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Abstract This paper presents the application nonlinear
control to regulate the rotor currents and control the active
and reactive powers generated by the Doubly Fed Induc-
tion Generator used in the Wind Energy Conversion Sys-
tem (WECS). The proposed control strategies are based on
Lyapunov stability theory and include back-stepping con-
trol (BSC) and super-twisting sliding mode control. The
overall WECS model and control scheme are developed in
MATLAB/Simulink and the simulation results have shown
that the BSC leads to superior performance and improved
transient response as compared to the STSMC controller.

Keywords Wind energy - DFIG - Nonlinear control -
Back-stepping control - Super-twisting control - Sliding
mode control - Lyapunov stability

1 Introduction

Wind energy is a form of solar energy which results from the
uneven distribution of heat and pressure in the atmosphere.
Because of the irregularities of the surface of the earth, wind
patterns change from one location to another. Wind is an
abundant renewable energy source however it is intermittent
and unpredictable.
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Until the end of 2013, electricity production from wind
energy was estimated at 3.5% (320 GW) of the global
electricity production (Zin et al. 2013).

Different types of generators have been developed for
wind energy conversion systems. Among them, the Double
Fed Induction Generator (DFIG) is widely used because of
their advantages such as variable speed operation, reduced
cost of the converter and simplicity of control of the power
flow at the point coupling common (PCC) in the grid (Akel
et al. 2014; Merahi and Berkouk 2013).

The power control of the DFIG has been the subject of
extensive research. Field Oriented Control (FOC) is the
most popular control used for decoupled the active and
reactive powers of the DFIG by the orientation of the stator
flux along the d-axis of Park frame (Merahi et al. 2014). In
this context, Direct Control of Power is currently the most
popular method in the literature to control the real and
reactive powers of the DFIG due to its ease of imple-
mentation. However, since this control approach is char-
acterized by a single loop (power), therefore it is difficult to
evaluate the rotor current in the DFIG (Janssens et al.
2007). In this paper, we propose to use the Indirect Control
of Power, which consists of two loops, an internal loop to
control the rotor current and an external loop for the control
of the two powers. This control scheme protects the DFIG
against overcurrent and ensures a good performance.

Several controllers have been proposed in the literature
to control the two loops of powers and rotor currents.
Conventional controllers using Proportional-Integral (PI)
are the most commonly used due to their simple imple-
mentation. However, these controllers lack robustness and
may not produce satisfactory performance under chal-
lenging operating conditions such as parameter variations
of the DFIG.
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Robust nonlinear controllers based on Lyapunov sta-
bility theory of have been proposed in the literature to
improve the performance of the DFIG under challenging
operating conditions. Among them, the Sliding Mode
Controller (SMC) has been widely applied. However, the
main disadvantage of SMC is the chattering problem
(Jeong et al. 2008; Zhang 2014; Lu et al. 2014).

Several approach have been described in the literature to
eliminate the problem of chattering such as High-Order
Sliding Mode Control (HOSMC) (Beltran et al. 2012;
Benbouzid et al. 2014; Susperregui et al. 2011), Fuzzy
Sliding Mode Control (FSMC) (Mohammadi and Nafar
2013) and super-twisting sliding mode control (STSMC)
(Swikir and Utkin 2016; Chalanga et al. 2016; Salgado
et al. 2014). The HOSMC generalizes the basic idea of
SMC by acting on the high-order time derivatives of the
sliding mode, which guarantees that the first-time deriva-
tive of the sliding mode is continuous. In this way, the
chattering phenomenon can be completely eliminated.
However, the major disadvantage of HOSMC is that it
requires the knowledge of the time derivatives of the
sliding variable (Chalanga et al. 2016). The FSMC
approach combines the advantages of SMC and Fuzzy
Logic Control (FLC). In this way, the phenomenon of
chattering can be decreased. The STSMC is a viable
alternative to the conventional SMC in order to avoid the
chattering phenomenon without compromising the tracking
performance (Swikir and Utkin 2016; Horch et al. 2015).
Other control laws derived from the Lyapunov approach
are well suited for the control of power and rotor current of
DFIG such as the back-stepping control (BSC) (Reddak
et al. 2016). Extensive research works have also focused on
assessing the stability and the state estimation problems of
the whole system. In In this paper, the nonlinear BSC is
used to control the power and rotor current of the DFIG
(Tarek et al. 2015) and its performance is compared with
STSMC.

