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Abstract

The introduction of advanced control algorithms may improve considerably the1

efficiency of wind turbine systems. This work proposes a high order sliding mode2

(HOSM) control scheme based on the super twisting algorithm for regulating the wind3

turbine speed in order to obtain the maximum power from the wind. A robust aero-4

dynamic torque observer, also based on the super twisting algorithm, is included in5

the control scheme in order to avoid the use of wind speed sensors. The presented6

robust control scheme ensures good performance under system uncertainties avoiding7

the chattering problem, which may appear in traditional sliding mode control schemes.8

The stability analysis of the proposed HOSM observer is provided by means of the Lya-9

punov stability theory. Experimental results show that the proposed control scheme,10

based on HOSM controller and observer, provides good performance and that this11

scheme is robust with respect to system uncertainties and external disturbances.12

Keywords: Wind Turbine, High order sliding mode, power generation control; Real-13

time control; DFIG (doubly-fed induction generator).14

1. Introduction15

Wind power global capacity increased severely from 7.5 GW to 597 GW between16

the years 1997 and 2018 [1], becoming nowadays one of the most profitable sources17

of electricity. This trend is expected to continue over the next years by improving the18

efficiency of the plants and achieving the needed cost-competitiveness ratio [2]. In this19

scenario, Doubly Feed Induction Generators (DFIG) and vector control techniques are20

widely applied in variable speed wind turbine control systems, due to their capacity21

for maximizing wind power extraction at different wind speeds. The control schemes22

used in DFIG wind turbines should be designed taking into account: the DFIG rotor23

speed, which must be regulated for extracting the maximum power from the wind; the24

frequency of the DFIG output voltage, which must be kept constant; and the DFIG25
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reactive power [3]-[7]. The designed controllers should drive the rotor speed of the tur-26

bine to the optimal point of operation for maximizing the active power. Unfortunately,27

this objective is difficult to achieve due to that the wind speed may change abruptly, e.g.28

in bursts, and that wind turbine systems are inherently non-linear, introducing several29

uncertainties [8]-[11].30

During the last decade, several nonlinear control techniques were introduced to im-31

prove the control of wind turbine systems considering its nonlinear nature. In [12],32

the authors proposed a Neural Input–Output Feedback Linearization controller for a33

wind turbine connected to the grid with a DFIG. Authors estimated one model, based34

on a Recurrent High Order Neural Network, which was used to implement the pro-35

posed control law. However, implementing this approach in real applications with36

low-cost real time processors may become difficult, since control schemes based on37

Neural Networks typically require high computational cost. In [13], a fault tolerant38

model predictive control scheme was proposed, aimed at working in the partial-load39

region even in the presence of system uncertainties. The authors validated the control40

scheme against system uncertainties by means of several simulations but it was not41

validated in real time. Sliding mode control is a robust and non-linear control tech-42

nique, especially suited for wind turbine systems due to its recognized robustness to43

parameters uncertainties and non-linear structure. Furthermore, it can be implemented44

in real applications, using low-cost real-time processors, since it requires low com-45

putational cost. In [14], the authors proposed a coordinated high-order sliding mode46

control scheme for optimizing the power extraction in a DFIG based system. In this47

work, the wind energy was maximized by tracking the optimal speed of the rotor with48

a super-twisting algorithm. However, they needed to measure the speed of the wind to49

calculate the optimal speed of the rotor.50

Typically, anemometers are installed on the top of the nacelle for measuring the51

wind speed. However, the wind speed varies spatially on the swept rotor area so that it52

is difficult to obtain an accurate value of the rotor effective wind speed. Moreover, the53

anemometer increases the system cost, the complexity, the maintenance and reduces the54

reliability. In [15], a sliding mode control scheme without wind speed measurements55

was designed for variable speed wind turbines. The objective was to maximize power56

extraction. In this work the authors proposed a wind speed estimator based on the57

Newton-Raphson algorithm. However, their estimator was not robust under system58

uncertainties. Moreover, the proposed control scheme was not validated in real time59

control platforms. In [16] a sliding mode control scheme was proposed using a novel60

exponential reaching law. Their approach was aimed at optimizing the power generated61

by the turbine under variable wind speeds. The exponential reaching law reduced the62

chattering phenomenon. However, this control scheme required the value of the wind63

speed to calculate the reference for the electromagnetic torque. In addition, this control64

scheme was not validated in real-time control platforms.65

This paper proposes a robust wind torque observer aimed at avoiding wind speed66

sensors in variable speed turbines. The observer is based on the High Order Sliding67

