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Abstract: This paper addresses the design of a robust nonlinear dynamic controller for a wind tur-
bine. The turbine is equipped with a permanent magnet synchronous generator. The control problem
involves tracking a suitable reference value for the turbine’s angular velocity, which corresponds to
the wind speed. This issue is tackled by compensating for variations in the electrical and mechanical
parameters present in the mathematical model. Additionally, the problem is approached under the
assumption that wind speed cannot be directly measured, a fact verified in practical scenarios. This
situation is particularly relevant for real-world applications, where only nominal parameter values
are accessible and accurate wind speed measurement is challenging due to disturbances caused by
the turbine or other factors, despite the use of appropriate sensors. To achieve precise tracking of
the angular velocity reference, effective compensation of perturbation terms arising from parameter
uncertainties and errors in wind estimation becomes crucial. To address this problem, a wind velocity
estimator is employed in conjunction with high-order sliding mode parameter estimators, ensuring
the turbine’s operation attains a high level of performance.

Keywords: wind turbine; nonlinear control; parameter variations; high-order sliding mode

1. Introduction

Wind turbine conversion systems (WTCS) have recently attracted considerable at-
tention from the scientific community. This is due to their potential for renewable energy
generation. Thus, the nonlinear control of small and large wind turbines (WTs) is the subject
of many works in the literature. In particular, due to their advantages in terms of efficient
and reliable operation, permanent magnet synchronous generators (PMSGs) are used as
WT generators. These advantages are combined with the features of self-excitation and
low speed. These features are integral to direct-drive WTCs. In fact, PMSGs have a simpler
mechanical structure and can be directly coupled to the WT shaft, eliminating the need for
gears, and they do not require an external excitation system, eliminating the associated
copper losses.

The aim is to maximize the amount of power generated by the WT under conditions in
which the wind speed is variable. This is achieved by maintaining the so-called tip—speed
ratio, i.e., the ratio between the blade tip linear velocity and the wind velocity, at an optimal
value. For a given wind speed, this optimum value of the tip—speed ratio corresponds to a
certain angular velocity. This is taken as the reference to be tracked. Therefore, the optimal
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power extraction problem can be expressed as tracking the reference angular velocity
corresponding to the given wind speed.

This tracking problem is here solved in the presence of some difficulties that normally
arise in practical cases. The first difficulty is that the measurement of the real wind velocity
value is unrealistic for industrial WTs. In fact, it is not possible to measure wind speed
accurately. Even with the appropriate sensors, the wind velocity field is perturbed by the
turbine itself. A second difficulty is that the parameters in the mechanical and electrical
equations are usually subject to parameter variations or uncertainties. Examples are the
winding resistance, air density, etc., which are subject to variations, and the PMSG rotor
inertia, friction, etc., which are known with a certain uncertainty. In practice, only the
nominal values of these parameters can be assumed known. In order to solve the tracking
problem in the presence of these two difficulties, in this work an estimator of the wind
velocity is used. Furthermore, high-order sliding mode (HOSM) estimators are used to
estimate the perturbation terms arising in the dynamical equations due to the parameter
uncertainties. This allows a compensation of the perturbation terms due to the parameter
uncertainties and of the wind estimation error, ensuring an accurate tracking of the reference
angular velocity.

Typically, wind speed sensors are mainly installed around the WT to provide wind
speed data [1]. The wind speed sensor cannot fully monitor the wind speed at every part
of the WT and, therefore, cannot give an accurate wind speed value, as it measures the
wind speed at a single point. In addition, the WT wake effect [2] and the tower shadow
effect [3] can affect the actual ability of WTs to convert wind energy, reducing the overall
efficiency of the wind power system. In addition, the efficiency of the anemometer sensors
usually mounted on the top of the WT nacelle, is used to measure the wind speed. Their
measurements may be due to the turbulence of the wind and, therefore, may not be
representative of the wind speed upstream of the rotor blades. Linear and nonlinear
Kalman filter methods can be applied to estimate the effective wind speed [4], along with
other methods such as those based on machine learning [5], to reconstruct a spatiotemporal
field of wind speed on a regular grid from spatially irregularly distributed measurements
and to transform the wind speed to wind power estimates. A widely used approach to
overcome the lack of accurate wind speed measurement is the use of the maximum power
point tracking (MPPT) technique [6]. This technique is also widely used in solar power
systems. This technology optimizes the available wind power by maximizing the electrical
output of the turbine.

Regarding parameter variations and uncertainties, the first-order sliding mode (FOSM)
technique constitutes an interesting methodology that can be used to compensate for their
effects. This is achieved thanks to the inherent robustness of this technique [7]. Examples
of FOSM controls of WTs are given in [8,9], which present robust controllers designed for
variable speed WTs with doubly fed induction generators. A FOSM control is also designed
in [10] for a turbine model considering the mechanical dynamics only, along with a modified
Newton-Rapshon algorithm to estimate the wind speed. Another FOSM controller, using
the blade pitch as input, was designed in [11] in the presence of uncertainties to regulate the
rotor speed to a fixed rated value. A FOSM control for a variable speed WT with a PMSG
was considered in [12], under the assumption of measurability of the wind speed. In [13],
an algorithm based on the combination of a FOSM and fractional-order sliding mode (SM)
was proposed, where the latter ensures finite-time convergence to zero of the angular
velocity tracking error. In [14], a novel robust FOSM control was proposed, using nonlinear
perturbation observers for WTs with a doubly fed induction generator. Finally, an integral
terminal FOSM controller was proposed in [15] to enhance the power quality of WTs under
unbalanced voltage conditions.

