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1. INTRODUCTION

Wind power is one of the main sources of energy used by humanity. Indeed, it is known as a clean
renewable energy and it is free. The popular development in the world and the growing needs for electrical
energy in the industrial and domestic fields has led to think of other sources of energy such as renewable
energy which has several advantages [1], [2]. After the recurrent global oil crises, the exploitation and
installation of wind energy sources are increasingly recommended and encouraged. Indeed, there are two
main configurations of wind turbines. The first configuration, which does not use static energy converters,
operates at a fixed speed. While the second configuration, which uses static converters installed between the
generator and the network, operates at variable speed. This last configuration allows wind energy to be
converted at different wind speeds.

In wind systems, several types of generators are used such as the permanent magnet synchronous
generator (PMSG), the asynchronous machine and the double-feed induction machine [3]. In the literature of
wind energy system (WES), several large-power wind turbines installed in the world use the doubly-feed
induction-generator (DFIG). This latest, presents an advantage in the production levels of electrical energy
for variable speeds, which can reach 30% of synchronism speed, hence a significant range of wind speed is
exploited [4]. The control strategy of DFIG consists of keeping the DC bus voltage constant and controlling
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the rotor active power through the control of the rotor current according to the quadratic axis of the rotating
frame of reference. The DC bus is located between two converters. The last converter is followed by an
(L, r) type filter [5], [6].

The control of DFIG is based on the orientation of the flux of the stator in the two-phase reference
(d, g) according to the axis d which leads to the decoupling of the quantities between the two axes d and q of
the rotor [7]-[9]. In the literature of wind energy conversion system (WECS) using DFIG, several control
techniques are proposed. One of the best-known methods are the classic proportional integral (PI) controller
[10], [11]. A linear quadratic regulator (LQR) controller is used to control the DFIG based WES as shown in
[12]. This controller giving stability but it can lose this due to variations of parameters or operating point. So,
to obtain a robust control, a sub-optimal Hoo regulator was used. The work in [13] describes a nonlinear
model predictive control (NMPC) that is presented to a WECS based on DFIG. The strategy consists to use
torque-current control loop engender the rotor reference voltage and speed control loop that yields the
reference of the torque. The works in [14]-[16] explain how sliding mode control (SMC) is used to change
the inner current loop of the conventional vector control. The gains of control are chosen using positive semi-
definite barrier function to evade chattering effect. Fuzzy logic control constitutes an approach used by
several researchers. Indeed, this approach can give robust regulators to the change of parameters machine or
grid, the fuzzy regulators can be developed without need of the mathematical model system, it is enough to
know the dynamic behavior [17]. Despite the effectiveness of these controllers, they remain complex
especially at the implementation. SMC approach combined with fuzzy logic control is applied to control a
variable speed of WECS using DFIG [18]. The adaptive neuro-fuzzy inference system uses maximum power
point tracking controller for DFIG based WECS [19]. This approach resulted in less chatter compared to the
conventional PI controller for a wide wind range.

The main contribution consists to use a new sliding mode control, which has the same structure as
the proportional-integral controller. Also, the paper includes a comparative study between the integral
proportional controllers with that of the proposed sliding mode. A fuzzy supervisor of the T-S type is used to
predict the optimal speed of the turbine, which allows extracting the maximum energy from the wind.

This paper is organized as follows: The first part of the next section describes WECS based on
DFIG. Then, the second and third parts respectively present mathematical models of the turbine and the
DFIG. The control strategy is described in section 3. Indeed, the first part is reserved to the presentation of
the classical PI control strategy applied to the DFIG. The second part is concerned to the elaboration of
control law basis on SMC. While the third part describes the new T-S fuzzy supervisor. This latest allows
predicting, at any time and wind speed, the optimal speed for the turbine to extract the maximum energy from
wind. Discussions and simulation results are shown in section 4. Then, the paper is closed by a conclusion.