Mode (HOSM) technique [17], [18]. The optimal value for the angular velocity of the68

turbine rotor can be calculated from the torque value observed. This value is used as69

reference for the proposed control scheme, so that the control algorithm maximizes70
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power extraction. Additionally, the HOSM theory is used to reduce the chattering71

phenomenon in the sliding mode control scheme. The proposed HOSM observer and72

controller are validated experimentally over a real time control platform designed and73

built ad hoc. The control platform is based on a real commercial DFIG of 7.5 kW, be-74

ing connected to the real grid so that experimental results can be easily extended to real75

industrial applications. The control scheme is aimed at maximizing wind power even76

in the presence of uncertainties in the turbine or abrupt changes in the wind speed. This77

kind of control schemes do not require high computational cost and therefore they may78

be implemented effectively in real time wind applications [19]-[21]. Mainly, the pro-79

posed control scheme regulates the current of the rotor-side converter (RSC) to track80

the optimal wind turbine speed. In addition, the torque observer is proposed for calcu-81

lating the optimal value for the turbine speed. This approach avoids the use of sensors82

for measuring the speed of the wind and, consequently, reduces the price of the system.83

This control scheme was initially proposed and simulated in [22]. However, in this84

previous work the proposed control approach was only validated by means of some85

simulation results using a simple wind turbine model. This work goes beyond, since it86

provides experimental results using a real test bench that validate the control approach.87

Further simulations were carried out using a detailed model of the real system, which88

represents the dynamics more accurately. The test bench used for carrying out the real89

time experiments is based on commercial machines, typically used in industrial appli-90

cations. Real experiments validated the results previously obtained in the simulations,91

and its application in industrial applications. This is a considerable research advance,92

since it facilitates its implementation in real industrial applications.93

The paper is organized as follows. Section 2 deals with the development of the94

wind turbine modelling used in this work. In Section 3 a torque observer based in the95

HOSM is introduced. The stability of the proposed observer is analyzed by means of96

the Lyapunov theory. Section 4 presents the proposed HOSM control scheme. Section97

5 validates the proposed control scheme with diverse experiments. Finally, in Section98

6 some concluding remarks are drawn.99

2. Wind turbine modelling100

In wind turbines the power extraction depends mainly on the following factors: the101

power of the wind, the efficiency of the wind turbine and the capacity of the machine102

to adapt to variations in the wind. Typically, the power obtained from a wind turbine is103

calculated by [23], [24]:104

Pm(β, λ, v) =
1

2
Cp(β, λ)ρπR2v3 (1)

in this expression ρ represents the air density, R the rotor radius, v the speed of the
wind. Cp the power efficiency coefficient, which is typically measured or calculated
by the manufacturer at several wind speeds. Cp depends on β, which is the pitch angle
of the blade, and λ, which is the tip-speed ratio, defined as:

λ =
Rw

v
(2)
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where w is the rotational speed of the wind turbine. From this expression it may be105

inferred that if the rotational speed were kept constant, any change in the wind speed106

would vary the tip-speed ratio, affecting the value of the power coefficient Cp. As a107

result, the generated power output of the wind turbine would change. Nevertheless, in108

order to remain in an optimal point of operation, so maximizing the power extraction,109

the tip-speed ratio could be kept constant by adjusting the speed of the rotor in function110

of the wind speed variation.111

In a simplified way, a wind turbine accounts for these components: an aeroturbine,112

which transforms the energy from the wind into mechanical movement, a gearbox,113

aimed at augmenting the rotor speed and reducing the torque, and a generator, which114

converts mechanical movement into electricity.115

Thus, the rotor of the wind turbine turns at w driven by the input torque of the116

wind, Tm. The transmission output torque, Tt, is connected to the generator, achieving117

a shaft torque of Te, which moves the generator with a speed of we. Due to the use of118

gearboxes the rotor and generator speeds are different magnitudes.119

The mechanical model for the system is represented by [25]:120

Jmẇ +Bmw = Tm − T (3)
Jeẇe +Bewe = Tt + Te (4)

Ttwe = Tw (5)

In these expressions, Jm and Je represent respectively the moments of inertia for121

turbine and generator, Bm and Be are the viscous friction coefficients for turbine and122

generator, Tm is the mechanical torque at the turbine, due to the wind, T and Tt are123

respectively the torque at both sides of the gearbox, Te is the torque at the generator,124

w is the angular velocity of the turbine shaft and we is the rotational velocity of the125

generator rotor.126

The gear ratio, η, relates the angular velocities of the turbine w and generator we:

η =
we
w

(6)

The mechanical model may be compacted by combining equations 3, 4, 5 and 6:

Jẇ +Bw = Tm + ηTe (7)

where J = Jm + η2Je and B = Bm + η2Be127

Finally, the input torque due to the wind can be obtained by combining equations
(1) and (2):

Tm(w, λ, β) =
Pm(Rwλ , λ, β)

w
= kw · w2 (8)

being

kw =
1

2
Cp(λ, β) ρ π

R5

λ3
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3. Torque observer for the control scheme128