FOSM control schemes may suffer from the well-known chattering problem, i.e.,
high-frequency oscillations due to actuator bandwidth limitations, unable to reproduce
exactly the sign “function” used in a FOSM, which has clear negative consequences. In
order to overcome this difficulty, and to consider SM surfaces with a relative degree
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greater than one [16], HOSM techniques can be used. These techniques, also called super-
twisting (ST) SM techniques, have other appealing properties, since they ensure finite-
time convergence to the origin and robustness with respect to perturbation acting on
the system. Such techniques were developed starting from the seminal paper of [17] and
successively fully developed in successive papers [18-24]. HOSM techniques were first used
for smooth control systems and successively as finite-time differentiators. They were also
applied successfully to a number of applications [16,25-32]. Recently, extensive research
has been undertaken to control PMSGs for wind energy conversion applications using
HOSM techniques. In [33], an efficient controller based on a HOSM was proposed and
applied to a PMSG. A HOSM-based control strategy for optimizing the power output
of a wind energy conversion system (WECS) with a PMSG was proposed in [34]; this
controller incorporates a standalone hybrid system to achieve optimal power conversion
and regulation during operational modes. In the works of [35,36], an advanced HOSM
control strategy was devised for a PMSG. The proposed approach incorporates a robust
aerodynamic torque observer rooted in the ST algorithm, effectively eliminating the need for
wind speed measurement sensors. Additionally, a robust control mechanism for WT speed
was integrated, aimed at precisely regulating rotor currents. Moreover, in [37], an adaptive
sliding mode speed control algorithm was put forth, featuring an integral-operation sliding
surface, for a variable speed wind energy experimental system; this controller encompasses
an estimator designed to address uncertainties such as the unknown turbine torque and
deviations from the mathematical system model, with the ultimate goal of attaining zero
steady-state error in the control performance. An adaptive ST approach to control the wind
energy conversion system of the PMSG, connected to the electrical system via grid-side
and machine-side converters with a capacitor as a DC link between them, was proposed
in [38]. Moreover, utilizing an adaptive second-order sliding mode control (SOSMC),
in [39], an ST algorithm was examined, with the aim of achieving a robust and rapid current
control for WECS based on PMSGs; the primary objective of the controller was to regulate
the winding current in order to ensure that the PMSG delivers the desired power to the
grid. Further, Ref. [40] presented ST algorithms with a gain adaptation algorithm based
on collective/individual blade pitch control, applied to the floating WTs control problem
in the above-rated region; the control goals were the regulation of the rotor speed, the
reduction in the platform pitch motion, and the reduction in the fatigue load of the blades. A
FOSM and a SOSM control scheme based on pulse-width modulation for the rotor-side
converter and grid-side converter feeding a doubly fed induction generator (DFIG) were
presented in [41,42]. It is worth noticing that all of these works do not deal with parameter
uncertainties in the PMSG dynamics.

In this paper, a robust nonlinear dynamic controller is designed for a WT with a PMSG,
which guarantees the maximization of the power extracted by the WT from the wind. The
control objective is to track an appropriate angular velocity signal, ensuring the asymptotic
stability of the closed-loop system despite variations in all the parameters present in the WT
mathematical model. The original contributions of this paper are centered around solving
the tracking problem in the presence of the following factors:

1.  Unknown wind velocity, which is estimated based on measurements of the produced power.
2. Parameter variations and uncertainties in the WT model, which are estimated using
HOSM estimators.

It is also worth noticing that the unavailability of wind velocity measurement is not
considered in the available literature. To address this limitation and establish an angular
velocity reference, we employ the MPPT technique, which finds common use in solar
power systems and WTs. By optimizing operational parameters, this technique enhances
the turbine’s electrical output to harness the highest attainable wind power.

The paper is organized as follows. In Section 2, the mathematical model of a WT is
recalled, and the control problem is formulated. In Section 3, a robust nonlinear dynamic
controller is presented. In Section 4, the proposed controller is tested via simulations. Some
comments conclude the paper.
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2. Mathematical Model of a WT
The power extracted by the WT from the wind is given by [43]

Py, = %Q?‘[chp()\,ﬁ)vi = kypo®, ko = %QHRSM
where ¢ is the air density, R is the WT rotor radius, vy, is the wind speed, w is the turbine
shaft speed, and A = wR /vy, is the tip—speed ratio, with wR as the tip speed of the turbine
blade. Furthermore, C,(A, ) denotes the power coefficient, contingent upon the specific
blade design. This coefficient depends on both the blade pitch angle 8 and the tip—speed
ratio A, signifying the turbine’s efficacy in transforming the wind’s kinetic energy into
mechanical energy. For § = ° = 0, the nonlinear dependency of the power coefficient C,
on A can be approximated by the following experimental expression, as described in [44,45]

1 — 1—caA
Cp(A,B°) = 1 (Cz AC3A—C4>6’_CS 4 c6A

where ¢y, .. ., ¢¢ are experimental coefficients depending on the shape of the blade and on
its aerodynamic performance.

To maximize the power P, generated by the WT for a given wind velocity v, one has
to maximize the power coefficient C;,. Since this latter depends on A and j, also its maximum
depends on these two variables. Nevertheless, usually  is changed occasionally, and in
the following it will be considered constant and equal to a value 8° = 0 deg. Therefore,
the maximization of Py, is achieved maximizing C, (A, °), which has its maximum Cp max
for Amax. Obviously, the same reasoning can be followed for other values of the blade pith
angle .

The model of a PMSG in the (d, ) reference frame, rotating synchronously with the
generator rotor, is [45]

dﬁ—_&i + '+1
T AR A
di R ¢ 1
24— S i — pim l
It qu pwig —p Lw—l—qu 1
. T, Tf Tw km f kw 2
W=—-——F——+—F—=—-——F —TW+ —w
I ] ;T J

where the stator currents iy and i; represent the components of the current in the stator
projected along the d and g axes, respectively, while v; and v; denote the corresponding
stator voltage components. Furthermore, the winding resistance and inductance are de-
noted by Rs and L = L; = L, respectively. The flux linkage of the permanent magnet
is symbolized as 1, and the electrical angular speed w, of the generator rotor is equal
to pw, where p denotes the number of pole pairs. The mechanical equation is obtained
considering the external torques given by the electrical torque, the viscous friction torque
Tf, and the torque T, extracted from the wind. The electrical torque is given by T, = ky, iq,
where k;;, = 3p¢;, /2 represents the torque constant, and the generated motor torque is
proportional to the current iy, grounded in the assumption of the absence of a reluctance
torque in the considered PMSG. Moreover, the mechanical inertia is indicated by J, while
Tr = fw denotes the viscous friction torque, with f the viscous friction coefficient. The
torque Ty, harnessed from the wind is determined as P, /w or equivalently k,w?. The
parameter k,, encapsulates the influence of the aerodynamic torque and is a parameter that
is generally known with great inaccuracy. The scheme of a WT with a PMSG is depicted in
Figure 1.
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Figure 1. Scheme of a WT with a PMSG.

In this work, all of the parameters appearing in the electric and mechanical dynamics (1)
are assumed to be subject to variation. Let R, L°, ¢, k;,, = 3p¢;,, /2, J°, f° be the nominal
values of Rs, L, ¢, ki, |, f, and

o1 =Co(Ac,B0)
ky = EQ (R )5W

the nominal value of ky,, where ¢° is the nominal value of ¢, R° is the nominal value for R,
A° = wR® /vy, and C; is the nominal function

o/y0 po o o]'_co/\O o 7°ﬂ 040
CP(A/ﬁ)=C1<02AO3C4>e ST +gh

with c], ..., c¢, use the nominal values of cy,...,cs. Finally, the nominal value of Ty, is
To = kS,w?.