The amount of power that can captured from a wind
turbine depends on several parameters including the wind
turbine characteristics and wind variability, which depends
of on the geographical location. Maximum Power Point
Tacking (MPPT) algorithms are designed to search for the
optimum operating point that allows the wind turbine to
extract the maximum power from the available wind
energy (Boutoubat et al. 2013; Hinkkanen 2004; Amimeur
et al. 2012). Several MPPT control strategies have been
proposed in the literature (Hong et al. 2013; Wu et al. 2013;
Eltamaly and Farh 2013; Belmokhtar et al. 2014). The
MPPT used in this work based on the Tip Speed Ratio
(TSR) control, which regulates the rotor speed, while
keeping the TSR at its optimum value to capture the
maximum wind power. This method requires an accurate
knowledge of the wind turbine parameters and
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measurement of the wind speed in order to determine the
required generator’s speed to extract the maximum power
(Eltamaly and Farh 2013; Belmokhtar et al. 2014; Lin and
Hong 2010).

Sensor-less speed control of DFIG has been addressed
by several authors (Akel et al. 2014; Forchetti et al. 2009;
Lin et al. 2011). The model reference adaptive system
(MRAS)-based observer has been the most popular in
DFIG mechanical speed estimation due to its simplicity
and ease of implementation. However, the MRAS approach
does give satisfactory performance under challenging
operating conditions such as parameter variations of the
DFIG. An Adaptive Sliding Mode Observer (ASMO) is
used in this paper to further improve the robustness of the
observer against parameter variations in the DFIG.

The main objective of this contribution is to propose an
enhanced nonlinear control scheme for the DFIG. The
control scheme consists of: (1) a BSC controller to regulate
the current rotor and power of DFIG, (2) ASMO observer
to estimate the mechanical speed of the DFIG, (3) an
MPPT algorithm to search for the optimum operating point
that allows the wind turbine to extract the maximum power
from the available wind energy.

The rest of the paper is organized as follows: Sect. 2
presents a description and modeling of the wind turbine
with DFIG. In Sect. 3, the proposed control algorithms for
the wind, DFIG and observer are derived. Finally, simu-
lation results and conclusions are presented in Sects. 4 and
5 respectively.

2 Modeling of the studied system

The configuration of studied system is illustrated in Fig. 1.
Which consists to a variable speed wind turbine with
MPPT controller, a DFIG and inverter.

2.1 Wind turbine model and characteristics

The wind turbine converts the kinetic energy from the wind

into aerodynamic power P, which expressed by the fol-
lowing equation:

1
P, :ECP(/L ﬁ)an2V3 (1)
RQ,
)\. = 2
s @
The aerodynamic torque is given by:
P,
T,=— 3
5 G)

The Wind Turbine (WT) model structure is depicted in
Fig. 2. The coupling of the shaft between the wind turbine
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and a DFIG requires a gearbox system (G). Therefore, the v R Ay
speed and torque delivered to the generator are related by ds = Rslas + dr D5 gs
the following equation: . dy
W g qu Vqs = Rxlqs —+ qu —+ (,Uslpd‘,
Q = % (4) dy, (6)
e G Vdr - Rridr + dtr - CUrl//qr
T, L
T, = E (5) Vyr = Ryigr + 7‘” — g
lpds = Lsids + Lmidr
2.2 Modelling of the DFIG Vs = Lyigs + Linigr (7)
l//dr = Lyigr + Linigg
The classical DFIG model described in the Park reference Var = Lrigr + Linigs
frame is given by the following set of equations of voltages The electromagnetic torque is given by:
and flux linkages for the stator and rotor respectively: 3PL
Tow = ETm (W ysiar — Wasiqr) (8)
'S
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The active and reactive powers of the DFIG are:

Py = Vs igs + Vqs~ iqs
05 = Vqs~ ias — Vas- iqs

2.3 DFIG with stator field orientation strategy

To make the control of the DFIG equivalent to that of the
DC machine, for which a natural decoupling exists between
the flux and torque, an orientation strategy of the stator flux
following the d-axis is applied. One can write:

Vas = Vs
{2 (10)
Vis =0
11
{ qs — Vs ~ ws‘ﬁx ( )
=L lds +L ldr
{ 0 L lqs + Lmlqr (12)
3P Lm
Tem lpdr Lgr (13)

The equations relating the stator currents to the rotor
currents are deduced as:

. Vi  Lp.
lgs = — 5 lar
wsLs L
S oh b ()
Lds - L_s lgr

Vdr—Rridr+Lr(7 d _Femd
diry (15)
Vo =Ryigr + L6 =L+ Fopyg
dt
with
Fema = g g Ly O-iqr 12
Lm Vs; c=1-—--—"=

Femq =gosLl,oiy+g

s

Finally, Eq. (9) becomes:

VL
Ps = _qur

Vil V2 (16)
Qs = - L, Ldr +Ls s

3 Control strategies

This section provides a detailed description and derivation
steps of the different control strategies shown in Fig. 1.
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3.1 MPPT with speed control

The goal of the MPPT strategy is to extract the maximum
power from the wind. The TSR is the most widely used
method for MPPT. Figure 3 shows that the optimum tur-
bine speed is first compared with the actual value and the
difference is then fed into PI controller to obtain the ref-
erence of electromagnetic torque. The optimal turbine
speed is achieved when TSR is maintained at its optimal
value.
* A t " Vv
Q== — (17)
Under these conditions, the maximum power is given
by:
3
Cp max p TCRS Qmec (18)

’;
4 “opt 2 G

Popt:

3.2 Nonlinear control design for DFIG

In this section, two nonlinear control laws for the control of
the DFIG rotor currents and power are derived namely the
back-stepping control (BSC) and super-twisting sliding
mode control (STSMC).

3.2.1 Back-stepping control

The control by Back-Stepping tries to find a stabilizing
control for the closed-loop nonlinear system in the sense of
Lyapunov stability theory. The design steps of the BSC for
the DFIG model are:

Step 1 Active and reactive power control

Defining the active and reactive power errors as:

e = P* — Ps
" 19

{ €3 = QS - O ( )

The derivative of the error is as:

é =P — Py

; s 20
{ €3 = Qs - Qx ( )

The first Lyapunov function is chosen as:

1 1

m=§4+§é (21)

The derivative of the function V; is expressed as:
V] = elé] + €3é3 (22)

Which can be rewritten as follows:

Vi = —Kje] — Kze3 (23)
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Fig. 3 MPPT with speed control

To ensure that the derivative of V; is negative, the
constants of K; and K3 should be positive. Equation (20)
can be rewritten as follows:

o, Vslm
P*+7 :—K1€1

é] = B lqr

L,
(e Vi, 24)
e = Qi+ i) =—Kses

Finally, the direct and quadratic of rotor currents of
DFIG chosen as:

. L, -
i = (01— Ksea)
stm (25)

: L .
iy =g (P~ Kie)

Step 2 Rotor currents control
Defining the rotor currents errors as:

oy .

er=1._ —1

gr (26)
€4 =1y, — lir

The derivative of the error is:

{ 2l (27)

é4 = l':;r — lgr

with
l:dr = ! (Vdr - Rridr)
Y @8)
iqr = m (Vqr - Rriqr)

The second Lyapunov function is chosen such as:

1
V, = 3 (el + e +e5+ej) (29)

The derivative of the function V, is expressed as:
Vy = €16y + €26y + e3é3 + eséy (30)
Equation (30) can be rewritten as follows:

V2 = —Kle% — Kze% — K3€§ — K4€421 (31)

Again, to ensure that the derivative of V, is negative, K,
and K, are selected as positive constants. Equation (26) can
be rewritten as follows:

. L, | .
- ((V:Lm (_P: B KIEI)) - (m (v‘I’ - Rﬂqr))) =-Ksey

6y = ((VLL” (-0; - K3e3)) - (ﬁ(v,,, - R,id,))) = —Kues
(32)

Finally, the direct and quadratic of rotor voltage of the

DFIG are chosen as:
L, S R, .
Vg = Lro—(<vs£m (-0; - K3€3)> + :;zd, + K4e4)

Vo = Lo (-2 (—P: — Kyen) TP
r = Ly —r; — Kje — gy e
q VsLm s 1€1 Lro_q 2€2

(33)

A block diagram of the BSC used in this section is
illustrated in Fig. 4.

Fig. 4 Block diagram of the back-stepping control
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3.2.2 Super-twisting sliding mode control (STSMC)

In this section, the basic principle and design procedure of
the STSMC scheme used to control the active and reactive
powers and the rotor currents of DFIG are discussed.
STSMC is a controller like the Second Order Sliding
Mode Control (SOSMC) attempts to eliminate the chattering
effect. However, STSMC is more advantageous compared to
SOSMC because it retains the same tracking performance
and robustness of the conventional Sliding Mode Control
(SMC) and it depends strongly on the sliding surface.
STSMC scheme consists of two terms: the equivalent

control U,,, and super twisting control U,

u(t) = Uequ(t) + us (1) (34)

with

g (1) = w1 (1) + ua () (35)

{lfl(f) = —.|8]"sgn(s) (36)
tiy (1) = =7 - sgn(S)

where A and y are positive constants and the fixed-gain can
be chosen as:

2
"4 Tou(2+ ) (37)
Fﬁlin 1—‘min(i - d))

with: @, I' i, I'max are the positive constants.

For the equivalent control of STSMC, the same proce-
dure is used as for the conventional SMC. The design
procedure applied for a model of the DFIG include the
following steps:

Step 1 Active and reactive power control

A. Equivalent control

The active and reactive powers switching surface is
designed as:

{S(P) =P — P,

N

" 38
S(0)=0: - 0, G8)

In order to guarantee the existence of a sliding mode and
ensure convergence, the condition on Lyapunov function
must be fulfilled:

$(P) - S(P) <0

{ $(0) - 5(Q) <0 (39)
: L
S(P):PsfpszszrVS.Lmlqr

. N (40)
S(Q):QS_QS:Q5+VS~Lm1dr

The outputs powers controllers by STSMC are the rotor
currents references of DFIG, so, the equivalent control is
given by:

@ Springer

: . V- Ly -

S(P) =0 iy, = — =P,

X e Vs 'SLm o) (41)
S(Q):Oﬁldr:_ L Q‘v

B. Super-Twisting Control (STC)

In this work, the hyperbolic tangent surface is used for
the STC due to its robustness and fast convergence. The
STC terms can written as:

(1) = =+ 15]" 2 tanb($) — [ 7 tanb(5)a

lgr(sn) (1) = —Ag - |S|'/2- tanh(S) — /yQ - tanh(S)dt
(42)

To respect the condition of convergence, the positive
gains for 4, 49, 7, and yo are chosen appropriately.

