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Abstract
This paper presents direct power control (DPC) strategies using the super-twisting sliding mode control (STSMC) applied to active and
reactive power control of a doubly-fed induction generator (DFIG) supplied by a space vector modulation inverter for wind turbine
system. Then, a control STSMC-DPC and SVM strategies are applied. The active and reactive powers that are generated by the DFIG will
be decoupled by the orientation of the stator flux and controlled by super-twisting sliding mode control. Its simulated performance
is then compared with conventional sliding mode control. The test of robustness of the controllers against machine parameters
uncertainty will be tackled, and the simulations will be presented. Simulation results of the proposed controller (SMC-DPC) and
(STSMC-DPC) scheme are compared for various step changes in the active and reactive power. This approach super-twisting sliding
mode control is validated using the Matlab/Simulink software and the results of the simulation can prove the excellent performance
of this control in terms of improving the quality of the energy supplied to the electricity grid.
Keywords
renewable energy, doubly-fed induction generator (DFIG), direct power control (DPC), space vector modulation (SVM), super-twisting
sliding mode control (STSMC), high-order sliding mode control (HOSMC)

1 Introduction
The production of renewable energy has undergone considerable development in recent years. Indeed, the modes
of production based on the transformation of renewable
energy for example wind, are called to be more and more
used in the framework of the sustainable development [1].
The literature attests to the great interest given today
to the doubly-fed induction machine (DFIM) for various
applications: as a generator for wind energy or as a motor
for certain industrial applications such as rolling, rail traction or propulsion maritime and aeronautical [1].
The doubly-fed induction machine has a stator similar
to that of conventional three-phase machines (asynchronous cage or synchronous) usually consisting of stacked
magnetic sheets provided with notches in which are
inserted the windings [2].
The originality of this machine comes from the fact
that the rotor differs radically because it is not composed
of magnets or a squirrel cage but of three-phase winding

arranged in the same way as the stator windings (wound
rotor) [3, 4]. The wound rotor comprises a three-phase
winding, similar to that of the stator connected in a star
and whose free end of each winding is connected to a ring
and allows external connection of the windings to the
rotor. This external power connection makes it possible to
control the rotor quantities [5, 6].
The first appearance of the doubly-fed induction
machine, dates from the year 1899; it is not a new structure but a new mode of supply [7].
For a wind turbine application where the use of doubly-fed induction generator (DFIG) is intense, the rotational
speed of the rotor is adjusted according to the wind speed.
Indeed, the DFIG allows operation in hypo synchronous and
hyper synchronous generator. The interest of the variable
speed for a wind turbine is to be able to work on a wide range
of wind speeds, which makes it possible to draw the maximum possible power, for each wind speed [8, 9].
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This work will be devoted to the study and control
Still under the assumption of a constant stator flux, one
of the DFIG-converter and turbine association. We will
can write:
present modeling, the vector modulation technique SVM
(7)
=
Vds 0=
and Vqs Vs .
(space vector modulation), SMC-DPC, also STSMC-DPC
The principle voltage and stator flux orientation is illuscontrol. This technique will notably present results of the
trated in Fig. 1.
simulation of the DFIG which is powered by a space vector
modulation inverter.
Vds = 0
(8)

The proposed DPC technique, based on a super-twistVqs = Vs = ωsϕ s
ing sliding mode control, reduces current and power ripple. The results of the proposed controller systems simuM

lation (STSMC-DPC) and (SMC-DPC) are compared for
 Ps = −Vs L iqr

s
different step changes in the active / reactive power.
.
(9)

Vs 2
M
Q = −V
i
+
s
dr
 s
Ls
Lsωs
2 DFIG model with stator flux orientation
The general electrical state model of the induction machine
obtained using Park transformation is given by [10]:
dϕ ds

Vds = Rs I ds + dt − ωsϕ qs

dϕ qs

Vqs = Rs I qs + dt − ωsϕ ds
(1)
,

V = R I + dϕ dr − (ω − ω )ϕ
r dr
s
r
qr
 dr
dt

dϕ
V = R I + qr − (ω − ω )ϕ
r qr
s
r
dr
 qr
dt
ϕ ds

ϕ qs

ϕ dr
ϕ qr


= Ls I ds + MI dr
= Ls I qs + MI qr .
= Lr I dr + MI ds
= Lr I qr + MI qs

3 Sliding Mode Control
The first order sliding mode control is a variable structure command that can change structure and commute
between two values according to a very specific switching logic S(x) [16, 14].
This command is done in two steps: the convergence
towards the surface and then the sliding along it (Fig. 2).

