection, indeed; only very 

small power variations can be observed (fewer than 3%). 

This result is attractive for wind energy applications to 

ensure stability and quality of the generated power when 

the speed is varying. 



 

  

F. Robustness 

In order to test the robustness of the used controllers, 

the machines’ parameters have been intentionally 

modified with overkill variations: the values of the stator 

and the rotor resistances Rs and Rr are doubled and the 

values of inductances Ls, Lr and M are divided by 2. The 

machine is running at its nominal speed. The gotten 

results are represented on figure 13.  

These results show that parameters variations of the 

DFIG present a clear effect on the powers curves and 

that the effect proves more significant for PI controller 

than that with SOSMC. This result enables us to 

conclude that this last controller (SOSMC) is more 

robust.

 
Fig. 7. Comparison of extracted mechanical power between the SRWT and DRWT. 
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Fig. 8. Stator-grid synchronization. 

 
 

Fig. 9. Comparison result between the PI controller and SOSMC (Pursuit Test). 
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Fig. 10. Waveforms of the statoric currents and their THD with the SMC. 

 

 
Fig. 11. Waveforms of the statoric currents and their THD with the SOSMC. 

 

Fig. 12. Sensitivity to the speed variation. 
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Fig. 13. Sensitivity to the machine’s parameters variations on the DFIG control.

9.   Conclusion 

The modeling, the control and the simulation of an 

electrical power based on a doubly fed induction 

generator driven by DRWT, connected directly to the 

grid by the stator and fed by a matrix converter on the 

rotor side has been presented in this study. 

Our objective was the comparison of extracted 

mechanical power between the single and dual rotor 

wind turbine, we note that the mechanical power of the 

dual rotor wind turbine has increased by about 20% 

compared to that of single-rotor wind turbine.  

The implementation of a robust decoupled control 

system of active and reactive powers generated by the 

stator side of the DFIG, in order to ensure of the high 

performance and a better execution of the DFIG, and to 

make the system insensible with the external 

disturbances and the parametric variations. In the first 

step, we started with a study of modeling on the DRWT. 

Second step, we study the matrix converter modeling 

controlled by the Venturini modulation technique, 

because this later present a reduced harmonic rate and 

the possibility of operation of the converter at the input 

unit power factor. In third step, we adopted a vector 

control strategy in order to control statoric active and 

reactive power exchanged between the DFIG and the 

grid. In the final step, two different controllers are 

synthesized and compared. In term of power reference 

tracking with the DFIG in ideal conditions, the SOSMC 

ensures a perfect decoupling between the two axes 

comparatively to the PI controller where the coupling 

effect between them is very clear. When the machine’s 

speed is modified, the impact on the active and reactive 

powers values is important for PI controller whereas it is 

almost negligible for SOSMC one. A robustness test has 

also been investigated where the machine’s parameters 

have been modified. These changes induce some 

disturbances on the powers responses but with an effect 

almost doubled with the PI controller than on that with 

SOSMC one. Basing on all these results we conclude 

that robust control method as SOSMC can be a very 

attractive solution for devices using DFIG such as wind 

energy conversion systems. 

 

Appendix 
Table 1 

DRWT parameters 

Parameters Rated Value Unity 

Power of DRWT 1.5 MW 

Main rotor diameter 51 m 

Auxiliary rotor diameter 26.4 m 

Table 2 

DFIG parameters 

Parameters Rated Value Unity 

Stator  voltage 398 V 

Stator frequency 50 Hz 

Number of pairs poles 2  

Nominal speed 150 rad/s 

Stator  resistance 0.012 Ω 

Rotor  resistance 0.021 Ω 

Stator  inductance 0.0137 H 

Rotor  inductance 0.0136 H 

Mutual  inductance 0.0135 H 
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