Step 2 Rotor current control

A. Equivalent control

The rotor current switching surface is designed as:

S(in) — i —

(far) = igy = lar (43)

S(lq, =1, —igr

In order to guarantee the existence of a sliding mode and
ensure convergence, the condition on Lyapunov function
must be fulfilled:

S(iqr) ’ S(iq") <0

L Vi = Revia)
dr — I - gy
o Lr (45)

: e 1 .
lgr = 1lgr — oL (Vqr —R,- lqr)
r

S(idr) = lz’r - lzd” = l:lr -
S(iqr) = l::;r -

The outputs rotor currents controllers by STSMC are the
rotor voltages references of the DFIG, therefore, the
equivalent control is given by:

S(iar) =0 V3, =0 Ly- i + R - iy
S(igr) =0 Vi =0 Ly i, + Ry - iy

(46)

B. Super-Twisting Control (STC)
The STC terms used for the control of the rotor voltage
of the DFIG can written as:

Varo () = 2+ |5]"tanb(5) = [ 3, tanh(S)a

lgrsn (1) = —2q - |S|"/2. tanh(S) — / 7, - tanh(S)dt
(47)
Similarly, to respect the condition of convergence, we
have chosen the positive gains for 44 4,, 7, and y,.

A block diagram of the STSMC used in this section
illustrated in Fig. 5.
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3.3 Adaptive sliding mode observer (ASMQO)

For the DFIG, speed sensorless operation is desirable in
practice, because the use of a sensor of speed has several
drawbacks in term of cost and robustness.

In this paper, we have developed a Sensor-less system
based on ASMO to estimate the mechanical speed of the
DFIG. Firstly, the sliding mode observer for the DFIG will
represented in the stationary reference frame and is defined
as:

X ~ ~ N 1
x| = —/x1 + aX; + pKxsx4 + EVM — KV, + Ay

A

! V KVg, + Ayl
oL, fs pr 214g

3?3 = bx| — cX3 — pXsXy + Vo + Azl
X4 = bxy — cX4 — pXsx3 + Vg, + Aul

)éz = —Ax; + axy — pKxsx; +

(48)

Secondly, with the adaptation mechanism based on a
simple conventional PI-type controller, we can determine
the Mechanical Speed Observer (MSO) of the DFIG. So,
the MSO expressed by:

Cigs = X1 — X1

Cips = X2 — X2

. (49)
Cpur = X3 — X3
Coppr = X4 — X4

&= ejyeky — eipsX3 (50)
t

i = K,,8+Ki/8dt (51)

0

where

~ h h ~ ~ ~ 1T
$= [ i G Gy O

1 R, R/} o L
oL, oL? " R’
L K L 1
K = r , a=—, b — i7 c=—
oL, L, T, T, T,
i Equation (41)
dr :
% e
[Ps ,QSJ — Equation (42)
(2.0,

Fig. 5 Block diagram of the STSMC

S1, Sy represent the sliding surfaces. In this work, the
hyperbolic tangent surface is used due to its robustness and
fast convergence.

I, = [sign (S)) sign (S)]" (52)
Sl = X1 — )21
{ Sz = X2 — )22 (53)

The gains A;, A,, A3, A4: are calculated to ensure the
convergence of errors observer. The gains are derived as
Belabbas et al. (2016):

A A o1 0 (54)
Ay Az 0 6

-1

1 a —K pxs
- 55
@+ (Kpxs)® [KPXS a } (55)

Asi Axn (g1 —¢c)  —pxs o1 0
_ . (56)
Ay Ap DXs (2—¢c)]'|0 o
Such as:

U
—_—
DR
[
<~ ~—
S O

51>|e3|max
52>|e4|max

4 Simulation results and discussion

To test the performance of the BSC controller used to regulate
the two powers (active, reactive) and rotor current of the DFIG.
A simulation study of the DFIG model and control schemes was
done using MATLAB and Simulink with the parameter’s val-
ues listed in the “Appendix”. To better illustrate the advantages
and performance of BSC, four tests are performed and the
results are presented in the following subsections:

4.1 Control the power and rotor current by BSC
In this section, BSC is used to control the two powers and

rotor current of the DFIG. The system is initially simulated
with the variable wind speed profile shown in Fig. 6. The

Equation (46)

qur

Equation (47) —
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reference mechanical speed, the real measure speed and the
estimated speed from the Adaptive Sliding Mode Observer
(ASMO) are shown in Fig. 7. The results demonstrate fast
convergence and good tracking performance of the real
mechanical speed during the whole wind speed profile. The
error between the estimated speed from the ASMO and the
real speed is very small.

