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ABSTRACT

The actual wind turbines are provided with adjustable
speed generators, like the double feed induction generator,
that are capable to work in variable speed operations. One
of the main advantage of adjustable speed generators is that
they improve the system efficiency compared to fixed speed
generators because turbine speed is adjusted as a function
of wind speed to maximize output power. However this
systemns requires a suitable speed controller in order to track
the optimal wind turbine speed reference. In this work,
it is proposed a sliding mode control for variable speed
wind turbines. The robustness analysis of the proposed
controller under disturbances and parameter uncertainties
is provided using the Lyapunov stability theory and simu-
Iated results show that the proposed controller provides a
good performance.
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1 Introduction

Wind energy is an abundant renewable source of elec-
tricity by converting the kinetic energy of moving air
mass into electricity. Wind power is characterized as dis-
tributed/dispersed local generation with the exception of
large offshore wind farms, which are considered as local
power plants with range sizes over 100 MW in ratings.
The expected development of wind power technol-
ogy will affect the extent of the impact that wind power
will have on the power system. Very large wind farms
(hundreds of MW) are a new trend that can pose serious
technical challenges. However, large wind farms will also
pave the way for other new technologies that will help with
the full electric grid integration. Increasingly sophisticated
power electronic and computerized control schemes, will
lead to excessive improvements and full controllability of
available wind power. Large wind energy plants will mean
that there are new interface requirements regarding the full
integration of emerging wind power into the power grid
system. Increasingly, wind farms will be required to be
fully connected to the electric grid. Reactive power com-
pensation is an important issue in the control of distribu-
tion and transmission systems. Reactive current increases
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feeder system losses, reduces system power factor, and
can cause large-amplitude variations in load-side voltage.
Moreover, rapid changes in the reactive power consump-
tion of large load centers can cause voltage amplitude os-
cillations (e.g., voltage flicker in the case of arc furnaces)
[12]. This can lead to a change in the electric system real
power demand resulting in power oscillation.

This paper investigates a new robust speed control
method for variable speed wind turbines with Double Fed
Induction Generator (DFIG) [6], [9). The objective is to
make the rotor speed track the desired speed in spite of sys-
tem uncertainties. This is achieved by regulating the rotor
current of the DFIG using the sliding mode control theory.
In the design it is used a vector oriented control theory in
order to decouple the torque and the flux of the induction
machine. The proposed control scheme leads to obtain the
maximum power extraction from the different wind speeds
that appear along time. Finally, test of the proposed method
based on a two-bladed horizontal axis wind turbine is con-
ducted using the Matlab/Simulink software. In this test,
several operating conditions are simulated and satisfactory
results are obtained.

2 System modelling

The power extraction of wind turbine is a function of three
main factors: the wind power available, the power curve
of the machine and the ability of the machine to respond
to wind fluctuation. The expression for power produced by
the wind is given by (1], [14]):

Po(v) = % " (A, B) pm B2 )

where p is air density, R is radius of rotor, v is wind speed,
C, denotes power coefficient of wind turbine, A is the tip-
speed ratio and £ represents pitch angle. The tip-speed ra-
tio is defined as:

Rw

A= —

" @)

where w is the turbine rotor speed. Therefore, if the rotor
speed is kept constant, then any change in the wind speed
will change the tip-speed ratio, leading to the change of
power coefficient Cy, as well as the generated power output
of the wind turbine, However, if the rotor speed is adjusted
according to the wind speed variation, then the tip-speed



ratio can be maintained at an optimal point, which could
yield maximum power output from the system.

For a typical wind power generation system, the fol-
lowing simplified elements are used to illustrate the funda-
mental work principle. The system primarily consists of an
aeroturbine, which converts wind energy into mechanical
energy, a gearbox, which serves to increase the speed and
decrease the torque and a generator to convert mechanical
energy into electrical energy.

The mechanical equations of the system can be char-
acterized by [10]:

I+ Bpw = Ta+T )]
Jee + Bew, = T +7T, )
Tiwe = -Tw )

where J,, and J, are the moment of inertia of the
turbine and the generator respectively, B, and B, are the
viscous friction coefficient of the the turbine and the gen-
erator, T, is the wind generated torque in the turbine, T is
the torque in the transmission shaft before gear box, Ty is
the torque in the transmission shaft after gear box, and T,
is the the generator torque, w is the angular velocity of the
turbine shaft and w, is the angular velocity of the generator
Totor.

