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Abstract: -The purpose of this work is to present the advantages of the power control (active
and reactive) of a wind energy system in order to improve the quality of the energy produced
to the grid by presenting two control strategies applied to the conversion system of wind
energy equipped with an asynchronous generator with dual power supply. Both techniques are
studied and developed and consist of a field control (FOC) and a sliding mode control. They
find their strongest justifications for the problem of using a nonlinear control law that is
robust to the uncertainties of the model. The goal is to apply these two commands to
independently control the active and reactive powers generated by the decoupled
asynchronous machine by flow orientation. Thus, a study of these commands will be detailed
and validated in the Matlab / Simulink environment with the simultaneous use of the "Pitch
Control" and "Maximum Power Point Tracking (MPPT)" techniques. The results of numerical
simulations obtained show the increasing interest of the two controls in the electrical systems.
They also attest that the quality of the active and reactive powers and voltages of the wind
system is considerably improved.
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1. Introduction energy supplied by different controls. [5]. The
main idea of this approach is to analyze the
Today, Doubly Fed Induction Generator stability of the nonlinear system without
(DFIG) is widely used for power generation in solving the differential equations of this
wind farms because of its high efficiency, system. It is a very powerful tool to test and
energy quality and the ability to control power find sufficient conditions for the stability of
supplied to the network [1][2][3]. however, different dynamic systems. The study
DFIG-based wind turbines have a number of presented in this paper aims to optimize the
disadvantages such as their sensitivity to load energy performance of a wind turbine in order
disturbances, turbine’s  rotational  speed to maximize the wind energy captured while
variation, and internal and external parameters reducing structural problems cited previously
of the system. and improve control performance by reducing
Similaljly, 'Ehe system  is multi-var'iable, time of calculation. This optimization is
dynamic, highly coupled and non-linear, capable to minimize the costs of electricity
making control very difficult [4]. On the other production.
hand, the need for development of wind farms In this paper, we will start by exposing a wind
for the use of renewable sources, pushed the turbine modelling. Then, a study of the
evolution of research in the field to improve operating point tracking technique and
the efficiency of the electromechanical maximum power will be presented.
conversion and the quality of the electrical Subsequently, we present a DFIG model in the
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"dq" frame and the general principle of
controlling both power converters which is
based on the control strategy (FOC, and
Sliding Mode).

In this work, we develop two control strategies
entitled: Field Oriented Control (FOC), and
Sliding Mode Control. A study of these
commands is detailed and developed in Matlab
/ Simulink environment. Finally, the results are
analyzed to compare the effectiveness of the
controlled system of the two control strategy.

2. Wind Turbine Modelling
2.1.Energy conversion chain

The overall diagram of a wind energy
conversion chain connected to the power grid
is depicted in Figure 1.
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Figure. 1. Diagram of an energy conversion chain

2.2.Modelling of thewind turbine
Power

In this part, we define the mathematical model
used in modeling the wind system. The
expression of the mechanical power captured
by the wind turbine and transmitted to the rotor
(Rotor) is expressed by:

Protor = Wind'Cp(/‘Lﬁ)
Pyina = E.DSV3

Protor =%pS.Cp(/1,,8)v3 (D
With Cp(4, B)is the power coefficient, v is the
wind speed (m/s), p is the air density and S is
the swept area (m?)

Betz proved that the maximum extractable
power for a given wind speed by ideal turbine
and conditions is Cpmax(4, 8) = 0.593, this
limit is known as the Betz limit. For the DFIG,
it is possible to model the power coefficient
(Cp(4, B)) with a single equation that depends
on the tip speed ratio (A) and the pitch angle
(B) of the blades. This can be written as:

Cy(LB) = c;. (cz.i —c3.p— c4).e ‘i + .2 (2)
Withe; = 1.5872, ¢, =116, ¢c3 =04, ¢4 =
5,c5 =21, ¢ = 0.0085
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The wind turbine is characterized by the curves

of the coefficient power, which corresponds to
the aerodynamic torque (Tyotor), Shown in

following equation.
1

Trotor =2 = 2pS.C, (A AV . (3)
It is necessary to connect the wind turbine and
the DFIG to the Gearbox in order to adapt the
speed of the turbine to that of the generator. It
is modeled by the two following equations:
QA=G6.Q;

Trotor = G.Tin 4)
The evolution of the generator speed (Q)
depends on the fundamental equation of the
dynamic that characterizes the mechanical
behavior of the turbine and generator from the
total mechanical torque applied to the rotor. It
is given by the following formula (Figure 2):

daQ
]EZTm_Tem_f-Q Q)

Initialise rime:1 Turbine

Figure 2: Wind-turbine model

2.3.Mechanical regulation of the
power of awind turbine

A wind turbine is sized to develop on its shaft
a power called Pn nominal power obtained
from a wind speed vn, called nominal speed.
When the wind speed is greater than vn, the
wind turbine must modify its parameters in
order to avoid mechanical destruction, so that
its rotation speed remains practically constant.
[6-10].