The d- and g-axis stator flux components of the DFIG
are illustrated in Fig. 8. Note that the g-axis stator flux is
zero in steady-state, which demonstrate that the stator flux
is perfectly oriented along the d-axis.

The optimal power extracted from the wind turbine
according to the wind speed is obtained from the MPPT
algorithm and is used as the reference power. Thus, in
order to ensure a unit power factor, it is necessary to
choose a reference of zero for the reactive power.

Figures 9a and b show the response of two powers
(Active, Reactive) of the DFIG respectively. It can be
noted that the two powers follow these references suc-
cessfully, and with a quick response time. These results
clearly demonstrate the effectiveness of the BSC controller
to regulate the two powers of the DFIG.

Figure 10a and b show the response of the rotor current
in the d-q Park coordinate respectively. It is also observed
that the rotor currents follow these references perfectly and
no steady-state errors. Thus, the rotor currents in the d- and
g-axis of Park coordinate are the images of the reactive
power real power respectively. These results demonstrate
the advantage and performance of BSC to control the DFIG
powers and rotor current.

From these results, it can be concluded that the BSC leads
to faster transient response and zero steady-state error.

The electromagnetic torque shown in the Fig. 11
responds quickly to an active power demand while it is
independent of the reactive power.

4.2 Comparative study between BSC and STSMC
In this second section of these simulation results, which

was based on a comparative study between BSC and
STSMC used to control the rotor currents and the two

Wind Speed [m/s]

Fig. 6 Wind profile
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Fig. 8 Stator flux of DFIG: d- and g-axis components

powers of the DFIG. STSMC can eliminate the chattering
phenomena characterizing the conventional SMC and
presents good convergence towards the desired reference.

Figures 12a and b show the responses of the active and
reactive powers of the DFIG respectively. From these
results, it can be concluded that both BSC and STSMC are
able to perfectly control the two powers with good steady-
state performance. However, in the transient regime, the
BSC is more effective as compared to the STSMC, because
with the BSC the two powers converge rapidly towards
their references and do not exhibit any overshoot or
oscillation. On the other hand, it can be noticed that with
the STSMC both power responses have some overshoot
during the transient. In summary, BSC provide more
accurate control and has a faster convergence than STSMC.

From this comparison, it can be concluded that both
controllers give good overall performances however BSC
gives a faster transient response than STSMC.

4.3 Control system under parameter variations

In this section, a robustness test of the BSC controller
against parameters variations of the DFIG is carried out.
For this, the stator and rotor resistances of the DFIG are
varied by 30% and by 50% of their nominal values.
Figures 13a and b present the responses of the two
powers of the DFIG respectively. It can be observed that
the responses of the two powers are not affected by these
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Fig. 10 Rotor current of DFIG controlled by BSC: a direct and b quadrature

parameters variations of the DFIG which confirms the
robustness of BSC.

This test clearly demonstrate that BSC can effectivelly
compensate for parametric variations of the DFIG.

Torque [N.m]

4.4 Control system under actuator modelling error

This test aims to evaluate the degree of robustness of the
Time [s] BSC against modelling errors. This test was performed by
introducing two Transfer Functions (TF) AG of the second
degree, which were characterized by the presence of a
pulsation w,,. The TF was placed at the input of DFIG as

Fig. 11 Electromagnetic torque
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Fig. 12 Powers of DFIG: a active and b reactive
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Fig. 13 Powers of DFIG under the parameters variations of the DFIG: a active and b reactive

shown in the Fig. 14. In addition, the increase in the value
of the pulsation indicates that there is an important mod-
elling error in the system studied.

2

AG—— Pn
S +4S + »?

(57)
where S is the Laplace transform.

Figure 15 shows the response of the powers of the DFIG
under the simulated modelling error scenario. To further
demonstrate the performance of the BSC controller, a com-
parison was made between the case with no-modelling error
(i.e. @, = 0 rad/s) and when the system has a modelling error
for different pulsation values of 10, 50 and 100 rad/s.