The relation between the angular velocity of the tur-
bine w and the angular velocity of the generator w, is given
by the gear ratio 7:
©)

Then, using equations 3, 4, 5 and 6 it is obtained:

with
J = Jnt+ 72-]: ®

From equations 1 and 2 it is deduced that the input
wind torque is:

Tm(v) = .P"'_(vl = fl")év_). = ky '1)2 (10)
w R
where ) RS

Now we are going to consider the system electrical
equations. In this work it is used a double feed induc-
tion generator (DFIG). This induction machine is feed from
both stator and rotor sides. The stator is directly connected
to the grid while the rotor is fed through a variable fre-
quency converter (VFC).

In order to produce electrical active power at constant

voltage and frequency to the utility grid, over a wide op-
eration range (from subsynchronous to supersynchronous
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speed), the active power flow between the rotor circuit and
the grid must be controlled both in magnitude and in di-
rection. Therefore, the VFC consists of two four-quadrant
IGBT PWM converters (rotor-side converter {(RSC) and
grid-side converter (GSC)) connected back-to-back by a
dc-link capacitor {8], [9].

3 DFIG control scheme

In order to extract the maximum active power from the
wind, the shaft speed of the WTG must be adjusted to
achieve an optimal tip-speed ratio A,,¢, which yields the
maximum power coefficient Cy, ., and therefore the max-
imum power [4]. In other words, given a particular wind
speed, there is a unique wind turbine speed required to
achieve the goal of maximum wind power extraction. The
value of the A,p¢ can be calculated from the maximum of
the power coefficient curves versus tip-speed ratio, which
depends of the modeling turbine characteristics.

The power coefficient C,. can be approximated by
equation 12 based on the modeling turbine characteristics
3}

=es
CG(M\B)=a (;c\z - c3f - 04) ed +ed  (12)
{3

where the coefficients ¢, to ¢¢ depends on the wind turbine
design characteristics, and A; is defined as

1_ 1 003
A A+0.088 pB3+1

The value of A, can be calculated from the roots of
the derivative of the equation 12. Then, based on the wind
speed, the corresponding optimal generator speed com-
mand for maximum wind power tracking is determined by:

13

. AO?‘ "v
w = R (14)
The DFIG wind turbine control system generally con-
sists of two parts: the electrical control on the DFIG and
the mechanical control on the wind turbine blade pitch an-
gle. Control of the DFIG is achieved controlling the vari-
able frequency converter (VFC), which includes control of
the rotor-side converter (RSC) and control of the grid-side
converter (GSC) [S]. The objective of the RSC is to gov-
ern both the stator-side active and reactive powers indepen-
dently; while the objective of the GSC is to keep the dc-link
voltage constant regardless of the magnitude and direction
of the rotor power. The GSC control scheme can also be de-
signed to regulate the reactive power or the stator terminal
voltage of the DFIG. A typical scheme of a DFIG equipped
wind turbine is shown in Figure 1.

The RSC control scheme should be designed in or-
der to regulate the wind turbine speed for maximum wind
power capture. Therefore, a suitably designed speed con-
troller is essential to track the optimal wind turbine speed
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Figure 1. Scheme of a DFIG equipped wind turbine
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reference w* for maximum wind power extraction. This
objective are commonly achieved by electrical generator
rotor current regulation on the stator-flux oriented reference
frame [7].

The DFIG can be regarded as a traditional induc-
tion generator with a nonzero rotor voltage. The dynamic
equation of a thee-phase DFIG can be written in a syn-
chronously rotating d-q reference frame.Then, ussing the
stator-flux oriented reference frame, the d-axis is aligned
with the stator flux linkage vector ¢, and then, ¥gs=¢;
and 2,,=0 . This yields the following relationships:

L
i = 2L (15)
&
Lun(ims — iar
gy = —-—-.__—-_"‘("":; tar) (16)
o
—Lonlipngi
T = mémsigr
e I, an
3 u}ngnim.s(ims - idr)

Qs = 3 I. (18)
Udr = Trige +0L1d;;r ~swyoLig,  (19)
Py
vy = Trigr +oL, =L 20)
L"‘ T 2 1 8
ou, ("_..E_g_l}g_"_",) @
8

where w, is the rotational speed of the synchronous refer-
ence frame, sw, = w, — w, is the slip frequency and s is
the slip, w, is the generator rotor speed, and

. _ vqa —Ts iqa
tms = - 'w“s—L"'""m (22)
Ly,
o = 1~ m (23)

Since the stator is conectad to the grid, and the influ-
ence of the stator resistance is small, the stator magnetizing
current (i:5) can be considered constant [8). Therefore, the
electromagnetic torque can be defined as follows:

T. = ~Krig, 24)
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where Kr is a torque constant, and is defined as follows:

Lmims
Kr= 25
T I. (25)

Then, from equations 7 and 24 it is deduced that the
wind turbine speed can be controlled by regulating the g-
axis rotor current components (¢, ) while equation 18 indi-
cates that the stator reactive power (@) can be controlled
by regulating the d-axis rotor current components, (ig4,).
Consequently, the reference valugs of iy and igr can be
determined directly from w, and @, references.

