Recent Researches in Automatic Control

Adaptive Variable Structure Control Law for a Variable Speed
Wind Turbine

OSCAR BARAMBONES, JOSE MARIA GONZALEZ DE DURANA, PATXI ALKORTA
JOSE ANTONIO RAMOS AND MANUEL DE LA SEN
University of the Basque Country
EUI de Vitoria. Nieves cano 12. SPAIN
oscar.barambones @ehu.es, josemaria.gonzalezdedurana@ehu.es, patxi.alkorta@ehu.es
josean.ramos @ehu.es, manuel.delasen @ehu.es

Abstract: The efficiency of the wind power conversions systems can be greatly improved using an appropriate
control algorithm. In this work, an adaptive robust control for a doubly feed induction generator drive for variable
speed wind power generation is described. In the presented design it is applied the so called vector control theory.
The control scheme uses stator flux-oriented control for the rotor side converter bridge control and grid voltage
vector control for the grid side converter bridge control. The proposed robust control law is based on a sliding
mode control theory, that presents a good performance under system uncertainties. The stability analysis of the
proposed controller under disturbances and parameter uncertainties is provided using the Lyapunov stability theory.
Finally simulated results show, on the one hand that the proposed controller provides high-performance dynamic
characteristics, and on the other hand that this scheme is robust with respect to plant parameter variations and
external disturbances.
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1 Introduction should be determined as precisely as possible, because
as higher is the upper bound higher value should be
considered for the switching gain, and therefore the
control effort will also be high. This is undesirable in
practice because implies a higher control signals and
increases the chattering phenomenon.

In order to surmount this drawback, the pre-
sented paper proposes an adaptive law to calculate the
switching gain. This adaptive law avoids the necessity
of calculate an upper bound for the system uncertain-

Doubly Feed Induction Generator (DFIG), with vec-
tor control applied, is widely used in variable speed
wind turbine system owing to their ability to maxi-
mize wind power extraction. In these DFIG wind tur-
bines the control system should be designed in order
to to achieve the following objectives: regulating the
DFIG rotor speed for maximum wind power capture,
maintaining the DFIG stator output voltage frequency
constant and controlling the DFIG reactive power.

ties.

One of the main task of the the controller is to In the proposed design the vector oriented control
carry the turbine rotor speed into the desired optimum theory is used in order to decouple the torque and the
speed, in spite of system uncertainties, in order to ex- flux of the induction machine. The proposed control
tract the maximum active power from the wind. scheme leads to obtain the maximum power extrac-

tion 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 conducted
using the Matlab/Simulink software. In this test, sev-
eral operating conditions are simulated and satisfac-
tory results are obtained.

This paper investigates a new robust adaptive
speed control method for variable speed wind tur-
bines with Double Fed Induction Generator (DFIG),
[1], [2], [3]. The objective is to make the rotor speed
track the desired speed in spite of system uncertainties
in order to maximize the electric power generation.
This is achieved by regulating the rotor current of the

DFIG using the sliding mode control theory. How- 2 System modeling

ever the traditional sliding control schemes requires

the prior knowledge of the upper bound for the system The power extraction of wind turbine is a function
uncertainties because this bound is employed to cal- of three main factors: the wind power available, the
culate the switching gain. Moreover, this upper bound power curve of the machine and the ability of the ma-
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chine to respond to wind fluctuation. The expression
for power produced by the wind is given by [4]:

Pp(v) = %Op(A, B)prR*v® (1)

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 ratio is defined as

_ Ru
_'U

A 2
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 C), as well as the gen-
erated power out 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.

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

P, P,
Ty = Lol _ Pn0) _pmn 3
w N
where 5
1 R
ky = 5 Cp /)7?7 4

For a typical wind power generation system, the
following simplified elements are used to illustrate the
fundamental work principle. The system primarily
consists of an aeroturbine, which converts wind en-
ergy 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
characterized by [5]:

Jw+ Bw =1T,, — T, 5

with
J = I+, (6)
B = B, ++°B. (7

where J,, and J, are the inertia moment of the turbine
and the generator, B, and B, are the viscous friction
coefficient of the the turbine and the generator, 7},
is the wind generated torque in the turbine, 7 is the
torque in the transmission shaft before gear box, T’
is the torque in the transmission shaft after gear box,
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T, is the the generator torque and w is the angular
velocity of the turbine shaft and the gear ratio -y is the
relation between the angular velocity of the turbine
shaft w and the angular velocity of the generator rotor

We:
We
Y=

w

®)

3 DFIG control scheme

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 angle. Control of the DFIG is achieved control-
ling the variable frequency converter, which includes
control of the rotor-side converter (RSC) and control
of the grid-side converter (GSC). The objective of the
RSC is to govern both the stator-side active and reac-
tive powers independently; 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 designed to regulate
the reactive power or the stator terminal voltage of the
DFIG.

