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Abstract: This research article proposes two different variants of variable gain higher-order sliding mode control
(HOSMC) strategy for a variable-speed wind energy conversion system (WECS) based on a permanent magnet syn-
chronous generator (PMSG). The main objective is to extract the maximum wind power with reduced chattering and
mechanical stress. The main flaw of the classical sliding mode control (SMC) is the high-frequency switching, called
chattering, which is alleviated by employing HOSMC strategies. The control law design is based on a super-twisting
algorithm (STA) and a real-twisting algorithm (RTA) with variable gains. The proposed control techniques inherit
the property of robustness and successfully deal with the nonlinear behavior of the system, erratic nature of the wind
speed, external disturbances as well as model uncertainties. Also, the significance of smooth control action and variable
gains strongly reduce the chattering effect. For a given reference speed, the generator speed and its missing derivative
are retrieved by using a uniform robust exact differentiator (URED). The performance validation and effectiveness of
the proposed control techniques is supported by Matlab/Simulink simulations, carried out under varying wind speed,
parametric variations, and load variations.

Key words: Super-twisting algorithm (STA), chattering, maximum power point tracking (MPPT), real-
twisting algorithm (RTA), wind energy conversion system (WECS), permanent magnetic synchronous generator
(PMSG), uniform robust exact differentiator (URED)

1. Introduction
The demand for electrical energy is increasing gradually and steadily around the world. The conventional energy
sources are gradually depleting and resulting in environment-related problems, such as air pollution and green-
house gases emission. To overcome these problems, the society is motivated towards research and application
of alternate energy resources [1]. The efficient utilization of renewable energy sources has got much attention.
Renewable energy resources are available in nature in the form of biomass, wind, geothermal, hydropower, and
solar. However, among these stated different resources, wind energy is one of the most cost-competitive and a
rapidly growing energy resource [2]. In the future, investment in the production of wind energy will be enhanced
rapidly around the world.

In a wind electric market, many types of wind turbine systems are available. According to wind speed
operation, these are classified into fixed speed (FS) WECS and variable speed WECSs. The FS-WECS operates
at a fixed speed and has the advantage of being reliable and maintenance-free operation. However, due to
∗Correspondence: laiqkhan@comsats.edu.pk
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variations in wind speed, highly fluctuating output power is generated by the wind turbine. Besides this, the
maximum power point (MPP) can be obtained at one speed only. While, the VS-WECSs can be designed
to operate over a broad range of wind speeds, hence, the rotor speed can be adjusted according to the wind
speed to harvest the maximum available power. Different types of electric generators have been employed in the
WECSs. These include permanent magnet synchronous generators (PMSGs), doubly-fed induction generators
(DFIGs), externally excited synchronous generators (EESGs) and squirrel cage induction generators (SCIGs)
[3]. The PMSGs are the most commonly used machines in low power VS-WECSs due to their small size and
high efficiency.

The design of MPPT algorithm and controller implementation are the two important steps in the MPPT
research studies [4]. The MPPT controller forces the WECS to operate at its MPP reference to extract the
maximum power from it. In other words, this control strategy maximizes the efficiency of the WECS. In
literature, the most commonly used MPPT schemes are the fuzzy logic control (FLC) method, power signal
feedback (PSF) technique, perturb and observe (P& O) technique, tip speed ratio (TSR) method and optimal
torque control (OTC) method. These MPPT control algorithms only provide the information about the point
of operation of the system for harvesting the maximum power. Consequently, WECS requires a controller to
operate the system at its MPP. The controller design for WECS is another significant problem particularly for
erratic nature of the wind speed. Considering the research made in the recent years about WECS, numerous
control schemes have been formulated for the WECS. The classical linear proportional integral derivative (PID)
controller has not been proved satisfactory due to nonlinear nature of the WECS and its wide operating speed
range [5]. Some alternative methodologies have been proposed to strengthen the effectiveness of the classical
PID controller. In [6], a fuzzy-logic control (FLC) is employed to obtain the coefficients of the PI scheme for
improving the performance of the MPPT algorithm.

The intelligent type MPPT control paradigms, such as particle swarm optimization (PSO) [7], artificial
neural network (ANN) [8] and FLC [9] have been formulated to operate the system closer to the reference
value obtained through the perturb and observe (P&O), power signal feedback (PSF) or tip-speed ratio (TSR)
techniques. Generally, the stated intelligent control approaches have some disadvantages, such as long training
periods, large computational efforts and large memory requirement etc. In [10], the authors have proposed an
adaptive control strategy for PMSG-based WECS, where the wind speed has been estimated by online training
of ANN-based algorithm, and the PMSG has been adaptively controlled.

