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Abstract
We consider the problem of controlling wind energy conversion systems that are based on doubly fed induction generators.
The aim is to design a nonlinear controller to fulfill the control goals considering the two sides, grid and rotor side. On the
rotor side, the control objectives are twofold: (i) ensuring the maximum power point tracking requirement and (ii) maintaining
the stator reactive power at a desired reference. On the grid side, we also seek the achievement of two control objectives: (i)
regulating the DC-link voltage at a given reference value and (ii) ensuring a zero reactive power. Besides the multi-objective
nature of this study, the difficulty of the control problem lies in the nonlinearity and uncertainty of the system dynamics and
external disturbances. The control problem under consideration is dealt with by designing a model-based controller using
the adaptive sliding mode technique. The stability and performances of the closed-loop control system are analyzed both
theoretically and by numerical simulations. The latter are performed using 2MW grid-connected wind turbine system in
MATLAB/SIMULINK/SimPowerSystems environment. The simulation results confirm that the suggested controller meets
its objectives and features robustness properties.

Keywords Adaptive SMC · DFIG · Lyapunov stability · Powers control · Wind energy conversion system (WECS)

1 Introduction

In recent years, renewable energy based on wind and solar
resources stood as the main alternative to fossil fuel, espe-
cially for electricity production (Şeker et al. 2016; Katir
et al. 2020). As a matter of fact, wind energy is available
much wider, unlike solar energy which is not equally avail-
able worldwide. It is now highly admitted that wind energy
conversion systems are key means to get clean and cheap
energy (Li et al. 2019;Goudarzi andZhu2013). In large-scale
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electrical power generation based onwind turbines, two elec-
tric generators outperform over all variable speed machines
which are SynchronousGenerators (SGs) andDFIGs (Cheng
and Zhu 2014). Compared to other machines including SGs,
DFIGs offer a number of advantages, e.g., robustness, inex-
pensiveness, lightweight, the ability to operate at variable
speed and the necessity of smaller power converters. In addi-
tion, DFIGs allow the control of all the power exchanged
with the grid. Finally, DFIGs enable the control of the active
power independently from the control of the reactive power
(Bektache and Boukhezzar 2018).

In this study, the DFIG-based wind generation system
illustrated in Fig. 1 is considered. The stator windings are
directly connected to the grid, whereas the rotor windings are
coupled to the grid via the rotor side converter (RSC), DC-
link capacitor and the grid side converter (GSC) (Kaloi et al.
2016).A number of control techniques have been proposed in
literature to get full benefits from the DFIGmachine, despite
its nonlinearity and model uncertainty. A review of the con-
trol strategies for wind energy conversion systems involving
DFIG generators is presented in (Mohd Zin et al. 2013). In

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s40313-021-00797-8&domain=pdf
http://orcid.org/0000-0002-7063-6501


1664 Journal of Control, Automation and Electrical Systems (2021) 32:1663–1677

(Noussi et al. 2019;Aguilar et al. 2020;Ko et al. 2008), a clas-
sical proportional integral (PI) controller is suggested. Due
to its linearity and fixed parameters, a PI controller cannot
ensure satisfactory performances over wide range operation
conditions. A fuzzy tracking controller is dealt with in Zam-
zoum et al. (2018); Naik et al. (2020), with some interesting
trajectory tracking. Model-based controllers, that account
for the nonlinearity of DFIG machine, have been proposed
using different design techniques. In Noussi et al. (2020b),
a sensorless backstepping controller has been designed to
ensure maximum power extraction. A passivity-based con-
trol scheme involving parameter estimation was suggested in
López-García et al. (2016). A number of controllers, devel-
oped using the sliding mode control technique, have been
proposed for the control of wind turbine systems. How-
ever, these research papers tackle only the control of either
the generator connected to RSC or the grid linked to GSC
(Beltran et al. 2012; Hu et al. 2011; Yang et al. 2018; Gol-
nary and Moradi 2019; Noussi et al. 2020a). Dealing with
the control of the entire DFIG-based energy chain has been
subject of some works. As a matter of fact, the power trans-
fer of DFIG-based wind energy systems is ensured by the
stator-grid association and the rotor connected to the back-to-
back converter-grid association. Since there is an interaction
between the different parts of the discussed system, it is cru-
cial to consider the control problem of the whole topology to
ensure a smooth power transfer from the wind turbine to the
grid (Merabet et al. 2018; Noussi et al. 2021). Authors, in
Martinez et al. (2012); Saad et al. (2015), discussed the con-
trol of the whole system using the sliding mode technique,
including a PI controller that was implemented to regulate
the DC-link voltage which does not reject disturbances and
cannot handle parametric variations.