Most control schemes use the measured wind velocity in order to obtain the optimal129

value for the rotational velocity of the wind turbine. However, observers may be useful130

to estimate the effective wind speed without using proper sensors [27], [28]. This131

section presents the aerodynamic torque observer used at the proposed control scheme132

in order to get the optimal point of operation.133

The torque of the wind, Tm, may be considered as a quasi constant magnitude, since134

the changes in the wind torque may be assumed to happen at specific time instants.135

Mathematically this is represented by a null derivative. Thus, from eqn.(7) the system136

state space equations for the wind turbine can be written as:137

ẇ =
1

J
(Tm −Bw + ηTe)

Ṫm = 0 (9)

Several techniques have been developed in order to avoid the chattering phenomena138

that may appear in wind turbine systems. One of most popular techniques specifically139

designed for this purpose is the so-called super-twisting algorithm, which is a second140

order sliding mode algorithm [29], [30]. This technique, included in the presented141

control scheme, has been used at the design of the torque observer. Based on this142

technique, the following algorithm is proposed:143

˙̂w =
T̂m
J
− B

J
w +

ηTe
J
− h1|ŵ − w|

1
2 sgn(ŵ − w)

˙̂
Tm = −J · h2 sgn(ŵ − w) (10)

where h1 and h2 are positive values. Let be e1 = ŵ − w the error observed at the144

angular velocity and e2 = T̂m
J −

Tm
J the error observed at the torque.145

Then, the derivatives of e1 and e2 are respectively ė1 = ˙̂w− ẇ and ė2 =
˙̂
Tm
J −

˙Tm
J .146

The observation error may be obtained by subtracting eqn.(10) from eqn.(9):147

ė1 = e2 − h1|e1|
1
2 sgn(e1)

ė2 = −h2 sgn(e1) (11)

Theorem 1. Consider the wind turbine system given by eqn.(9) and the HOSM ob-148

server given by eqn.(10). Then, if the observer gains h1 and h2 are adequately selected149

as positive values, the estimation errors of the proposed HOSM observer converges to150

zero.151

Proof To prove the stability of the observer, based on the second order sliding mode
technique, the following candidate Lyapunov function is proposed:

V = 2h2|e1|+
1

2
e22 +

1

2

(
h1|e1|

1
2 sgn(e1)− e2

)2
(12)
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which can be expressed in the form

V = ξTP ξ (13)

where

ξT =
[
|e1|

1
2 sgn(e1), e2

]
, P =

1

2

[
4h2 + h21 −h1
−h1 2

]
(14)

By deriving expression (13) with respect to time

V̇ = ξTP ξ̇ + ξ̇TP ξ (15)

in which ξ̇T is obtained from (14) and (11)

˙ξT =

[
−h1

2
sgn(e1) +

1

2|e1|
1
2

e2, −h2 sgn(e1)

]
=

1

2|e1|
1
2

[
−h1|e1|

1
2 sgn(e1) + e2, −2h2 |e1|

1
2 sgn(e1)

]
=

1

2|e1|
1
2

[
−h1 1
−2h2 0

] [
|e1|

1
2 sgn(e1)
e2

]
= Aξ (16)

with

A =
1

2|e1|
1
2

[
−h1 1
−2h2 0

]
The following expression is obtained by substituting (16) in (15)

V̇ = ξTPAξ + ξTATP ξ = ξT (PA+ATP ) ξ (17)

Now, in order to arrange the expression, the matrix products

PA =
1

2

[
4h2 + h21 −h1
−h1 2

]
1

2|e1|
1
2

[
−h1 1
−2h2 0

]
=

1

4|e1|
1
2

[
−4h1h2 − h31 + 2h1h2 4h2 + h21

h21 − 4h2 −h1

]

and

ATP =
1

2|e1|
1
2

[
−h1 −2h2

1 0

]
1

2

[
4h2 + h21 −h1
−h1 2

]
=

1

4|e1|
1
2

[
−h31 − 4h1h2 + 2h1h2 h21 − 4h2

4h2 + h21 −h1

]
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are calculated

PA+ATP =
2

4|e1|
1
2

[
−h31 − 2h1h2 h21

h21 −h1

]
= − h1

2|e1|
1
2

[
h21 + 2h2 −h1
−h1 1

]
= − h1

2|e1|
1
2

Q

where

Q =

[
h21 + 2h2 −h1
−h1 1

]
Thus, the derivative of the Lyapunov function candidate may be expressed as

V̇ = − h1

2|e1|
1
2

ξTQξ (18)