Beside the nominal speed v,,, we also specify:

- the starting speed vy, from which the wind
turbine starts to supply energy

- the maximum wind speed v,,,, for which the
turbine no longer converts wind energy, for
reasons of operational safety.

The speeds v, , v; and vy, define four zones
on the diagram of the useful power as a
function of the wind speed:
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- zone I, where P = 0, the turbine does
not work.

- zone II, in which the power supplied
on the tree depends on the wind speed
V.

- zone III, where the speed of rotation is
kept constant and the power P
supplied remains equal to Pn.

- zone IV, in which the operating safety
system stops the transfer of energy [6-
10].

2.4.Principle of power control

There are two principles of aerodynamic
control to limit the power extracted from the
turbine to the rated power of the generator: [2-
6]

- "pitch" or "variable pitch" system that
adjusts the lift of the blades to the
wind speed to maintain a substantially
constant power in the speed zone 111

- "stall" or "aerodynamic stall" system,
the most robust because it is the shape
of the blades that leads to a loss of lift
beyond a certain wind speed, but the
power curve drops faster: it is
therefore a passive solution.

The first principle is associated a blade
orientation mechanism, allowing the variation
of the wedging angle during the operation of
the wind turbine to allow it to adapt to
different wind conditions. The interest of this
control  appears by  observing  the
characteristics of figure 4 which present the
power of the turbine as a function of the speed
of rotation for different wind speeds.
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Figure. 4. Power of a turbine according to its speed of
rotation, Set in wind speed.

3. Modédling of the DFIG

The generator chosen for the conversion of
wind kinetic energy is the double-feed
asynchronous generator [11-12].

The modeling of the GADA 1is described in the
Park reference system. The following equation
system describes the global modeling of the
generator that connects the voltages to the
currents, the speed, the flow of the machine,
and also the mechanical equation.

3.1.Electrical equations
3.1.1 Stator and rotor voltage

Vas = Relgs + % — 05045

Vas = Rlgs + 22 — 6,004 (6)
Var = Rylgr + % — 0r9qr

Vir = Relgr + 22 — 6,04,

(7

3.1.2 Stator and rotor currents

1 M

I = —. — .

ds G. Ls Pas o. Lr Par
1 M

Iqs = TLS-(pqs - U'LS.Lr-(pqr ®
1 M

lyp = ——. Qgy — ——.
dar o.L, Par o.L, Pas
1

M
Iqr = oL, Par — J.LS.LT'(pqS ©)
3.1.3 Statorsand rotor flux

Pas = Lglgs + Mg,

Pgs = leqs + Mlqr (10)

Par = Lplgy + Ml

Pgr = Lrlqr + Mlqs (11)
aqQ

TemZTr+fQ+]E (12)
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3.1.4 Stator and rotor powers

The control of the GADA must allow an
independent control of the active and reactive
powers by the rotor voltages generated by an
inverter.

In the two-phase reference system, the active
and reactive stator and rotor powers of an
asynchronous generator are written:

3
Py = E(Vds-lds + Vgs-Igs

3

Qs = E(Vqs Igs + Vds-lqs (13)
3

p= E(Vdr-ldr + Var-Igr
3

Qr = E(Vqr lyr + Vdr-lqr (14)

3.2.Mechanical equations
The electromechanical torque can be

determined by the following equations (Figure
5):

) |
E Tatar "
o CE m
‘“@_., by O - wi—— Tm .
b L -
. oy .
o o | TaTa
I_.. var iar
Fator
{5)
X ]
it 4

[ ST
[ S— PPl I
T
= ) e I r— e 3
- T —b{'Ij
L

Figure. 5: DFIG Model
Tem = p(gs- Pgs — Iqs-(pds) (15)

For obvious reasons of simplification, a d-q
reference linked to the stator rotating field and
a stator flux aligned with the d axis have been
adopted [11]. In addition, the stator resistance
can be neglected since this is a realistic
assumption for generators used in wind power.
On the basis of these considerations, the couple
becomes

Tem = pLMS((pds- Iqr - (pqsldr) (16)
4. Field Oriented Power Control

4.1.Principe of Power Control
The principle of stator flux orientation control
is based on [13]: @45 = @5 and @45 = 0.
For large wind turbines, the stator resistors are
negligible, and also the flux becomes constant.
For this, the flux has an expression:
@Pgqs = 0= Lelgs + M. 14,