In what follows, it will be assumed that the parameter variations |Rs — Rg|, [L — L°|,
\pm — Pl 1T =TI, |f — f°l, loe — 0°], and |R — R°| are bounded by certain values Ag_, Ar,
Ay, B, A s Ay, and Ag, respectively. This is an acceptable assumption from a physical
point of view.

The control problem consists of designing a dynamic controller to track a reference
angular velocity wy.f, which will be determined later, in the presence of uncertainties on all
the parameters appearing in the model.

Considering the maximization of P, which is obtained by imposing the value Amax
and using the definition of the tip—speed ratio, one obtains the reference angular velocity
Amax¥w/ R, that should be imposed. However, one observes that such a function is un-
known, as Amax and vy, are unknown. Therefore, in the following, an estimation of the
wind velocity will be determined, while Apax Will be substituted by its (known) nominal
value Ag, -

3. Design of the Dynamic Controller for the Tracking of the Angular Velocity Reference

The initial step in designing the desired controller involves estimating the wind
velocity to establish a known angular velocity reference. For this purpose, we employ the
MPPT technique, commonly used in solar power systems and WTs. In the context of WTs,
MPPT optimizes the turbine’s electrical output by adjusting operational parameters to
capture the maximum available wind power. As wind conditions continually fluctuate
in speed and direction, a WT’s power generation varies accordingly. The MPPT system
constantly monitors these conditions, adapting the turbine’s electrical load and rotational
speed to operate at the point of maximum wind power extraction. In this work, the MPPT
technique is employed to establish the angular velocity reference [6]. Once the reference
angular velocity is determined, the controller will be designed to impose such a reference.
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3.1. Design of the Wind Velocity Estimator

As already commented, the measurement of the real velocity value vy, is unrealistic
for industrial WTs. In the following, the wind velocity vy, can be estimated from the
measurement of the produced power Py,. In fact, considering the nominal value kg, and
the function

o o o CO (/\ O, ﬁ ° ) 3
f(A°) =Py —kw—Pm—erc(R)Ww
it is possible to determine the value of A° by imposing f(A°) = 0. To this aim, among the
other methods, a Newton-Raphson method can be used [6]. Hence, one can look for the
solution’s A of the equation f(A°) = 0 considering the iterative estimations

o _ o JA)
Ak:Akfl_W/\_ 7 k:1,2,...,N

for a fixed integer N € Z, where

o 1, oo 54(Co(A%, %)/ (A°)%)
f (A ): _EQ H(R )5603 ¢ dA° :

From the definition of A°, and using the estimation of A, one computes the wind
velocity estimation

5 R®
and the following reference angular velocity
Anax A A
et = "B, =SBy @)

can be defined, with Aj,., as the (known) maximum value of C; (A°, B°). This is the reference
angular velocity that the controller has to track in the presence of parameter uncertainties.

3.2. Design of the Dynamic Controller for the Tracking of the Angular Velocity Reference

Given model (1) and considering the nominal values Rg, L°, ¢, k;,,, f°, kg,, one obtains
the following model

—did = Roz + pwi 1 —ug+ A
dt Lo TPl 50t A
di R? ¢,
q . .
@ T el T PYla T pewt f”q o2 @)
. kO f° kw 2
w = — =W+ —-w+ Az
]o ’7 ]o ]o

with the perturbation terms
_ [Ry RS 1 1
A= _(L - Lo)ld+ (L - m)”d
_ (R RS P Pu 113,
02 = (L Lo)lq P(L o )YT\T 1o
=)o () ()
;] ] I
The final perturbation term A; for the dynamics of i; will be given by the sum of 6,
and additional terms arising from the derivative of the reference imposed on i;. This will

become clearer in the subsequent computations.
The following result solves the posed control problem for system (4).
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Theorem 1. If the signals iy, ig, w are measurable, the dynamic controller

o

. 1 . . 1/2
¢ = — 1o —lg + pwig + To0d — 011 (81,1 — (fg — daref)| 24 $1.2

Eio=—a10|C11— (ig—ig refﬂo

. R° i 1/2

G20 = —5ig — pwig — P(?:w + 50— D~ { 21— (ig — i ref)—‘ + 622

. o 0

Gop = —anp FZ,] — (ig — Zq,ref)—‘

. kO o k

G31 = C( - ]T - J;Ow + ]Ow2> —a31|¢31 — (w — wre)] M2 + c3p

. o 5
€32 = —ﬂ €31 — (@ — Wrep)]° ®

Lo, = ig — igret
jeiq = iq - iq,ref
fo, = W — Wref
o . . R? . . d.
vg=1L ( —k1,p(ia = idpef) — k,ile;, + led — PWig + i ref — 51,2)

Pn

° . . RS o
vy = L ( — kz/p (l,,] — lq’ref) — kzlilg’vq To lq —+ szd + P UL oW+ D — (;‘,’2,2>

1q,ref

where []* = | - |*sign(-), with c =1 — Agua /A, kjp ki > 0,j = 1,2,3, and

92
11 >0, agp> 27 + 361
l 1
92
1 >0, arp> 27 + 36, (6)
21
292
31 > 0, 3o > 27 + 3cb;
o3

For some finite positive reals 0;, i = 1,2, 3, wyes given by (3),

Z’al,ref = (P(t>

o k3 k . o ko (7)
q,ref ]{o < CP ((,U “Jref) + %Iew + 632 — J]cow + ]Zng>

where ¢(t) is a bounded function with a bounded derivative, and

o ° k3 kS
D qref ]{O |: - < ]r: elq k3 Pew k3,i13w - C€3,2)

ki o ;1 o o
et (o ) (- foie)] o

]o ]o Iq ]o ]o
]O rP kw fo
qref ko < c +2]o - ]O)AS

ensures that the tracking error w — wyes converges to zero asymptotically. Moreover, the errors
ig — idref, Ig — igref CONverge asymptotically to zero.
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Proof. Let us define the angular velocity tracking error e, = w — wyef = cw. The dynamics

of e, are
. . k?ﬂ . fo w 2 >
b =Cw=c| — = —w+ —w+ A3
: < T
kO kO o kO
= C( — ]—Teiq ]O lgref — ';‘O w + ]—Z’wz + A3> (9)
Ko k k3l
—Tocez,, 3,pCw — K3,ile, — €32
where ¢;, = ig — iy ref, With g ref as in (7) and e3p = c(€32 — Asz). The dynamics of ¢, are
. Rs . . Pm 1 diq,ref
by = = lg — pwia = p- w+ qu 0
R§ . . ¢
= —L—qu — pwig —p L’:w + ﬁv’i + 0y — qref —Di,
_ K, P, o
= LO — pwiyg — p—— LO L° D o' AV

with the derivative of i; . given by

d; =L (b, K Koo F Vo) - pe
i Igref = kO ( c w+—ew+§3z+ ZIOW—TO :Diq,ref+Diq,ref

where DY , D; _ are as in (8), and with the (unknown) perturbation term A, given by