This function is negative semidefinite since V̇ ≤ 0 if Q > 0, and here Q > 0152

because the two leading principal minors, (h21 + 2h2) and
∣∣∣ h2

1+2h2 −h1

−h1 1

∣∣∣, are positive153

since h1 and h2 are positive values.154

Hence, it may be concluded that the estimation error of the proposed observer con-155

verges to zero. Thus, it is possible to use this torque observer for calculating the opti-156

mal speed reference for the wind turbine, by mweans of eqn.(8) as proposed in the next157

section.158

4. HOSM control scheme for wind turbines159

The proposed control scheme is aimed at maximizing the power extraction in DFIG160

wind turbines. More precisely, the controller adapts the rotational speed of the wind161

turbine according to the variations in the speed of the wind, so that the optimal value162

for the tip-speed ratio, λopt, is enforced. Thus, the extraction of wind energy is max-163

imized. DFIG wind turbines are controlled by regulating the variable frequency con-164

verter (VFC), which involves the control of the rotor-side converter (RSC) and the grid-165

side converter (GSC) [31]. The RSC is responsible for controlling the stator-side active166

and reactive powers in an independent way whereas the GSC keeps constant the DC-167

link voltage regardless of the power magnitude and direction of the rotor [26]. Also,168

the GSC controller regulates the reactive power of the stator terminal voltage. Figure169

1 shows an illustrative diagram for this HOSM control scheme for a DFIG based wind170

turbine.171

DFIG wind turbines were designed to operate at different wind speeds while max-172

imizing the extraction of energy. But to achieve it, the speed of the shaft needs to be173

adjusted according to the optimal tip-speed ratio λopt, which gets the maximum power174

coefficient Cpmax and, consequently, maximizes energy extraction [32]. This implies175
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Figure 1: DFIG based wind turbine diagram

that depending on the speed of the wind, the maximum extraction of energy from the176

wind is achieved by driving the speed of the wind turbine to a specific and unique177

value. This value is denoted as λopt which is the maximum value of the power coef-178

ficient curves Cpmax versus the tip-speed ratio. Both the maximum power coefficient179

curves, Cpmax , and the optimal tip-speed ratio, λopt, are constructive parameters of the180

wind turbine.181

An approximated model for the power coefficient Cp of a wind turbine was pre-182

sented in [33]. The equation of this model, which includes the parameters of the tur-183

bine, is (19):184

Cp(λ, β) = c1

(
c2
λi
− c3β − c4

)
e

−c5
λi + c6λ (19)

where c1, c2, c3, c4, c5 and c6 are constructive coefficients of the wind turbine,185

design dependent. λi can be obtained from:186

1

λi
=

1

λ+ 0.08β
− 0.035

β3 + 1
(20)

The control algorithm proposed in this work is based on estimated measures of the
aerodynamic torque observer, T̂m, for calculating the turbine speed reference. Thus,
the optimal aerodynamic torque may be obtained by means of eqn.(8):

Tm = kwopt · w2
opt (21)

where

kwopt =
1

2
Cp(λopt, β) ρ π

R5

λ3opt

being λopt the value of λ that gets the maximum power coefficient Cp.187

From this equation and the estimated torque, it can be obtained the optimal value
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for the angular velocity of the rotor, wopt

w∗ = wopt =

√
T̂m
kwopt

(22)

This value, wopt, will be used as reference for the controller of the turbine.188

In order to maximize the power extraction from the wind, in the presented approach189

the Rotor Side Control is aimed at driving the wind turbine to turn at this value, wopt.190

In DFIG-based generation systems this may be enforced by controlling the current at191

the rotor of the electrical generator.192

Frequently, vector control theory is used to simplify the equations that model DFIG193

systems. Vector control theory represents the stator currents of the machine as a vector194

with two components, d and q, respectively related to the magnetic flux and torque of195

the machine. Thus, by using this reference frame, the stator flux linkage vector, ψs,196

and the d-axis are aligned, so that ψds=ψs and ψqs=0. The model for the machine may197

be expressed as [8]:198

iqs = −Lmiqr
Ls

(23)

ids =
Lm(ims − idr)

Ls
(24)

ims =
vqs − rsiqs
wsLm

(25)

Te = −3p

4

L2
mimsiqr
Ls

(26)

Qs =
3

2

wsL
2
mims(ims − idr)

Ls
(27)

vdr = rridr + σLr
diqr
dt
− swsσLriqr (28)

vqr = rriqr + σLr
diqr
dt

+ sws

(
σLridr +

L2
mims
Ls

)
(29)

where Lr and Ls are the inductances of rotor and stator respectively, Lm the mu-199

tual inductance, ws the synchronous velocity at the rotor, we the rotor speed of the200

generator, sws = ws−we the slip frequency, p the number of poles and σ = 1− L2
m

LsLr
.201

The stator magneizing current, ims, may be regarded constant due to that the stator202

is directly connected to the grid and that the stator introduces a small resistance [26].203

