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Abstract- Classical vector control schemes use proportional-integral (PI) controllers for wind energy conversion system
(WECS) based on doubly-fed induction generator (DFIG) present many drawbacks and limitations, such as sensibility to
DFIG’s parameter variations, parameter adjustment difficulties and less robust against the external and internal disturbances.
Therefore, and to overcome these inconveniences, nonlinear control strategies of the DFIG-model will be more appropriate to
ensure better results than that of the PI controllers. In this paper, three control techniques: fuzzy-sliding mode (FSMC), second-
order sliding mode (SOSMC) and integral backstepping (IBSC) for both the rotor side converter (RSC) and the grid side
converter (GSC), using a pulse width modulation (PWM) with fixed switching frequency, of the whole WECS are presented
and designed. The principal purpose of proposed control strategies is to extract the maximum power (MPPT) and keeping a
stable operation of a DFIG and its converters during internal and external uncertainties. The overall results are afforded by
simulation in the SIMULINK/MATLAB software. Simulation results exposed in this work demonstrate the robustness of each
control strategy in spite of the different disturbances and uncertainties.

Keywords Maximum power point tracking (MPPT), Wind Energy Conversion System (WECS), DFIG, Fuzzy-sliding mode,

Second order sliding mode, Integral backstepping.

Nomenclatures

Q. Mechanical speed (rad/s)
Stator axes index
Rotor axes index

Angular speed (rad/s)

Torque component (N.m)
Active power component (W)
Filter axes index
Grid axes index
Direct axes
Quadrature axes

Reactive power component (VAR)
Flux component (Wb)

Current component (A)

Voltage component (V)

QR 0~ Y @
=T RROvw e

1. Introduction strategy to extract the maximum power from the available

kinetic energy [1, 2, 3, 4, 5]. This technique consists of

Generally, the performances of WECS equipped with
DFIG technology repose on the control techniques applied
on turbine and DFIG, which are mostly designed by a
cascaded structure that contains a slow speed regulator of
turbine subsystem and a fast power regulation of DFIG
subsystem. WTSs are usually equipped with the MPPT

varying the reference speed of the machine according to that
of the wind [1]. In addition, the pitch angle control was
employed to limit the output mechanical power when wind
speed above the rated value [2]. Therefore, the aim of these
control systems is to maximize the extraction of captured
energy, and also to protect the WTS from overloading.
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Classical sliding mode control (SMC), which called also
first-order SMC, has been extensively used in many
applications in recent decades [2, 6], such as the power
regulation of DFIG based WECS. SMC is a powerful control
approach with an effective rejection of disturbances and
uncertainties, strong robustness against parameter variations
and fast response [2, 6]. Therefore, it is appropriate to avoid
the limitation of PI controllers. Despite all that, SMC still has
one major inconvenience that may impact its extent of use,
which is the chattering phenomenon produced by the
discontinuous component of control law. To mitigate this
problem, different modifications to the classical SMC law
have been proposed. In this paper, FSM control methodology
(fuzzy logic in combination with sliding mode, as depicted in
[6, 7, 8]) is introduced as a first solution to tackle the
previous hurdle. Secondly, SOSM control is proposed to
limit the above problem and to preserve the principal
advantages of the classical SMC approach, such as its
simplicity, robustness and convergence of sliding variables
to zero in finite time, as presented in [2, 9].

The SOSM control approach is extensively suggested for
2-order uncertain plants by the use of a discontinuous
component acting on the second derivative of the constraint
function [9]. Furthermore, this control technique guarantees
the same static/dynamic performances and robustness of
first-order SMC strategy, and also, at the same time, reduces
the chattering phenomenon [2, 6, 7, 9]. Finally, as a third
solution, IBS control strategy is proposed to achieve high
performances of the WECS.