(2)

Active power and reactive powers can be written as
Eqs. (3) and (4) [11, 12]:
 Ps = Vds I ds + Vqs I qs

Qs = Vqs I ds − Vds I qs
J

dΩ
= Cem − Cr − f Ω .
dt

(3)

Fig. 1 Orientation of the stator flux

(4)

Electromagnetic torque equation is given by:
3M
(5)
Cem =
p (ϕ qs idr − ϕ ds iqr ) .
2 Ls
By applying the stator flux orientation technique to
the machine model (φ = φds = φs and φqs = 0). We can
write [13–15]:
dϕ ds

Vds = Rs I ds + dt

Vqs = Rs I qs − ωsϕ ds

(6)
.

dϕ dr
Vdr = Rr I dr + dt − (ωs − ωr )ϕ qr

dϕ qr

Vqr = Rr I qr + dt − (ωs − ωr )ϕ dr

Fig. 2 Different modes of convergence
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The synthesis of the sliding mode control is done in
three steps [17, 18]:
1. Choice of sliding surface.
2. Existence condition of sliding mode.
3. Determine the control law.
3.1 Choice of the sliding surface
For a non-linear system presented in the Eq. (10):
 n
 x = f ( x, t ) + g ( x, t ) u ( x, t )
.


x ∈ ℜn , u ∈ ℜ
⋅

However, this command does not force the trajectories of the system to converge towards the sliding surface.
Thus, the command u is the sum of the equivalent command and a discontinuous component (Fig. 3) providing a
convergence and a sliding regime [25].
u = ueq + ud

(16)

ud = −α sign ( S )

(17)

(10)

α: is a positive constant, ud: is the discontinuous command.

Where f ( x, t ) , g ( x, t ) are two nonlinear functions
continuous and uncertain supposed bounded.
We take the form of a general equation proposed by
Slotine and Li [6]:

4 Chattering
An ideal sliding regime requires a command that can
switch at an infinite frequency. Thus, during the sliding regime, the discontinuities applied to the control can
cause a chattering phenomenon [19, 26]. This is characterized by strong oscillations of the system trajectories
around the sliding surface (Fig. 4). The main reasons
for this phenomenon are the limitations of the actuators
or switching delays at the control [30]. These switches
impair the accuracy of the control and can be detrimental to the controller by causing premature deterioration of
mechanical systems and a rise in temperature in electrical
systems (significant loss of energy).


d
S ( x) =  + λ 
 dt


n −1

e( x )

e = x − xd

(11)
(12)

e(x): error on size to be adjusted, λ: positive coefficient,
n: system order, xd: desired size, x: state variable of the
ordered quantity.
3.2 Existence condition of sliding mode
To determine the attractiveness condition, consider the
Eq. (13) Lyapunov function [20]:
V (S ) =

1 2
S .
2

(13)

A necessary and sufficient condition, called attractiveness condition, for a sliding variable S ( x, t ) to tend to 0
is that the time derivative of V ( S ) be negative [21, 22]:
S.S < 0 .

Fig. 3 Principle of the sliding control with equivalent control

(14)

For a convergence in finite time, the condition (Eq. (14))
which only guarantees an asymptotic convergence towards
the sliding surface is replaced by a more restrictive condition called η-attractivity and given by:
S.S ≤ −η S , η > 0 .

(15)

3.3 The control law
In our case, the method chosen is that of the equivalent
control, shown schematically on Fig. 3.
The equivalent command is a continuous function that
serves to maintain the variable to be controlled on the sliding surface S = 0 . It is obtained thanks to the conditions
of invariance of the surface: S = 0 and S = 0 [23, 24].

Fig. 4 The phenomenon of chattering
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In order to reduce or eliminate this phenomenon, many
solutions have been proposed, such as the boundary layer
solution, fuzzy sliding mode, high-order sliding mode,
approach law, etc. In our work, we choose the method a
super-twisting sliding mode control.
5 High-order sliding mode
The theory of high-order sliding mode control is an alternative to the problem of classical sliding modes [27].
In this approach, the discontinuous term no longer appears
directly in the synthesized command but in one of its high
derivatives, which has the merit of reducing chattering.
The high-order sliding modes have been introduced
to overcome the problem of chattering while keeping the
convergence properties in finite time and robustness of
conventional sliding mode controls they also improve the
asymptotic accuracy.
Most commands using this concept are based on the
notion of homogeneity, with a particular set of coefficients (weights).
5.1 Basic Concepts of High-Order Sliding
Mode Control
Consider an uncertain nonlinear system whose dynamics
is described by:
⋅
 n
x = f ( x, t ) + g ( x, t ) u ( x, t )
(18)