Thus, the following expression may be used to represent the electromagnetic torque:204

Te = −KT iqr (30)

note that KT is a constant value defined as:205

KT =
3p

4

L2
mims
Ls

(31)
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By substituting eqn. (30) in eqn.(7) it may be observed that the q-axis rotor current206

component, iqr, may be used to regulate the speed of the wind turbine, w, according207

to the dynamic equation (32), whereas the d-axis rotor current component, idr may be208

used to regulate the stator reactive power, Qs (See eqn. (27)).209

ẇ =
1

J
(Tm − ηKT iqr −Bw) (32)

The speed tracking error was defined as:

ew(t) = w(t)− w∗(t) (33)

where w∗ is the reference for the speed of the rotor.210

The following expression is obtained after deriving with respect to time previous211

expression for ew(t).212

ėw(t) = ẇ − ẇ∗

=
Tm
J
− ηKT

J
iqr −

B

J
w − ẇ∗

= −Hiqr +G

in which H and G were defined as:213

H =
ηKT

J

G =
Tm
J
− B

J
w − ẇ∗

Assuming that the system uncertainties of the wind turbine are bounded by:214

0 < Γm ≤ H ≤ ΓM
˙|G| < Φ

Note that these assumption just mean that H has positive finite lower and upper215

bounds and that ˙|G| is bounded.216

The following expression for the second derivative of the speed tracking error can217

be obtained.218

ëw = −Hi̇qr + Ġ (34)

Typically, the use of sliding mode control schemas introduces the chattering phe-219

nomena, basically due to the abrupt discontinuities introduced by the control signal. In220

order to avoid or, at least, reduce this kind of phenomena some approaches, like high221

order sliding modes and the supertwisting algorithm [34]-[38], were proposed in the lit-222

erature. Herein the following control approach is proposed, based on the supertwisting223

algorithm [34]:224
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iqr = u+ k1|ew|1/2 sgn(ew) (35)
u̇ = k2 sgn(ew) (36)

According to [34], the parameters of the controller must fulfill the following suffi-225

cient conditions to guarantee the convergence of the approach in finite time, i.e. that226

the error at the speed of the turbine is zero, ew = 0:227

k1 >
Φ

Γm
(37)

k22 >
4Φ

Γ2
m

ΓM (k1 + Φ)

Γm(k1 − Φ)
(38)

Consequently, it may be concluded that the proposed controller for the velocity,228

based on the HOSM algorithm, is adequate since it allows the tracking of the turbine229

speed and maximize the power extraction even when there are uncertainties in the sys-230

tem. In addition, the presented approach allows the achievement of maximum wind231

power extraction for all the speed values that may appear over time.232

5. Experimental Results233

This section analyses the performance of a variable speed wind turbine when the234

proposed HOSM control scheme is applied. The objective of this controller is to max-235

imize wind power extraction in order to obtain the maximum electrical power, hence,236

the wind turbine speed must be adjusted continuously against wind speed.237

5.1. Experimental test rig238

The test rig used to analyse the performance of the proposed control scheme is239

shown in figure (2). The control algorithms were implemented over a PC running Mat-240

Lab7/Simulink R2007a, dsControl 3.2.1 software packages, equipped with a DS1103241

Controller Board, a real-time interface provided by dSpace. This board is based on a 1242

GHz floating point PowerPC processor.243

The Doubly Feed Induction Machine (DFIM) was implemented with a 7.5 kW,244

1447 rpm, commercial generator, supplied by Leroy Somer. Table 1 summarizes most245

relevant parameters.246

The electrical generator was connected to the electrical network in a Back to Back247

configuration, implemented by means of two VSI (Voltage Source Inverters). The me-248

chanical torque generated by the wind turbine was emulated by means of a PMSM249

(Permanent Magnet Synchronous Machine) of 10.6 kW. The rotor speed for these elec-250

trical machines was measured using the incremental encoder of the PMSM, of 4096251

PPR (Pulses Per Revolution). In order to ensure protection against overcurrents, the252

rotor and stator currents were software bounded at nominal values. The values of the253

stator and rotor currents, AC and DC voltages and speed obtained from the sensors254

were adapted in hardware and connected to the dSpace board. The DS1103 Controller255
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Figure 2: Doubly Fed Induction Machine test rig

Stator Voltage 380 V
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 0.42 Ω
Rotor resistance 0.14 Ω
Magnetizing inductance 0.063 H
Stator leakage inductance 0.0018 H
Rotor leakage inductance 0.0023 H
Inertia moment 0.120 Kg.m2

Viscous friction coefficient 0.005 N.m.s

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

Board drove both inverters providing the SVPWM (Space Vector Pulse Width Modu-256

lation) pulses. The SVPWM frequency was set to 10 kHz. This frequency determines257

the sampling period for the execution of the control algorithm, which was set at 100258