In the context of trajectory pursuit, the basic idea of
backstepping control is to make the looped system equivalent
to stable cascaded first-order subsystems [3, 2]. It allows to
determining the system control law by the proper choice of
the Lyapunov function, as demonstrated in [3, 10]. This
technique permits a robust control law synthesis despite the
DFIG parameter variations and certain disturbances.
Moreover, in order to furthermore ameliorate the classical
backstepping control (BSC) approach robustness, an integral
term is introduced in combination with the BSC forming the
integral backstepping controller (IBSC) [11]. The control
parameters of the IBSC approach, if correctly chosen,
guarantee the elimination of the steady-state error that
characterizes many control strategies in presence of
parameter variations, uncertainties and disturbances.

The rest of this paper is organized as follows: In section
2, a description of the overall system studied shown in Fig. 1
is briefly presented. The FSM, SOSM and IBS control
approaches are applied in section 3 and section 4. The
simulation results are illustrated in section 5 and 6. Finally,
some conclusions are summarized in section 7.

2. Modeling of wind turbine conversion system (WTCS)

A simple description of the overall scheme of the grid-
connected WTCS is illustrated in Fig. 1.

Power

Power
Fig. 1. WECS generation structure.
2.1. DFIG modeling
Let’s recall the equations system characterizing the

DFIG model, which are written in the Park reference frame,
as elaborated in the literature [2, 4, 5, 9, 12, 13, 14].

d
v, =R i, + (l/lltSd o, ¥,
dl//sq l//sd = Ls ‘isd + M 'ird
W TR =T O VG Y =L+ M
, 1)
d =L i,+Mi
Vrd Rr -lrd + l//rd _ (Dr -qu l//rd r l.rd l'sd
dt W, =L, i, +Mi,
dy,,
Vg =R 0+ " +o, W,
The DFIG model is completed by the Eq. (2) [15].
Q
T,.=T, +J.d ~+DQ,
’ dt )

T =p(Wai, —Woiy)

e lsq - sq’lsd
In SFO, the d-axis is fixed to the stator flux. Thus,
W, =0and ¥, =¥ . Based on these assumptions, the

electrical equations can be re-written as follows:

R R.M a¥
vsd :L_S.\Psd +SL_-ird+TSd
: t

s s

di, , ,
vrd:G'Lr( dtd +a.ln]_ﬂ.R.\'.\P.\'r]-’_}/.vxd_wr.qu) (3)

di
—_ _rq .. . . ~.
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T:’m = /’l 'irq '\P.\'d
2
R
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2.2. DC-link modeling

The continuous bus (DC) between the GSC and the RSC
is represented by a pure capacitance (C); the voltage of DC-
link is expressed as follows:

‘
Ud":%.'; w ))dr

P=U,.i, “4)
F,=F-F=U,1,

P =U,1i,

2.3. Filter and Grid modeling

The RL-filter model is described by the following
equation:

d' .
Vi = Rf fd+L o —Ws.Lf.lﬁl
. di/q
v/q=R/..1ﬁ]+L_/.. 7 +w,. L it Ve 5
Bg:vgq'lﬁi
Qg:vgq'lﬁi

The equations below (Eq. (5)) are obtained by fixing the
g-axis of the reference frame to the grid voltage.

3. RSC control strategies

The purpose from controlling the RSC of the WECS is to
ensure a decoupled control between the stator active and
reactive powers produced by the DFIG, and this, by
controlling both d and q rotor current components, as shown
in Fig. 2. To do this, three control strategies (FSMC,
SOSMC and IBSC) are proposed to control the RSC by
controlling the direct and quadrature current components
through the control of direct stator flux and electromagnetic
torque components.

v,q—p| Reference direct K Reference direct
rotor currents r rotor volt
3 Vgq—] h
computation (gq ,—»| computation
——> P> -
Psa ifq
Dsa irq
Reference i,q— | Reference
bsa quadrature rotor|| lrd—] quadrature rotor| v/,
B Wr— It
currents A voitages
. Psa— .

Fig. 2. RSC structure design.