1 q,ref q,ref

Rs _Rs Pm P 1 1
D=~ = i o (- B ) (2 )
L (fane ki L) [(Fn )y (£ LYo (B K2
+kO<C +2]o J° i B ig + G w ] I Al

Using controller (5), one works out

Ny =6y~

&, = —kapei, —kpile, —eop (10)

with ey = €2 — Ay. Considering (9) and (10), one finally obtains the coupled dynamics
L, (0 1 L, 0 k? L, 0 0Y)(es
o)\ ki —ksp ) \ ew 0 ]Zl e, 0 1) \es2 a1
jefq B 0 1 Le;, 0 0\ [en
éiq _k2,i _kZ,P eiq 01 62[2

where the dynamics of the errors e3 1, €32, €21, €22, are

é31 = —az1lesn]'* +esn

e30 = —azplez1]” — cAs 12)
éo1 = —mlean]? +exn

b0 = —ople21]” — s

The errors e3 1, e3> tend to zero in finite time. The proof of the global convergence to
the origin in finite time of e3 1, e3> can be demonstrated with Lyapunov arguments [46,47],
considering the Lyapunov candidate

2
1 a5, +4u — 1/2
V= sEJPsEs, Py= [ 01 07 TSN _pTs g Ey— < o311 )
2 —a3 2 €32



Energies 2023, 16, 6649

90f19

This candidate is continuous but not differentiable. As explained in [46], the use of
the classical version of Lyapunov’s theory [48], instead of nonsmooth versions [49,50], is
allowed since Vj is differentiable almost everywhere, i.e., except when e3; = 0. The fact
that the trajectories of (12) may pass through e3 ; = 0 for time instants constituting a set
of null measures before reaching the origin from a certain finite-time instant allows for
use of the classical version of Lyapunov’s theory. Therefore, considering the necessary
modifications with respect to the proof given in [46]

V3= —ﬁﬂ Qs1E3 — 2|ec3f|31/2 le3.11°E3 Q30Es
where
P3As1+ APy (ad,+2a3, —a3;
3’1:21X3,1:( —a1,1 1 )
Q30 = P3A30 = (—2043,1 2>-
’ ’ 2 0

We will prove later that, with the proposed controller, A; remains bounded, with
|Az| < 05 for all time instants. To take into account the perturbation A3, V3 can be bounded
as follows

. 031 T C93 T o3 1 T
V3 < 7583 Q318 — 5777563 Q3083 = — 5777563 Q3&3
2[esq 17273 20esq [1727° 2lesq[1/27°
431 Q Y Amin 0
— A% | Es)13 < —13V5 72, Y3 =031 ——p A
2|€3,1|1/2 min 2 3 ’ ﬁ)\fi{’ax mn
2C93
12 D‘%,l +2a3 — 2c0; — <IX3,1 + D()
o (10077, o
€32 2cH
& - (063,1 + 3) 1
X31

with a3; > 0, Q3 > 0 under the conditions of (6), and ||&]|5 = | E3||3 = |Leg,ﬂ1/2\2 +
e3> = les1| + €3,. Additionally, here, slight modifications with respect to the proof
of [46] were necessary. This proves the finite-time convergence of E3 to the origin.

With the same arguments, the errors e, 1, €2 can also be proved to tend to zero in
finite time, considering the Lyapunov candidate

1 2 _ 1/2
Vo= JEIREy, py= (21200 g o (ledl T (13)
2 0(2,1 2 62/2

Moreover, in this case it will be shown that A, remains bounded, with |A;| < 6,.

Since e; 1, €22, €31, €3 tend to zero in finite time, the tracking error dynamics in (11)
have the origin globally asymptotically stable, i.e., ew, le,,, €, Ieiq tend to zero asymptotically.

Finally, considering the expression of the reference i, ¢ as in (7) and the control v, as
in (5), for the error e;, = iy — i ref, ONe Obtains

. Rs . . 1 d
Gy =~ M + pwig + 704 = gyl ref
RS . o1 d .
= —L—zzd + pwig + 7504 — Jp et + Aq (14)

= —kypei, —kiile;, — e
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where

11 = —ap1lers]? +ein (15)
€10 = —12 Lel,ﬂo —A;.

With the same arguments used before, e;1, €1, tend to zero in finite time, since
|A1] < 61. As a consequence, the closed-loop dynamics

Ieid - O 1 Ig’-d 0 O 81,1
éi, —ki,i —kip ) \ e, 0 1/\e

have the origin globally asymptotically stable, i.e., ¢;,, Le;, tend to zero asymptotically.

We can now show what was stated before, namely that A1, Ay, Az remain bounded for
all time instants. In fact, since the initial tracking errors e;, (0), €, (0), e, (0) are finite, so are

810 = (5 - )0+ (1 - 1 e

22(0) == (7 = 32 )@ = p( 5 = 42 )+ (= 75 )oul0) = Dy O

. Rs  R$\ diy 1 13,
A = — — 5| =4 - — — -
0 ==(F 1), (1)

o ke KN (f ). ko K .
80 === 3) |, ~ (5ot (5 -2 )0t

as well as the right sides of equation (4) for t = 0. Since the functions involved are also

locally Lipschitz, this remains true for the finite-time intervals [0,6), 6 > 0. This implies

that dynamics (12) and (15) converge to zero for t € [0, ). This reasoning can be iterated so

that the local Lipschitzianity implies that Aj, Ay, A; remain bounded for all time instants.
This concludes the proof. O

The schematic representation of the closed-loop system of the WT equipped with a
PMSG and controlled by controller (5) is illustrated in Figure 2.

U4
PMSG (1
CemsG |-
To T Ty
Controller (5)

A L Dy 1
| | Computation g ref !
w ! \ of vg, vg !
| G2 [é22[%32 :
| . |
| 1 ref ; |
MPPT | —| HOSM = 1g,ref |
| 1. = estimator [<— | generator | |
. Wref Lgref :

________________________________

Figure 2. Scheme of the closed-loop system of the WT equipped with a PMSG and controlled by
controller (5).
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4. Simulation Results

The proposed dynamic controller (5) has been tested by numerical simulation using
the mathematical model (1) of the PMSG-based WT. The simulations have been carried out
in Simulink®, which is a high-level language and interactive environment for numerical
computation, visualization, and programming. It enables engineers to analyze data, de-
velop algorithms, and create their own models and applications. Simulink® is a toolbox
included in the Matlab® software (R2022a, The MathWorks Inc., Natick, MA, USA) for
the modeling, simulation, and analysis of dynamic systems. It is a widely used tool in
control engineering and signal processing for system simulation, signal processing for
system simulation, and model-based design. Furthermore, the wind inflow used in the
simulations consists of a data set of the turbulent wind that has been generated using the
wind speed profile [51], as shown in Figure 3. Finally, the nominal values of the mechanical
and electrical parameters of the considered WT are given in Table 1, whilst, in Table 2, the
actual parameter values are reported.