Alternately, nonlinear sliding mode control (SMC) technique performs effectively in WECS because of its
robustness, simple design, disturbance rejection, insensitivity to parameter variations, reduction of order and
finite-time convergence. In [11], the FLC and SMC based controllers generate the reference signal for the MPPT
with variable wind speed. In [12], the authors have proposed a FLC based SMC to capture the maximum wind
energy and reduce the generator-side current harmonics for a direct-driven wind power system. However, at
generator side, the high switching frequency of converter results in chattering and mechanical stress due to
discontinuity of control variable [13]. A high order SMC (HOSMC) scheme has been employed to maintain a
constant switching frequency without loss of tracking capability and robustness [14]. In HOSMC family, the
super-twisting algorithm (STA) has a simple control law that uses discontinuous time derivative to synthesize
continuous control action, so that the system trajectory reaches the sliding surface within a finite-time, hence
reduces the chattering effect. The classical STA prevents uncertainty and turbulence by enhancing the system
state variables (system order), thus, the sliding motion is not guaranteed. In [15], implementation of a variable
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gain super-twisting algorithm (VGSTA) handles this problem. Adaptive gains of the proposed algorithm were
based on the known function that allowed the precise compensation of turbulence and smooth uncertainties,
bounded with its derivatives. In [16], the VGSTA was designed for DFIG based WECS. Real twisting controllers
avoid chattering and provides better robustness. However, the method is sensitive to unmodeled fast dynamics.
To cope with the problem, recently proposed smooth second order sliding mode (SSOSM) controller also called
variable gain real twisting algorithm (VGRTA) based on real twisting algorithm for relative degree 2 is a better
choice[17].

The significant contributions of the work presented in this research article are as follows:

1. Variable gain HOSMC based MPPT control techniques, namely VGSTA and VGRTA is proposed for a
variable speed PMSG-WECS to ensure reduced chattering, and hence the mechanical stress.

2. The application of STA driven URED retrieve the missing state (generator acceleration) to deny the use of
physical sensor. The STA based soft sensor not only reduces the system cost, but also ensures robustness.
Moreover, it does not depend on the initial conditions.

3. The Matlab/Simulink platform has been utilized to develop a simulation test bed for the PMSG based
variable speed WECS with sensorless variable gain HOSM based MPPT control framework.

This paper is structured as follows: following the introduction section, the descriptive mathematical
model of the variable speed PMSG-WECS along with input-output form of the system states is discussed in
Section 2. Sections 3 and 4 present the strategy of MPPT control algorithm and the design of uniform robust
exact differentiator, respectively. The proposed control techniques are designed in Section 5. Results and
discussion are carried out in Section 6. Finally, Section 7 concludes the work presented in this article.

2. Mathematical modeling of the PMSG-WECS
The mathematical modeling of the PMSG-WECS is discussed in this section. The major parts of a typical
PMSG-WECS include: a wind turbine mechanically coupled with a PMSG through gears, power electonic
converters etc. The schematic of the overall PMSG-WECS is illustrated in Figure 1. In this paper, the wind is
modeled as a random stochastic process.

2.1. Wind turbine modeling
The kinetic energy of wind is transformed into mechanical energy by the wind turbine. If this kinetic energy is
fully captured by the turbine rotor, the total power would be Pt =

1
2πρav

3
ω . In reality, the captured mechanical

power, Pm is less than the total power, Pt . According to Rankine-Froude theory, the expression for wind
turbine mechanical power, Pm , is

Pm =
1

2
πρR2v3ωCp(λ, β) (1)

where ρ represents the air mass density, R stands for the turbine blade radius, R2 is the swept area of
the turbine, vω represents the wind speed, Cp stands for the the power coefficient (defining the wind turbine
efficiency) and λ is the tip-speed-ratio (TSR). The TSR can be defined as follows:

λ =
RΩh

vω
(2)
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The Cp is a nonlinear function of TSR and pitch angle (i.e. β = 0) and cannot exceed 0.593 according
to Betz theory. The Cp depends on turbine characteristics and can be computed by the following expression:

Cp(λ) = 0.006λ− 0.0013λ2 + 0.008λ3 − 9.75× 10−4λ4 − 6.5× 10−5λ5 + 1.3× 10−5λ6 − 4.5× 10−7λ7 (3)

The corresponding mechanical torque, Γm , is given by the following expression:

Γm =
1

2
πρR3v2ωCΓ(λ) (4)

The torque coefficient, CΓ and power coefficient, Cp , are related as Cp = λCΓ .
The power coefficient, Cp , has the maximum value at λopt , as illustrated in Figure 2. Since, λ is a

function of wind speed, v , therefore, λ is regulated to track λopt by controlling the rotor speed (Ωh ). Thus, it
is now convenient to develop the mathematical model of the PMSG, as all the necessary details are reported.
Note that the gear box (GB) is set to give a gear ratio, i , in Figure 1.

Figure 1. Overall PMSG based wind energy conversion
system.
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Figure 2. Turbine output power versus turbine speed for
different wind speeds.

2.2. PMSG modeling

The PMSG is modeled in dq -axes frame and is given by the following set of equations [3]:

did
dt

= −Rs +Rch

Ld + Lch
id +

p(Lq − Lch)

Ld + Lch
iqΩh (5)

diq
dt

= −Rs +Rch

Lq + Lch
iq −

p(Ld + Lch)

Lq + Lch
iqΩh +

pϕm
Lq + Lch

Ωh (6)

dΩh

dt
=

1

J

[
Γw

i
− p

{
(Ld − Lq)iqid + ϕmiq

}]
(7)

where Rs denotes the stator resistance, Ld and Lq represent the stator inductance along d and q−axis
of the nonsalient PMSG, respectively, (where Ld = Lq ), Lch is the load inductance, p is the number of pole
pairs, ϕm is the maximum value of magnetic flux, i is the transmission ratio or gear ratio, J denotes the inertia
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transformed to the generator side, id and iq denote the stator currents along d and q -axis, respectively, Ωh is

the high speed shaft (HSS) or angular speed of the PMSG rotor and Γw = d1v
2
ω +

d2v

i
Ωh +

d3
i2

Ωh .

Now, let x = [x1, x2, x3]
T = [id, iq,Ωh]

T ∈ Rn be the state vector, while u = Rch ∈ R stands for the
control input and y = Ωh ∈ R represents the system output.

The nonlinear model of the system can be defined as follows:

{
ẋ = f(x) + g(x)u

y = h(x)
(8)

with



f(x) =

f1f2
f3

 =

 a1x1 + a2x2x3

b1x2 + b2x2x3 + b3x3

c1 + c2x3 + c3x
2
3 − c4x2



g(x) =
[
g1 g2 g3

]T
=

[
a3x1 b4x2 0

]T
h(x) = x3 = Ωh

(9)

where f(x) ∈ Rn and g(x) ∈ Rn be the smooth vector fields, and h(x) ∈ Rn be a smooth scalar

function. The constant terms in (9) are given as: a1 = − Rs

L+Lch
, a2 = p(L−Lch)

L+Lch
, a3 = 1

L+Lch
, b1 = − Rs

L+Lch
, b2 =

−p(L−Lch)
L+Lch

, b3 = pϕm

L+Lch
, b4 = 1

L+Lch
, c1 = d1v

2

iJ , c2 = d2v
i2J , c3 = d3

i3J , c4 = pϕm

J .

The direct coordinates transform is expressed as follows:


z1 = h(x) = x3

z2 = Lfh(x) = c1 + c2x3 + c3x
2
3 − c4x3

z3 = Lgh(x) =
x1

x2

(10)

To achieve the input-output form of the system, the output, y , is differentiated until the input, u ,
appears. Hence, differentiating (10), it yields:

ż1 = z2

ż2 =
[(
c2 + 2c3x3

)
f3(x)− c4f2(x)

]
− c4b4x2u

ż3 =
c4
c1

c1
c4

[
a1z3 + a2z1 + a3z3u

]
−
[c4
c1

]2 [c1
c4

]
z3

[
b1c1
c4

+
b2c1
c4

z1 + b3z1 +
b4c1
c4

u

] (11)

Since, the system relative degree, r , is one less than the system order, n , (i.e. r < n , where n = 3)
and has a stable internal dynamics, z3 . Therefore, stability of z3 has to be proved. Let z1 = z2 = u = 0 and
b1 > a1 , then

ż3 = (a1 − b1)z3
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Consider the dynamic model of the PMSG-WECS as follows:
ż1 = z2