3.1. Fuzzy sliding mode control

The control law of FSM control algorithm is defined as
follows:

Uc :Ueq +Ufuzzy (6)
e Reference rotor currents computation
By introducing the sliding surface function for the

electromagnetic torque (7,,) and direct stator flux (¥, ),

em

respectively. We can write:

{S(T) i -1, {S’(cm)%;,—tm
d

. L (7
S(Wa)=W -, [S(Vu)=¥,-Y,

The references of the direct and quadrature rotor currents
are obtained by imposing S(Tem ) =0 and S(‘de ) =0.Asa

result, we found:

1678
i, =——|—"dr+1i,
HoyVsa ®)
. Ls .C Ls + y/sd + n
i, = . - v+t
TRM T RM T
=K, .sign ( )
Where:
Wd Slgl’l( )
To achieve the system stability condition, K, and K,

must be chosen positive. The Lyapunov equation keeps the
sliding surface attractive and invariant [2].

The discontinuous control actions (i, & i, ) produce a

harmful phenomenon, knows as “chattering”, which can
excite the high-frequencies until the system is damaged.
Consequently, the discontinuous control variables have been
replaced by a continuous fuzzy logic variables [6, 7]. The
Table 1 shows the fuzzy controller inference matrix for a
partition of 7 fuzzy sets for each input and output variable. A
symmetric triangular membership functions are used on a
normalized universe of discourse for each variable as shown
in Fig. 3. The inputs of FSM controller, studied in this paper,
are the error and its deviation and the output variable is
the control signal.

Table 1. Rule matrix for FLCs [6, 7]

e
i,, |[NB|NM|NS [ZE |PS |PM |PB

NB |[NB |[NB [NB | NB | NM | NS | ZE
NM |NB [NB [NB |NM | NS | ZE | PS
NS |[NB |[NB [NM |[NS |ZE |PS | PM
ZE |[NB |NM |NS |ZE |PS |PM | PB
PS NM NS |ZE |PS |PM | PB | PB
PM |NS |ZE |PS |PM (PB |PB |PB
PB | ZE | PS PM (PB | PB |PB | PB
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NB NM EZ PS PM PB

Degree of membership p
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Fig. 3. Membership function for input and output variables.
e Reference rotor voltages computation

The Eq. (9) gives the sliding surface for the direct and

quadrature current 7,,, i, respectively.

rq
S(ird)=i:d ~iy S(ird):ircd ~iy
. _ . > . _ e i
S(qu) =1, —1i, S(zyq ) =1, —1,
The equivalent control terms are obtained when

S(i’d/ ) =0, S(ird/ j =0 and v}, =v. =0. Consequent
qu ZV‘I !

-ly, the control voltage components are defined as:

)

c _ ic . . Sfuzzy
v, =0.L, (qu + O, T YWY g Wy, ) +v;, (10)

c ic . . Suzzy
vrd - O-'Lr (lrd + a'lrd - ﬁRs 'l//sd + 7/'vsd - Wr 'qu ) + vrd

The fuzzy rules and membership functions used for both
the inputs and the output are similar to that presented in
Table 1 and Fig. 3, respectively.

3.2. Second order sliding mode control

The proposed control algorithm is based on super-
twisting algorithm (STA), which is introduced by Levant
[16, 17, 18]. The SOSM controllers contain two components:
the equivalent control term and the switching control term.

e Reference rotor currents computation

The switching function which permits to determinate the
reference of the currents is selected as shown in Eq. (11).

S(1,)=T5 T, +C.[(T5 -7, Jir
t (11
S(W,)=¥, -, +C[(¥, -¥, Mr
0

S(r,)=T; -1, +C /(T -T,)

: L L (12)
S(lPsd): Y, -Y,+GC (\I]Zd _lPsu’)

The integral terms are introduced to eliminate the steady-
state errors. C, and C,are positive gains. The equivalent

control components (i;; & i.!) are obtained by imposing:

S(1,,)=0, S.,)=0, S(T,)=0 and S(y,)=0.

em

Therefore, the control signals are depicted as follows:

el
iC =——|—(7¢ +C(T¢ -T ST
el G ) .
Iy =RL_;V[ Vi *RL;M Vy +";; +RL—J‘WC2 (v v )il