From these simulation results, it is clear that the response
of the powers has not changed and has not been influenced by
the presence of the modelling error. These results confirm the
performance and robustness of the BSC controller and its
suitability for wind energy systems applications.

Table 1 summarizes the comparative results of the BSC
and STSMC controller under the different scenarios con-
sidered in these simulation studies.

5 Conclusion

This proposed some robust control strategies for wind
energy conversion systems (WECS) based on a speed
sensorless doubly-fed induction generator (DFIG). Two
control methods have been proposed based on back-step-
ping control (BSC) and super-twisting sliding mode control
(STSMC) to regulate the real and reactive powers and the
rotor current of the DFIG. To achieve a fast convergence of
the observer and preserve the desired tracking performance
under model uncertainties, an ASMO model is employed to
estimate the mechanical speed. The aim of this proposed
control scheme is to improve the performance, robustness,

Fig. 14 Proposed of DFIG
structure based on BSC * I * 7
i i P =P, P s N v .
controller with modelling error s opt é dr Voper | svm Vaver [ @06 NVear
BSC BSC PEY(0) L >
5 - dq
* *
Qs = s I dr I dr 7
Vdr Vqr
r—-—-————-" " T T T |
! } |
I 2 2 |
|| 5 — |
| s“+4s+0)}‘7 s“+4s+a)g |
I | |
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Fig. 15 Powers of DFIG under actuator modeling error of the DFIG: a active and b reactive
Table 1 BSC and STSMC comparison Table 2 List of symbols
Performance Average Good Excellent Symbol Significance
Rapidity P Aerodynamic power
BSC X ) Tip speed ratio
STSMC X C, Power coefficient
Precision p Pitch angle
BSC X o Air density
STSMC X R Blade length
Stability 14 Wind velocity
BSC X T, Generator torque
STSMC X Tom Electromagnetic torque
Robustness G Gear ratio
BSC X Q, Wind speed
STSMC X Ter Aerodynamic torque
S Surface swept by the turbine
Qpec MS of the generator
. . o J Inertia of turbine
and efficiency of the. WECS. Whll? maximizing thfa power . Friction of turbine
extracted from the wind. Various simulation scenarios have R.R, DFIG stator and rofor resistances
been pr.esented to evz%luate th(? .proposed control structure Lol DFIG stator and rofor inductances
under different operating conditions. Overall, the proposed .
BSC d " . d off Ly, Mutual inductance
I rovi -transient r n n I
strategy provides a fast-trans e t response a_ orters Vs, Vs d and q components of the stator voltages
better performance, robustness against parametric uncer-
.. . Var, Var d and q components of the rotor voltages
tainties. The control structure can be extended and applied o
. . . ids, Igs d and q components of the stator currents
to large power systems with grid-connected wind farms.
ldry igr d and q components of the stator current
Acknowledgements The authors would like to acknowledge the Wass Vs d and q components of the stator fluxes
financial support of the Algeria’s Ministry of Higher Education and Wi Wy d and q components of the rotor fluxes
Scientific Research. This work was supported by L2GEGI laboratory ‘ Electrical 1 loci
at the Tiaret University, Algeria in collaboration with Polytechnic @r ectrical rotor angular velocity stator
national school, Algiers, Algeria. [ON Quantities frequency
g Slip
Q, MS of DFIG
Appendix J, Inertia of DFIG
K, Friction of DFIG
See the Tables 2 and 3. Py, O Stator real and reactive power
P, 0, Rotor real and reactive power
P Number of pole pairs of the DFIG
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Table 3 WECS parameter

Parameters Unit Rated value
Pour KW 10

R m 3

G 5.4

T Kg m? 0.042

K, Nms™! 0.017

Py gen KW 7.5

A% A% 230/380

f Hz 50

R, Q 0.455

R, Q 0.62

L, H 0.048

L, H 0.081

Ly H 0.078

1, Kg m? 0.3125

K. Nms™! 6.73 x 1073
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