Designing adaptive sliding mode controllers for DFIG-
based wind energy conversion systems has been dealt with in
Barambones et al. (2018); Patnaik andDash (2015); Sun et al.
(2017). Nevertheless, only few research works tackled the
adaptive sliding mode control of the whole system depicted
in Fig. 1. In Patnaik et al. (2016), authors developed an adap-
tive sliding mode controller for the complete structure, but
they used a linear classical PI controller for the DC-link volt-
age regulation which is sensitive to parameters’ variations.
The present paper addresses the control problem consider-
ing the complete chain of grid-connected DFIG wind turbine
(Fig. 1), using the adaptive sliding mode control technique.
The controlled system is able to cope with extra difficulties,
including disturbances, unmodeled quantities and parame-
ters’ variations caused by temperature, saturation and skin
effect. The control design is based on thewhole systemmodel
that is obtained by applying electrical and physical laws.
The resulting adaptive controller turns out to be constituted
of several components, including: (i) an MPPT algorithm
that determines online the optimal turbine power value in

the sense of maximum energy transfer from the wind to the
grid; (ii) a stator powers regulator that makes the DFIG sta-
tor active power tracks the optimal value and maintains the
stator reactive power at a desired reference; (iii) a DC-link
voltage regulator to make energy transfer possible. Then, a
theoretical stability analysis is developed proving formally
that the adaptive controller actually meets its objectives. The
theoretical results are confirmed by several numerical sim-
ulations, that also illustrate extra robustness features of the
controller.

The paper is organized as follows: In Sect. 2, the math-
ematical model of DFIG-WECS is developed; Sect. 3 is
devoted to the adaptive sliding mode controller design; the
stability analysis of the whole closed-loop system is pre-
sented in Sect. 4. The performances and robustness of the
proposed controller are illustrated by numerical simulation
in Sect. 5. Some concluding remarks end the paper.

2 SystemDescription andModeling

The DFIG-based wind generation system under study is
depicted in Fig. 1. Accordingly, thewind turbine is connected
to the doubly fed induction generator via the gear box system.
The back-to-back voltage source converter is used to ensure
the maximum power extraction and guarantee the injection
of the active and reactive power into the grid.

2.1 Wind TurbineModel

Themechanical power extracted via thewind turbine is given
by Mousa et al. (2019):

Pt = 1

2
ρπ R2v3C p (λ, β) (1)

where ρ, R, v, C p are the air density, the rotor radius, the
wind speed and the power coefficient, respectively.
Moreover, the tip speed ratio can be expressed as:

λ = �t R

v
(2)

where �t is the wind turbine rotor mechanical speed.
The power coefficient C p is given as a function of the pitch
angle β and the tip speed ratio λ:

C p (λ, β) = C1

(
C2

λi
− C3β − C4β

C5 − C6

)
e

−C7

λi (3)

with

λ−1
i = (λ + 0.02β)−1 − 0.003

(
β3 + 1

)−1
(4)
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Fig. 1 Simplified scheme of DFIG wind turbine

where the coefficients Ci , (i = 1, 2, . . . , 7), have the values:
C1 = 0.73, C2 = 151, C3 = 0.58, C4 = 0.02, C5 = 2.14,
C6 = 13.2, C7 = 18.4.

2.2 DFIG Dynamic Model

The DFIG voltages in the synchronously rotating reference
frame can be expressed as follows (Morawiec et al. 2019;
Eshkaftaki et al. 2019; Huang et al. 2019):

(
vsd

vsq

)
= Rs

(
isd

isq

)
+ d

dt

(
φsd

φsq

)
+ ωs

(
0 −1
1 0

)(
φsd

φsq

)

(5)(
vrd

vrq

)
= Rr

(
ird

irq

)
+ d

dt

(
φrd

φrq

)
+ ωr

(
0 −1
1 0

) (
φrd

φrq

)

(6)

where vsdq , vrdq , isdq , irdq , φsdq and φrdq , denote the mean
values, over a switching period, of the real signals of the
stator and rotor voltages, currents, fluxes in the d–q reference
frame, respectively; Rs and Rr are the stator and the rotor
resistances; ωs and ωr are the synchronous speed of stator
flux and the rotor angular frequency, respectively.
The stator and the rotor fluxes expressions in the d–q refer-
ence frame are given by:

⎛
⎜⎜⎝

φsd

φsq

φrd

φrq

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

Ls 0 M 0
0 Ls 0 M
M 0 Lr 0
0 M 0 Lr

⎞
⎟⎟⎠

⎛
⎜⎜⎝

isd

isq

ird

irq

⎞
⎟⎟⎠ (7)

where Ls , Lr and M denote the stator, rotor and mutual
inductances, respectively. On the other hand, the stator and
the rotor active and reactive powers are given by:

Ps = 3

2

(
vsd isd + vsq isq

)
(8a)

Qs = 3

2

(
vsq isd − vsd isq

)
(8b)

Pr = 3

2

(
vrd ird + vrq irq

)
(9a)

Qr = 3

2

(
vrq ird − vrd irq

)
. (9b)

The expression of the generator speed dynamics is written
as:

J
d�m

dt
= Cg − Cem − F�m (10)

where �m = N�t , Cg , Ct = NCg , N , J and F denote the
generator speed, high-speed shaft mechanical torque, low-
speed shaftmechanical torque, the gear box gain, rotor inertia
and the friction coefficient, respectively.
The equation of the electromagnetic torque is defined by:

Cem = pM
(
ird isq − isd irq

)
. (11)

2.3 Grid Side Dynamic Model

Applying Kirchhoff’s current law, the current through the
DC-link capacitor is given by:

ic = irdc − igdc. (12)

The powers transferred from the DC-link to the grid side
converter are expressed as follows:

Pg = 3

2

(
vsd igd + vsq igq

)
(13a)

Qg = 3

2

(
vsq igd − vsd igq

)
(13b)
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Fig. 2 Wind energy conversion system operating zones

Fig. 3 Power coefficient as a function of tip speed ratio

where igdq and vdc are the mean values, over a switching
period, of the grid side filter currents in the synchronous
reference frame and the DC-link voltage, respectively.
Assuming that the GSC losses are negligible, the DC-link
voltage dynamics are described by the equation (Kim et al.
2016):

Cdcvdc
dvdc

dt
= vdcirdc − Pg. (14)

Thegrid side converter voltages in the synchronously rotating
reference are expressed as follows:

(
vnd

vnq

)
= Rg

(
igd

igq

)
+ Lg

d

dt

(
igd

igq

)
+

(
vsd

vsq

)

+ Lgωs

(
0 −1
1 0

)(
igd

igq

)
(15)

where Rg and Lg are the grid side resistance and inductance,
respectively.

Fig. 4 Mechanical power representation as a function of the rotor speed
and wind speed

3 Controller Design

3.1 MPPT Algorithm

It is crucial to include an MPPT loop in the wind system to
maximize the available power delivered by the wind turbine
(Yang et al. 2016; Falehi and Rafiee 2018; Rezaei 2018).
To this end, the present paper addresses the control prob-
lem when the wind turbine operates in zone II, see Fig. 2. In
this zone, the pitch angle is maintained constant where the
controller of the WECS implements the MPPT algorithm to
extract the maximum available power during the variations
of the wind speed. As this latter increases, the rotor speed
increases.When thewind speed becomesmore important and
the rotor speed reaches its maximum, the wind turbine oper-
ates in zone III. In this zone, the aim is to limit the extracted
mechanical power. In this case, themechanical torque should
be kept at its nominal value and the pitch angle must be
adjusted, thus guaranteeing that the wind turbine operates at
the maximum speed and rated power.
The optimal extracted power when the turbine is operating in
the maximum power region can be found at optimal values
of C p, λ and β. Using Eqs. (1) and (2) and Fig. 3, the optimal
power is given by 16 and represented in Fig. 4 (Zamzoum
et al. 2018):

Pt−opt = 1

2
ρπ

R5

λ3opt
C pmax�

3
t . (16)

The reference of the stator active power control loop, illus-
trated in Fig. 5, is retrieved from the difference between the
rotor active power (9a) and the output of the MPPT block
(16).
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Fig. 5 MPPT Algorithm

3.2 Field Oriented Technique

DFIGs are quite suitable solutions for high power generation
requirements, as the generation of electrical power can be
fully achieved only from the association of the stator wind-
ings and the electrical grid. This entails size reduction of
the power converter, as only 20–30% of the rating powers
pass through the back-to-back converter. Theglobal extracted
power is the sum of the grid side powers and stator pow-
ers. In order to simplify the system and power computations,
oriented d–q reference frame is applied by adjusting the sta-
tor flux so that the quadratic component is null

