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Abstract

1 This work proposes a robust controller for a variable speed wind turbine system
2 with a doubly feed induction generator. The controller aims at tracking the optimal
s speed of the wind turbine so that extracts the maximum power from the wind. Also,
4 a robust aerodynamic torque observer is proposed in order to avoid the use of wind
s speed sensors. This torque observer allows to estimate the aerodynamic torque to be
s used by the controller in order to calculate the value of the optimal reference speed
7 for the wind turbine. The vector control theory is applied in the present approach, and
s thereby the stator flux-oriented control is used for controlling the speed of the wind
s turbine generator. The proposed robust control law is based on sliding mode control
10 theory, which has proved to provide good performance under system uncertainties.

1 The stability of the proposed controller under disturbances and parameter uncer-
12 tainties has been analyzed using the Lyapunov stability theory. Finally, real time ex-
13 perimental results show that, on the one hand, the proposed controller provides high-
12 performance dynamic characteristics, and on the other hand, this scheme is robust with
15 respect to the uncertainties that usually appear in this kind of systems.

16 Keywords: Renewable Energy; Wind Energy; Sliding Mode Observer; Sliding
17 Mode Control; DFIG; Lyapunov Stability.

18 1. Introduction

19 There have been amazing improvements in wind energy extraction during the last
20 decades. There are three main factors that explain this development. First, the decline
21 of fossil fuel reserves and the pollution they generate. This scenario stimulated the
22 research in alternative sources of energy like photovoltaic energy and wind energy.
23 Second, wind energy can be found anywhere on the Earth and, in some locations,
24 presenting a considerable density of energy. Third, some governments promoted its
25 development for geostrategic reasons.
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As aresult, the wind power capacity installed has been increased intensively through-
out the last decades. As a matter of example, the worldwide installed wind power ca-
pacity was about 7480 MW in 1997 whereas in the year 2017 there was around 487
GW. During the first years of the period from 1997 to 2016 the wind capacity was in-
creased at the rate of 2000 MW per year. However, the annual growth rate increased
significantly to reach a top of 64 GW, in year 2015, keeping slightly lower during the
year 2016 at 55 GW. The increment of year 2016 amounts around 12% of the total
wind power capacity installed worldwide and is the second largest to date just be-
low the maximum of 2015. A significant decline in the Chinese market, following a
very strong 2015, was responsible for most of the market contraction. Even so, China
retained its lead for new installations, followed distantly by the United States and Ger-
many, with India passing Brazil. Others in the top 10 for additions were France, Turkey,
the Netherlands, the United Kingdom and Canada.

In 2016, China (ranked first country for additions) added 23.4 GW of wind energy,
approaching its total installed capacity to 169 GW. China accounted for one-third of
the total global capacity by the end of this year. However, new installations were
down 24% relative to 2015, when the top growth rate was observed. The United States,
ranked second for additions (8.2 GW), had a cumulative capacity of 82.1 GW at the end
of 2016. Regarding energy generation the United States produced 226.5 TWh which
was only 6% below China, during 2016. Germany again was the largest European
market, and the third in the world, increasing operating wind power capacity by almost
5 GW for a total of 49.5 GW [1].

Therefore, wind energy for electric power generation is an area of research interest.
Nowadays, the emphasis is given to the cost-effective utilization of this energy aiming
at ensuring quality and reliability in the electricity delivery. Variable speed wind tur-
bines (VSWT) are continuously increasing their market share. This kind of turbines
allow to track the changes in the speed of the wind by adapting the shaft speed and
thus maintaining the optimal power generation. However, a VSWT needs an adequate
control system in order to operate at the optimal power efficiency [2], [3], [4], [5], [6].

The control systems for variable speed wind turbines may benefit from Doubly
Feed Induction Generators (DFIG), since they allow maximizing wind power extrac-
tion. Vector control techniques are frequently adopted for that purpose. This kind of
controllers ease achieving these objectives: (1) regulating the rotor speed in order to
maximize the extracted power, (2) keeping constant the frequency of the output voltage
at the DFIG stator, and (3) governing the reactive power extracted from the DFIG [7],
(8], [9], [10].