Table 1. WT’s nominal parameter values.

R° Rotor radius 46.6 m

Rg Winding resistance 0.821 O

L° Winding inductance 15731 x 1073 H
o Flux linkage 5.8264 Wb

p Pole number 26

J° Mechanical inertia 34.6 x 10° Kg m?
fe Coefficient of viscous friction 1.5 x 1073 Kg m?/s
0° Normal air density 1.225 Kg/m3

Table 2. WT’s actual parameter values.

R=R° Re = 12R¢ L=095L°
dm = 0.98 ¢S, J=1.05]° F=08f°

10 T T T T T T T T T

9.5

vy [m/s]
[ee]
13

Time [s]

Figure 3. Wind velocity profile vy,.

Some of the performances achieved in the simulations by the proposed controller (5),
using the gains given in Tables 3 and 4, have been reported in Figures 4-10. The considered
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initial conditions have been i;9 = 0.5 A, i;0 = 18 A, wp = 10.47 rad/s. The proposed
robust nonlinear controller (5) has been compared with the same Controller (5) but without
the estimation terms provided by the HOSM estimators. For further comparison, it has
been compared also with the FOSM controller provided by [52]. It is crucial to note that the
latter controller exhibits robustness in the face of system parameter variations. However, it
is associated with the well-known chattering phenomenon, which is a notable drawback in
such controllers. This particular drawback is clearly absent in the proposed controller. On
the other hand, the proposed controller utilizes HOSM estimators, which confer robustness
to the controller in the case of parameter variation with respect to the nominal values but,
at the same time, avoid chattering phenomena (cf. [23] and reference therein).

Table 3. Controller gains.

711 = 1380 Y21 = 1820 Y31 = 26
T2 = 1320 Y22 = 1790 Y32 = 23

Table 4. HOSM estimator gains.

X111 = 1200 X1 = 5650 X31 = 380
17 = 1180 a5 = 5600 a3 = 320
10 T T T T (?) T T T T
—_ 9 i i
%» 8 WaN Av =
g
E 7 |
=
~< 6 1
5 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10
Time [s]
(b)
T T T T T T T T T
0.45 - )
g 0.4 ]
é 0.35f ]
=
5 03} i
0.25 : : : ' ' ' ' ' '
0 1 2 3 4 5 6 7 8 9 10
Time [s]

Figure 4. (a) Tip-speed ratio A: proposed method (5) (black), proposed method (5) without the
HOSM estimators (blue), FOSM (cyan), and Ap,, (red); (b) power coefficient Cy: proposed method (5)
(black), proposed method (5) without the HOSM estimators (blue), FOSM (cyan), and C;)J,max (red).
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Figure 5. Power extracted by the WT: proposed method (5) (black), proposed method (5) without the

) | | |

HOSM estimators (magenta), FOSM (cyan).

(a) (b)
0.4 1 0.4
&) <
=02 1 $0.2
0 V vwmv wnNAVAVAwA'ﬂv P 0 V vaAv wnWA‘VAVAvQ—‘V e
0 5 10 0 5 10
Time [s] Time [s]
(c) (d)
300 20 1
— _ 0
=200 < A b
= 20
2
=100 40
0 -60
0 5 10 0 5 10
Time [s] Time [s]

Figure 6. (a) Stator current i;: Proposed method (5) (black), proposed method (5) without the HOSM
estimators (blue), FOSM (cyan), and reference iy ¢ = 0; (b) stator current i;: proposed method (5)
(black), proposed method (5) without the HOSM estimators (blue), FOSM (cyan), and reference g ref
(red); (c) tracking error ¢;,: proposed method (5) (black), proposed method (5) without the HOSM
estimators (blue), and FOSM (cyan); (d) tracking error &, proposed method (5) (black), proposed
method (5) without the HOSM estimators (blue), and FOSM (cyan).
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30 T T T T (?) T T T T
g 25
S 20
2
3
15
0 1 2 3 4 e 6 7 8 9 10
(b)
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5 4
oo 7
<
_5 -
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0 1 2 3 4 5 6 7 8 9 10
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Figure 7. (a) Angular velocity w: proposed method (5) (black), proposed method (5) without the
HOSM estimators (blue), FOSM (cyan), and reference w.s (red); (b) tracking error e,,: proposed
method (5) (black), proposed method (5) without the HOSM estimators (blue), and FOSM (cyan).

0 T T T T (Ia) T T T T

-100

-200

vg [V]

-300

-400

1500 i

=1000

500 7

0 1 2 3 4 5 6 7 8 9 10

Time [s]
Figure 8. (a) Stator voltage v;: proposed method (5) (black), proposed method (5) without the HOSM
estimators (blue), and FOSM (cyan); (b) stator voltage v,: proposed method (5) (black), proposed
method (5) without the HOSM estimators (blue), and FOSM (cyan).
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Figure 9. Error estimations: (a) ¢1,1 (red) and tracking error e;, (black); (b) {21 (red) and tracking
error e;, (black); (c) €31 (red) and tracking error e, (black); (d) 1,1 — e;,; (€) {21 — ei,; (f) 831 — ew-

a b c
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Figure 10. Velocity error estimations: (a) {12 (red) and Aq (black); (b) &> (red) and A, (black); (c) €31
(red) and A3 (black); (d) 82,1 — A1; (€) So0 — Ag; (£) $32 — As.