(
φsd = Vs

ωs
,

φsq = 0
)
(Golnary and Moradi 2019; Mechter et al. 2016;

Xiong et al. 2020). Doing so, the stator voltages equations in
(5) get simpler, which together with Eqs. (6) to (8) yields to
the following stator powers expressions and the equations of
the rotor currents dynamics:

Ps = −3

2

MVs

Ls
irq (17a)

Qs = −3

2

MVs

Ls

(
ird − Vs

ωs M

)
(17b)

dirq

dt
= 1

σ Lr

(
vdc

2
uq − Rr irq − ωrσ Lr ird − ωr

Mφsd

Ls

)

(18a)

dird

dt
= 1

σ Lr

(vdc

2
ud − Rr ird + ωrσ Lr irq

)
. (18b)

Similarly, the orientation of the d–q frame simplifies the
equations of the grid side powers and thefilter current dynam-
ics. Therefore, Eqs. (14) and (15) are rewritten as follows:

dvdc

dt
= 1

Cdc

(
irdc − 3

2

Vs

vdc
igd

)
(19a)

digq

dt
= 1

Lg

(vdc

2
vq − Rgigq − Vs − ωs Lgigd

)
(19b)

digd

dt
= 1

Lg

(vdc

2
vd − Rgigd + ωs Lgigq

)
. (19c)

3.3 Control Objectives

An adaptive slidingmode controller will now be designed for
a wind energy conversion system based on DFIG, in order
to maximize the produced power and inject it into the grid.
There are three main objectives to be simultaneously real-
ized:

– Active power control: ensure that the active power tracks
the optimal reference power provided by the MPPT
block.

– Reactive power control: maintain the stator and grid side
reactive powers equal to zero to guarantee the power fac-
tor requirement.

– DC-link regulation: keep the DC-link voltage at a fixed
given value.

To meet these objectives, we propose a control scheme con-
sisting of four control loops. A pair of control loops have
been used to control the rotor side converter to directly regu-
late the stator powers, and a pair of control loops have been
used to control the grid side converter; one aims at regulating
the reactive power by acting on the d-axis current, while the
other aims at regulating the DC-link voltage via the q-axis
current.

3.4 Rotor Side Controller Design

It is seen in the rotor side reduced model (17) that the stator
active power Ps is acted on by the quadrature rotor current
irq , and through the direct current ird , one can control the
stator reactive power Qs .
Using Eqs. (17) and (18), the derivatives, with powers quan-
tities, yield:

(
Ṗs
Q̇s

)
=

fr (Ps ,Qs )︷ ︸︸ ︷⎛
⎜⎜⎝

−Rr

σ Lr
Ps − ωr Qs + 3ωr Vsφsd

2Ls

(
1 + M2

σ Ls Lr

)

−Rr

σ Lr
Qs + ωr Ps + 3

2

Rr Vsφsd

σ Ls Lr

⎞
⎟⎟⎠

− 3

2

Vs M

σ Ls Lr

vdc

2

(
0 1
1 0

)
︸ ︷︷ ︸

Dr

(
ud
uq

)
(20)
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where the more compact form:

(
Ṗs

Q̇s

)
= fr (Ps, Qs) + Dr udq (21)

udq = (
ud uq

)T
is the control vector of the subsystem (21).

The point is that, in practice, the system can face external
disturbances (affecting its signals) and parameter uncertain-
ties (affecting its components). Extra unmodeled effects may
come into action. Presently, we take in consideration all men-
tioned modeling errors, by adding uncertainty terms to the
two model functions fr and Dr . Specifically, the latter are
rewritten in the form:

fr = fr0 + 
 fr (22)

Dr = Dr0 + 
Dr (23)

where the modeling errors 
 fr and 
Dr are assumed to
be bounded and fr0 and Dr0 are identical to fr and Dr ,
respectively. For convenience, the latter are rewritten:

fr0 (Ps, Qs) =
(

f ps (Ps, Qs)

fqs (Ps, Qs)

)

=

⎛
⎜⎜⎝

−Rr

σ Lr
Ps − ωr Qs + 3ωr Vsφsd

2Ls

(
1 + M2

σ Ls Lr

)

−Rr

σ Lr
Qs + ωr Ps + 3

2

Rr Vsφsd

σ Ls Lr

⎞
⎟⎟⎠
(24)

Dr0 =
(
0 dps (vdc)

dqs (vdc) 0

)

dps (vdc) = dqs (vdc) = −3Vs Mvdc

4σ Ls Lr
.