The controller is responsible for carrying the turbine rotor speed into the desired
optimal speed that maximizes the active power extracted from the wind, despite system
uncertainties and wind velocity variations [11], [12], [13]. This paper explores a new
approach for variable speed wind turbines based on a robust speed control method.
The proposed robust control is based on sliding mode control theory, which has proved
to present a good behaviour for systems subjected to uncertainties. Moreover, this
kind of controllers are adequate for real time applications when limited computational
resources are available, since it presents low computational costs [14], [15].

In order to calculate the optimal rotor speed, the wind speed value should be mea-
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sured or estimated [16], [17], [18], [19]. This is precisely one of the contributions of
this work when compared with our previous works [20] [21]. In this new paper an aero-
dynamic torque observer is proposed so that the control relies on the estimated aero-
dynamic torque rather than the wind speed measurements. In our previous research,
sensors were always used to obtain the wind speed in order to calculate the reference
speed for the turbine. Also, this work validates experimentally the combination of the
robust control scheme for wind speed control with the proposed torque observer. For
that purpose, different experiments were developed over a test bench specifically de-
signed and constructed. The analysis of the experimental results, obtained at several
operational conditions, guarantees a satisfactory behaviour.

2. System modelling

The capacity of a wind turbine for extracting power from the wind depends of three
major factors: (1) the available power of the wind, (2) the power curve of the wind
turbine, and (3) the ability to respond to wind fluctuations. The mechanical power
produced by the wind is given by the following expression [22], [23]:

1
Prn(vy >\a 6) = 5

where the radius of the rotor is R, the density of the air is p, the wind velocity is
v, the wind turbine power coefficient is C,, the pitch angle is 5 and, finally, A is the
tip-speed ratio, given by the following expression:

Cp(\, B)pm R?v® (1)

a= fw ©)
v

in which w represents the speed of the turbine rotor. This expression shows that,
assuming a constant value for the rotor speed, the variation at the wind speed produce
changes in the tip-speed ratio, since it modifies the power coefficient C,,, and, conse-
quently, the power extracted from the wind turbine. Thus, the optimal tip-speed ratio,
which extracts the maximum power output, could be kept constant by maintaining the
ratio between the rotor speed and the wind speed.

The torque generated by the wind turbine can be obtained by combining expres-
sions (1) and (2) into:

Pr(v,\,5) 1 R3
T(v, 1, B) = 22 = 2 (A, B)pm—-v” 3
In a simplified way, typical wind power generation systems are composed by the
following three elements: (1) turbine, which converts wind energy into mechanical
energy, (2) gearbox, which increases the speed and decreases the torque, and (3) gen-
erator, which produces electrical energy from mechanical energy.

The input wind torque 7, drives the wind turbine rotor to spin at the speed w,
producing a transmission output torque 7; which is used to fed the generator. The shaft
torque at the generator 7, produces an angular velocity of w,.. Note that, the rotor and
generator speeds may differ since they are related by a gearbox.
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The mechanical behaviour of the wind power system may be characterized by the
following equations[24]:

I +Bpw = T, -T “4)
Jewe + Bewe = Ty =T, 5)
Tiw, = Tw (6)

where J, and J,,, are the moments of inertia of both generator and turbine, B, and
B,, represent respectively the viscous friction coefficients of generator and turbine,
T,, is the torque generated by the wind at the turbine, the torque at the transmission
shaft before and after the gear box are represent by T" and Ty respectively and T is the
torque produced by the generator when spinning at angular velocity w..
The angular velocities of both generator, w., and turbine, w, are related by the gear
ratio n:
w
y=— (N
w

The following expression, which represents the model of the wind system, can be
obtained by combining equations (4), (5), (6) and (7):

Jw 4+ Bw = Ty, — T (8)
where
J = Jn+77T )
B = B, +7°B. (10)

3. Aerodynamic torque observer

This section proposes an aerodynamic torque estimator aimed at avoiding the wind
speed measurements needed to calculate the optimal turbine speed that extracts the
maximum power from the wind.