The good performance achieved by the proposed controller in comparison with the
other ones in terms of extracted energy is testified for by the simulation results. In fact,
Figure 4a shows that the tip—speed ratio A is maintained close to its optimal value A},

max’/
and Figure 4b shows the C, coefficient, which is, most of the time, close to the optimal
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value Cj) nx- On the other hand, Figure 5 shows that the proposed controller allows for
extraction of the maximum wind power. Indeed, over the 10 s simulation interval, the
proposed controller (5) enables the extraction of an additional 293.7783 W compared to
the identical controller lacking HOSM estimators and a further 702.3711 W compared to
the FOSM controller introduced in [52]. Furthermore, Figure 6 shows the behavior of the
d-axis stator’s current iy and its reference iy o = @(t) = 0; the g-axis stator current i; and
its reference i ref; and the tracking error e; ;= ig — ig ref- It is possible to observe that the
proposed robust nonlinear controller exhibits improved behavior in comparison with the
same controller without the HOSM estimation terms, as well as in comparison with the
FOSM controller proposed in [52]. The behaviors of the angular velocity w with respect
to its reference wyes and of the tracking error e, = w — wyef are shown in Figure 7. Once
again, a better behavior of the proposed controller can be appreciated compared to the
others. Figure 8 shows the stator voltages on the d, g-axis, i.e., v; and v;. It can be observed
that the proposed controller has less control effort than the other controllers considered in
this analysis. The simulations demonstrate that the proposed robust nonlinear controller
effectively achieves precise reference tracking. Given that the angular velocity reference was
established using the MPPT technique, these performances contribute to maximizing the
power extraction by the WT from the available wind resources. As already commented, the
HOSM estimators, embedded in the proposed controller, provide robustness to the closed-
loop system with respect to the perturbation terms. This can be appreciated in Figure 9,
where the outputs of the robust differentiators embedded in the dynamic controller (5), i.e.,
€11, 62,1, (3,1, are compared with the tracking errors ¢; 47 Cigs Cws respectively; furthermore,
the errors 11 —e;,, $21 —€; » €31 — €w are shown. Finally, the perturbations A, Ay, A3
and their estimations &1, {22, €32, implemented in the proposed controller, are shown
in Figure 10, including the estimation errors {1 — Aq,{22 — A, {32 — Asz. These results
indicate that the HOSM estimators effectively estimate the perturbations, thereby ensuring
accurate control performances with viable control actions.

To comprehensively assess the performance of the proposed controller, as well as
the influence of the HOSM estimators on its effectiveness, performance indices have
been computed in Tables 5-7. These indices offer quantitative evaluations of the tracking
performance, including the mean absolute error (MAE), the mean square error (MSE),
the integral absolute error (IAE), and theilntegral squared error (ISE). These metrics have
also been computed for the same controller without the HOSM estimates and for the
FOSM controller proposed in [52]. Once again, these indices confirm the superiority of the
proposed approach in terms of performance.

Table 5. Performance indices for the tracking error e;, = iy — i ref.

MAE MSE IAE ISE
Proposed controller (5) 1.3 x 1073 1.1000 x 10~>  0.0132 9.753 x 10~
Proposed controller (5) 7.8 x 1073 12.105 x 1075 0.0781 120 x 105
without the HOSM estimators

FOSM controller [52] 46x1073 4529 x 107> 0.0458 44.047 x 1072

Table 6. Performance indices for the tracking error ej, = ig — g ref-

MAE MSE IAE ISE
Proposed controller (5) 0.7308 0.9520 7.3074 9.51
Proposed controller (5) 1.2428 4.7522 12.427 47.5119

without the HOSM estimators
FOSM controller [52] 7.8952 239.8277 78.9517 2.3983 x 103
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Table 7. Performance indices for tracking error e, = w — wyes.

MAE MSE IAE ISE
Proposed controller (5) 0.0697 0.2099 0.6969 2.0978
Proposed controller (5) 0.0804 0.2441 0.80364 2.4396
without the HOSM estimators
FOSM controller [52] 0.6559 1.7382 6.5584 17.380

5. Conclusions

In this work, a robust nonlinear dynamic controller has been designed for a WT
with a PMSG. This controller ensures the maximization of the power extracted by the
WT from the wind. To design the controller, a tracking problem was solved, ensuring the
accurate tracking of an angular velocity reference for the WT blades. The wind velocity
was assumed to be unavailable for direct measurement, and an estimator of the wind
velocity was employed. Furthermore, a high-order sliding mode (HOSM) parameter
estimator was utilized to compensate for the unknown perturbation terms, resulting in
high-performance control of the WT. The simulations demonstrate the good performance
of the controller. A comparison has been performed with the same controller but without
the HOSM estimator terms, in terms of control performance and of the power extracted
by the WT from the wind. Finally, the same comparison has been made with a classical
FOSM controller. Future works will encompass the digital implementation of the proposed
controller on a digital platform, along with the conduction of experimental tests through
the utilization of hardware-in-the-loop techniques.

Author Contributions: Conceptualization, C.A.L.; Methodology, D.B., M.D.E. and S.D.G.; Validation,
C.A.L. and S.M.B.; Investigation, D.B. and S.D.G.; Writing—original draft, C.A.L., D.B.,, M.D.E. and
S5.D.G.; Writing—review & editing, C.A.L., D.B., SM.B., M.D.E. and S.D.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chen, P; Han, D. Effective wind speed estimation study of the wind turbine based on deep learning. Energy 2022, 247, 123491.
[CrossRef]

2. Avendano-Valencia, L.D.; Abdallah, I.; Chatzi, E. Virtual fatigue diagnostics of wake-affected wind turbine via Gaussian process
regression. Renew. Energy 2021, 170, 539-561. [CrossRef]

3. Mohammadi, E.; Rasoulinezhad, R.; Moschopoulos, G. Using a Supercapacitor to Mitigate Battery Microcycles Due to Wind
Shear and Tower Shadow Effects in Wind-Diesel Microgrids. IEEE Trans. Smart Grid 2020, 11, 3677-3689. [CrossRef]

4. Benmahdjoub, M.A.; Mezouar, A.; Ibrahim, M.; Boumediene, L.; Saidi, Y.; Atallah, M. Accurate Estimation of Effective Wind
Speed for Wind Turbine Control Using Linear and Nonlinear Kalman Filters. Arab. ]. Sci. Eng. 2023, 48, 6765-6781. [CrossRef]

5. Amato, F; Guignard, F.; Walch, A.; Mohajeri, N.; Scartezzini, ].L.; Kanevski, M. Spatio-temporal estimation of wind speed and
wind power using extreme learning machines: Predictions, uncertainty and technical potential. Stoch. Environ. Res. Risk Assess.
2022, 36, 2049-2069. [CrossRef] [PubMed]

6. Bhowmik, S.; Spee, R.; Enslin, ].H.R. Performance Optimization for Doubly Fed Wind Power Generation Systems. IEEE Trans. Ind.
Appl. 1999, 35, 949-958. [CrossRef]

7. Utkin, VI Sliding Modes in Control and Optimization; Springer: Berlin/Heidelberg, Germany, 1992.

8. Pourebrahim, R.; Shotorbani, A.M.; Mdrquez, EP.G.; Tohidi, S.; Mohammadi-Ivatloo, B. Robust Control of a PMSG-Based Wind
Turbine Generator Using Lyapunov Function. Energies 2021, 14, 1712. [CrossRef]

9. Mousavi, Y.; Bevan, G.; Kucukdemiral, I.B.; Fekih, A. Sliding mode control of wind energy conversion systems: Trends and
applications. Renew. Sustain. Energy Rev. 2022, 167, 112734. [CrossRef]