From equations 7 and 24 it is obtained the following
dynamic equation for the system speed:

W = .1} (T — YK rigr — Bw) (26)
= —qw+ f - big @7
where the parameters are defined as:
_B _7Kr _Tn,
a=, b= 7 f—J, (28)

Now, we are going to consider the previous dynamic
equation (27) with uncertainties as follows:

w=—(a+la)w+(f+AOf)—(b+ Abligr (29)
where the terms Aa, Aband A f represents the uncertain-
ties of the terms a, b and f respectively.

Let us define define the speed tracking error as fol-

lows:
e(t) = w(t) — w*(t) (30)

where w* is the rotor speed command.

Taking the derivative of the previous equation with
respect to time yields:

ét) =w— 0" = —ae(t) +u{t) +d(t) (31

where the following terms have been collected in the signal

u(t),
ult) = f(t) - big(t) — aw'(t) —°(t) (32)

and the uncertainty terms have been collected in the signal
d(t),

d(t) = —Daw(t) + Af(t) — Dbig(t)  (33)

To compensate for the above described uncertainties
that are present in the system, it is proposed a sliding con-
trol scheme. In the sliding control theory, the switching
gain must be constructed so as to attain the sliding condi-
tion {13]. In order to meet this condition a suitable choice
of the sliding gain should be made to compensate for the
uncertainties. :



Now, we are going to define the sliding variable S(t)
with an integral component as:

S(t) = e(t) + _/0 (k+ a)e(r)dr 34)

where k is a constant gain.
Then the sliding surface is defined as:

S(t) =e(t) + /(:(a +k)e(r)dr =0 (35)

Now, we are going to design a vaniable structure speed con-
troller in order to control the wind turbine speed.

u(t) = —ke(t) - Bsgn(S)

where the k is the constant gain defined previously, S is
the switching gain, S is the sliding variable defined in eqn.
(34) and sgn(-) is the signum function.

(36)

In order to obtain the speed trajectory tracking, the
following assumptions should be formulated:

(A1) The gain k must be chosen so that the term (k + a)
is strictly positive, therefore the constant & should be
k> —a.

(A2) The gain 8 must be chosen so that 8 > [d(t)] for all
time.
Note that this condition only implies that the uncer-
tainties of the system are bounded magnitudes.

Theorem 1 Consider the induction motor given by equa-
tion (29). Then, if assumptions (A1) and (A2) are veri-
fied, the control law (36) leads the wind turbine speed w(t),
50 that the speed tracking error e(t) = w(t) — w"(t) tends
10 zero as the time tends to infinity.

The proof of this theorem will be carried out using the
Lyapunov stability theory.

Proof : Define the Lyapunov function candidate:

V() = 35()S() @an

Its time derivative is calculated as:

V() = S()S(t)
=S-[é+ (k+a)e]
=S-[(-ae+u+d)+(ke+ae))
=S-[u+d+ke
=S5-[-ke—PBsgn(S)+d+ ke
=5.[d— Boga(S)]

~B-1dNIS]

IAIA
o

(38)
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It should be noted that the eqns. (34), (31) and (36)
and the assumption (A 2) have been used in the proof,

Using the Lyapunov’s direct method, since V(t) is
clearly positive-definite, V'(t) is negative definite and V (¢)
tends to infinity as S(t) tends to infinity, then the equi-
librium at the origin S(t) = 0 is globally asymptotically
stable. Therefore S(t) tends to zero as the time tends to
infinity. Moreover, all trajectories starting off the sliding
surface S = 0 must reach it in finite time and then will re-
main on this surface. This system’s behavior once on the
sliding surface is usually called sliding mode [13].

When the sliding mode occurs on the sliding surface
(35), then S(t) = S(t) = 0, and therefore the dynamic
behavior of the tracking problem (31) is equivalently gov-
emed by the following equation:

S5t)=0 = ¢&t)=—(k+a)e(t) (39

Then, under assumption (.4 1), the tracking error e(t)
converges to zero exponentially.