2. MODEL OFWIND ENERGY CONVERSION SYSTEM
2.1. System description

The system contains essentially a turbine, two converters and a filter. The first converter controls the
operating point of DFIG, while the second AC/DC converter is used to keep constant the DC bus voltage and
to control both the active and reactive rotor powers injected to the electrical grid. In this structure, the wind
turbine rotates with variable speed. The rotor side converter is used to control the speed of the DFIG to
guarantee maximum power extracted from the turbine. The structure of connections with the grid is displayed
in the Figure 1 [20], where RSC and GSC stand for rotor side converter and grid side converter respectively.

grid
|
—
Lr
— ' AC/DC| DC/AC
. ] u
wind (RSC) (GSC)

Figure 1. General architecture of wind energy plant based on DFIG

2.2. Model of wind turbine

It is well known that a Wind Turbine transforms wind energy into mechanical energy on the shaft of
the DFIG using a speed reducer. The power at the turbine shaft can be written according to the following
formula [21], [22]:
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P, = ~mpv*R2C, (4, B) 1)

2
with:

RO
v

A= )
Where C,, B, A, 2 R, pand v define respectively power coefficient, pitch angle, tip-speed-ratio, turbine
speed, radius of the turbine, air density and wind speed. Each turbine is defined by its own power coefficient
which is limited by a maximum power called the Betz limit equal to 0.59. The following Figure 2. Shows the
evolution of C,, as a function of A.

2.3. DFIG model

The most standard structures of WECS use the DFIG, as shown in Figure2. In this case, the turbine
is linked to DFIG through a gearbox [23]. By transforming the inertia and the viscous friction of the turbine
to the DFIG, the global mechanical dynamics of the rotor is written as follows:

an
J2+fo=r,-1, 3)

where, J: total inertia of the wind turbine, I7,: electromagnetic torque of the DFIG, f: total coefficient of
viscous friction of the turbine and I;: turbine mechanical torque on the shaft of the machine. The electrical
dynamic model of the DFIG is described in the d-q rotating synchronous frame. The equations voltage of
stator and rotor are given respectively by (4) and (5):

{Vds = Rslys + lpds - (‘)Slpqs (4)
VZZS = Rslqs + ll)qs + wsll)ds

{Vdr = Relgr + Yar — (W5 — 0, )Pys (5)
Var = Relgr + g + (5 — 0 )5

The wg and w, are respectively the pulsations of the stator and rotor currents. Iy, /s, Ig and I, represent

respectively the stator and rotor currents. R, and R,represent respectively the stator and rotor windings
resistances. The expressions of the stator and rotor fluxes are written as (6) and (7).

{lpds = Lglgs + Mg 1y, (6)
¢qs = Ls[qs + Msr[qr
{lpdr = L lgy + Mg, 1y (7)
lpqr = Lylgy + Mgyl gs

L, L, and Mg, represent respectively the inductances of the stator, the rotor and the mutual. The expression
of the electromagnetic torque is written as (8).

Msr

Iy = ny Ls (Idrlzbqs - Iquzbds) (8)

The n,, denote the pole pairs number of DFIG. The stator field is oriented along the d axis of frame. The grid

is considered stable and perfect and the stator resistance of DFIG is neglected. Therefore, we can write the
(9) and (20).

{¢ds =5 = Lglgs + Mg 1y 9)
Ygs = 0 = Lelgs + Mg Iy
VdS = 0

10
{Vqs = Wy (10)

The electromagnetic torque equation becomes (11).
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Mgy
Ip =—-ny L_Slqupbs (11)

The equations of both powers become (12).

Mg
P =- szlqr
Mgr Ps (12)
Qs = _L_SVsIdr + VSL_S
Based on (5) and (9) the rotor state equations are expressed as (13),
. 1
Iy = Lr_a(_RrIdr + Var + swsL,0ly,)
. 1 Mg Vs (13)
I =75 (=Relgr + Ve = s;Ly 014y — s 72%)

whereo =1 — - er and s denote respectively the dispersion coefficient and the slip speed. The block diagram

of a simplified DFIG model [24] can be determined by using (11), (12) and (13) and can be described by
Figure 3.
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Figure 2. Variation of the power coefficient Cp
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Figure 3. Simplified DFIG model block diagram
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3. DFIG CONTROL

The DFIG control chain has two nested loops, one for the current and another for the speed. The
internal current loop admits a faster dynamic than that of the speed. Indeed, the quadratic current reference
value is deduced from the external velocity loop [25], [26]. The optimal reference speed is deduced from the
MPPT characteristic, which describes the evolution of power as a function of turbine speed for different
values of wind speed [27].

In this section, we propose two types of current controllers. In the first subsection, we present the
classical proportional integral controller. Whereas, in the second subsection a new sliding mode control,
which has the same architecture as the proportional-integral controller is designed. In the third and fourth
subsections are respectively reserved to the speed controller and the presentation of T-S fuzzy supervisor.