10. Rajendran S.; Jena D. Backstepping Sliding Mode Control of a Variable Speed Wind Turbine for Power Optimization. J. Mod.
Power Syst. Clean Energy 2015, 3, 402—410. [CrossRef]

11.  Corradini, M.L.; Ippoliti, G.; Orlando, G. A Sliding Mode Pitch Controller for Wind Turbines Operating in High Wind Speeds

Region. In Proceedings of the International Conference on Control, Decision and Information Technologies, Barcelona, Spain, 5-7
April 2017; pp. 1-6. [CrossRef]


http://doi.org/10.1016/j.energy.2022.123491
http://dx.doi.org/10.1016/j.renene.2021.02.003
http://dx.doi.org/10.1109/TSG.2020.2979140
http://dx.doi.org/10.1007/s13369-022-07498-7
http://dx.doi.org/10.1007/s00477-022-02219-w
http://www.ncbi.nlm.nih.gov/pubmed/36101650
http://dx.doi.org/10.1109/28.777205
http://dx.doi.org/10.3390/en14061712
http://dx.doi.org/10.1016/j.rser.2022.112734
http://dx.doi.org/10.1007/s40565-015-0106-2
http://dx.doi.org/10.1109/CoDIT.2017.8102561

Energies 2023, 16, 6649 18 of 19

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.

40.

Gajewski P.; Piertkowski K. Analysis of Sliding Mode Control of Variable Speed Wind Turbine System with PMSG. In Proceedings
of the International Symposium on Electrical Machines (SME), Naleczow, Poland, 18-21 June 2017; pp. 1-6. [CrossRef]

Ardjal, A.; Mansouri, R.; Bettayeb, M. Fractional sliding mode control of wind turbine for maximum power point tracking. Trans.
Inst. Meas. Control 2018, 41, 447-457. [CrossRef]

Yang, B.; Yu, T.; Shu, H.; Dong, J.; Jiang, L. Robust sliding—Maode control of wind energy conversion systems for optimal power
extraction via nonlinear perturbation observers. Appl. Energy 2018, 210, 711-723. [CrossRef]

Mohammad, ].M.; Afef, F. A Sliding Mode Approach to Enhance the Power Quality of Wind Turbines Under Unbalanced Voltage
Conditions. IEEE/CAA ]. Autom. Sin. 2019, 2, 566-574. [CrossRef]

Fridman, L.; Moreno, J.; Iriarte, R. Sliding Modes after the first Decade of the 21st Century: State of the Art. Lect. Notes Control Inf.
Sci. 2011, 412, 113-149.

Emelyanov, S.V.; Korovin, S.K.; Levantovsky, L.V. Higher Order Sliding Regimes in the Binary Control Systems. Sov. Phys. 1986,
31,291-293.

Edwards, C.; Spurgeon, S.K. Sliding Mode Control: Theory and Application; Taylor and Francis Ltd.: London, UK, 1999.

Bartolini, G.; Pisano, A.; Usai, E. First and Second Derivative Estimation by Sliding Mode Technique. ]. Signal Process. 2000,
4,167-176.

Fridman, L.; Levant, A. Higher Order Sliding Modes, Sliding Mode Control in Engineering; Marcel Dekker: New York, NY, USA, 2002;
pp- 53-101.

Floquet, T.; Barbot, J.P. Super Twisting Algorithm based Step-by-Step Sliding Mode Observers for Nonlinear Systems with
Unknown Inputs. Int. J. Syst. Sci. 2007, 10, 803-815. [CrossRef]

Levant, A. Higher—Order Sliding Modes, Differentiation and Output Feedback Control. Int. J. Control 2003, 76, 924-941. [CrossRef]
Fridman, L.; Shtessel, Y.; Edwards, C.; Yan, X.G. Higher—Order Sliding—-Mode Observer for State Estimation and Input Recon-
struction in Nonlinear Systems. Int. ]. Robust Nonlinear Control 2008, 18, 399-413. [CrossRef]

Levant, A. Homogeneity Approach to High-Order Sliding Mode Design. Automatica 2005, 41, 823-830. [CrossRef]

Basin, M.V.; Yu, P; Shtessel, Y.B. Hypersonic Missile Adaptive Sliding Mode Control Using Finite-and Fixed-Time Observers. [IEEE
Trans. Ind. Electron. 2018, 65, 930-941. [CrossRef]

Deng, H.; Li, Q.; Chen, W.; Zhang, G. High—Order Sliding Mode Observer Based OER Control for PEM Fuel Cell Air-Feed
System. IEEE Trans. Energy Convers. 2018, 33, 232-244. [CrossRef]

Kommuri, S.K.; Lee, S.B.; Veluvolu, K.C. Robust Sensors—Fault-Tolerance With Sliding Mode Estimation and Control for PMSM
Drives. IEEE/ASME Trans. Mechatronics 2018, 23, 17-28. [CrossRef]

Pan, Y;; Yang, C.; Pan, L.; Yu, H. Integral Sliding Mode Control: Performance, Modification, and Improvement. IEEE Trans. Ind.
Inform. 2018, 14, 3087-3096. [CrossRef]

Panathula, C.B.; Rosales, A.; Shtessel, Y.B.; Fridman, L.M. Closing Gaps for Aircraft Attitude Higher Order Sliding Mode Control
Certification via Practical Stability Margins Identification. IEEE Trans. Control. Syst. Technol. 2018, 26, 2020-2034. [CrossRef]
Liu, J.; Gao, Y.; Su, X.; Wack, M.; Wu, L. Disturbance Observer Based Control for Air Management of PEM Fuel Cell Systems via
Sliding Mode Technique. IEEE Trans. Control Syst. Technol. 2018, 27, 1129-1138. [CrossRef]

Gao, Y;; Liu, J.; Sun, G.; Liu, M.; Wu, L. Fault Deviation Estimation and Integral Sliding Mode Control Design for Lipschitz
Nonlinear Systems. Syst. Control Lett. 2019, 123, 8-15. [CrossRef]

Van, M. An Enhanced Tracking Control of Marine Surface Vessels Based on Adaptive Integral Sliding Mode Control and
Disturbance Observer. ISA Trans. 2019, in press. [CrossRef]

Karim, B.; Sami, B.S.; Adnane, C. Higher Order Sliding mode control For PMSG in Wind power Conversion System. In
Proceedings of the 2016 4th International Conference on Control Engineering & Information Technology (CEIT), Hammamet,
Tunisia, 16-18 December 2016; pp. 1-6.