It should be noted that, a typical motion under sliding
mode control consists of a reaching phase during which
trajectories starting off the sliding surface S = 0 move to-
ward it and reach it in finite time, followed by sliding phase
during which the motion will be confined to this surface
and the system tracking error will be represented by the
reduced-order model (eqn. 39), where the tracking error
tends to zero.

Finally, the torque current command, ig,.(t), can be
obtained from equations (36) and (32):

ise () = 3 ke + Bsgn(S) —aw —wr + 1] (40)

Therefore, the proposed variable structure speed con-
trol resolves the wind turbine speed tracking problem for
variable speed wind turbines in the presence of uncertain-
ties. This wind turbine speed tracking let us obtain the max-
imum wind power extraction for all values of wind speeds.

4 Simulation Results

In this section we will study the variable speed wind turbine
regulation performance using the proposed sliding-mode
field oriented control scheme. The objective of this reg-
ulation is to maximize the wind power extraction in order
to obtain the maximum electrical power. In this sense, the
wind turbine speed must be adjusted continuously against
wind speed.

The simulation are camied out using the Mat-
lab/Simulink software and the turbine model is the one pro-
vided in the SimPowerSystems library {11].

In this example simulation it is used a variable speed
wind farm with a rated power of 9 MW. The farm consists
of six 1.5 MW wind turbines connected to a 575 V bus



line. The wind turbines use a doubly-fed induttion genera-
tor (DFIG) consisting of a wound rotor induction generator
and an AC/DC/AC IGBT-based PWM converter. The stator
winding is connected directly fo the 60 Hz grid while the

rotor is fed at variable frequency thmugh the ACMCIAC

CORVCITBI’

The systr:m has t!;e following mechianical pammetem- -
The combined generator and turbine inértia constantis Jo=".-
5.04s expressed in seconds, the comibined viscous friction -
factor B = 0.01pu in pu based on the generator ramxg and- .

there are three pole pairs [11]. -
In this simujation examples it is assumed that theza is

an uncertainty around 20 % in the system parameters, that

will be overcome by the proposed shdmg control.”

Finally, the foilowmg values-have been chosen for the

coniroHer parameters, k = 100, §.= 30. A

In this case study, the rotor is running at subsyn-
chronous speed for wind speeds lower than 10 m/s and it
is ranning at a super-synchronons speed. for higher wind

speeds. In figure 2, the turbine mechanical power as func-

tion of turbine speed is displayed in, for wmd speeds rang-
ing from Smisto 162mfs
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Figure 2. Turbine Power Charac@eristics

In this simulation it is used a v&nable vs'md speed and
figure 3 shows the wind speed used in this simulation. As
it can be seen in the figure, the wind speed varies between
Om/s and 28m/s.

Figure 4 show the :efereace (dashed Iine) and the Ieal
rotor speed (solid line). As it may be observed, after 2 tran-

sitory time in which the sliding mode is reached, the rotor.

speed tracks the desired speed in spite of system uncertain-
ties. In this figure, the speed is expressed in the per unit sys-
tem (pu), that is based in the generator synchronous speed
w, = 125.60rad/s.

Figure 5 shows the genemwd active power, whose

value is maximized by our proposed sliding mode ¢ontrol -
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scheme. As it can be observed in this figure, at time 13.3s
the mechanical power (and therefore the generated active

power) should be limited by the pitch angle so as not to
exceed the rated power of this.system.

5 Conclusion

In this paper a sliding mode vector control for a doubly
feed induction generator drive, used in variable speed wind
power generation is described. It is proposed a new vari-
able structure control which hasan.integral sliding surface
to-relax the requirement -of -the acceleration signal, that
is usual in conventional sliding mode speed. control tech-
niques. Due to the nature of the sliding control this control
scheme is robust under uncertaintiésthat appear in the real
systéms. ‘The closed loop stability of the presented design
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Figure 5. Generated active power

has been proved through Lyapunov stability theory.
The implemented control method allows the wind tur-

bine to operate. with the optimum power efficiency over a

wide range of wind speed. .

The simulations show that the control method suc-
cessfully controls the varidble speed wind- trbine effi-
ciently, within a range of normal operationsl conditions.

At wind speeds less than the rated wind speed, the
speed controller seeks to maximize the power according
to the maximum coefficient curve. As result, the varia-
tion of the generator speed follows the slow variation in
the wind speed. At large wind speeds, the power limitation
controller sets the blade angle to maintain rated power.

Finally, by means of simulation examples, it has been
shown that the proposed control scheme performs reason-
ably well in practice, and that the speed tracking objective
is achieved in order maintain the maximum power extrac-
tion under system uncertainties.
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