ż2 = L2
fh(x) + LgLfh(x)u

y = z1

(12)

where {
L2
fh(x) = (c2 + 2c3x3)f3(x)− c4f2(x)

LgLfh(x) = −c4b4x2 ̸= 0
(13)

3. MPPT control algorithm
MPPT algorithm generates the reference speed corresponding to the maximum power to be captured from wind
turbine at a specified wind speed. When the wind speed is below the threshold limit, the MPPT algorithm is
applied. The optimal rotor speed of the PMSG at each wind speed can be derived from the following expression:

Ωmopt =
vωλopt
R

(14)

The maximum mechanical power of wind turbine is computed by the following expression:

Pmax =
1

2
ρACPmax

(RΩopt)

λopt
(15)

The maximum power, Pmax , is obtained under varying wind speed conditions according to the rated
power of WECS by regulating the turbine speed. Moreover, to operate the wind turbine system at λopt , the
generator speed can also be adjusted to achieve the Cpmax

. The PMPPT is defined as a function of λopt as
follows:

PMPPT = Kλ3opt (16)

K =
1

2
ρACpmax

(
R

λ3opt

)
(17)

where K is a constant term which specifically depends on turbine parameters and blade aerodynamics. The
MPPT control algorithm is supposed to maintain the optimal speed, Ωmopt

and optimum value of TSR (i.e.
λopt ) to get the maximum power from the wind turbine.

4. Design of uniform robust exact differentiator
Most of the controllers need all the state variables to implement the control algorithm. However, in practice, all
the state variables are not available for measurement due to some economical and technical reasons. In order
to retrieve the derivative of rotational velocity, Ωh , an observer or differentiator is needed. A differentiator
(classical) enhances the high-frequency gain. A differentiator in pure form is neither proper nor causal.
Whenever a noise or spike occurs, the differentiator results in a theoretically infinite control signal, called
“chaos phenomenon”. So, either the differentiator is robust, but not exact, or it is exact, but not robust. The
URED combines these key characteristics that results in an exact and robust output. URED is employed for
the accurate estimation of the derivative of the rotational shaft speed, Ωh , which tends to be noise free.
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A URED based on super-twisting algorithm (STA) is proposed as follows:

σ = z1 − ẑ1 (18)

˙̂z1 = −γ1ϕ1(σ) + ẑ2 (19)

˙̂z2 = −γ2ϕ2(σ) (20)

Where γ1 and γ2 are positive constants and ϕ1 and ϕ2 are injecting terms which are expressed as follows:

ϕ1(σ) = |σ|
1
2 sign(σ) + ξ|σ|

3
2 sign(σ) (21)

ϕ2(σ) =
1

2
sign(σ) + 2ξσ +

3

2
ξ2|σ|2sign(σ) (22)

where ξ > 0 is a scalar. When ξ = 0 , then the standard robust exact differentiator suggested in [18] is
restored. The high degree terms |σ| 32 sign(σ) and |σ|2sign(σ) provide uniform convergence independent of the
initial conditions. Moreover, ẑ1 and ẑ2 are the estimated values of Ωh and Ω̇h , respectively. Figure 3 shows
the implementation of Equations (18)–(22) that develop a uniform robust exact differentiator.

5. Control system design for maximum power extraction

The conventional SMC suffers from chattering phenomenon due to the discontinuous signum function. This
chattering phenomenon is alleviated by formulating the HOSMC technique. The HOSMC is a recently developed
scheme, which eliminates the restrictions of conventional SMC, while maintaining its essential characteristics of
robustness and finite-time convergence.

The control of shaft speed of AC generator in PMSG-WECS is a tracking problem, since it requires
tracking of the desired reference speed. Consequently, tracking error, e1 can be defined as:

e1 = z1 − z1ref (23)

The MPPT controller must be designed to derive the tracking error, e1 , to zero (i.e. e1 → 0). In SMC,
the overall control law consists of an equivalent control, ueq , and a switching control, usw . In this research
article, the switching control law, usw is based on a variable gain STA (VGSTA) and a variable gain RTA
(VGRTA).

5.1. Variable gain super-twisting algorithm

The main feature of the VGSTA is to provide 2-sliding surfaces for a relative degree one problem (r = 1).
VGSTA does not require the information of the derivative of the sliding surface, s and removes the chattering
effect caused due to a signum function in continuous manner.