When the wind turbine generator (WTG) oper-
ates in the variable-speed mode, 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 ¢, which yields the maximum power
coefficient C,, .., and therefore the maximum power.
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\, 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 9 based on the modeling turbine charac-
teristics [7]:

—cs

c
Cp(\,B) =c1 <)\2 -3 — 04) e Ni e (9)
(2
where the coefficients c; to c¢g depends on the wind
turbine design characteristics, and J; is defined as

1 1 0.035

N A+0088 B+1

(10)

The value of \,,; can be calculated from the roots
of the derivative of the equation 9. Then, based on
the wind speed, the corresponding optimal generator
speed command for maximum wind power tracking is
determined by:

* >\opt U

w' == 1D
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4 Speed controller design

A suitably designed speed controller is essential to
track the optimal wind turbine speed reference w* for
maximum wind power extraction. The design of such
a speed controller should take into account the dynam-
ics of the WTG shaft system.

4.1 Rotor Side Converter Control

The RSC control scheme is expected to achieve the
following objectives:

1. Regulating the DFIG rotor speed for maximum
wind power capture.

2. Maintaining the DFIG stator output voltage fre-
quency constant.

3. Controlling the DFIG reactive power.

In the DFIG-based wind generation system, these
objectives are commonly achieved by electrical gener-
ator rotor current regulation on the stator-flux oriented
reference frame.

Using the stator-flux oriented reference frame, the
d-axis is aligned with the stator flux linkage vector ¢,
and then, 1)4,=1, and 1)4s=0 . This yields the follow-
ing relationships [8]:

_ L,
lgs = % (12)
. Lo (s — 1
I TA?;dH (13)
_Lmimsiqr
7. - Lmimsler 14
) T (14)
3 wSL?nims (ims - idr)
_ 0 15
@ = 3 L, )
) digr ;
Vgr = T‘rldr-f—O'Lrﬁ_SwsaLﬂqT (16)
di
Vgr = Tﬂqr‘f‘O'Lr dcf a7
L3 L
+w@(’Z”; “mﬁ (18)
S
where
i, = Jas T Tslas (19)
wsLm
Ly,
_ _ 20
o i (20)

Since the stator is conectad to the grid, and the
influence of the stator resistance is small, the stator
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magnetizing current ¢,,s can be considered constant
[6]. Therefore, the electromagnetic torque can be de-
fined as follows:

T. = —Krig 1)

where K7 is a torque constant, and is defined as fol-

lows: .
Lipims

Ly

Then, from equations 5 and 21 it is deduced that
the wind turbine speed can be controlled by regulating
the g-axis rotor current components (74-) while equa-
tion 15 indicates that the stator reactive power (Q))
can be controlled by regulating the d-axis rotor cur-
rent components, (i45). Consequently, the reference
values of 74 and 74, can be determined directly from
w, and @, references.

Kp =

(22)

From equations 5 and 21 the dynamic equation of
the system is obtained:

1
w = i (T, — yK7igr — Bw) (23)
= —aw+ f — bigr 24)
where the parameters are defined as:
B ’YKT Tm
=—, b=-"—77 = — 25
a=", T f=T @)

Now, we are going to consider the previous me-
chanical equation (24) with uncertainties as follows:

w=—(a+Aa)w+ (f+Af) = (b+ Ab)igs (26)
where the terms Aa, Ab and A f represents the un-
certainties of the terms a, b and f respectively.

Let us define define the speed tracking error as
follows:

e(t) = w(t) — w(t) 27)

where w™ is the rotor speed command that provides
the maximum wind power extraction.

Taking the derivative of the previous equation

with respect to time yields:
ét) =w—w* = —ae(t) +u(t)+dt) (28)

where the following terms have been collected in the
signal u(t),

u(t) = f(t) = big(t) — aw™(t) — w*(t)

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

(29)

d(t) = —Aaw(t) + Af(t) — Abig(t)  (30)
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In order to compensate the above described sys-
tem uncertainties, an adaptive sliding control scheme
is proposed. In the sliding control theory, the switch-
ing gain must be constructed so as to attain the sliding
condition [9]. In order to meet this condition a suit-
able choice of the switching gain should be made to
compensate for the uncertainties.