Basing on the STA proposed by Levant [16, 17, 18], the
switching control terms are defined as follows:

i =K \|S(7,,)

irq em

sign(S(T,,,))+ Kiqj.Sig"(S(]:’”’ ))dz
0

(14)
i’ :KilrdJ‘S(l//sd).sign(S(l//sd ))+Ki2rdjlsign(S(l/lsd ))dr
0
Where, the gains verify the following condition:
K,.],q,qu,K},,d and K, must be positive.

e Reference rotor voltages computation

The sliding functions for the RSC voltage controllers are
selected as presented in Eq. (15).

t
. o .
S(zrq ) =i, —i,+ C3J-(qu -1, )d‘r
0

, 1s)
S (i) =it =1+ G [ (15 =1, iz

0
;S:'(l.rq)= l;q _l:rq + C3 lrcq _irq) (16)
S(ird ) = lrcd -l + C4 (l;cd - ird)

Where C, and C, must be positive gains.

The control terms (vfd &qu) can be calculated by

forcing S'(z;q):o and S(i,d)zo.

- i . . o . ST
v, =0.L, (l;q +Od, YW, Wb, +C (l;q =i, )) +v, (17)

¢ _ ‘e : : o ST
Vg =0.L, (lrd Yy -PRY,+yvy Wi, +C, (lrd Tl )) TV

ST _ gl .
v, =K., |S(qu)

sign(S(i, Kj‘ql ign(S(i,))d
szgn( (1 ))+ '([szgn( (1 )) T 18)

W= KL, [5G sign(S(, ) + K2, [sign(S (i, ))de
0

Where the gains K' K’

vrq vrq ?

K! and K, must be

positive.
3.3. Integral backstepping control

The proposed control law is defined as the error between
the reference value of a controlled variable and its measured
value, and the integration term of this error [19].

e Reference rotor currents computation
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The electromagnetic torque ( T, )and the stator flux

(w,,) tracking errors are defined as:

Z(1,)=T, -T, +K,, (em L T

19)
Z(\Psd ) =¥, -¥Y,+ Ky/sd.‘-(qlid -Y, )dT
0
zZ(r, =1 -T, +K, (T -T
. ( ) em em + Tem ( em em) (20)
Z(\de ) = ‘Pid - \Psd + Ky/sd (‘Pid - lIjsai )

Where K, and K, are positive parameters.

To satisfy the system stability, the Lyapunov candidate
function is considered as shown in Eq. (21).

V(1,)=52(T,)

{V’ (1,,)=-K.Z*(T,)

V(ra)=57 (v)

Where K and K are positive gains.

The control signals of the rotor current components are
inferred as follows:

( i,,q Yy )r

L. .
by =———| Yy —Vvy+
R.M [

e Reference rotor voltages computation

em em em

L(Tf + Ky, (15, -T,)+ K, Z(T,,)) 22)

R
ALW“’ +K, ('/’ d "V ) +K,Z (v )]

s

To establish the control laws of the rotor voltages

(vfd & qu) , let us define the rotor current errors as:

t

2 (i) = (i) = (i) + Ko ] () = (i e 23)
zrle.(l —ly )df

The Lyapunov candidate function must include the
tracking errors of all previous current steps. For this, let us

consider the Lyapunov function noted V/, .

Z(iy) =15 -

1 1 1 ) 1 .
V=32 (L) 52 ) +5 7 (wa) 157 ) @9

V(i,q W ) =-K .7’ (irq Y )

. 2 (25)
V(ird ) = _KW'Z (ird )

The control signals are given as mentioned in Eq. (26).

