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Abstract— The aim of this paper is to present a simple
Maximized Power Control for Wind Energy Conversion System
(WECS) using Double Fed Induction Generator (DFIG). The
control algorithm uses High Order Sliding Mode Control
technique (SMC). This control strategy, based on stator flux
orientation, tracks the maximum power for different wind
speeds, and regulates separately the active and reactive powers
exchanged between the machine and the grid.

Model Reference Adaptive System (MRAS) is proposed in this
work for speed estimation method. The control of our system is
tested under fault condition by simulation. Some results are
presented and discussed to prove simplicity and efficiency of the
DFIG control for WECS.
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I. INTRODUCTION

Wind energy is one of the most promising renewable
energy sources due to the progress experienced in the last
decades. Governments are attracted by the WECS with its
simple structure, easy maintenance and management. With an
average global annual growth rate of 14% for the period 2002-
2006. Wind energy is playing a major role in the effort to
increase the share of renewable energy sources in the world
energy mix, helping to satisfy global energy demand, offering
the best opportunity to unlock a new era of environmental
protection, the world energy crises can be solved in future.

The wind turbines variable-speed operation has been used
for many reasons. Among these are the decrease of the
stresses on the mechanical structure, acoustic noise reduction
and the possibility of active and reactive power control. Most
of the major wind turbine manufacturers are developing new
larger wind turbines in the 3-6-MW range. These large wind
turbines are all based on variable speed operation with pitch
control using a direct-driven synchronous generator (without
gear box) or a doubly fed induction generator (DFIG).

Many papers have been presented, with different control
schemes of WT to extract a maximum power from wind speed
variable, based on fuzzy controller as it is commonly done in
literature [1, 2 and 3]. The DFIG control schemes are

generally based on vector control concept (with flux
orientation) with Sliding Mode Control (SMC) as proposed in
[4, 5]. SMC of Active and Reactive Power of a DFIG and
extracting maximum power for Variable Speed by WECS in
[6, 7]. Many works are done about decoupled control of DFIG
to improve power quality for WECS. In [8, 9] have studied an
advanced control of DFIG and power quality improvement. A
suitable control for flicker problems and harmonic current are
discussed in [10, 11]. DFIG during fault conditions are
discussed and described in [12, 13].

An efficient MPPT technique with a suitable control
approach based on sliding-mode control (SMC) is proposed in
this paper for power generation control. The SMC is a kind of
nonlinear control method based on a state space model of a
DFIG. Control characteristics of the SMC could force the
controlled variables to move along the scheduled track. The
paper is organized as follows: section Il presents the entire
system model under study. MPPT, control strategy of DFIG
and design of the SMC approach is dealt, and then is applied
in section 11l and 1V. In section V, speed estimation based on
MRAS method is proposed. In section VI, some results of
simulations, to validate the proposed DFIG control framework
are presented and discussed.

Il. WIND ENERGY CONVERSION SYSTEM

From the system viewpoint, the conversion chain can be
divided into two interacting main subsystem which will be
separately modeled:

e Aerodynamic Subsystem (wind
gearbox),
e Electrical Subsystem (DFIG).

turbine and

Fig. 1 presents a WECS, which uses DFIG.
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Fig. 1 Wind energy conversion chain.

A. Aerodynamic Subsystem

Wind turbine generation system (WTGS) convert power from
the kinetic energy of the wind, thus it can be expressed as the
kinetic power available in the stream of air multiplied by a

C, factor called power coefficient or Betz’ s factor. The
aerodynamic power is given by:

Paer = c o (L. B)pSV 2 (1)

Where pis the air denS|ty, R is the blade length and VV the
wind velocity.
A wind turbine converts a certain percentage of the captured
wind power. This percentage is represented by C, (1) which
is function of the wind speed, the turbine speed and the pith
angle of specific wind turbine blades [5], [6]. This ratio is
called the tip speed ratio:
Qt 'R
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In a wind turbine, there is an optimum value of tip speed ratio

for which C, is maximum and that maximizes the power for

a given wind speed. The turbine torque is the ratio of the

aerodynamic power to the turbine shaft speed Q; ,
Paer

Taer - Qt

Neglecting the transmission losses, the torque and shaft speed

of the wind turbine, referred to the generator side of the
gearbox, are given by:

T =Taer
S G

(3)
o =—9

WhereTj the driving torque of the generator and Qg is the
generator shaft speed, respectively.