The sliding variable S(¢) is defined with an inte-
gral component in order to avoid the speed tracking
error calculation:

t
S(t) = e(t) + / (k+a)e(r)dr ()
0
where k is a constant gain.
Then the sliding surface is defined as:
t
St =e®)+ [ (@t Be(r)dr=0 (32
0

Now, we are going to design a variable structure
speed controller, that incorporates an adaptive switch-
ing gain, in order to control the wind turbine speed.

u(t) = —ke(t) — o(t)ysgn(S)

where the k is the gain defined previously, ¢ is the
estimated switching gain, +y is a positive constant, S is
the sliding variable defined in eqn. (31) and sgn(-) is
the signum function.

(33)

The switching gain gZ; is adapted according to the
following updating law:

(1) = v1S(1)| $(0) =0

where v is a positive constant that let us choose the
adaptation speed for the switching gain.

(34)

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
k should be k£ > —a.

(A2) There exits an unknown finite non-negative
switching gain ¢ such that

¢ > dmaz + 7 n>0

where dpq, > |d(t)|
constant.

V ¢ and 7 is a positive

Note that this condition only implies that the
uncertainties of the system are bounded magni-
tudes, but the knowledge of this bound is not re-
quired.
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(A3) The constant v must be chosen so that y > 1.

Theorem 1 Consider the induction motor given by
equation (26). Then, if assumptions (A1), (A2) and
(A 3) are verified, the control law (33) and the adap-
tation law (34) leads the wind turbine speed w(t), so
that the speed tracking error e(t) = w(t) — w*(t)
tends to 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() = 5SWS0) + 5300 63)

where S(t) is the sliding variable defined previ-
ously and ¢(t) = ¢(t) — ¢

Its time derivative is calculated as:

S()S(1) + d(Md(t)
e+ (a+E)e] + d(t) ()
J(—ae+u+d) + (ke+ae)]+ 7|9
Jutd+ kel + (b — d)y]S]
ke = dysen(S) +d+ke| + (6 - 9)1IS]
=S [d— dysen(S)| + H1S| - #1719

=d S — ]| + ¢S] — ¢S]
<|d||S| — #719|

<|dl[S| = (dmaz +n)7|S]

= ‘dHS‘ - dmax'7|s| - 7]7|S|
<-n9|S]|

then

V(t) <0 (38)

It should be noted that in the proof the equations
(31), (28), (33) and (34), and the assumptions (\A2)
and (A 3) have been used.

Using the Lyapunov’s direct method, since V' (t)
is clearly positive-definite, V(t) is negative definite
and V (t) tends to infinity as S(t) tends to infinity,
then the equilibrium at the origin S(¢) = 0 is globally
asymptotically stable. Therefore S(¢) 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 remain on this surface. This
system’s behavior once on the sliding surface is usu-
ally called sliding mode [9].

(36)

(37



Recent Researches in Automatic Control

When the sliding mode occurs on the sliding sur-
face (32), then S(t) = S(t) = 0, and therefore the dy-
namic behavior of the tracking problem (28) is equiv-
alently governed by the following equation:

é(t) = —(k+a)e(t)

St =0 = (39)
Then, under assumption (A 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 dur-
ing which trajectories starting off the sliding surface
S = 0 move toward it and reach it in finite time, fol-
lowed 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
(39), where the tracking error tends to zero.

Finally, the torque current command, iy, (t), can
be obtained from equations (29) and (33):

g (t) == % {ke — ¢ysgn(S) + aw, + ik, + f}
(40)

Therefore, the proposed adaptive sliding mode
control resolves the speed tracking problem for the
wind turbine power maximization in the presence of
system uncertainties. Moreover, this wind turbine
speed tracking let us obtain the maximum wind power
extraction for all wind speed values that appears along
the time.

4.2 Grid Side Converter Control

The objective of the GSC control is to keep the dc link
voltage constant regardless of the direction of rotor
power flow. A vector control approach is used, with
a reference frame oriented along the stator (or sup-
ply) voltage vector position. In such scheme, direct
axis current is controlled to keep the dc link voltage
constant and quadrature axis current component can
be used to regulate the reactive power flow between
the supply side converter and the supply. All voltage
and current quantities are transformed to a reference
frame that rotates at the same speed as the supply volt-
age space phase with the real axis (d-axis) of the ref-
erence frame aligned to the supply voltage vector. At
steady state, the reference frame speed equals the syn-
chronous speed.

The scheme makes use of the supply voltage an-
gle determined dynamically to map the the supply
voltage, the converter terminal voltage and the phase
currents onto the new reference frame.

In the stator voltage oriented reference frame, the
d-axis is aligned to the supply voltage phasor V;, and

ISBN: 978-1-61804-004-6

25

then vy = Vy and v, = 0. Hence, the powers between
the grid side converter and the grid are:

3 . 3

P = i(vdid + Uqlq) = ivdZd (41)
3, . 3 .