The aerodynamic torque may be considered as a quasi-constant signal for a time
interval since the variation of the mean value of the wind does not change quickly and,
moreover, the wind turbine system has some inertia that may absorb these variations.
Accordingly, the state space equations for the wind turbine system (8) may be rewritten
as:

1
W = j(Tm—Bw—*}/Te)
T, = 0 (11)

Since the aerodynamic torque 75, is taken as a quasi-constant signal, it can be regarded
as the slow component of the system. According to singular perturbation theory [25],
the stability of a system can be proved if the asymptotic stability of the fast component
(i.e. rotor speed) is ensured. Thereafter, for the reduced system, the convergence of the
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slow component (i.e. aerodynamic torque) can be achieved when the estimation error
for the rotor speed is null.

The next observer, based on sliding mode theory, is proposed:

. 1 /.4
b= j (Tm — Bw — ’YTe) + kwl €y + hl Sgn(ew)
jA“m = ky,ew + hasgn(ey) (12)

where the observation error of the turbine speed is e,, = w — W, and h1, ha, ki, Fuw,
are the parameters of the observer, which should be chosen greater than 0.

The observation error dynamics for the rotor speed may be obtained by subtracting
eqn.(12) from eqn.(11):
1
jeT — kyw, e — h1sgn(ey)
ér = —kuy,ew — hasgn(ey) (13)

€w

where er =T, — Tm

The stability of the fast component can be proved by means of the following Lya-
punov candidate function.
1
V= —¢? 14
S (14)
The derivative of this function with respect to time is:

Vo= ewéw (15)
1
= ey (JeT — ky, e — h1 sgn(ew)> (16)
1 2
= jeweT — hlew| — kuw, €5 a7

The next condition must be satisfied to ensure that V is a negative definite function:

1
h1>’J€T — kuw,lew| + 0w, 1w >0 (18)

Accordingly, _
V S *nw|€w‘ (19)

From (19) it may be deduced that the equilibrium point, e,, = 0, is asymptotically
stable. Also, this equation shows that the equilibrium point e,, = 0 is reached in finite
time since:
ew(t=0)

Thw

treach < (20)



147

148

149

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

7

172

173

174

From (13) it may be noticed that when the equilibrium point is reached, i.e. e,, = 0
and é,, = 0, the dynamics of the error observer is comparable to the following reduced-
order subsystem:

1
0 = jethlsgn(ew) 20

ér = —hosgn(ey) (22)

Using the above equations it can be inferred:
R 23)

In conclusion, the aerodynamic torque estimation error converges to zero if the ob-
server gains hq, ha k,,, and k,,, are appropriately selected. Accordingly, the estimated
states Wy, Tm converge to the real states w,,, T, as t tends to infinity. So, the aero-
dynamic torque may be obtained from the sliding mode observer given by eqn.(12).

4. Wind turbine generator control

In this VSWT system a DFIG is employed, which is fed from the rotor and the stator
of the generator. The rotor is fed by means of a variable frequency converter (VFC)
and the stator is directly connected to the grid. This system is required to deliver
electrical power to the grid over a wide range of operation (from subsynchronous to
supersynchronous speed) while ensuring constant values for voltage and frequency.
For that purpose, the active power flow between the rotor circuit and the grid should
be controlled in magnitude and direction. This is achieved by two four-quadrant IGBT
PWM converters, one for the rotor-side (RSC), and another for the grid-side (GSC),
connected back-to-back by a DC-link capacitor [26].

In order to extract the maximum power from the wind, improving the efficiency, the
shaft speed of the generator must be regulated in order to obtain the optimal tip-speed
ratio Aop¢. This optimal tip-speed ratio maximizes the value of the power coefficient
Cp,.... and, therefore, the generated power[13]. In other words, there is a unique value
for the wind turbine speed that, for a particular wind speed, maximizes wind power
extraction. The maximum value of the power coefficient curves versus tip-speed ratio

is represented by A,:. This value depends of the turbine design characteristics.