S = S ( x, t )
x = [ x1 ,……..xn ] ∈ x ⊂ R n represents the state of the
system.
The command u ∈ U ⊂ R is a discontinuous and bounded
function depending on state and time. f and g are sufficiently
differentiable vector fields but uncertainly known.
S is the sliding variable chosen to ensure finite-time
convergence to the order sliding set n.
The sliding set of order with respect to S ( x, t ) is
defined by: S n = { x ⊂ X : S = S = … = S n−1 = 0} .
By abuse of language, this set is often called sliding
surface of order n.
If the system is of relative degree n > 1 with respect to
the sliding variable, n-order sliding mode control will allow
convergence in finite time to the surface, by forcing the system state trajectories to be confined to the sliding assembly.
T

5.2 Twisting Algorithm
In addition to the switching of the sign of the control, its
amplitude is switched between two values according to
the quadrant in which the state of the system is located.

The trajectory of the system in the phase plane revolves
around the origin, approaching it like a spiral [28, 29].
Its expression for a system of relative degree 2 is:
u = −r1sign ( S ) − r2 sign ( S ) ,

r2 > r1 > 0 .

(19)

Under the conditions described by the inequalities
(Fig. 5), the trajectory of the differential system converges
at the point of equilibrium ( S , S ) in a finite time under the
following conditions:
(r1 − r2 ) K m − C0 > (r1 − r2 ) K m + C0
.

(r1 + r2 ) K m > C0


(20)

The homogeneity of this law of control is obvious,
because its expression does not depend on the value of S
or S , but only of their sign, which does not vary by multiplying them by K > 0 .
5.3 Algorithm of super-twisting
Super-twisting algorithm is an exception in a class of second order sliding mode control. This algorithm has been
developed for the control of systems with relative degree
equal to 1 with respect to the sliding surface [29].
Super-twisting does not use information about this can
be seen as an advantage. It consists of two parts, a discontinuous part and a continuous part u1 [29, 31].
u (t ) = u1 (t ) + u2

(21)


−u
if u > U M
u1 = 
(
)
if not
−α sign S

(22)

−λ S ρ sign ( S ) if u > S

0
0
.
u2 = 
ρ
(
)
if not
 −λ S sign S

(23)

Fig. 5 Convergence of the twisting algorithm in the plane ( S , S )
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With α, λ, ρ, checking for the following inequalities:
C0

α > K , 0 < ρ < 0.5
m

.

 λ 2 = 4C0 K M (α + C0 )

K m2 K m (α − C0 )

(24)

This command breaks down into an algebraic (non-dynamic) term and an integral term. We can therefore consider this algorithm as a nonlinear generalization of a proportional integral PI.
If S0 = ∞ we can simplify the algorithm:
u = −λ S ρ sign ( S ) + u
1
.

(
)

u
=
−
α
sign
S

1

(25)

6 Sliding mode control of DFIG
To control the power we take n = 1, the expression of the control surface of the active and reactive power has the form:
S ( P ) = Ps −ref − Ps

(26)

S ( Q ) = Qs −ref − Qs .

(27)

During
the convergence mode, for the condition
⋅
S ( P ) S ( P ) ≤ 0 to be satisfied, we put:
M
Vqrn .
σ Ls Lr

(28)

(29)

To check the system stability condition, the KVqr
parameter must be positive [26].
In order to mitigate any possible exceeding of the reference voltage Vqr , it is often useful to add a voltage limiter
which is expressed by:
Vqrlim = Vqrmax sat ( P ) .

(30)

During
the convergence mode, for the condition
⋅
S ( Q ) S ( Q ) ≤ 0 to be satisfied, we put:
S ( Q ) = −Vs

M
Vdrn .
σ Ls Lr

(31)

Therefore, the switching term is given by:
Vdrn = KVdr sat ( S ( Q ) ) .

(33)

7 Super-twisting sliding mode control of DFIG
A STSMC is a continuous second order sliding mode control. The STSMC control active and reactive power controllers are designed to change the d and q axis voltages
(Vdr, Vqr), respectively, as in Eqs. (34) and (35).
Vdr = −λ S0 ( P ) sign ( S ( P ) ) − α1 S sign ( S ( P ) )
ρ

+ ∫ −α sign ( S ( P ) )
Vqr = −λ S0 ( Q ) sign ( S ( Q ) ) − α 2 S ( Q ) sign ( S ( Q ) )
ρ

(32)

(34)

ρ

+ ∫ −α sign ( S ( Q ) ) .