Q = i(qud — Vglq) = R (42)

where v4 and v, are the direct and quadrature com-
ponents of the supply voltages, and ¢4 and ¢, are the
direct and quadrature components of the stator side
converter input currents.

From the previous equations it is observed that the
active and reactive power flow between supply side
converter and the supply will be proportional to 74 and
14 Tespectively.

The dc power change has to be equal to the ac-
tive power flowing between the grid and the grid side
converter. Thus,

3
Figs = §udid 43)
dE
Cﬁ = iOs_iOT (44)

where i, is the current between the dc link and the
rotor and ¢, is the current between the dc link and the
stator.

Therefore from eqn. (43) and (44) is concluded
that the dc link voltage can be controlled using the
current 74. The control scheme utilizes a current con-
trol loop with the iy, demand being derived from the
dc-link voltage error through a standard PI controller.

5 Simulation Results

In this section we will study the speed regulation per-
formance of the proposed adaptive sliding-mode field
oriented control scheme. The objective of this regula-
tion 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 the wind speed variations.

The simulation are carried out using the Mat-
lab/Simulink software and the turbine model is the
one provided in the SimPowerSystems library [10].

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 induction generator (DFIG) consisting of a wound
rotor induction generator and an AC/DC/AC IGBT-
based PWM converter. The stator winding is con-
nected directly to the 60 Hz grid while the rotor is
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fed at variable frequency through the AC/DC/AC con-
verter.

The system has the following mechanical parame-
ters. The combined generator and turbine inertia con-
stantis J = 5.04s expressed in seconds, the combined
viscous friction factor B = 0.01pu in per-unit system
(pu), based on the generator rating and there are 3 pole
pairs [10].

In this simulation examples it is assumed that
there is an uncertainty around 20 % in the system pa-
rameters, that will be overcome by the proposed slid-
ing control.

Finally, the following values have been chosen for
the controller parameters, k = 0.9, v = 25.

In this case study, the rotor is running at subsyn-
chronous speed for wind speeds lower than 10 m/s
and it is running at a super-synchronous speed for
higher wind speeds. In figure 1, the turbine mechani-
cal power as function of turbine speed is displayed in
for wind speeds ranging from 5 m/s to 16.2 m/s.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Figure 1: Turbine Power Characteristics

In this simulation it is used a variable wind speed,
and figure 2 shows the wind speed used in this simu-
lation.

Figure 3 show the reference (dashed line) and the
real generator speed (solid line). As it may be ob-
served, after a transitory time in which the switching
gain is adapted and the sliding mode is reached, the
generator speed tracks the desired speed in spite of
system uncertainties. In this figure, the speed is ex-
pressed in the per unit system (pu), that is based in
the generator synchronous speed ws = 125.60rad/s.
However, at time t = 10s a little speed error can be
observed. This error appears because the wind torque
uncertainty value is increased from 20% to 30% at this
time, and then the control system lost the so called
sliding mode because the actual sliding gain value is
too small to overcome the new uncertainty introduced
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Figure 2: Wind speed

in the system due to the new higher wind torque uncer-
tainty value. But then, after a small time the switching
gain is adapted again so that this gain can compen-
sate the new system uncertainties and so the generator
speed error is eliminated.
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Figure 3: Reference and real rotor speed

Figure 4 shows the generated active power, whose
value is maximized by our proposed adaptive sliding
mode control scheme. As it can be observed in this
figure, at time 14.9s the mechanical power (and there-
fore the generated active power) should be limited by
the pitch angle so as not to exceed the rated power, in
order to prevent damages in the the system.

Figure 5 presents the time evolution of the esti-
mated switching gain. The switching gain value starts
from zero and then it is increased until its value is
high enough to compensate for the system uncertain-
ties. Then from time 2.3 s the sliding gain is remained
constant because the system uncertainties remain con-
stant as well. Later at time 10s, there is an increment
in the system uncertainties and therefore the sliding
gain is adapted once again in order to overcome the
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Figure 4: Generated active power
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Figure 5: Generated active power

6 Conclusion

In this paper an adaptive sliding mode vector control
for a doubly feed induction generator, used in variable
speed wind power generation is described. The pro-
posed variable structure control has an integral sliding
surface in order to relax the requirement of the ac-
celeration signal, that is usual in conventional sliding
mode speed control schemes. Due to the nature of
the sliding control this control technique is robust un-
der uncertainties that appear in the real systems. The
closed loop stability of the presented design has been
also proved through Lyapunov stability theory. Fi-
nally, by means of simulation examples, it has been
shown that the proposed design successfully controls
the variable speed wind turbine system because the
speed tracking objective in order to get the maximum
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power extraction is achieved under system uncertain-
ties.
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