In this scenario, the use of the estimated aerodynamic torque T, allows calculating
the turbine speed reference without using wind speed measurements.

Equations (1) and (2) may be combined to express the wind turbine power as a
function of the turbine speed:

Rw

3
Pulw A 8) = 5 GO Mpnr (B50) =k w® o9

where s
1 R
kw = 5 Cp()\,ﬁ) p'ﬂ'ﬁ
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Thus, the value for the maximum power generation can be calculated with eqn.(24):

Pmopt = Tmopt : wOPt = kwopt ’ wgpt (25)
where 5
1 R
kwom =-C ()\o ty 6) P 3—
2 P i )‘gpt

being Ay the value of A that yields the maximum power coefficient C,,.

Hence, the optimal speed for the rotor can be obtained from eqn.(25) and the esti-
mated aerodynamic torque (12):

(26)

Figure 1 shows the power characteristic curves for the turbine employed in this
study, namely, several curves for wind speed values ranging from 5 m/s to 16.2 m/s. It
should be noted that eqn.(26) yields the points of the red curve of figure 1 between B
and C since they are the maximum values of the turbine output power.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Turbine speed (pu of generator synchronous speed)

Figure 1: Turbine Power Characteristics

Therefore, a control scheme aimed at regulating the wind turbine speed in order to
track the optimal wind speed is required. This controller should be able to maximize
the power coefficient and, therefore, to extract the maximum power from the wind,
increasing the wind turbine performance. Consequently, the turbine speed controller
should be adequately designed in order to track the optimal reference speed for the
turbine w* = wyp:.

For this purpose, the current of the rotor is typically regulated using the stator-
flux oriented reference frame [27]. In this frame, the d-axis is aligned with the stator
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flux linkage vector 1), so that ¢ 4,=1), and ¢4s=0 and accordingly the next model is
obtained [28]:

igs = % @7
i = M (28)
T, - WLM (29)

B3weL2ims(ims — idr
Q = F/=m ].fl L) (30)
Vgr = Tridr+0er;iT — 8Ws0 Lyigy 31
vy = rrig oL, o (32)
+ 5w, (W) (33)

where &

ims = % (34)
c = 1-— LLQZ (35)

Given that the grid is connected to the stator and considering that the the stator resis-
tance has low influence, the value of the magnetizing current of the stator 7,,; can be
approximated as a constant value [26]. Accordingly, the electromagnetic torque of the
DFIG can be modeled as:

Te = Krigy (36)
where K is a torque constant defined as:
Lmims
Kp—= -2 37
T L. (37)

From equations (8) and (36) it may be observed that the g-axis rotor current component
iqr can be used to control the speed of the wind turbine. Equation (30) shows that the
d-axis component of the rotor current ¢4, could be used to govern the reactive power at
the stator (). Accordingly, the values for the currents 7., and ¢4, can be obtained from
the reference values provided from w, and Q.

The following differential equation for the system speed has been inferred from
equations (8) and (36):

1
i = (T —yKrig — Bu) (38)

—aw + f — big, 39)
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being the parameters f, a and b defined as:

Tm, B PYK T
= == p=_"T.
f J ) a J 7 J )

Now, the previous equation (39) will be considered taking into account some un-
certainties:

(40)

w=—(a+La)w+ (f+Af) — (b+ Ab)igr (41)

where the terms Ab, Aa and A f take into account the uncertainties at the parameters
b, a and f respectively.

Let be defined the speed tracking error as:
et) = w(t) — w*(t) 42)
where the command for the rotor speed is w*.

Calculating the time derivative of the previous equation it is obtained:

é(t) = —w* = —ae(t) +u(t) + d(t) 43)
where the signal u(t) groups the know terms,

ult) = F() — bige(t) — aw’(t) — i () (44)
and the signal d(t) groups the uncertainty terms,

d(t) = —Daw(t) + Af(t) — Abig(t) 45)

The system uncertainties, described above, may be compensated by a sliding control
scheme. Note that in sliding mode control theory the sliding gain must be selected in
order to satisfy the sliding condition [29]. Hence, the value for the sliding gain should
be chosen carefully to meet the previous condition.