L(i v )‘—Li v, 480 Ay, i, + T
L v, rgVsa v, g+ Vsd drg TV W, W rebrd L 'y (26)

ORM K. . Koot (( <
F——ly iyt —2 (lr'q‘!//:d)+ . ((quJ//m) _(qu-'//sd ))

Ly, Y Vi
—iy))+ K, Z(i,)

rq

. :c . . .
Vg =0.L, (lnl F iy - BRY G+ YV = Wody + Ky (lm

Where K

irgl >

Kirdl > K

z

and K are chosen to be

positives.
4. GSC control strategies

The objective of controlling the GSC is to keep the DC-
bus voltage constant whatever the direction and the
amplitude of power [13, 20]. At start-up of the WTS, the
GSC brings the DC-bus voltage to the required level, after
which the RSC control can be executed. The control diagram

of the GSC is illustrated in Fig. 4.

Ug abc

w 0, GRID

Filter
le— current
Control

c
DC-link
Control

\1’3
Filter
(€ current
abc Control

Fig. 4. GSC structure design.

The g-axis current is used to control the DC-link voltage
and d-axis current to control the reactive power. The g-axis is

aligned to the voltage vector. Consequently, v, becomes

zero. Therefore, the active and reactive powers exchanged
between the grid and the filter are expressed as given in Eq.

(5), and the reference currents (l;d &i;q) are described in

the following equations:

PC
-C g
Yy = pe—pc_pe
Veq q ~ r ¢
. . 27
.0, 9, =0
lfq —v

4.1. Fuzzy sliding mode control

e Filter currents control

In order to control the currents passing through the filter,
the sliding surfaces are considered as follows:
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. e S . _ e
Sbm)_bq Ly SQ@)‘% Ly

SOW)=§1_%; S(M) =L

following

(28)

Considering the condition: S (i P ) =0,

S(ifq):O and for an ideal sliding mode S'(ifd):() and

S (i fq) =0, the control components v»”fd and v»”fq are given as
in Eq. (29).

c . fuzzy
{ w =L, ljd+Rf.lfd weL i, +vy 29
_ . Suzzy
vy, —Lf.zfq+Rf.zfq+ws.Lf.zfd+v +vy
The membership functions, for input and output
variables, and the fuzzy rules used to generate the control
signals are, respectively, presented in Fig. 3 and Table 1.

e DC-link voltage control

The error between the reference DC-link voltage and its
actual value, which actually represents the sliding surface
function, is given by Eq. (30):

S(Udc) = U;c - Udc H S(Udc) = U;c - Udc (30)
Basing on Eq. (4) and by imposing S (U dc) =0and

S (U dc) =0, so the control signal is expressed as:

i =CU;, +i"™ (31)

Symmetric triangular membership functions are defined
as shown in Fig. 3, and the fuzzy rules are built by crossing
such fuzzy sets as shown in Table 1.

4.2. Second order sliding mode control

e Filter currents control
Let’s consider the following switching functions § (1 fq)

and S (i fd) for the filter currents i, and i, respectively.

Iy )dT

t

SN .

S (’./q ) Sly Tl Tt CSJ. (’/‘q
0

l (32)
S(iy)=ity =iy + CJ(;';;, i, Mt

0
s(lfq) By — 1y + G ( U ifq) (33)
S(ijd) = lfd _i/d +C (’;d _ifd)

Where C; and C; must be positive.

Letting S(i,)=5(i,)=0 and $(i,)=$(i,)=0,

the control signals v;d and v;q can be simply retrieved.

Vi =Ly + Ry —w.Li, +C (i, —iy) "
Vo, =Lod5 + Rdy +woLdy +v, +C(iy —i,)
vfd —Kl/d ‘S(iﬂ )‘.sign(S( ))+vad.[s1gn(S(iﬁ ))dr 5)

K‘lfq ‘S(iﬁ! )‘.sign (S(ifq )) + vaqJ‘Slg}’L (S(ifq ))d‘r

2
Kv/d ’

With: K

1 2 o
Vil > K., and K  are chosen positives.

e DC-link voltage control

Using the same principle of STA presented previously,
the switching function of DC-link voltage error is defined by
the following relationship:

S(U,)=U -U, + ch(U;C ~U, )dt
0

(36)
S(Udc') = U;’c - Udc + Cc (U;'c - Udc)

Thus, the control signal is given as depicted in Eq. (37):

= C(Us+C(US ~U, )+ KL\ (U ) sign(S (U,) (37)
+K§j.sign(S(UL,(,))dT
C., K,.,and K] are positive gains.