µs. The inverters dead time were software fixed to 1 µs. In order to get the module259

and angle of the grid voltage vector, a synchronous reference frame phase-locked loop260
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(SRF-PLL) was employed. The grid converter was governed in the grid voltage ref-261

erence system, by means of a DC signal of 580 V and 0 VA. Conventional PIs with262

anti-windup are used as current controllers for the experimental validation.263

The test rig, which was designed and constructed in order to carry out the experi-264

mental validation, is shown in figure 3. In this figure the PMSM, which provides the265

mechanical torque to the DFIM, is coupled to the DFIM, as it can be appreciated. The266

figure also shows the RSC and the GSC, located inside the inverter cabinet, as well as267

the control PC where the software to interact with dSpace DS1103 real-time controller268

board is run.269

Figure 3: Photography of the experimental platform

5.2. Wind turbine system simulation and experimental validation270

This subsection is aimed at validating the Matlab/Simulink simulation model in-271

volving the plant and control scheme with the experimental behaviour of the platform272

itself. For this purpose, several tests were performed and the results of the simulation273

model and experimental platform were compared. Thus, the measurements taken in274

the real system with a LeCroy 104Xi oscilloscope were compared with the simulations275

performed in the system model. The first test was carried out for 10 seconds. In this276

test the DFIG speed was changed in steps while the load torque also changed as shown277

in Figures 4 and 5. In order to appreciate in detail these signals, Figures 6 and 7 show278

the zoom of these figures respectively. It can be observed the similarity between the279

real measured and simulated signals.280

Figures 8 and 9 depict the active and reactive powers at both stator and rotor mea-281

sured at the test rig as well as those obtained from the simulation model respectively.282

Again, it can be observed the similarity between the real measured and simulated sig-283

nals. These figures were taken as validation of the simulation model developed for the284

test rig.285

Finally, figures 10 and 11 show the stator voltage and current phase and rotor cur-286

rent phase for the experimental platform and simulation model respectively when in-287
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C2:Speed reference

200 rpm/div

C1:Real speed 

200 rpm/div

-900 rpm

-1200 rpm

-1500 rpm

-1700 rpm

-2000 rpm

-1600 rpm

-1300 rpm

-1000 rpm

C4:Torque reference

20 Nm/div

C3:Torque real

20 Nm/div

0 Nm
12 Nm

25 Nm
17 Nm 12 Nm

5 Nm
20 Nm 22 Nm

10 Nm
20 Nm

-1400 rpm

-1500 rpm

Figure 4: Test rig experimental results

Figure 5: Platform model simulation results
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C2:Speed reference

200 rpm/div C1:Real speed 

200 rpm/div

-1300 rpm

-1000 rpm

-1400 rpm

20 Nm

22 Nm

10 Nm

C4:Torque reference

20 Nm/div

C3:Torque real
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Figure 6: Test rig experimental results

Figure 7: Platform model simulation results
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C1: Q stator

1.8KVAR/div

7.5 KVAR

C2: P stator

1.8KW/div

C4: P rotor

1.8KW/div

C2:Speed reference

1.8KW/div

Figure 8: Active and reactive stator powers and rotor active power measured at the experimental platform

Figure 9: Active and reactive stator powers and rotor active power obtained from the simulation model
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jected an active power of 7kW and 0 kVA into the grid. The generator speed was288

1660rpm at this experiment. Taking into account this value and considering a syn-289

chronous speed of 1500 rpm and two pair poles, the rotor current frequency was 5.5Hz.290

The amplitude of the rotor current was 50 A and, consequently, the power injected into291

the grid by the rotor was 400 W.292

C3: Grid a phase voltage

100V/div

C1: Stator a phase current

10A/div
C2: Rotor a phase  current

50A/div
310V

15A
50A

Figure 10: Stator voltage and current phase and rotor current phase measured at the experimental platform

As it can be observed at the previous experiments all the comparisons presented293

between the real system and the simulation model verify that the developed model em-294

ulates accurately the experimental. Consequently, the system model can be used to295

get, in advance, a preliminary version of the real system response using the control296

scheme presented in this article, based on the real time observer and slide mode con-297

trol techniques. Thus, the simulation model allows accelerating the process of tuning298

the controller tune while avoiding the implementation of control schemes that could299

damage the experimental platform.300

5.3. Sliding torque estimator and reference signal301

Equation (26) determines the electrical torque generated in the DFIG by the me-302

chanical torque produced due to the wind speed. Next experiment is devoted to check303

the performance of the presented sliding mode observer. Thus, the double feed induc-304

tion machine speed and torque were compared with its estimated values. Both, the305

torque generated by the wind in the machine and the speed were estimated using the306

observer proposed in equation (10). The values of the constants h1 and h2 were pre-307

adjusted using the simulation model and tuned more accurately in the experimental308

platform. The following values were set for this experiment, h1 = 10 and h2 = 10.309