The proposed sliding variable S(t) is defined with an integral component as:

S(t) =e(t) + /Ot(k: +a)e(r)dr (46)

where £ is a positive constant gain.

Regarding the sliding surface, it has been defined as:
t
S(t) =e(t)+ / (a+k)e(t)dr =0 (47)
0

Also, a variable structure speed controller, aimed at controlling the wind turbine speed,
has been introduced.

u(t) = —ke(t) — Bsgn(S) (48)
where § is the sliding gain and sgn(+) is the sign function.

The next assumption should be satisfied to obtain the tracking of the optimal refer-
ence speed for the wind turbine:



228

229

230

231

232

233

234

235

236

237

238

239

240

241

243

244

245

246

247

248

249

250

(A1) The gain $ must be selected so that 3 > |d(t)|.

Note that this assumption means that the value of the system uncertainties are
finite.

Theorem 1. Considering a VSWT defined by equation (41) and assumption (A1).
Then, the control law presented in Eqn.(48) governs the speed of the wind turbine
w(t) so that the tracking error of the wind turbine velocity e(t) = w(t) — w*(t) ap-
proximates to zero exponentially.

This theorem may be proved by means of the Lyapunov stability theory.

Proof : The candidate of the Lyapunov function is defined as:

1
V() = §S(t)S(t) (49)
Calculating the time derivative of the previous function:

V() = St)S(t)

=5 [+ (k+a)e]

=S -[(—ae+u+d)+ (ke+ae)]

=S [utd+ke]

=S5-[—ke—Bsgn(S)+d+ke]

=5 [d— Bsgn(9)]

<—(8-1dDIS]

<0 (50

Eqns. (46), (43) and the (A 1) assumption were used in this proof.

Previous equations show that (1) V/(t) is positive-definite, (2) V' (t) is negative def-
inite and (3) V(¢) tends to infinity when S(¢) tends to infinity. From the Lyapunov
direct method, it may be concluded that the equilibrium at the origin S(t) = 0 is
globally asymptotically stable. Hence, when time tends to infinity, the sliding variable
S(t) goes to zero. Besides, the trajectories of this system will reach the sliding surface
S = 0 in finite time and thereafter will remains in this surface (47). When so happens
S(t) = S(t) = 0 and therefore the dynamic behaviour of the tracking problem (43) is
represented by the next dynamic equation:

S(t)y=0 = ¢ét)=—(k+a)e(t) (51)

Therefore, taking into account that k£ and a are a positive constants, the speed track-
ing error e(t) converges exponentially to zero.

Finally, the command for q-component of the current, i}, (¢), can be calculated
from equations (48) and (44):

ing(£) = 3 e+ Boan(S) — aw® — i + (52)

10



251 Therefore, the wind turbine speed regulation in order to maximize the power gen-
252 eration under system uncertainties can be obtained using the value for the rotor current

253 given by the previous equation.

a

2s¢ 5. Experimental Results

255 This section analyses the behaviour of the proposed control scheme when the slid-
256 ing mode observer developed in this paper is used, by means of several experimental
257 tests in a real platform designed ad hoc.

28 5.1. Description of the platform

259 Figure 2 shows the block diagram of the experimental platform used for the valida-
260 tion of the control set up. A photography of the experimental platform is provided at
261 figure 3.

v = "_T.,‘
~ PC with DS1103

3x380V

— Uy Uy, U,
‘ ] Uy _6xPWM

) 6xPWM|
. JG @, Signal conditioning JG T JG

o, T L A
a
ly>Bgpslge B

g FEEEra—
gre lsa 2 lsb 2 lsc

PMSM

L Grid

Figure 2: Block diagram of the experimental platform

262 The control platform displayed in figure 2 includes a PC with MatLab7/Simulink
263 R2007a and DSControl 3.2.1 software and a dSpace DS1103 controller board, which
264 includes a floating point PowerPC processor of 1 GHz. The proposed test bench also
265 includes a commercial DFIG machine of 7.5 kW and 1447 rpm provided by Leroy

11
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Figure 3: Photography of the experimental platform

Somer. This DFIG is connected to the grid through the rotor in a back-to-back con-
figuration with two voltage source inverters of Dutt Power Electronics & Control. The
parameters of the DFIG are indicated in Table 1.

