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Abstract: This work presents a control strategy employing the second-order sliding
mode for a variable-speed wind energy system based on a double-fed asynchronous
machine (DFIG). This technique finds its stronger justification in the problem of using
a nonlinear control law robust to inaccuracies in the model. The objective is to apply
this command to independently control the active and reactive power generated by
the double-fed asynchronous machine decoupled from the flow direction. The use of
this method provides very satisfactory performance for the DFIG control. The overall
strategy has been validated on a 7.5 kW wind turbine driven by a DFIG using the
Matlab/Simulink. The numerical simulation results show the growing importance of
this control in the systems of wind energy conversion.
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1 Introduction

The consumption of electricity has increased dramatically over the past decade because
of the massive industrialization of some countries and the significant population increase.
During the first half of the century, fossil fuels remain the main source of energy, which
consequently causes environmental problems in terms of global warming and climate
change. Nowadays, the renewable energy attracted the interest of several research teams.
Thus, the development of wind turbines is a great investment in technological research.
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Among these sources of renewable energy, wind energy has the greatest energy poten-
tial. With the power of wind turbines installed around the world increasing every year,
wind systems can no longer act as active power generators in distribution or transmission
networks, depending on the installed capacity. Indeed, they will certainly be led, in the
short term, to provide system services (reactive power compensation, for example) such
as conventional power plant generators and / or to participate in the improvement of the
quality of electrical energy ( filtering harmonic currents, in particular). Much of the wind
turbines installed today are equipped with a double-fed induction machine (DFIG) [1,2].

This generator allows power generation variable speed; this then allows better use of
wind resources under different wind conditions. These turbines are also equipped with a
propeller-pitch blade to accommodate variable wind conditions. The entire wind turbine
is controlled to maximize the power produced continuously searching for the operating
point at maximum power commonly called MPPT. However, this type of energy is an
energy booster in relation to nuclear generation and remains largely predominant in many
works presenting the DFIG with diverse control diagrams. These control diagrams are
frequently based on the vector control notion with sliding mode controllers as proposed
in [2, 3].

In the electromechanical conversion chain of a wind turbine system, three-phase static
voltage converters are essential elements because they make it possible to control the
active and reactive powers injected into the electrical network as a function of the wind
speed applied to the wind turbine blades.

In recent years, the sliding mode control (SMC) methodology has been widely used for
the control of nonlinear systems. It achieves a robust control by adding a discontinuous
control signal across the sliding surface, satisfying the sliding condition. Nevertheless, this
type of control has an essential disadvantage, which is the chattering phenomenon caused
by the discontinuous control action. To treat these difficulties, several modifications to
the original sliding mode control law have been proposed, the most common and recent
strategy is using a second order sliding mode controller as in [1, 2].

The proposed control strategy is a second-order sliding mode for the DFIG control.
This strategy possesses attractive features such as the chattering-free behavior and ro-
bustness. This work is organized as follows. In Section 2, we briefly review the modeling
of the whole system under study. Section 3 provides the detail of the second-order sliding
mode control technique and its application to the DFIG control.

The system under study is shown in Figure 1. This farm consists of three aero-
generators, where each one is connected to a variable-speed asynchronous generator. For
operation at variable speed, three rectifiers are used to connect the generators to the
DC bus. This bus is linked to the electrical network via a tow level inverter and an
RL (resistance R and inductor L) filter. The subject of this paper consists in designing
control strategies for a wind energy conversion system, connected to the network based on
the rotor-powered dual-power asynchronous machine via two reversible PWM converters
(one rotor side and the other network side) in back-to-back mode, realizing the electrical
interface between the rotor of the machine and the network. The control of the latter
consists in regulating the intermediate DC bus regardless of the power generated by the
conversion system under variable frequency.
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Figure 1: The overall pattern of a chain of wind energy conversion.

2 System Model

2.1 Wind turbine model

For a horizontal axis wind turbine, the mechanical power captured from the wind is given
by [14]

Pt =
1

2
Cp(λ, β)R2ρV 3, (1)

where R is the radius of the turbine in (m), ρ is the air density (kg/m3), V is the wind
speed (meter/second), and (Cp) is the power coefficient which is a function of both the
tip speed ratio λ and the blade pitch angle β (degre). In this work, the (Cp) equation is
approximated using a non-linear function according to [15]

Cp = (0.5− 0.167)(β − 2) sin

[
π(λ+ 0.1)

18.5− 0.3(β − 2)

]
− 0.0018(λ− 3)(β − 2). (2)

The tip speed ratio λ is given by

λ =
RΩt
V

, (3)

where Ωt is the angular velocity of the wind turbine.