Pgs = Lolgs + M. Iy, (17)
From stator and rotor equations, we obtain:
M
lgs = —1
as T A
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1
Igs =L_S((ps_M-Idr) (18)
The expression of the electromagnetic torque
[14]:

Com = p(ps-lqs = _pLMS(pslqr (19)
Based on the assumptions:

Vis =0

Vas = Vs = ws. @5

905 =7 (20)

The active power P, and the reactive power Qg
of the wind system can be written [14]
Py = Vg Igs + Vzls-lqs
Qs = Vzls-lds - Vds-lqs (21)
From the previous equation, we obtain [14]:

M
Py =Vs.lgs = Vs-L_Iqr

S

V2 M
Qs = Vs lys = ——— Vs-L_SIdr (22)

wgLg
The rotor flux is given by:

=1L M Iy, + M %
Par = T Ls Adr wsLs

MZ
Pgr = (Lr - L_s) -Iqr (23)
Subsequently, the control vectors Vg, and V.
can be determined by the equations:

MZ
Var = [(Rr +S.(Ly = L_)] Aqr
s

MZ
—Ws. g. Lr —L— 'Iqr
S

MZ
Vor = [(Rr +S.(Ly _L_s)] Agr —
M? M
ws.g- (Ly — L—) dar + Vs (24)
The following figure shows the diagram block

using Simulink that models the equations
defined previously (Figure 6):

Figure.6: Diagram block of the DFIG

The figure 6 shows the modeling of DFIG
equations using first-order transfer functions
for voltages. The vector control will be easily
implemented later, considering that the slip
value g is negligible and the influence of the
coupling is weak.
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4.2.FOC technique
In this work, we use two types of vector
control. The first is based on controlling the
rotor voltage of the DFIG to control the power

of the system (Figure 7).
=
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Figure.7 Direct vector control

The second type (indirect control) is based on
controlling the rotor current to control the
power.

The control vector is generated from Equations
19 and 21 (Figure 8).

4.3.Simulation results
In this part, we present the simulation results
of the proposed model for direct and indirect
control of flux (FOC) (Figure 9).
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Figure.9: Direct vector control of a wind system based on
DFIG

Figures 10 present the simulation results for
the proposed control models:
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Figure 10: Results of simulation of a wind system based
on the GADA variable speed

5. Sliding Mode Power Control

5.1.5liding Mode Power Control
Strategy

The principle of this technique consists in
bringing the states trajectory of a system
towards the sliding surface and to switchs it by
means of appropriate switching logic around it
to thesequilibrium point (fig.11); hence ,the
phenomenon of slip [15-16].

Semax  J=Unin El

Figure.11 The trajectory in the phase plane

The design of the sliding mode control

algorithm 1is carried out mainly in three

complementary steps defined by [15-16]:
5.2.9liding surfaces:

Considering the following non-linear system:

x=f(xt)+B(x,t).ulx,t) (25)
Where :
X€R™: Statut Vector, f(x,t)eR™,

B(x,t)eR™™ jueR™ : Statut Vector

In order to ensure the convergence of a state
variable to its reference value, it is necessary to
choose a sliding surface which is a scalar
function ,so that ,the variable to be adjusted
slides on the latter.
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J. SLOTINE proposes a form of general
equation [15-17] given by:

d n-1
S(x) = (E + 5) Le(x) (26)
Where :

§ : Positive gain ; (x) = x4 — x : Deviation of
the variable to be regulated; n: is a relative
degree which represents the number of times
that the surface must be derived to make the
command appear .

The objective of the command is to keep the
surface at zero. The latter is a linear
differential equation whose unique solution is

e(x)=0.
5.3.Conditions of existence and
conver gence:
In order to ensure the convergence mode,
LYAPUNOV proposes a function V (x) which
guarantees the stability of the nonlinear system
and the attraction of the wvariable to be
controlled to its reference value, the latter is
defined as follows:
V(x) = %.S(x)z >0 27)
For decreasing the function (x) , it suffices to
ensure that its derivative V(x) = S(x).5(x) <
0. The idea is to choose a scalar function S(x)
to guarantee the attraction of the variable to be
controlled to its reference value, and to design
a command "U " , so that the square of the

surface corresponds to a function of
LYAPUNOV [16].