B. Electrical Subsystem

Using faraday’s law and ohm’s law, the expressions relating
the voltages with the currents and fluxes across the stator

winding of DFIG in the Park frame are written as follows[ 14]:

s = jf[js Ed’ds ‘Ds'¢qs |Vl%idr
_ do
gs = d'fss + 0+ gs + :¢qs_M F: qr
M digy M
(Vdr _EVdSJ =ol, C;Lt_ M %%s +E‘D¢qs + @
M2 _ :
R ""?Rs)'dr — oL orly
M digy: M
(Vqr _qusJ =oly %_I‘D‘bds -M %%s +
olraorigr + (Re + RS)I r
d L2 q

Where R and R, are stator and rotor resistances. L , L, are
stator and rotor inductances. M | O are mutual inductance
and leakage coefficient. @ =p-€q is the electrical speed and

P is the pair pole number, o, is the rotor pulsation.
The stator and rotor flux can be expressed as:

bds = Lsigs +Migr
bsq = Lsigs +Migr
brg = Lylgr +Migs
brg =Lylgr +Migs

Q)

Whereigs , Igs , igr ,» @ndige are, respectively, the direct and

quadrate stator and rotor currents.
The active and reactive powers at the stator and rotor, as well
as those provide for grid, are defined as:

Py =vys - 'ds +Vgs -|qs

Qs =Vgs -lds —Vds “lgs
Pr =Var “lgr +Vgr “lgr

(6)

Qr =Vgr “lar —Var -igr
The electromagnetic torque is expressed as:
Tem = P(igsPds —ldsdgs) )
To maximize the generated power, it is therefore desirable
for the generator to have a power characteristic that will
follow the maximum C , may line.

1. MAXIMUM POWER POINT TRACKING

A lot of methods on the maximum power point
tracking (MPPT) have been proposed in literatures [6, 7 and
9]. The first method is simple and based on the tip speed
of the wind turbine. Therefore, an anemometer is required
for measuring the wind speed on the wind turbine, the
optimal speed of the turbine can be determined as
follows from Equation (2):
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This method needs an additional anemometer for measuring
the wind speed. Thereby, it is difficult to measure the tip
speed of the wind turbine. Consequently, we can conceive
another method for MPPT without enslavement of speed.

This simple method consists to estimate the wind speed as
follows:

Qt,opt =

~ R-Q
V= t

9)
kopt
The control objective is to optimize the capture wind
energy by tracking the optimal torque T er opt -

1
Taer opt = TC p pSV 3 (10)
t

For each wind speed, there is a certain rotational speed at
which the power curve of a given WT has a maximum (C

reaches its maximum value).
The block diagram of the MPPT control system for the

wind turbine is shown in Fig. 2.
Turbine

Gearbox DFIG shaft

MPPT without enslavement of speed

Fig. 2 The block diagram of the MPPT without enslaved speed.

The above control block diagram of variable-speed fixed-
pitch WECS aims at regulating the power harvested from
wind by modifying the generator speed; in particular, the
control objective consist to capture the maximum power
available from wind.