2.2 The DFIG model

The application of the Park transformation to the three-phase model of the DFIG permits
to write the dynamic voltages and fluxes equations in an arbitrary dq reference frame:

Vsd = Rsisd + d
dtΦsd − ωsΦsq,

Vsq = Rsisq + d
dtΦsq + ωsΦsd,

Vrd = Rrird + d
dtΦrd − ωrΦrq,

Vrq = Rrirq + d
dtΦrq + ωrΦrd,

(4)



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 19 (4) (2019) 486–496 489

Figure 2: Turbine model.


Φsd = Lsisd +Mird,

Φsq = Lsisq +Mirq,

Φrd = Lrird +Misd,

Φrq = Lrirq +Misq.

(5)

The stator and rotor angular velocities are linked by the following relation: ωs = ω +
ωr, where ωs is the electrical pulsation of the stator and ωr is the rotor one, ω is the
mechanical pulsation of the DFIG. This electrical model is completed by the mechanical
equation

Cem = Cr + J
dΩ

dt
+ fΩ, (6)

where Cr is the resisting torque, Ω is the mechanical speed of the DFIG, J is the inertia,
f is the viscous friction and p is the number of the pairs of poles. In the two-phase
reference, the stator active and reactive power of induction generator is written as{

Ps = Vsdisd + Vsqisq,

Qs = Vsqisd − Vsdisq.
(7)

The wind farm is controlled to extract the maximum power available. According to the
Betz theory, the power coefficients Cp do not exceed 0.593 [12,13], which corresponds to
the Betz limit. Therefore, the power produced by a turbine is 59.3 % of the available
power of wind. In this case, the variation of Cp as a function of λ for β = 0 is shown
in Figure 4, then the maximum value of Cp (Cpmax = 0.45) corresponds to the optimal
value of λ (λopt =8.1). The electromagnetic torque reference given by the MPPT strategy
is defined by equation (7).

Cem−Opt =
CpρπR

5Ω2
mec

2λ3
optG

3
. (8)

3 Control Strategy of the DFIG

3.1 Active and reactive power decoupling

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 Φs. By
choosing a reference frame linked to Φs, rotor currents will be related directly to the
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Figure 3: Mechanical power variation.

Figure 4: Power coefficient versus λ curve.

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 Φs is linked to
the d-axis of the frame, we have {

Φsd = Φs,

Φsq = 0.
(9)
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The electromagnetic torque can then be expressed as follows:

Cem = p
M

Ls
Φsisq. (10)

By substituting (8) in (5), the following rotor flux equations are obtained:{
Φs = Lsisd +Mird,

0 = Lsisq +Mirq.
(11)

In addition, the stator voltage equations are reduced to{
Vsd = Rsisd + d

dtΦsd,

Vsq = Rsisq + ωsΦs.
(12)

If the per-phase stator resistance is neglected, which is a realistic approximation for
medium power machines used in the wind energy conversion, and by supposing that
the electrical supply network is stable, for a simple voltage constant Vs we will have a
constant stator flux φs constant. This consideration associated with (11) shows that the
new stator voltage expressions can be written as follows:{

Vsd = 0,

Vsq = ωsΦs.
(13)

Using (10), a relation between the stator and rotor currents can be established:{
isd = −M

Ls
ird + φs

Ls
,

isq = −M
Ls
irq.

(14)

By using (4), (5), (13) and (14), the stator active and reactive powers, the rotor fluxes
and the rotor voltages can be written versus rotor currents as{

Ps = −MωsΦs

Ls
irq,

Qs = −MωsΦs

Ls
ird +

ωsφ
2
s

Ls
,

(15)

{
φrd = σLrird + Lmφs

Ls
,

φrq = σLrirq,
(16)

{
Vrd = Rrird + σLr

d
dt ird− σωsLrirq,

Vrq = Rrirq + σLr
d
dt irq + σgωsLrird + ωs

Lmφs

Ls
.