5.4.Deter mination of the control law

Once the sliding surface and the criterion of
convergence have been chosen, it remains to
determine the control necessary to attract the
state trajectory towards the surface and then
towards its  equilibrium  point  while
maintaining the conditions of existence of the
sliding mode.
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The command (u) is a variable structure
command given by [18]
_(ut(x), s(x,t) >0
B {u‘ (x), s(x,t) <0
Where: utand u~are continuous functions,
withu™ # u?t
This control (u) of discontinuous nature will
force the trajectories of the system to reach the
sliding surface and to remain there in the
vicinity of the latter despite the presence of the
disturbances.
The system trajectories on the surface S are not
defined since the command (u) is not defined
for § = 0, to do this, FILLIPOV [23] and
UTKIN [24] propose a method called « The
Equivalent Command » [16,22] (fig. 12). The
addition of this command pre-positions the
system in a desired stable state and in addition
reduces the CHATTERING phenomenon.

(28)

Perturbation
Ug

{
s P aéz e
-

0

I 5:(X) Switching Law |

Figure.12 The equivalent command

This structure consists of two parts [16], one
concerning the exact linearization (U,) and
the other the stability(U,,).

U=Ugq+ Uy, (29)
(Ueq)is used to keep the variable to be
controlled on the sliding surface (x) = 0 . It is
deduced, considering that the derivative of the
surface is zero S (x) =0.

Considering the state system (17), we sought to
determine the analog expression of the control
U.

The derivative of the surface S (x) is given by

the following equation :
S

: as a
;S'(x) = E.f(x) +E.B(x).Ueq +
= B().Uy, (30)
In the sliding and permanent regime, the
sliding surface is zero and its derivative as well
as the discontinuous part are also null, so the
expression of the equivalent command
becomes as follows:

as as _
Ueg = =2 f0).(Z.B)™ G31)
It is necessary that g.B(x) # 0 , so that the
equivalent command can take a finite value.
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By replacing U, with its expression in S (x),
we obtain :

S(0) =2 B(x). Uy, (32)
In order to satisfy the condition of
attractiveness S(x).S(x) < 0, the sign U, of

must be opposed to that of g .B(x).5(x).

The discontinuous control (U,) forces the
dynamics to converge towards the surface and
ensures the insensitivity of the system with
respect to uncertainties and perturbations.
Several forms are proposed in the literature
[21-22], the simplest one is given by the
following expression U,, = K.sign(S(x))
Where: K is a positive constant and (sign) the
classical sign function.

But the main disadvantage of the relay type
control is the phenomenon well known by
"CHATTERING". In steady state, the latter
appears as a high frequency oscillation around
the equilibrium point (fig. 13), because of the
very discontinuous nature of the sign function.

5(x)=0

Chattering
Path /

Figure.13. Phenomenon of "CHATTERING".

To remedy this problem, several investigations
have been made. One of the solutions
envisaged consists in introducing a stop band
around the switching surface. To do this, it
suffices to replace the function (sign) with the
saturation function (Sat), whose discontinuities
in the vicinity of zero are less brutal.

This saturation function can be expressed by
the following equation [15-16] :

lifp>c¢

sat(g) (;1 ifp<e (33)
S iflpl<e

5.5.Application of the dliding mode
command to the DFI G.

After presenting the theory of Sliding Mode
Control, we will analyze in this part the
application of the sliding mode control to the
DFIG.
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According to the Field Oriented Control
principle, the quadrature component of the
stator field is forced to zero and the direct
component is equal to the total stator field.

The preceding equations become as follows:
Vgqg = 0

VUsq = Vs = Ws- Ds
dQ)rd

Vpg = Ry g + + Wy Brq (34)
=Ry lpq + 3”’ + Wy Brg

Po= Vg b

Qs = = Ve it Iy (35)

Lq= %—%.Im + Wy Ipg

Irq = ;:Z— - Llj.ra Lrq — @ LS.ZI.ZS.wS (36)

5.6. Active power control surface

The sliding surface proposed by J.SLOTINE is
given by the following equation:

n-1
S =(5+68) e (37)
To control the active power, we take n = 1,
the expression of the active power control
surface is as follows:

S(Rs) = e(Rs) = Psref — b (38)
Its derivative is given by equation (32) :
S (P ) sref Ps (39)

We replace P, by its expression as well as
Ir'q obtaining us:
S(P) = Poyos + Vemt (28— B —
s) — Lsref S'LS'(Lr.a Lo’ rq
M.V
" Lg.Lyr.0.wg (40)
By replacing the expression of with , the
command clearly appears in the following
equation:
S(Ps) = Psr"ef + V.
M.V

" Lg.Lyr.0.wg
In sliding and permanent mode:

M VigeqtVrgn _ Ry _
Lg’ Ly Lro T4

(41)