(35)

Where stator active-power error S ( P ) and stator reactive-power error S ( Q ) are the sliding variables and constant gains α1 and α2 verify the stability conditions.
The adequate condition for convergence to the sliding
surface and for stability that the gains are large enough [29]:

α1 >

C0
,
Km

α2 ≥

4C0 K M (α1 + C0 )
.
K m2 K m (α1 − C0 )

(36)

Where C0 ≥ C and K M ≥ K ≥ K m are the superior and
inferior bounds of C and K, respectively, in the second
derivative of y.

y = C ( x, t ) + K ( x, t )

Therefore, the switching term is given by:
Vqrn = KVqr sat ( S ( P ) ) .

Vdrlim = Vdrmax sat ( Q ) .

ρ

By a particular choice of the model and the sliding surface, the super-twisting sliding mode control algorithm,
can be formulated as an observation algorithm for the estimation of the derivative of a signal measured [31, 32].

S ( P ) = −Vs

To check the system stability condition, the KVdr
parameter must be positive.
In order to mitigate any possible exceeding of the reference voltage Vdr , it is often useful to add a voltage limiter
which is expressed by:

du
.
dt

(37)

In this control strategy, the active and reactive powers
are regulated by two STSMC type regulators using the
"SVM" algorithm.
The SVM uses a digital algorithm to obtain a control
sequence of the inverter switches for generating an output
voltage vector that is as close as possible to the reference
voltage vector [33–35].
The block diagram of voltage vectors in the reference
(α, β) is shown in Fig. 6.
The sector is determined according to the position of the
vector Vr_ref in the complex plane ( α r − β r ), such that this
position has the phase θ of the vector defined as Eq. (38) [36]:
 Vref ( β ) 
θ = arctan 
.
 V ( ) 
 ref α 

(38)
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Table 1 Parameters of the wind turbine (1.5 MW) [4]
Parameters

Unites

Values

Number of blades

[]

3

The power coefficient Cpmax

[]

0.59

[m]

35.25

Rotor radius R
Speed multiplier gain G

[]

90

The density of the air ρ

kg/m

3

1.225

Moment of total inertia J

Kg.m 2

1000

Table 2 Doubly fed induction generator parameters [4]
DFIG parameters
Parameter name
Rated power
Fig. 6 Representation of the voltage vectors in the reference (α, β)

Value

Unit

Pn

1.5

MW

In

1900

A

UDC

1200

V

Stator rated voltage

Vs

398/690

V

Stator rated frequency

f

50

Hz

Rotor inductance

Lr

0.0136

H

Stator inductance

Ls

0.0137

H

Mutual inductance

M

0.0135

H

Rotor resistance

Rr

0.021

Ω

Stator resistance

Rs

0.012

Ω

Number of pair of poles

p

2

-

Rated current
Rated DC-Link voltage

A schematic diagram of the proposed STSMC-DPC for
a DFIG system is shown in Fig. 7. The controller contains two sliding mode control controllers, one for the
active power and another for the reactive power, as well
as SVM unit. The wind turbine parameters are presented
in Table 1. Table 2 presents the main parameters of the
DFIG simulation model.

Symbol

8 Simulation Results
The simulation results are shown in Figs. 8-18. The simulation is performed using Matlab/Simulink software.
8.1 Reference tracking test
Fig. 8 shows the wind profile used for the study of the variable speed wind turbine system. The power coefficient of
the turbine is shown in Fig. 9.

Fig. 8 Profile of the wind speed

Fig. 7 Block diagram of the STSMC-DPC control

From the result obtained in Fig. 10, the decoupling
is always kept between the two powers with a very low
static error.
The results illustrated by Fig. 12 show good dynamic
and static performance, such as a very fast response time
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Fig. 9 Power coefficient of turbine