(17)

3.2 Second-order sliding mode power control of the DFIG

The sliding mode control (SMC) is one of the most interesting nonlinear control ap-
proaches. Nevertheless, a few drawbacks arise in its practical implementation, such as
the chattering phenomenon and undesirable mechanical effort. In order to reduce the ef-
fects of these problems, a high-order sliding mode seems to be a very attractive solution.
This method generalizes the essential sliding mode idea by acting on the higher-order
time derivatives of the sliding manifold instead of influencing the first time derivative as
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in the case of the SMC [10, 18]. The main feature of this control is that it only needs
to drive the error to a switching surface. In this study, the errors between the measured
and reference d and q rotor currents have been chosen as sliding mode surfaces, so the
following expression can be written:{

Sd = ird−ref − ird,
Sq = irq−ref − irq.

(18)

Replacing the d and q rotor currents derivatives in (18) by their expressions taken from
(17), one obtains{

Ṡd = İrd−ref − İrd = 1
Lrσ

Vrd + 1
Lrσ

(−Rrird + gωsLrσirq) + İrd−ref ,

Ṡq = İrq−ref − İrq = 1
Lrσ

Vrq + 1
Lrσ

(
−Rrird + gωsLrσird − gωsφs Lm

Ls

)
+ İrq−ref .

(19)
For the sliding mode surfaces given by (20), the following expression can be written:{

S̈d = ∧1 (t, x)Vrd + Y1 (t, x) ,

S̈q = ∧2 (t, x)Vrq + Y2 (t, x) ,
(20)

where ∧1(t, x) , ∧2(t, x), Y1(t,x) and Y2(t,x) are uncertain functions which satisfy{
Y1 > 0, |Y1| > λ1, 0 < Km1 < ∧1 < KM1,

Y2 > 0, |Y2| > λ2, 0 < Km1 < ∧2 < KM2.
(21)

We define the same higher-order slip surfaces considered for power control design:{
Ṡ1 = F.Vrd +G1,

Ṡ2 = F.Vrq +G2.
(22)

Based on the algorithm of super twisting introduced by Levant in [12], one proposes the
following command [15]:{

Vrd = α1

∫
sign (S1) dt+ β1 |S1|0.5 sign (S1) ,

Vrq = α2

∫
sign (S2) dt+ β2 |S2|0.5 sign (S2) .

(23)

4 Simulation Results

In the objective to evaluate the performances of the second − order sliding mode con-
troller, simulation tests are realized with a 7.5 kW generator coupled to a 400V/50 Hz
grid. Simulation of the whole system has been realized using Matlab/Simulink. Figure
6 illustrates the waveforms of the wind profile used in the simulation. In this figure, the
wind speed is around 13 (m/s) which corresponds to the maximum power generation.
Figure 7 shows also that the stator current obtained by the DFIG has a sinusoidal form,
which implies a clean energy without harmonics provided by the DFIG. Figure 8 shows
the simulation results of the whole system given by the bloc diagram in Figure 1. This
diagram presents a DFIG model associated with a wind turbine which is controlled by
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Figure 5: Algorithm of super twisting.
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Figure 6: Wind speed profile.

the MPPT (Maximum Power Point Tracking) strategy. As is shown in this figure, for a
variable wind speed, the stator active power produced by the DFIG is controlled accord-
ing to the MPPT strategy and is around 7.5 kW, which represents the nominal power of
the DFIG while the stator reactive power is maintained to zero. In addition, it can be
noticed that the direct and quadrature rotor current take the same forms as the stator
reactive and active power, respectively, as shown in Figure 9.
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Figure 7: MPPT results: (a) generator speed, (b) coefficient power Cp and the speed ratio (λ).
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5 Conclusion

In this paper, we set the higher-order sliding mode control of an energy conversion system
based on the double-fed asynchronous machine. In the first step, a model of the wind
turbine was proposed. Next, a control strategy by sliding mode of the wind turbine
assuming an independent control of power has been recommended. Regulators of active
and reactive power by sliding mode have been proposed and tested. The simulation
results allowed us to determine the properties of the sliding mode control. Through the
simulation results and, specifically, the response of the active and reactive power, there
are good performances even in the presence of variation orders. Note that there is a
sudden change during the transient. The continuation in power is perfect. The stability
and convergence to the equilibrium is assured. In addition, for these types of adjustment
(sliding mode) a practical control algorithm is robust and simple to implement.
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