Taking into consideration the uncertainty terms, then the
expression of the stator powers is rewritten as follows:

(
Ṗs

Q̇s

)
= fr0(Ps, Qs) + Dr0 (vdc) udq + 
r (25)

where 
r = (

Ps 
Qs

)T
depends on 
 fr and 
Dr of Eqs.

(22) and (23).
To enforce the powers Ps and Qs to match their refer-

ences, denoted P∗
s and Q∗

s , we will now design a control
law, that generates the control vector udq , using the sliding
mode technique. To this end, we consider the following slid-
ing surfaces:

Sr =
(

SPs

SQs

)
=

⎛
⎜⎜⎝

ePs + k1
t∫
0

ePs (τ ) dτ

eQs + k2
t∫
0

eQs (τ ) dτ

⎞
⎟⎟⎠ (26)

where
(

ePs

eQs

)
=

(
Ps − P∗

s
Qs − Q∗

s

)
(27)

and k1, k2 are positive real design parameters .
The additional integral terms on the right side of (26) are
introduced to ensure zero steady-state errors.
The dynamics of the chosen sliding surfaces are expressed
as:

Ṡr =
(

ṠPs

ṠQs

)
=

(
ėPs + k1ePs

ėQs + k2eQs

)
. (28)

Using (25)–(27), the time derivative of the sliding surfaces
is given by:

Ṡr =
(

k1 ePs − Ṗ∗
s

k2 eQs − Q̇∗
s

)
+ fr0(Ps, Qs) + Dr0udq + 
r . (29)

According to the slidingmode control principle (Barambones
et al. 2018), the control signal is described as udq = ua0

dq +
uas

dq , where ua0
dq denotes the nominal control law, which keeps

the system on the sliding surface, and uas
dq is the adaptive

switching control law, which contains both a discontinuous
component that is responsible for inducing sliding motion on
the surface and an adaptive gain that compensates the lumped
uncertainty terms.
Thus, the sliding mode vector control law for stator powers
can be obtained as follows:

udq = −D−1
r0

[
ua0

dq︷ ︸︸ ︷(
k1 ePs − Ṗ∗

s
k2 eQs − Q̇∗

s

)
+ fr0(Ps, Qs)

+
(

ζ̂1 sgn
(
SPs

)
ζ̂2 sgn

(
SQs

)
)

︸ ︷︷ ︸
uas

dq

]
. (30)

Accordingly, the dynamics of the estimated switching gains
can be suggested as :

˙̂
ζ 1 = 1

γ1

∣∣SPs

∣∣ (31)

˙̂
ζ 2 = 1

γ2

∣∣SQs

∣∣ (32)

where γi are positive real gains, and ζ̂i denote the estimated
adaptation gains which act as adjustable values of the adap-
tive switching control law gains, (i = 1, 2). The adaptation
speed of ζ̂i can be tuned by γi , (i = 1, 2). The estimation
error is defined by Katir et al. (2021):

ζ̃i = ζ̂i − ζi . (33)
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3.5 Grid Side Controller Design

The controller of the grid side converter is expected to achieve
two main objectives: (i) ensuring a tight regulation of the
DC-link voltage (this guarantees a suitable transmission of
the power flowing through the rotor of the generator); (ii)
controlling the reactive power exchanged with the grid. The
controller we are proposing consists of two loops; the first
loop aims at regulating the DC bus voltage based on the q-
axis filter current, the second loop aims at controlling the grid
side reactive power through the d-axis filter current.
The tracking error of the DC-link voltage and the d-axis cur-
rent can be defined as follows:

(
eid

ev

)
=

(
igd − i∗gd
vdc − v∗

dc

)
. (34)

Using (19), the time derivative of equation (34) yields:

(
ėid

ėv

)
=

⎛
⎜⎜⎝

1

Lg

(vdc

2
vd − Rgigd + ωs Lgigq

)
− i̇∗gd

1

Cdc

(
irdc − 3

2

Vs

vdc
igq

)
− v̇∗

dc

⎞
⎟⎟⎠ .