4.3. Integral backstepping control

e Filter currents control

To design the control inputs vy, and vy , the following

t

filter current tracking errors are introduced.
+ Kt/q,[( /q /q )dr

Z( fq) f
t
Z(ifd ) =1y~ t thdj(i;d —iy )dT
0
Z( fq) ../ +K1fq( Ly ifq)
Z(i.fd) f ~ig +Kz/d( g — /d)

The Lyapunov functions associated, respectively, to i,

(38)

(39

and i, errors are given as presented in Eq. (40):

Hig) =32 (0) [7(5,)=—K122(s,)

Vig)=2z2 () (V) =652 (i)

(40)

Therefore, the control signals are deduced as given in
Eq. (41):
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—iy )+ K} Z(iy)

{ —L/l/d+R/lM WL[IM+KW(“, (41)

=L.i%+R, i

iy phg tweLdy +v, +K

r/q( fa iﬁi)+K?'Z(i/q)

Where K, , K, , K, , and Klz, must be positive.

e DC-link voltage control
The DC-link voltage error Z (UC) is defined by Eq. (42):

)dr

c

Z(Udc ) = U;c - Udc + ch_([(U;c - Ud (42)

Z(Udc ) = U;c - Udc + K, (U;c - Udc)

Based on Eq. (4) and the Lyapunov candidate function
given in Eq. (43), which should be carefully chosen, the
control law of the capacitor current is illustrated by the
following relationship:

1 .
V(Udc ) = _Z2 (Udc )’ V(Udc ) = _Kcll'(r 'ZZ (Udc )
2 (43)
= C(U;c + ch (U;c - Udc) + Kalfc 'Z(Udc ))

With K, and K;c are positive gains.
5. Simulation results and Discussion

The simulation test aim is to apply a variable wind speed
profile in order to emulate an efficient wind turbulence. The
wind profile is chosen as a ramp varies between 9 and 11.5
m/s (Fig. 5) to give a various operating modes (sub-
synchronous and super-synchronous). The SMC, BS, FSM,
IBS and SOSM controllers ensure the tracking of the
maximum power point (MPPT), and this, by keeping A to an

optimum value (ﬂ,

opt
(C

p—max

= 7.8) and C , to its maximum value

= 0.438) as illustrated in Fig. 6. A high efficiency

of the captured power and smooth tracking with a neglected
mechanical stress are actually expected, as the DFIG’s
electromagnetic torque variations are minimal, due to a non-
abrupt change of the operating point. The mechanical speeds
follow its reference almost perfectly for the used controllers
(except the SMC that introduced the chattering phenomenon)
as shown in Fig. 7. The control strategy intervenes and 3

values increase, vary between 0 and 90° (A<4,,, the

operating point is at the left side of the C curve) as

p—max

illustrated in Fig. 8, in such a way as to protect the WTS
against any overload or destruction.

Figure 9, Fig. 10, Fig. 11 and Fig. 12 show the
simulation results of the electromagnetic torque, the stator
flux and the stator active and reactive power, respectively.
The measured values track their desired values with different
efficiency. The stator active power (Fig. 11) depends on the
electromagnetic torque (Fig. 9), that is itself depends on the
wind speed variation, and this can be translated by its

identical form of the 7, waveform. Therefore, the P, is a

em

consequence of 7, . The stator reactive power is forced to

be around zero in such way to allow the DFIG operating with
a unity power factor as illustrated in Fig. 14. Figure 13

illustrates the DC-bus voltage (U, ) curves of the proposed

controllers and it can be seen that the capacitor voltage
remains stabilized.