IV.CONTROL STRATEGY OF THE DFIG

A. Field oriented control

Once the DFIG is connected to an existing grid, the transit
of active and reactive powers must be controlled separately.
To obtain a decoupled powers control of DFIG, the method
based on field orientation can be regarded as the efficient one.
The principle of this method consists to orientate the stator
flux in such a way that the stator flux vector points into d-axis

direction, as shown in Fig. 3. This approach is realized by
setting the quadratic component of the stator flux to the null
value:

s = dds (11)

Using the condition above, supposing that the grid system
is steady, having a single voltageV, that leads to stator’s

constant flux ¢ , we can easily deduce the voltages as:

Vds = 0
Vgs = @ ¢ =Vs

If per phase stator resistance is neglected, which is a
realistic approximation for medium power machines used in
WECS, the stator voltage vector is consequently in quadrate
advance in comparison with the stator flux vector.

By using equations (12) and (4), we obtain for the rotor
voltages:

= ¢q5=0

(12)

d(I)ds

V4r = oLy
dr dt

dt +Ryigr — oL, ‘qur+
(13)

Vgr =oly —— t +Rr|qr +ol g +9—

WhereVy is the stator voltage magnitude assumed to be
constant and g is the slip range, we can rewrite the rotor
voltages as follows:

le’ = GLr d(;% + Rl’idl’ + femd (14)

dig
Vgr = oLy " +Rr|qr+fem

With femy and femg are the crosses coupling terms
between thed — axis and g — axis:
femy = —ceru)riqr
. M (15)
femy = oLy origy +SEVS

Consequently, with regard to (11), the fluxes are simplified
as indicated below:

{¢ds = Lsigs +Migy (16)
0 = Lsigs +Mig,
From (16), we can deduce the currents as:
igs = bds —Migr
Ls 7
igs = _M'qr
L

Using Equations (6), (12) and (17) the stator active and
reactive power can then be expressed only versus these rotor
currents as:
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M .
P =-Vs 'E'qr
M 8 (18)
Qs =-Vs 'Z(idr _ﬁj
Using (14), (17), we obtain:
Py =V 'M;(\/qr —femq)
Ls (GLr P +Rr) (19)
oy M Qs
Qs =-Vs L (GLr -p+Rr)(Vdr femg )+Vq L,

Field oriented control of the DFIG can then be applied with
the active and reactive power considered as variables to be
controlled. And, we consequently the bloc diagram is
presented in Fig. 4.

Stator linked-Frame

Fig. 3 Stator flux orientation.

Fig. 4 The coupled model of active and reactive stator powers.

B. Sliding Mode Control (SMC)

A sliding mode controller (SMC) is a Variable Structure
Controller (VSC). Basically, a VSC includes several different
continuous functions that can map plant state to a control
surface, whereas switching among different functions is
determined by plant state represented by a switching function.

The control law satisfies the precedent conditions is
presented in the following form:

{udq = Ugq +Up 20)

up =K -sign(S(x,t))
Where uqyq is the control vector, Ugq is the equivalent

control vector, u, is the switching part of the control (the

correction factor), K is the controller gain. ug, can be

obtained by considering the condition for the sliding regime,
S(x,t) .The equivalent control keeps the state variable on

sliding surface, once they reach it. For the defined function:

1 if ¢>0
sign(p)=4 0 if =0 (21)
-1 if ¢<0

The controller described by the equation (21) presents high
robustness, insensitive to parameter fluctuations and
disturbances, but it will have high-frequency switching
(chattering phenomena) near the sliding surface due to sign
function involved by introducing a boundary layer with width.

Using (20) and (21), the control law becomes [15]:

Udg =Ueq +K -sign(S(x,t)) (22)
Consider a Lyapunov function:
v =%S(x)2 (23)

If the Lyapunov theory of stability is used to ensure that
SMC is attractive and invariant, the following condition has to
be satisfied:

- 1d 2
V ==—S((x)<0 24
> dt (x) (24)

In this paper, we use the sliding surface proposed by J. J.
Slotine [16]:

P n-1
SX)=|—+A e(x 25
() ( n xj (x) (25)

Wheree(x) is the error vector (e (x) = x* -X), Ay iS a
positive coefficient, N is the system order.