(35)

We define the sliding surfaces as:

Sg =
(

Sid

Sv

)
=

⎛
⎜⎜⎝

eid + k3
t∫
0

eid (τ ) dτ

ėv + ς0 ev + k4
t∫
0

ev (τ ) dτ

⎞
⎟⎟⎠ (36)

k3 and k4 are positive real design parameters.
The choice of the sliding surface Sv is motivated by the fact
that the relative degree of the system is n = 2, where the
general form is written as:

Sx =
(
d

dt
+ ς0

)n−1

ex . (37)

The time derivative of the sliding surfaces is given by:

Ṡg =
(

Ṡid

Ṡv

)
=

(
ėid + k3eid

ëv + ς0ėv + k4ev

)
. (38)

Using (35), the time derivative of (36) is written as:

Ṡg =
(

k3 eid − i̇∗gd
k4 ev − ς0v̇

∗
dc − v̈∗

dc

)
+ fg0

(
vdc, igd , igq

)

+ Dg0.vdq + 
g (39)

with


g =
(


id

v

)
=

⎛
⎝ 
 fid + 
did .vd


 fv + 
dv.vq + 1

Cdc
i̇rdc + ς0

Cdc
irdc

⎞
⎠ . (40)

Note that all uncertain terms are gathered in
g , including the
current irdc which is considered as an external disturbance.
The remaining quantities on the right side of (39) are defined
as follows:

fg0
(
vdc, igd , igq

) =
(

fid
(
vdc, igd , igq

)
fv

(
vdc, igd , igq

)
)

=
⎛
⎝ −Rgigd + ωs Lgigq
3

2

Vs

Cdcvdc Lg

(
Rgigq + ωs Lgigd + Vs

)
⎞
⎠ (41)

Dg0 =
⎛
⎜⎝

vdc

2Lg
0

0
−3Vs

4Cdc Lg

⎞
⎟⎠ (42)

vdq = (
vd vq

)T
. (43)

It can be seen from (39) that the nominal control law appears
in the first derivative of the sliding surface. Thus, va0

dq = vdq

is obtained from the invariance of the surface Sg = Ṡg = 0.
As in the previous subsection, an adaptive switching control
law is proposed. Then, the global adaptive control law can
be written as follows:

vdq = −D−1
g0

[
va0

dq︷ ︸︸ ︷(
k3 eiq − i̇∗gd

k4 ev − ς0v̇
∗
dc − v̈∗

dc

)
+ fg0

(
vdc, igd , igq

)

+
(

ζ̂3 sgn
(
Sid

)
ζ̂4 sgn (Sv)

)
︸ ︷︷ ︸

vas
dq

]
(44)

where the dynamics of the estimated switching gains can be
expressed as follows:

˙̂
ζ 3 = 1

γ3

∣∣Sid

∣∣ (45)

˙̂
ζ 4 = 1

γ4
|Sv| (46)

where γ3 and γ4 are positive real gains.
Finally, the complete controller design for stator powers, DC-
link voltage and grid side reactive power is established. For
convenience, the whole established controller is summarized
in Table 1.

4 System Stability Analysis

The stability analysis plays a crucial role in the control theory
(Aourir et al. 2020). In this section, the Lyapunov stability
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Table 1 Recapitulation of the
whole proposed adaptive
controller

Optimal power reference algorithm:

Pt−opt = 1

2
ρπ R5

λ3opt
C pmax�3

t

Stator powers adaptive sliding mode control laws:

udq = −D−1
r0

[(
k1 ePs − Ṗ∗

s
k2 eQs − Q̇∗

s

)
+ fr0(Ps , Qs) +

(
ζ̂1 sgn

(
SPs

)
ζ̂2 sgn

(
SQs

)
)]

Grid side adaptive sliding mode control laws:

vdq = −D−1
g0

[(
k3 eiq − i̇∗gd

k4 ev − ς0v̇
∗
dc − v̈∗

dc

)
+ fg0

(
vdc, igd , igq

) +
(

ζ̂3 sgn
(
Sid

)
ζ̂4 sgn (Sv)

)]

approach will be used in the proof of the next theorem to
investigate the stability of the whole closed-loop system.

The following two assumptions will be needed for the
trajectory tracking:

A1) The uncertainties of the system are bounded, i.e., |
x | ≤

x max, x ∈ {Ps, Qs, id , v}, where 
x refers to the
lumped uncertainties in 
r and 
g .

A2) It is required that the switching gains verify ζi ≥ 
xmax

with x ∈ {Ps, Qs, id , v} and (i = 1, 2, 3, 4).