(a)

and no overshoot and a minimum static error for both
active and reactive power. Moreover, the results obtained
show that the stator and rotor currents Fig. 11 and Fig. 13
have sinusoidal shapes with less ripples, which means a
good quality of energy supplied to the network.
Further tests are shown in Fig. 14 demonstrating the
Total Harmonic Distortions (THD) of the stator current of
the generator by using the Fast Fourier Transform (FFT)
method for both control schemes SMC and STSMC.
The THD of the stator current is estimated to be 0.11 % for
STSMC-DPC versus 1.66 % for SMC-DPC.
8.2 Robustness test
In order to test the robustness of the sliding mode control
and super-twisting sliding mode control, we will study the
influence of parametric variations (rotor and stator resistance and inductances). The robustness of the two preceding techniques is tested with a simultaneous variation of
100 % rotor resistance (2 * Rr) and stator (2 * Rs) and
−20 % of the inductances (Lm, Ls and Lr).
From the results obtained, it can be concluded that
STSMC-DPC control (Fig. 15) has a solid robustness in
the presence of the parametric variations of the doubly-fed
induction generator with respect to the sliding mode control, the latter exhibiting a large number of oscillations
at the level of power, but it still maintains the decoupling
between the active and reactive power, because it is less
dependent on the parameters of the machine. In addition,
the results obtained show that the stator and rotor currents shown in Fig. 17 have sinusoidal shapes that are less

(b)
Fig. 10 SMC-DPC ((a): Active power (b): Reactive power)

corrugated compared to Fig. 16, which means a good quality of energy supplied to the network.
From the simulation results obtained in Fig. 18.
The STSMC-DPC control reduces THD (harmonic distortion rate) down to 0.14 % compared to the conventional
SMC-DPC where THD is 2.50 % by alleviating the chattering phenomenon.
The performance of the STSMC-DPC results in the
maintenance of a perfect power decoupling and a net
reduction of the chattering for the different parameters.
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(a)

(a)

(b)

(b)

Fig. 11 SMC-DPC ((a): Stator currents, (b): Rotor currents)

Fig. 12 STSMC-DPC ((a): Active power, (b): Reactive power)

On the basis of the results obtained, it can be concluded
that the robust STSMC-DPC control method can be a solution for the stability of the wind system.

The theory of STSMC-DPC control and its application
to the doubly-fed induction generator for robust power
control have been presented in this paper, where this
command has a different form compared to classic sliding mode control.
The test performed by the application of the different
power levels on the DFIG, clearly show that, the robustness and stability of this command, by the parametric
variation test of the DFIG.

9 Conclusion
This paper proposes a STSMC-DPC schema for a doubly-fed induction generator system connected to the network. The system is implemented on a 1.5 MW wind
DFIG system.
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(a)

(a)

(b)

(b)

Fig. 13 STSMC-DPC ((a): Stator currents, (b): Rotor currents)

Fig. 14 Spectrum harmonic of a one-phase stator current
((a): SMC-DPC, (b): STSMC-DPC)

Through the system response characteristics STSMCDPC strategy, better performance is observed even in
the presence of set point variations. The power continuation is without overshoot with a minimum static error.
Decoupling, stability with respect to parametric variations
of DFIG and convergence towards equilibrium are ensured.

From the results obtained, it can be concluded that
the STSMC-DPC method is a solution for the doubly-fed
induction generator in order to provide a good quality of
energy supplied to the grid, such as the wind energy conversion system.
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(a)

(a)

(b)

(b)

Fig. 15 SMC-DPC, STSMC-DPC ((a): Active power
(b): Reactive power) (robustness test)

Fig. 16 SMC-DPC ((a): Stator currents, (b): Rotor currents)
(robustness test)

et al.
188|Yaichi
Period. Polytech. Elec. Eng. Comp. Sci., 63(3), pp. 178–190, 2019

(a)

(a)

(b)

(b)

Fig. 17 STSMC-DPC ((a): Stator currents, (b): Rotor currents)
(robustness test)

Fig. 18 Spectrum harmonic of a one-phase stator current
((a): SMC-DPC, (b): STSMC-DPC)
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Nomenclature
Cp
Power coefficient
R
Blade radius (m)
R s, Rr Stator and rotor resistances (Ω)
Ls, Lr Self inductance of stator and rotor (H)
M
Mutual magnetizing inductance.
φs, φr Stator and rotor flux (Wb)
Cem
Electromagnetic torque (Nm)
v
Wind speed (m/s)
J
Inertia moment of the moving element (kgm 2)
λ
Ratio of the tip speed
ρ
Air density
β
Pitch angle
f
Viscous friction and iron-loss coefficient

p
G
ωr
ωs
Vs, Vr
Ids, Iqs
Idr, Iqr
g
Ω
P
Q

Number of pair poles
Mechanical speed multiplier
Electrical angular rotor speed (rad/s)
Synchronously rotating angular speed (rad/s)
Stator and rotor voltage (V)
Direct and quadrature component of the stator
currents (A)
Direct and quadrature component of the rotor
currents (A)
Slip
Mechanical speed (rad/s)
Active power (W)
Reactive power (Var)
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