In order to test whether the control scheme is suitable for operating conditions, a310

real wind speed profile was used. These data were measured in a meteorological station311

located in Salt Lake City (situated in the northern part of the U.S. state of Utah) at a312
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Figure 11: Stator voltage and current phase and rotor current phase obtained from the simulation model

height of 10 m [39]. The profile was depicted in figure 12. The velocity values of313

the wind profile were used to check the torque and velocity estimator proposed in this314

work. These values were taken in a 100s interval using a period of 1s. Obviously, such315

a large period may cause sudden transitions of the velocity. However, in spite of these316

sudden transitions, the proposed speed estimator presents a good response as shown317

in the figure 12. The similarity between the real and estimated torque values can be318

appreciated in figure 13.319

According to equation (22), the estimated torque can be used to generate the speed320

reference to the DFIG, thus obtaining the maximum power from the wind. The estima-321

tor of torque and speed depend on J and B, as shown in equation (10). Therefore, in322

order to observe the robustness of the estimator to errors in these parameters, several323

tests were performed with different errors in the J value at several conditions for the324

values of speed and torque.325

Figure 14 shows the performance of the observer when the estimator uses the real326

value for the inertia moment. As it can be observed, both speed and torque were accu-327

rately estimated. In the following test, presented in figure 15, the inertia moment used328

at the estimators was 25% greater than the real one. In the experiment presented in329

figure 16, the inertia moment used in the estimators was 25% lower than the real one.330

As it can be observed in these figures, the speed estimation suffers hardly any degrada-331
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C1:Wind speed. 2m/s/div        t=10s/div  C1 (Zoom):Wind speed        t=1.6s/div

C2:Real speed, C3:Estimated speed

200rpm/div
1870rpm 1540rpm

1200rpm

C2 & C3 (Zoom): DFIG speed

12m/s

7.8m/s

10m/s

Figure 12: Measured and estimated rotor mechanical speed in the DFIG

tion, however, the estimated torque, although correct in stationary regime, suffers some332

degradation under abrupt changes as shown in figures 15 and 16.333

5.4. Control algorithm334

This subsection is aimed at testing the performance of the proposed HOSM con-335

troller with the proposed HOSM estimator by means of several experiments carried out336

in the test rig. For this test the real wind speed profile shown in figure 14, which as337

mentioned in subsection 5.3 it was measured in the Salt Lake Basin, was used. The val-338

ues for the speed sliding controller were adjusted firstly in simulation and later slightly339

modified at the experimental platform in order to improve the system response. Thus,340

the parameters obtained of equations (35) and (36) were k2 = 400 and k1 = 70. Fig-341

ure 17 shows the obtained stator, rotor and total active powers for the mentioned wind342

profile. The reactive power was fixed to 4 kVA and the active power was changing to343

get the maximum power according to equation (22).344

When the wind speed was higher than 10m/s, that is, the speed of the machine was345

1500rpm or synchronous speed, the rotor power flow went to the grid (negative power).346

In the remaining situations, the machine turned below the synchronous speed, and the347

power was absorbed from the grid through the rotor (positive power). The obtained348

average rotor power was 0,67kW, the stator average was -3,16kW, which is the total349

power obtained from the machine -2.49kW (including both rotor and stator power).350
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C2:Real speed, C3:Estimated speed

200rpm/div                               t=10s/div

C1:Real torque, C4:Estimated torque 

18Nm/div

55Nm

C2 & C3 (Zoom): DFIG speed  t=1.4s/div

1870rpm

1540rpm

1200rpm

30Nm

C1 & C4 (Zoom): DFIG torque  t=1.4s/div

Figure 13: Measured and estimated torque in the DFIG

C2:Real speed, C3:Estimated speed, 200rpm/div                              t=1s/div

C1:Real torque, C4:Estimated torque, 25Nm/div                                            t=1s/div

2000rpm

1700rpm

1500rpm

1200rpm

900rpm

25Nm 17Nm
12Nm

J observer = J real

Figure 14: Real and estimated speed and torque for real J value

20



C2:Real speed, C3:Estimated speed, 200rpm/div                            t=1s/div

C1:Real torque, C4:Estimated torque, 25Nm/div                           t=1s/div

2000rpm

1700rpm

1500rpm

1200rpm

900rpm

25Nm 17Nm
12Nm

J observer = J real * 1.25

Figure 15: Real and estimated speed and torque for +25% real J value

C2:Real speed, C3:Estimated speed, 200rpm/div                                   t=1s/div

C1:Real torque, C4:Estimated torque, Nm/div                                    t=1s/div