The sliding surface, s , can be defined for relative degree one problem for achieving the desired goal, as
follows:

s = ė1 + λe1 (24)
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Since, only z1 is available, hence its missing derivative, z2 , is estimated via the URED, as discussed in
Section 4. Therefore, ż1 is replaced by ẑ2 , which is the estimated derivative of z1 . Thus,

s = (ẑ2 − ż1ref ) + λ(z1 − z1ref ) (25)

where λ is a positive design constant.
Taking the derivative of the sliding surface, s , in (25) as follows:

ṡ = L2
fh(x) + LgLfh(x)u− z̈1ref + λ(ẑ2 − ż1ref ) (26)

From (26), equivalent control law, ueq , can be derived as follows:

ṡ = 0

ueq =
1

LgLfh(x)

(
z̈1ref − L2

fh(x)− λė1
)
 (27)

The switching control law, usw , can be written as follows:

usw = −k1(s, t)ψ1(s)−
∫ t

0

k2(s, t)ψ2(s) (28)

where
ψ1(s) = kc|s|

1
2 sign(s) kc > 0 (29)

ψ2(s) = ψ′
1(s)ψ1(s) =

1

2
k2csign(s) (30)

where kc , not present in the original algorithm, is considered as an additional tuning gain to allow a
better performance of the control system with respect to the chattering. Moreover, ψ′

1 is the partial derivative
of ψ1 with respect to s. The variable gains are k1 and k2 . Theses gains make the sliding surface insensitive to
disturbances increasing with bounds and resulting from known functions.

For the four constants, ϵ > 0 , p1 > 0 , p2 < −ϵ and p3 > 0 verifying p1p2 > p22 , the variable gains of
usw can be selected as follows:

k1 =
p3

(p1p3 − p22)

[
(p3ϱ2 − p2ϱ1)

2

−4(p2 + ϵ)
+ p1ϱ1 − p2ϱ2 −

p1p2
p3

+ ϵ

]
+ δ δ > 0 (31)

k2 =
p1
p2

− p2
p3
k1 (32)

where ϱ1 ≥ 0 and ϱ2 ≥ 0 are the known continuous functions and are expressed as follows:

ϱ1 =
1

kc
|s| 12 (A1 +A2|s|+A3|s|2)

ϱ2 =
A0

k2c

 (33)

Finally, the overall control law under VGSTA can be expressed as follows:

u =
1

LgLfh(x)

[
z̈1ref − L2

fh(x)− λė1 − k1(s, t)ψ1(s)−
∫ t

0

k2(s, t)ψ2(s)

]
(34)
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Theorem 1 For some known continuous functions, ϱ1(s, t) ≥ 0 and ϱ2(s, t) ≥ 0 , satisfying the inequality
conditions defined in (33) and the variable gains selected according to (31) and (32), the system trajectories will
reach the sliding surface, s = 0 , in finite-time, irrespective of perturbation for any initial condition [19].

5.2. Variable gain real-twisting algorithm

Variable gain RTA (VGRTA) is employed for systems with relative degree two (r = 2). It requires the
measurement of 2nd derivative of the sliding surface manifold, s , for the implementation of control law. In
VGRTA, the system trajectories twist infinitely around the origin with a finite-time convergence. The VGRTA
eliminates the chattering effect to provide good robustness properties as well as finite-time convergence.

The sliding surface is defined for relative degree two system as follows:

s = e1 = z1 − z1ref (35)

Taking the derivative of the sliding surface, s , in (35) as follows:

ṡ = ẑ2 − ż1ref

s̈ = L2
fh(x) + LgLfh(x).ueq − z̈1ref

}
(36)

Here ż1 is replaced by ẑ2 , since it is estimated via the URED.
By putting ṡ = s̈ = 0 , the equivalent control law, ueq , can be derived as follows:

ueq =
1

LgLfh(x)
(−L2

fh(x) + z̈1ref ) (37)

The switching control law, usw , has the following form:

usw = −k1|s|
p−2
p sign(s)− k2|ṡ|

p−2
p−1 sign(ṡ) (38)

where k1, k2 > 0 and p ≥ 2 is employed.
The overall control law based on VGRTA for PMSG-WECS is given as follows:

u =
1

LgLfh(x)

[
−L2

fh(x) + z̈1ref − k1|s|
p−2
p sign(s)− k2|ṡ|

p−2
p−1 sign(ṡ)

]
(39)

Figure 4 shows the closed-loop system including the proposed control paradigms.
Let the variables, s0 = s and s1 = ṡ , then the closed-loop system in state-space form can be written as

follows:
ṡ0 = s1

ṡ1 = −k1|s0|
(p−1)

p sign(s0)− k2|s1|
(p−2)
(p−1) sign(s1)

 (40)

Theorem 2 The system expressed in (40) is globally and uniformly finite-time stable. In addition, the system
produces a smooth second-order sliding motion only at the origin.
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Figure 3. Uniform robust exact differentiator. Figure 4. Closed-loop control for PMSG-WECS.