C.  Application of SMC to DFIG

For n =2 and using the equation (25) with satisfying the
condition (24), replacing the rotor currents by their
expressions given in (13), we can obtain the sliding surfaces
representing the error between the measured and references
rotor currents as follow:

s'd@:cz*—‘;’ﬂb b —(Eidr—mjwl Y iqr}onZ .

§R)=R SN [xp —Ejiqr—wr i(jr—mr:fr@}xp R+

3 M
77\/5 Vqr
2Ll

(30)
Vgr and vgr will be the two components of the control

vector used to constraint the system to converge to Sgqq =0.
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The control vector Ugg is obtained by imposing qu =0. So,

the equivalent control components are given by the following
relation:
2 LgL, [-

Vdr eq =§M—VS s tCo bs Qs )]+Rridr —Lroyig

reactive powers are controlled according to the MPPT and
sliding mode control strategy.

Fig. 6 (b) shows that the estimated generator shaft speed
coincides with the actual speed, which is proportional to the
curve of the wind speed.

Fig. 6 (c) and 6 (d) show the rotor currents.

For the active and reactive stator powers, shown in Fig. 6

2Ll 5o e o, R + .
Varea =33y LS *CpPs —Ps - Rrlgr +7—0rds +Lrorlg), 6 (f), we notice a very good tracking of the stator active
S

S

(31)

V. SENSORLESS BASED MRAS

From equation (6), Assuming that the losses in the inverter are
neglected, so, the out voltages are the references, the reference
power model is:
Qr =Vgr “Igr —Varigr (32)
Substituting (4) with the application of the flux orientation,
the expression at the steady state of the reactive power is:

2 - M, .
Qr = {cl—rlr2 _Ed)s'dr}

The error () between the two models is passed through the
adaptation mechanism (a PI controller). The output of the PI

(33)

controller is the estimated slip speed ©r  which is then used to

tune the adjustable model such that error (g) converges to zero.

Equation (22) shows the Adaptive System model which is
independent of the rotor resistance. This leads to higher
accuracy of the speed estimation regardless any variations in
rotor resistance. The proposed MRAS observer scheme is
shown in Fig. 5.

Fig. 5 Reactive stator power based MRAS observer.

V1. SIMULATIONS RESULTS:

In this section, we will study a low-power variable-speed
fixed-pitch WECS. The parameters of the WECS are shown in
Appendix.

The wind profile used in our simulations is shown in Fig. 6
(). The whole system is tested under fault condition of the
stator voltage with a drop around 25% of 0.5 s between 1.5s
and 2.0 s, except this disturbance, the machine is considered
as working over ideal conditions (no perturbations and no
parameters variations).

To guarantee a unity power factor at the stator side, the
reactive power is maintained to zero. The stator active and

power injected into the grid, except the presence of a very
small oscillations in the occurrence of the fault. The stator
reactive power maintained at zero, which guarantees a unitary
power factor at the stator side.

300
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Fig. 6 Responses of the WECS.

VII. CONCLUSION

In this paper, we have presented a robust control of wind
energy conversion system with DFIG connected to the grid,
using MPPT technique and flux orientation. The MPPT
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technique has been successfully applied for generate reference
for active power to be tracked. The control based on stator
flux orientation, is simply realized by high order sliding mode
controller. Simulations results have shown good performances
for the controller in the presence of wind speed variation and
voltage drop. It has been also developed a new speed
estimation using MRAS-Based approach. It is, however, been
claimed that the proposed MRAS observer robust against
voltage drop.

APPENDIX

In this part, simulations are investigated with a 1.5MW
generator connected to a 690V/50Hz grid. The machine's
parameters are presented below:

Three pole pairs, Rs = 0.012Q, R, = 0.021 Q, M= 0.0135 H,
L= M+2.00372 e-4 H, L,= M+1.7507 e-4 H,

Turbine’s parameters: diameter=35 m, number of blades = 3,
gearbox ratio = 90.

J : Inertia (turbine+DFIG) = 100 Kg.m2 and f : viscous

coefficient (turbine+DFIG) = 0.0024Kg.m/s.
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