The wind turbine has been emulated by means of a synchronous AC servo motor,
namely a 10.6 kW 190U2 provided by Unimotor. The DFIG and the synchronous AC
servo moto are mechanically coupled by the shaft.

The mechanical wind turbine torque values are generated using a turbine model
implemented in Simulink, based on equation (3). The wind profile is used as input for
the turbine model in Simulink and this model generates the torque reference for the
AC servo motor. Then the AC servo motor generates the torque that moves the rotor
of the DFIG. In this sense, the torque produced by a wind profile in the wind turbine is
generated by means of the synchronous AC servo motor

A servo motor incremental encoder of 4096 square impulses per revolution is em-
ployed in order to measure the rotor speed.

Both rotor and stator currents are limited to their nominal values to protect the
machine against over currents. All sensors used to measure currents, voltages and speed
magnitudes were adapted to be connected to the DS1103 controller board. This board
controls both inverters generating the SVPWM (space vector pulse width modulation)
pulses. The SVPWM frequency is set at 7kHz, determining the sample period for the
program execution at 143 ps. A dead time of 1 us, which is controlled both by software
and hardware, is used for the inverters. A synchronous reference frame phase-locked
loop (SRF-PLL) is used for extracting the grid voltage phase, frequency and amplitude
in order to synchronize the DFIG with the grid.

The grid side converter is controlled in the grid voltage reference system, imposing
a DC voltage of 570V and a reactive power of 0 VAR. Conventional PI controllers have
been used for this task. The analysis of this control is out of scope in this work.

The starting process begins with the grid synchronization, when this is done the K1

12
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contactor is closed and the DC voltage bus is regulated. The voltage in the DC link
must be greater than the peak value of the grid voltage, which is 540 for a grid RMS
voltage of 380V. Therefore, the DC voltage is regulated to 570V. Once the DC voltage
is regulated, the encoder offset is determined and the DFIG stator is synchronized with
the grid, connecting after that the stator to the grid closing K2. Finally, the rotor current
is regulated using the implemented controllers.

Stator Voltage 380V

Rotor Voltage 190 V

Rated stator current 18 A

Rated rotor current 24 A

Rated speed 1447 r.p.m.@ 50 Hz
Rated torque 50 Nm

Stator resistance 0.325 Q2

Rotor resistance 0.275 Q2

Magnetizing inductance 0.0664 H
Stator leakage inductance  0.00264 H
Rotor leakage inductance  0.00372 H
Inertia moment 0.07 Kg.m?

Table 1: Ratings and parameters of the DFIG (Leroy Somer).

5.2. Simulation of the DFIG and validation of the real platform

A comparison between the response of the experimental system platform and the
simulation model at different speeds and load torques proves that the model used for
the experimental platform is adequate since both systems produce similar results. The
test has been performed during 9 seconds when changing simultaneously the speed of
the DFIG from 900 rpm to 2000 rpm and the load torque from 0 to 25 Nm.

Figure 4 pictures the rotor speeds, the load torque reference and the electromag-
netic torque obtained from both the simulation model and the real platform. Figure
5 depicts the power obtained from stator and rotor in both the simulation model and
the experimental system platform for the specific speed and torque profiles. Finally,
figure 6 shows the rotor d and q current components as well as the rotor phase current
for the speed and load torque profiles used. The graphs obtained at simulation and in
the experimental system platform look very similar, showing that the simulation model
approximates accurately the real system. Therefore, the simulation model can be used
to adjust the sliding controller and torque estimator, before implementing this control
scheme at the real system platform avoiding undesirable damages.