Valenciaga, F; Puleston, PF. High-Order Sliding Control for a Wind Energy Conversion System Based on a Permanent Magnet
Synchronous Generator. IEEE Trans. Energy Convers. 2008, 23, 860-867. [CrossRef]

Barambones, O.; Gonzalez de Durana, ].M. Adaptive sliding mode control strategy for a wind turbine systems using a HOSM
wind torque observer. In Proceedings of the IEEE International Energy Conference (ENERGYCON), Leuven, Belgium, 4-8 April
2016; pp. 1-610. [CrossRef]

Barambones, O.; Gonzélez de Durana, .M. Second Order Sliding Mode Controller and Observer for a Wind Turbine System. In
Proceedings of the 2017 IEEE International Conference on Environment and Electrical Engineering and 2017 IEEE Industrial and
Commercial Power Systems Europe (EEEIC/I CPS Europe), Milan, Italy, 6-9 June 2017; pp. 1-6.

Merabet A. Adaptive Sliding Mode Speed Control for Wind Energy Experimental System. Energies 2018, 11, 2238. [CrossRef]
Zine Laabidine, N.; Bossoufi, B.; El Kafazi, I.; El Bekkali, C.; El Ouanijli, N. Robust Adaptive Super Twisting Algorithm Sliding
Mode Control of a Wind System Based on the PMSG Generator. Sustainability 2023, 15, 10792. [CrossRef]

Matraji I.; Al-Durra A.; Errouissi R. Design and experimental validation of enhanced adaptive second-order SMC for PMSG-based
wind energy conversion system. Int. |. Electr. Power Energy Syst. 2018, 103, 21-30. [CrossRef]

Zhang, C.; Plestan, F. Individual/collective blade pitch control of floating wind turbine based on adaptive second order sliding
mode. Ocean Eng. 2021, 228, 108897. [CrossRef]


http://dx.doi.org/10.1109/ISEM.2017.7993554
http://dx.doi.org/10.1177/0142331218764569
http://dx.doi.org/10.1016/j.apenergy.2017.08.027
http://dx.doi.org/10.1109/JAS.2019.1911414
http://dx.doi.org/10.1080/00207720701409330
http://dx.doi.org/10.1080/0020717031000099029
http://dx.doi.org/10.1002/rnc.1198
http://dx.doi.org/10.1016/j.automatica.2004.11.029
http://dx.doi.org/10.1109/TIE.2017.2701776
http://dx.doi.org/10.1109/TEC.2017.2742144
http://dx.doi.org/10.1109/TMECH.2017.2783888
http://dx.doi.org/10.1109/TII.2017.2761389
http://dx.doi.org/10.1109/TCST.2017.2753162
http://dx.doi.org/10.1109/TCST.2018.2802467
http://dx.doi.org/10.1016/j.sysconle.2018.08.006
http://dx.doi.org/10.1016/j.isatra.2018.12.047
http://dx.doi.org/10.1109/TEC.2008.922013
http://dx.doi.org/10.1109/ENERGYCON.2016.7513993
http://dx.doi.org/10.3390/en11092238
http://dx.doi.org/10.3390/su151410792
http://dx.doi.org/10.1016/j.ijepes.2018.05.022
http://dx.doi.org/10.1016/j.oceaneng.2021.108897

Energies 2023, 16, 6649 19 of 19

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

Fdaili, M.; Essadki, A.; Kharchouf, I.; Nasser, T. An overall modeling of wind turbine systems based on DFIG using conventional
sliding mode and second-order sliding mode controllers. In Proceedings of the 2019 International Conference on Wireless
Technologies, Embedded and Intelligent Systems (WITS), Fez, Morocco, 3—4 April 2019; pp. 1-6. [CrossRef]

Zargham, F.; Mazinan, A.H. Super-twisting sliding mode control approach with its application to wind turbine systems. Energy
Syst. 2019, 10, 211-229. [CrossRef]

Bianchi, ED.; Battista, H.N.D.; Mantz, R.]. Wind Turbine Control Systems: Principles, Modelling and Gain Scheduling Design; Springer:
Berlin/Heidelberg, Germany, 2007.

Siegfried, H. Grid Integration of Wind Energy Conversion Systems; Wiley: New York, NY, USA, 1998.

Zaragoza, ].; Pou, ].; Arias, A.; Spiteri, C.; Robles, E.; Ceballos, S. Study and Experimental Verification of Control Tuning Strategies
in a Variable Speed Wind Energy Conversion System. Renew. Energy 2011, 36, 1421-1430. [CrossRef]

Moreno, ].A.; Osorio, M. A Lyapunov Approach to Second-Order Sliding Mode Controllers and Observers. In Proceedings of the
2008 47th IEEE Conference on Decision and Control, Cancun, Mexico, 9-11 December 2008; pp. 2856-2861.

Moreno, J.A. Lyapunov Approach for Analysis and Design of Second Order Sliding Mode Algorithms. In Sliding Modes after
the First Decade of the 21st Century: State of the Art; Lecture Notes in Control and Information Sciences; Thoma, M., Allgéwer, F.,
Morari, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2011.

Khalil, H.K. Nonlinear Systems, 3rd ed.; Prentice-Hall: Englewood Cliffs, NJ, USA, 2002.

Clarke, EH.; Ledyaev, Y.; Stern, R.J.; Wolenski, P.R. Nonsmooth Analysis and Control Theory; Springer: New York, NY, USA, 1998.
Cortés, J. Discontinuous Dynamical Systems: A Tutorial on Solutions, Nonsmooth Analysis, and Stability. IEEE Control Syst. Mag.
2008, 28, 36-73.

Introduction to Wind Speed Monitoring for Wind Turbines. 2021. Available online: https:/ /www.windlogger.com/blogs/news/
5116392-introduction-to-wind-speed-monitoring-for-wind-turbines (accessed on 30 July 2023 ).

Corradini, M.L.; Ippoliti, G.; Orlando, G. Robust Control of Variable-Speed Wind Turbines Based on an Aerodynamic Torque
Observer. IEEE Trans. Control Syst. Technol. 2013, 21, 1199-1206. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/WITS.2019.8723837
http://dx.doi.org/10.1007/s12667-018-0270-3
http://dx.doi.org/10.1016/j.renene.2010.11.002
https://www. windlogger.com/blogs/news/5116392-introduction-to-wind-speed-monitoring-for-wind-turbines
https://www. windlogger.com/blogs/news/5116392-introduction-to-wind-speed-monitoring-for-wind-turbines
http://dx.doi.org/10.1109/TCST.2013.2257777

	Introduction
	Mathematical Model of a WT
	Design of the Dynamic Controller for the Tracking of the Angular Velocity Reference
	Design of the Wind Velocity Estimator
	Design of the Dynamic Controller for the Tracking of the Angular Velocity Reference

	Simulation Results
	Conclusions
	References