3.1. Current PI controller

The PI controller is used for linear system. In our case, the DFIG is a nonlinear system. However, it
is necessary to decouple the variables of the direct and quadrature axes. To appear the transfer functions for
both axes, the vector control is achieved by eliminating the coupling terms by compensating the term

(—swsLyalg,.)) on the d-axis and the term (swsL,olg, + sMi—ZVS) on the g-axis. This allows for each of the
axes to be controlled independently of the other with its own PI controller. The procedure for controlling the
direct and quadratic rotor currents of the DFIG by the PI controller is similar. Indeed, after decoupling the
magnitudes of the two direct and quadratic axes, the current regulation block diagrams are identical. We are
content to represent a single loop whose reference and measured quantities are Idg to say that it is valid for
the both axes (d and q) as shown in Figure 4. The quadratic reference current can be computed basis on the
electromagnetic torque (11). Whereas, reference current along the direct axis is maintained constant to cancel
the reactive power according to (12).

lag-
" R(p) | L
i Lop+R]

Figure 4. The current loop

qu—mes

The current regulator equation:

K..

Ri(p) = Ky + f (14)
The current transfer function:

. pakit

idg-mes(P) — & Kip (15)

idg-ref(®) Lyo p2+—RTL:I;ip +lli_ié
The regulation parameters are given by:

Ky = 2§w ;L,0 — R, (16)

Kii = LTO'(A)L'Z (17)

The DFIG control block diagram using PI type controller can be illustrated by Figure 5.

3.2. Current sliding mode controller (SMC)

The SMC approach is considered as a robust control. However, to guarantee the convergence of
currents errors towards zero for all reference values, we propose in this subsection the development of a
controller basis on the theory of sliding modes. The control law includes two components, as shown in the
following [28]:

U= Upg + U
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Figure 5. Block diagram of DFIG control using PI regulator

The first one is known as equivalent control term and the second is the switching control term. In
the case of DFIG, two surfaces are defined, one for the current along the direct axis and another for the
current along the quadrature axis as shown by (18):

t
{Sl = Idr—ref —lgr + ¢4 fo (Idr—ref — Iy )dt (18)
t
S2 = lgr—rer —Igr + C2 fg Ugr-rer — Igr)dt
with c;and ¢, are two positive constants. The derivative of the sliding surface gives:
{5:‘1 = _I:dr + Cl([dr—ref - Idr) (19)
$2 = —lgr + c2(Igr—rer — Igr)
using (13) which gives:
. Ry Var
S§1 = Lr_aldr - Lria - Swslqr + Cl([dr—ref - Idr)
Gy = 2L, — Ay MV o Ty + co (1 ~1 0)
S = Lyo qr Lro SLertr SWglgy Cz( qr-ref qr)

the equivalent control laws along the direct and quadrature axes Vg,_., and V,,_., are calculated from
$; = 0and s, = 0 which allows writing:

Vdr—eq = (Ry — c1L,0)lgr — SwerO-Iqr + ClLrO-Idr—ref 5
M 1
Vqr—eq = (Rr - CZLTO-)[qr + SwerUIdr + SL_S:VS + CZLro-Iqr—ref ( )
in the sliding mode approach the reaching condition, s;s; < 0, must be verified. So, s;$; < 0 and s,s, < 0
must be verified.

& R (Vdr— +Var— )
5181 = 5, (ﬁldr — == swslgy + 1 (Iar—rey — Idr)) 22
T T 22
. Ry (Vgr—eq+Vqr—s) MgV,
528, =5, (Lr—a lgr — o + sL:Lr; + swslgr + C(Igr—ref — Iqr))
Basis on (21) the (22) becomes as follow:
515-'1 =5, (_‘Zd;—s)
: (23)
: (=Var-s)
S252 = S2 Lo

if we choose Vg,_s = kysign(s;) and V,,_s = k,sign(s,) with k; > 0 and k;, > 0,the reaching conditions
are verified as shown (24).
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. ki .
$181 = _S;—;ﬂg”(sﬂ = —Ki|s;| <0
. rSsz . (24)
$282 = =53 Lr_askgn(sz) = —K|s,| <0

The expressions of the global commands along the direct and quadrature axes are given by:

Var = Vdr—eq +Var—s = Rylgr — SwerO-[qr + ClLrO-([dr—ref - Idr) + klsign(sl)

MgV, )
Vor = Var—eq + Vagr—s = Rplgy + swsL,oly + s SLrS >+ L0 (Igr—rep — Igr) + kpsign(s;