5.3. Sliding torque estimator and optimum speed reference

In the real platform, the wind turbine can be modelled using equation (3), which
determines the torque generated for the selected wind speed profile. The characteristic
curves of the wind turbine model were presented in figure 1. Figure 7 shows the char-
acteristic curves of the power coefficient C,(\, ) for this wind turbine versus different
A and S values.

13
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Figure 4: Real and simulated DFIG speed and torque
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Figure 5: Real and simulated DFIG stator and rotor power for the speed and torque profile of figure 4

321 Next, the performance of the proposed sliding mode estimator is analysed. For
322 this purpose, the wind turbine speed and torque values obtained at the experimental
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Figure 7: Wind Turbine characteristic curves for the Power Coefficient.
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platform are compared with the estimated values. Both the wind turbine torque and
speed were estimated with the sliding observer proposed in equation (12). The observer
parameters i1 and hy were firstly tuned using the simulation model and finally refined
at the real platform, obtaining the following values h; = 6200 and he = 9000.

13

12 b

11

[
S)

Wind speed (m/s)

Figure 8: Wind speed profile.

Figure 8 presents the random wind speed profile selected for this experimental test.
It should be noted that, although unusual, some sudden changes in the wind speed were
added to analyse the dynamic performance of the observer proposed.

Figure 9 shows the DFIG real and estimated rotor speeds as well as the wind turbine
torques obtained for the wind profile represented at figure 8. Comparing both the real
and estimated values, it is clear that the sliding observer estimates accurately the DFIG
torque and speed even when sudden wind speed variations appear, producing sudden
changes at the wind turbine. The estimated torque can be used to impose the optimal
speed reference to the DFIG using equation (26) and, accordingly, to maximize the
power obtained.

The moment of inertia almost does not change in a wind system. However, an error
in the total inertia of the system has a relevant impact in the estimation of the torque
in conventional estimators, like the Luenberger observer. The sliding mode observer
provides some robustness under this kind of uncertainties. Figure 10 presents the re-
sponse of the observer to different wind steps changes with mismatches in the inertia
value of 25%. The upper graphs of figure 10 picture the reference calculated for the
optimal speed under different wind steps changes. The line marked as Ref. represents
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Figure 9: Real and estimated rotor speed and real and estimated wind turbine torque.

the optimal speed reference obtained from equation (2), using the wind speed and the
Aopt value. The other lines depict the optimal speed obtained by means of the estimated
torque value, calculated from equations (12) and (26). These figures show the response
of the observer for different error values of the moment of inertia: without error (blue
line), +25% error (red line) and -25% error (green line). It can be appreciated that in
case of error at the moment of inertia, the estimated torque and the optimal speed val-
ues degrade in the transitory for a some time. However, after a short period of time,
the proposed observer behaves correctly yielding the optimal speed reference for the
DFIG. The bottom graphs of this figure show the real torque produced by the wind and
the estimated torque value obtained from the proposed sliding mode observer.

Figure 11 shows a comparison between the wind torque value, calculated from
the wind turbine model with eqn.(3), and the wind torque value, obtained using the
proposed sliding mode observer, eqn.(12), when a random wind speed profile is used as
input. Both values are quite similar, hence, we can assume that the proposed observer
provides a good estimation of the wind torque value. The estimated torque allows
to calculate the optimal speed value, with eqn.(26), which can be compared with the
optimal speed value obtained from eqn.(2). This figure also shows that the optimal
speed value obtained from the proposed estimator is good enough. Finally, this figure
shows the behaviour of the system when the pitch angle value changes, which avoids
damages in the system caused when the power generated from the wind exceeds the
DFIG maximum power. Even with these variations at the pitch angle the optimal speed
value is correctly calculated.
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Figure 10: Proposed SMC observer performance for different wind steps changes and under different errors
in the inertia moment value

5.4. Sliding Mode Control

This subsection describes the tests carried out over the experimental platform using
the proposed sliding mode control and torque observer to set the optimal turbine speed.
A scenario in which the wind speed varies randomly, as seen in the figure 12-a, has
been selected. The chosen values for the sliding mode controller were & = 20 and
B = 100. A fixed reactive power of 4000 VAR was used at the DFIG.