2000rpm

1700rpm

1500rpm

1200rpm

900rpm

25Nm 17Nm
12Nm

J observer = J real *0.75

Figure 16: Real and estimated speed and torque for -25% real J value

Figure 18 shows the machine stator and rotor currents for the test wind profile,351

shown in figure 12. The rotor and stator currents are proportional but the frequency of352

the rotor is changing according to the slip speed. This change in the frequency can be353

seen in the zoom of the rotor current.354
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Active Power (2kW/div)                                                                              t=10s/div

Protor (average=0,67kW)

Pstator (average=-3,16kW) Ptotal (average=-2,49kW)

Figure 17: Active powers with the HOSM speed controller for a real wind profile obtaining the maximum
power.

5.5. HOSM Control scheme versus PID control355

For validation purposes, this section compares the performance of the proposed356

HOSM Control scheme with a traditional PID controller by means of experimental re-357

sults. Since the PID controller is the most widely used controller in the industry, this358

kind of controllers is typically employed as benchmark comparison for new control359

schemes. For the experimental validation, the PI controller was adjusted for a band-360

width of 75 rad/s and a phase margin of 80 deg. The parameters of the DFIG system361

were shown in Table 1.362

The validation was carried out over the experimental platform designed by the au-363

thors. The performance was evaluated using a step change in the wind speed, shown364

in Figure 19, in order to compare the behavior of the controllers under sudden wind365

changes, which is a quite demanding task for the control scheme. The wind step vari-366

ation produces a change in the rotor speed reference, to obtain the maximum power367

extraction, as shown in Figure 20. This Figure shows the response for both controllers.368

It can be observed that, if the PID speed controller is adjusted using the calculated369

plant values, the performance of this controller is a little worse than the performance370

obtained using the proposed HOSM scheme. As it can be seen, both controllers present371

a similar rising time but the PID controller presents a small overshoot and, therefore,372

the system needs more time to reach the new speed reference value, which provides373

the maximum power extraction from the new wind speed value. This overshoot can be374

reduced decreasing the proportional action and/or increasing the derivative action, but375

this would produce a slower response. Obviously due to the system mechanical inertia,376

the rotor speed cannot track the steep changes in the reference speed instantly, but after377
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Figure 18: Stator and rotor currents for the real wind profile.
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Figure 19: Wind speed step reference

0.13 seconds the reference speed is reached.378

In order to compare the robustness of the proposed control scheme, the inertia379

value of the wind turbine system was increased by means of an inertia wheel, which380

was added to our control platform. This inertia wheel produces an increase of 25% in381

the whole value of the system inertia. Figure 21 shows the experimental results ob-382
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Figure 20: Rotor speed regulation using the traditional PI controller and the proposed HOSM
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Figure 21: Rotor speed regulation using the traditional PI controller and the proposed HOSM when J in-
creases 25%.

tained with this new value of the system inertia using both controllers, the PID and383

the proposed HOSM. It can be appreciated in the figure that the rising time increases384

for both controllers due to the increment in the system inertia. However, this varia-385

tion in the system parameters increases the overshoot and the settling time in the PID386

controller, which implies a worse tracking and therefore a lower performance of this387

control scheme. On the contrary, due to the robustness properties of the HOSM, the388

performance of this control scheme is not deteriorated.389

6. Conclusion390

This paper presented a HOSM control scheme for a DFIG used in a variable speed391

wind turbine system. The aforementioned approach achieved an optimal power effi-392
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ciency of the turbine operation over a wide range of wind speed in the presence of393

system uncertainties.394

The proposed control scheme includes an HOSM aerodynamic torque observer in395

order to avoid the need for wind speed measurements, which are typically required in396

order to calculate the turbine reference speed for maximizing wind power capture. The397

stability of this HOSM observer has been proved through Lyapunov stability theory.398

Due to the nature of the HOSM control, the proposed control scheme avoids the399

chattering phenomenon, which usually appears in the traditional sliding mode control400

due to the discontinuity in the control signal, whilst maintaining the robustness under401

the system uncertainties and wind speed variations.402

The proposed approach allows the operation of a wind turbine over a wide range of403

values for the wind speed while optimizing power efficiency. This controller regulates404

the speed of the wind turbine by obtaining the optimal tip speed ratio, and consequently,405

producing the maximum power.406

Experimental tests, developed in a real test bench, specifically designed and con-407

structed for this experimental validation, prove that the proposed control method con-408

trols efficiently and successfully the variable speed wind turbine within differing wind409

speed conditions.410

The experimental validation demonstrates that the proposed HOSM observer and411

controller provide both a good estimation of the aerodynamic torque as well as that412

the speed tracking objective is achieved, in order to maintain the maximum power413

extraction, under wind speed variations and system uncertainties.414
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