S(F) =0

S(P) =0

(42)

qun =0

Vigeq = —Ls. L. Psref + (Ry. Irg +
Ly.0.Lg + w. M. L:./Z)S) (43)
The discontinuous control is given V¢, by:
Vign = Ks.sat(S(F;) (44)

Where: K;: Positive gain
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5.7.Reactive power control surface

We take the same surface as that of the active

power:
S5(Qs) =e(Qs) = eref — Qs (45)
The derivative of the surface is:

S(Qs) = eref — Qs (46)

We replace Qs by its expression as well as I,4,
we get:

S(Qs) eref+ Lg (L o L}:;-Ird) (47)

By replacing the expression of V,; with
Viaeq + Vegnwe  obtain  the  following
equation:

p M VrdeqtVrdn
S(Qs) eref + V Lg (u_

Ly.o

g~ or.Ing (48)
In sliding and permanent mode:

5(0) = 0

S =0 (49)
Vean =0

Hence, the formula of V4.4 becomes as
follow:

Vrdeq L L eref + R Ird

Ly.0. 1. 0y (50)
The discontinuous control V,.4,, is given by:
Vrdan = Kq.sat(S(Qs) (51)

Where: K; : Positive gain
5.8.Simulation Results:

In order to validate the robustness of the
sliding control applied to a wind system based
on the DFIG, the following figures show the
results obtained from this application, where
the  following  observations can  be
distinguished:

» The wind profile is given by (figure
14).

» The aerodynamic power according to
the MPPT has the same shape as that
of the wind profile (Figure 15).

» The power coefficient Cp (Figure 16)
and the specific speed (Figure 17) are
kept around their optimal values
0.5505 and 8 respectively, which
ensures maximum mechanical power

» The rotation speed of the machine
(Figure 18) is less oscillating with a
high reliability with respect to the
input speed.

» The shape of the -electromagnetic
torque of the DFIG (Figure 19) is
negative with a shape different from
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that of the wind profile this is due to
the dynamic torque of the inertia.

» Figure 20 shows the active stator
power and its reference profile injected
into the network, where a very good
decoupling can be seen between the
active and reactive power of the stator.

» The stator reactive power and its
reference profile are shown in Figure
21, which gives a unit power factor
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factor cos ¢ (@) = 1 because ( = 0)
.Consequently, iron losses are
minimized.

Figure 22 shows the stator currents
which are purely sinusoidal with a
constant frequency 50 Hz and
consequently a minimization of
harmonics and therefore a better
injection into the grid.
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In this section, an analysis and interpretation of the
results of the application of the sliding control to a
wind system based on the DFIG will be presented as
well as a comparison with a literature based on the
same control [20] .

The figures obtained present the different
performances of the wind system, which show the
robustness and good tracking of the references. The
specific speed and the power coefficient vary in
proportion to the wind speed, which shows the
reliability of the system. The active and reactive power
follows their references well, making the system more
robust.

In paper [20], it is clear that the active and reactive
power (FIGS. 8 and 9) exhibit many oscillations,
which implies less robustness. It can also be noted that
the frequency of the stator current is different from
that of the grid , which is one of the major problems of
wind systems. By comparing these results with ours ,
we note that the wind system in our work is more
reliable and robust, which makes it possible to make a
better injection of power in the grid.

6. Comparison between different
Control Strategy: DFOC and Sliding
Mode

Field Oriented Power Control

Advantage

» The switching frequency is fixed;
The harmonic content of currents is well
defined;
There is an application of the eight voltage
vectors that can supply the voltage inverter;

>
>
» Good quality of regulation of the current in

steady state;

Copyright © 201x Inderscience Enterprises Ltd.
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Disadvantages:
» The general structure of the control algorithm
is complex to implement;
» Transient dynamics are slow;
» The parameters of the control algorithm
depend on the parameters of the DFIG.

Sliding M ode Power Control

Advantage:
» The general structure of the control algorithm
is simple to implement;
Robustness ;
The parameters of the control algorithm are
independent of the parameters of the machine;
» Very good dynamics during transient regime;
Disadvantages:
» The zero voltage vectors are not applied.

>
>

10

7. Conclusion

This work was devoted to modeling, simulation and
analysis of a wind turbine operating at variable speed.
The use of the two controls linear and non-linear
(Vector, Sliding Mode) with the application of the
MPPT and Pitch Control techniques, allows to
improve the system performance and guarantee a good
monitoring of the active and reactive powers.

The comparative study, between these two controls,
shows that the ???? control offers several advantages
such as the robustness and the linearization of the
system than the other commands.
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