Figure 12-b compares the values of the wind torque, experimentally measured, and
the sliding mode observer torque, calculated with eqn. (12). The figure shows that the
proposed observer yields a good estimation of the torque value. Figure 12-c shows the
optimal rotor speed obtained from equation (26) using the estimated torque value. This
value is compared with the real optimal reference, obtained from equation (2) using
the real wind speed. As it can be observed, the optimal rotor speed obtained by our
approach is very close to the optimal wind speed value, even though in our case it was
not required. Figure 12-d compares the experimental rotor speed with the reference in
order to evaluate the performance of the proposed sliding mode speed control.

Figure 13 shows the stator power, the rotor power and the total power extracted for
the test wind speed profile using the proposed sliding mode controller and observer.

Finally, figure 14 shows the stator and rotor currents of the DFIG for the analysed
set up.
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Figure 12: Performance of the SM controller and observer for a random wind profile
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a5 J.5. Sliding Mode Control versus PI control
386 In this experimental validation, the traditional PI controller is compared with the
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a7 proposed SMC in order to shown the controller performance. As it is well known, the
sss Pl controller is the most widely used controller in the industry and this controller is
usually employed for comparing the new control schemes [30], [31], [32].
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Figure 16: Rotor speed regulation using the traditional PI controller and the proposed SMC

300 This validation has been carried out over the real platform using the step change
a1 in the wind speed, shown in Figure 15, in order to show the controller performance
sz under a sudden wind changes which is a exigent task for the control scheme. This wind
ass  step variation produces a change in the rotor speed reference (to follow the maximum
a4 power extraction) as it is shown in Figure 16. In the same figure the response for both
ses  controllers is also shown. The PI controller is adjusted with a bandwith of 50 rad/s and
ass aphase margin of 75 deg. In this figure it can be observed that using the SMC controller
a7 the rotor speed tracks the reference speed that provides the maximum power extraction
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from the wind. Obviously due to the system mechanical inertia, the rotor speed can
not track the speed changes in the reference speed but after a 0.08 s the reference
speed is reached. The figure also shown that the response rate of the PID controller
is similar to the response rate of the SMC controller and both controllers provides a
similar rise time. However, in the PID controller an overshoot can be observed, and
therefore the system takes more time to reach the reference speed, that provides the
maximum power extraction, from this new wind speed value. This overshoot can be
reduced decreasing the proportional action of the controller but in this case a slower
response will be obtained.

6. Conclusion

This paper describes the design of a sliding mode vector control for a doubly feed
induction generator drive, used in variable speed wind power generation. An integral
sliding surface is proposed to relax the requirements at the acceleration, which is usu-
ally required in sliding mode schemes for speed control. The nature of the sliding
control technique ensures the robustness of the control scheme under the uncertain-
ties that may appear in real systems. The stability of the close loop for the presented
scheme was analysed and proved by means of Lyapunov stability theory.

Moreover, in order to avoid wind velocity measurements, a sliding mode observer
for the aerodynamic torque is proposed. This observer will be used to calculate the
reference speed of the wind turbine, providing the optimal tip speed ratio for the sliding
mode controller, i.e. which maximizes power extraction.

The proposed approach allows to operate a wind turbine over a wide range of values
for the wind speed while optimizing power efficiency. This controller regulates the
speed of the wind turbine by obtaining the optimal tip speed ratio, and consequently,
producing the maximum power.

Experimental tests, developed in a real test bench which was designed and con-
structed ad hoc, prove that the proposed control method controls efficiently and suc-
cessfully the variable speed wind turbine within a range of normal operational condi-
tions. These tests evidence that the proposed observer provides a good estimation of
the aerodynamic torque under system uncertainties and wind speed variations. Finally,
experimental results also show that the speed tracking objective is achieved in order
to maintain the maximum power extraction under wind speed variations and system
uncertainties.
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