Theorem 1 Consider the global control system illustrated in
Fig. 6 and composed of: (i) the wind turbine model (1)–(4),
DFIG-AC/DC association model (5)–(8) and grid side system
model (5)–(15) which are subject to assumption A1; (ii) the
rotor side and grid side controllers of Table 1 that are subject
to assumption A2, where the design parameters (k1, k2, k3, k4,
γ1, γ2, γ3, γ4) are positive real constants. Then, the resulting
closed-loop system with state variables (Sr ,ζ̃1, ζ̃2, Sg, ζ̃3, ζ̃4)
is finite time stable and Sr and Sg converge to zero.

Proof For convenience, the time derivatives of the sliding
surfaces of the controllers on both sides can be represented
using the following compact form:

Ṡx = −ζ̂i sgn (Sx ) + 
x wi th x ∈{Ps , Qs , id , v}
and (i = 1, 2, 3, 4). (47)

Consider the Lyapunov function candidate

Vc = 1

2
S2

Ps
+ 1

2
S2

Qs
+ 1

2
S2

id
+ 1

2
S2
v + 1

2

4∑
i=1

γi ζ̃
2
i . (48)

Using (47), the time derivative of (48) results to be:

V̇c = − ζ̂1
∣∣SPs

∣∣ − ζ̂2
∣∣SQs

∣∣ − ζ̂3
∣∣Sid

∣∣ − ζ̂4 |Sv|

+ 
Ps SPs + 
Qs SQs + 
id Sid + 
v Sv +
4∑

i=1

γi ζ̃i
˙̃
ζ i .

(49)

Taking into account that ˙̃
ζi = − ˙̂

ζi , (i = 1, 2, 3, 4), and
substituting the dynamics of the adaptive gains of (31), (32),
(45) and (46) into (49), we obtain :

V̇c = − ζ1
∣∣SPs

∣∣ − ζ2
∣∣SQs

∣∣ − ζ3
∣∣Sid

∣∣ − ζ4 |Sv|
+ 
Ps SPs + 
Qs SQs + 
id Sid + 
v Sv. (50)

According to assumption A1, the following inequality
applies

V̇c ≤ (−ζm + 4
M )
(∣∣SPs

∣∣ + ∣∣SQs

∣∣ + ∣∣Sid

∣∣ + |Sv|
)

(51)

where
ζm = min(ζ1, ζ2, ζ3, ζ4),

M = max(

∣∣
Ps max
∣∣ , ∣∣
Qs max

∣∣ , ∣∣
id max
∣∣ , |
vmax |).

Using the next inequality, for 0 < α < 2

n∑
i=1

|ϑi |α ≥
(

n∑
i=1

ϑ2
i

) α
2

. (52)

Equation (51) becomes:

V̇c ≤ −∂0Vc (53)

where ∂0 = √
2(ζm − 4
M ).

Finally, the integral of (53) over the time interval 0 ≤ τ ≤
t , yields:

√
Vc ≤ −1

2
∂0t + √

Vc(t0). (54)

In view of assumption A2, it follows that ∂0 ≥ 0. There-
fore, the system with state variables (Sx , ζ̃i ) is stable and Sx

converge to zero in finite time. The convergence time of the
closed-loop system is calculated as T (t0) ≤ 2

∂0

√
Vc(t0). This

end the proof. ��
Remark 1 In order to reduce the chattering effect produced
by the signum function sgn(·), a sigmoid tanh(·) function is
used instead of sgn(·) as suggested inAbouloifa et al. (2018).
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Fig. 6 Overall control scheme of DFIG wind turbine

Table 3 Controller parameters Parameters Symbols Values

MPPT C pmax , λopt 0.44, 7.2

Rotor side controller k1, k2, γ1, γ2 0.1, 0.1, 10, 100

Grid side controller k3, k4, γ3, γ4, ς0 0.1, 0.1, 250, 10, 300

Table 2 Wind turbine parameters

Parameters Symbol Value Unit

Turbine N 100 –

R 42 m

ρ 1.1225 Kgm3

vrated 12.5 m s−1

vin-vout 5–15 m s−1

�tmin − �tmax 9–18 rpm

Network Vn/Un 400/690 V

f 50 Hz

AC/DC/AC converters Rg 0.02 m�

Lg 0.4 mH

C 80 mF

vdc 1150 V

DFIG machine Pn 2 MW

Rs/Rr 2.6/2.9 m�

Ls/Lr 26 mH

M 2.5 mH

�mmin − �mmax 900–2000 rpm

5 Simulation Results and Interpretations

The simulation of the studied 2MW DFIG-based wind
generation system of Fig. 6 is carried out using MATLAB/
Simulink/ SimPowerSystems environment. Numerical sim-
ulation is resorted not only to check the theoretical results
of Theorem 1, but also to emphasize extra robustness fea-
tures of the controller. The simulation study is performed by
successively considering the following operating conditions:

(1) Fixed wind speed changes
(2) Variable wind speed changes
(3) Robustness under DFIG parameters uncertainties
(4) Robustness under voltage dips

The DFIG-based wind generation parameters are shown in
Table 2. The controller parameters shown in Table 3 have
proved to be appropriate based on trial-and-error search.
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Fig. 7 Obtained results under fixed wind speed changes (solid line: regulated signals; dotted line: their reference trajectories)
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Fig. 8 Obtained results under variable wind speed changes ( solid line: regulated signals; dotted line: their reference trajectories)
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(a) (b)

(d)(c)

(e)

Fig. 9 Controller robustness under DFIG parameters’ uncertainty (solid line: regulated signals; dotted line: their reference trajectories)

5.1 FixedWind Speed

The simulation protocol is such that the wind velocity takes
four different values (6.5, 8.5, 10.5, 9)m/s. These velocity
values hold successively on the intervals [0, 3[s, [3, 5.5[s,
[5.5, 8[s and [8, 10]s, see Fig. 7a.
Figure 7b shows that the stator active power delivered by
the wind power conversion system tracks exactly the optimal
reference delivered by theMPPT block. Fig. 7c confirms that
the stator reactive power rapidly vanishes which guarantees
the achievement of the unitary power factor objective, see
also Fig. 7g. The tight regulation of the DC-link voltage to a
constant value is shown in Fig. 7d. The d-axis filter current,
stator currents and the rotor currents are depicted in Fig. 7e,
h and i, respectively.

5.2 VariableWind Speed

To check the ability of the adaptive SMC controller to reg-
ulate the powers, under realistic wind speed fluctuations, a
random wind speed is chosen as depicted in Fig. 8a with

an average speed of 8 m/s. From Fig. 8b–i, it is seen that
the proposed adaptive controller performs well despite the
changes of the wind. As seen in Fig. 8b, the active power
tracks precisely the suggested reference value. Also, Fig. 8c
shows that the reactive power converges to zero. On the other
hand, the DC-link voltage and direct axis current track their
respective references despite the severe wind variations, see
Fig. 8d–e. Stator and rotor currents are depicted in Fig. 8h–i,
respectively.

5.3 Robustness Tests

To check the robustness of the proposed adaptive controller,
two interesting tests are considered: parameters’ uncertain-
ties and grid fault.

5.3.1 Robustness Under DFIG Parameters Uncertainties

In this case study, the rotor resistances and the mutual induc-
tance are subject to variations, reflecting, e.g., the skin effect
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(a)
(b)

(d)(c)

(e)

Fig. 10 Controller robustness under voltage dips (solid line: regulated signals; dotted line: their reference trajectories)

Table 4 Parameters variation

Time-span [0 2] ]2 4.5] ]4.5 7] ]7 10]

Rotor resistances Rr Rr + Rr

2
Rr − Rr

2
Rr + Rr

2

Mutual inductance M M + M

2
M − M

2
M + M

2

phenomenon and magnetic saturation problem. These varia-
tions are detailed in Table 4 and illustrated in Fig. 10a.
Figure 10b–e shows a satisfactory robustness of the proposed
adaptive SMC controller. Actually, the output reference
tracking objectives are still satisfactorily achieved despite
the parameters Rr and M uncertainties. Figure 10b shows
that the stator active power tracks well its reference signal
despite the DFIG parameters’ changes. These latter cause a
slight overshooting as it can be seen in the curve of the stator
reactive power displayed in Fig. 10c. Figure 10d shows that
the DC-link voltage ismaintained at the desired value despite
the made variations.

5.3.2 Robustness Under Voltage Dips

Fig. 9a shows a voltage dips of 90%. Figure 9b–e illustrates
the capability of the proposed controller to face grid faults
and maintain satisfactory tracking performances.

6 Conclusion

We have considered the problem of controlling the powers of
a wind turbine system based on DFIG (Fig. 1). The problem
has been addressed using the adaptive sliding mode con-
trol technique leading to the design of an adaptive regulator
(Table 1). The controlled system has been analyzed in Theo-
rem 1 using Lyapunov stability tools. The theoretical results
have been confirmed by numerical simulations which also
emphasized extra robustness properties.
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