)(25)

the speed regulator provides the quadratic reference current of the rotor while the reference according to the

direct axis of rotor is equal to I;”—S to cancel the reactive power [29]. The block diagram of DFIG control using
ST

SMC can be illustrated as follow Figure 6.

grid

Loop
control
Grid
side

|
Idr—re( @

Wind speed T-S fu.zzy Q.
supervisor [ )
Q

mes

Figure 6. Block diagram of DFIG control using SMC

The dynamics of the current loop is very fast so that it can be neglected in front of that of the speed
loop, which makes it possible to trace the speed regulation chain in Figure 7. The speed regulator equation:

Ro(p) = kpo + "2 (26)

The speed transfer function:

+ig
Dmes(0) — kr;ﬂ p 120} (27)
Qref(D) J phwzﬁ"%
Regulation parameters:
kﬂp =28wy] — f (28)

3.4. T-S fuzzy supervisor
Based on knowledge of extreme wind speeds such as (Vmin, Vmax) that the turbine can support, as
well as the corresponding optimal angular speeds (Qopt1, Qopr2) for each of the corresponding wind speeds as
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well as the optimal powers provided. However, it is possible to compute, exploiting a T-S fuzzy type
supervisor, the optimal velocity Qqpe and the electrical converted power Poy for each wind speed situated in
the range (Vmin, Vimax). The membership functions of the T-S fuzzy supervisor are shown by Figure 8.

'Qref = Qopt = Mlﬂoptl + Mzﬂoptz (30)
Prer = Popt = NiPoper + N Popea (31)
3_y3. 33 . ) ]
Where, N, = ‘/3% and N, = V;’;“x describe the member ship functions for converted power. Poyi1 and Popr2
V. min V. min

max max

define the optimum powers for the extremes wind speed.

Q. T Qs 1 M M
E Ra(P) y
- T et
V mis
len Vms:>
Figure 7. The speed loops Figure 8. Membership functions for wind

4. SIMULATION RESULTS AND DISCUSSION

To check the performance of the two control techniques: PI control and SMC control, we used
MATLAB/Simulink software. The parameters of the DFIG and the turbine are indicated by the Table 1. The
wind speed variation is trapezoidal between 6 m/s and 13 m/s to 9 m/s as shown in Figure 9. It gives the
DFIG speed variation between 80 rad/s and 170 rad/s to 116 rad/s. The Figures 10 to 15 show respectively
speed variation, quadratic and direct rotor currents evolution, three phases rotor currents, stator power
variation and the electromagnetic torque variation.

In Figure 10 the speed follows its reference determined by the T-S fuzzy supervisor. According to
the Figure 11, Figure 12 and Figure 13, it is noted that the PI control method generates oscillations at the
level of the rotor currents, which is not the case for the SMC control method. To avoid the phenomenon of
chattering for the control technique by SMC the switching function has been changed by the saturation
function and with an adequate choice of its constant ki. The effect of rotor current oscillations resulting to the
Pl controller affects both powers injected to the network as shown by Figure 14 and the electromagnetic
torque Figure 15.

Table 1. Parameters wind turbine

Value Parameters Value Parameters
2 Mw DFIG power 25mH  Mutual inductance
0.0026 Q  Resistance of stator 2 Number of pole pairs
0.0029 Q  Resistance of rotor 75 Gear reduction ratio
2.587 mH  Inductance of stator 40 Radius of turbine

2.587 mH Inductance of rotor

@
o

=
o

= speed reference

—F

speed(rad/s)
o
(=]

wind speed (m/s)
=
o

fe-]
=]

o)
=]

10 20 30 40 50 10 20 30 40 50
Time (s) Tima(s)

Figure 9. Wind speed variation Figure 10. Speed variation
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CONCLUSION

This paper describes two types of controllers namely the popular classical controller Pl and the
SMC for a WECS using the DFIG. Although the Pl-based control strategy looks simply, it has severe
disadvantages that make it ineffective for various applications. In addition, a T-S type fuzzy supervisor is
developed to predict the optimal turbine speed and power that it can convert from the wind. The presented
simulation results prove that SMC could be an attractive solution for a WECS exploiting the DFIG. However,
the chattering phenomenon keep an important problem with this approach. The results demonstrate that the
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SMC strategy is more interesting and efficient in terms of maximizing power conversion, compared to the
traditional PI technique.
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