12

-
N

10.5

Wind speed (m/s)

-
o

9.5

) 1 2 3 4

Time (s)
Fig. 5. Wind variation profile
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Based on simulation results, we can conclude that the
decoupling control of the d-axis and g-axis; and the tracking
performances are achieved of all the methods. Apparently,
there is no-significant difference between them. It is evident
to see less chattering in the curves of the controlled variables
with BSC, FSMC, IBSC and SOSMC methods than the SMC
method, because these controllers do not contain the
discontinuous component. Actually, all the methods (SMC,
BSC, FSMC, IBSC and SOSMC) could regulate well the
electromagnetic torque (Fig. 9), stator flux (Fig. 10), active
and reactive powers (Fig. 11 and Fig. 12) and DC-link
voltage (Fig. 13) where no sudden oscillations, no peak and

no overshoot observed in the electrical variable (T, , v, ,

P, O and U, ) waveforms. Nevertheless, the SMC, BSC

and FSMC present a remarkable ripples especially in the
electromagnetic torque and stator powers. These ripples
decrease as long as the slip angular speed becomes around
zero. On the other hand, the IBSC and SOSMC control
scheme have low ripples and neglected steady state error, and
this is due to the integral term, moreover, the SOSMC
presents a fast dynamic responses, less ripples and less
steady state error than the IBSC.

6. Robustness against parameters variations

In this work, as a first step, R, R, Rf and C are
increased by ¢, while L, L., L, and M are decreased by

0, respectively. As a second step, the resistances and
capacitance are increased by 77 , while the proper and mutual

inductances are decreased by y, respectively. The

attenuation/enlargement parameters § , €, 17, ¥ are chosen

to be equal to 1.8, 0.2, 1.5, 0.5, respectively. Figure 15, Fig.
16 and Fig. 17 show the simulation results.

The results depicted in Fig. 15, Fig. 16 and Fig. 17
shown that the electromagnetic torque, stator flux and DC-
bus voltage responses with SOSM controller remain
outstandingly insensible to the variation of the resistances,
capacitance and magnetizing inductances simultaneously.

This is due its high ability to reject the parameter
uncertainties, i.e., ST algorithm do not depend on the system
parameters, such as that the highest robustness can be
achieved.
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7. Conclusions and Suggestions

This work describes a comparative study between
different control schemes of WECS based on DFIG. The
proposed methods have been applied to both PWM
converters: RSC and GSC. The performance of the proposed
control strategies have been investigated where the DFIG’s
speed and parameters intentionally changed. These changes
yield to significant disturbances on the stator flux and
electromagnetic torque waveforms for FSM control
technique, while these effects are almost neglected for a
system with SOSM controller. Similarly, the inherent
robustness of IBS controller is enhanced by the integral term.
The described SOSMC approach delivers exceedingly
satisfactory performances in term of tracking and ability to
reject the influence of the DFIG’s speed and parameters
variation. Furthermore, the SOSMC method removes the
chattering phenomenon characterizing the classical SMC.
Compared to other nonlinear approaches, SOSMC can be a
very beneficial solution for WECS based on DFIG, despite
its complexity in the industry. With an adequate choice of the
controller’s gains, the proposed methods will ensure more
robustness and highest quality of the simulation results. In
some cases, the grid is undergoing a voltage dip that can
cause large damage even if it is relatively low.

Our future work will be focused on the examination of
robustness of the proposed control strategies under
unbalanced voltage conditions. In addition, the optimization
of the controller’s gains will also be introduced in order to
reach a better results.

Appendix

Table 2. WECS parameters

Nominal power P, 2 MW
Rated stator voltage V, 400 V
Stator resistance R 0.0026 Q
Rotor resistance R, 0.0029 Q
Stator inductance L, 0.002587 H
Rotor inductance L, 0.002587 H
Mutual inductance M 0.0025 H
Moment of inertia J 890 Kg.m"2
Grid Frequency f, 50 Hz
Friction coefficient f 0.1 N.m.s/rad
Blade radius R 42 m
Gearbox gain G 80

Filter resistance R, 0.075Q
Filter inductance L, 0.00075 mH
DC-link capacitor C 0.038 F
DC-link voltage U, 1400 V
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