The only possible equilibrium point for the system in (40) is the origin, i.e. s0 = s1 =O(0,0). Consider a
Lyapunov candidate function, V (s0, s1) , expressed as follows:

V (s0, s1) =
p

2(p− 1)
k1|s0|

2(p−1)
p +

1

2
s21 (41)

which is differentiable, positive definite and radially unbounded. Its derivative with respect to time is given as
follows:

V̇ = k1|s0|
(p−2)

p ṡ0sign(s0) + s1ṡ1 (42)

It can be written as:

V̇ = k1|s0|
(p−2)

p s1sign(s0)− k1|s0|
(p−2)

p s1sign(s0)− k2|s1|
(p−2)
(p−1) s1sign(s1) (43)

and, therefore,

V̇ (t, s) = −k1|s1|
(2p−3)
(p−1) (44)

Since the origin, O(0,0), is the only possible point of equilibrium for the system in (40), applying LaSalle’s
invariance principle for smooth systems, the only possible trajectories of (44) on the invariant manifold, V̇ = 0

as s ≡ 0 . This indicates that the system is (i.e. asymptotically, uniformly and globally) stable with respect
to the origin. The computational flowchart for implementation of the proposed control strategies is depicted in
Figure 5.

6. Results and discussions
Matlab/Simulink is used to implement the entire PMSG based WECS along with the proposed nonlinear
control paradigms for performance evaluation. The simulation parameters of the PMSG based WECS are listed
in Table . The maximum power coefficient, Cpmax of the PMSG based WECS equals 0.476 that corresponds
to an optimal TSR of λopt = 7 . Figure 6 shows the wind speed profile. By using a standard Von Karman
spectrum, the wind speed profile is limited to a range between 4 and 9m/s , with average speed and intensity
of 7m/s and 0.15, respectively.
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Figure 5. Computational flowchart.

Table . Different significant parameters of the PMSG based WECS.

Quantities Symbols Magnitude
Air density ρ 1.25 kgm−3

Radius of blades R 2.5 m
Optimal tip speed ratio λopt 7
Max. power coefficient Cpmax

0.47
Gear ratio i 7
Inertia J 0.0552 kgm2

Stator resistance Rs 3.3 Ω

Inductance along d− axis Ld 41.56 mH
Inductance along q − axis Lq 41.56 mH
Pole pairs p 3
Flux ϕ 0.4382 Wb

The main objective of the proposed VGSTA and VGRTA based nonlinear control techniques is to
maximize the power extraction from the wind under varying wind speed conditions, while maintaining the
TSR at its optimal value. To evaluate the performance and robustness of the proposed control schemes, the
simulation results are organized in two different cases: Case 1, test under nominal conditions; and Case 2,
test under varying load and varying PMSG inertia. The results of the proposed MPPT control techniques are
compared with the benchmark feedback linearization control technique (FBLC) [3].

6.1. Case 1: test under nominal conditions
The test simulations are carried out to extract the maximum power with standard parameters of the system.
The wind turbine is operated at λopt and Cpmax

through regulating the PMSG’s rotational speed at optimum
values. All three candidate control techniques confirm the tracking of rotational speed, while maintaining the
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TSR at its optimal value, λ = 7 , and Cp at Cpmax = 0.476 , as depicted in Figures 7–9. It is evident from
the zoomed-in version of Figure 7, that the PMSG rotor speed, Ωh , tracks the reference speed, Ωref , more
closely and correctly. While comparing the reference speed tracking, the FBLC strategy shows oscillatory
behavior (chattering) with a substantial steady-state error. On the other hand, the proposed VGRTA and
VGSTA control paradigms show minor oscillations (chattering) as compared to the FBLC. Furthermore, the
FBLC scheme tracks the generator speed, Ωh , to the reference speed, Ωref , in around 1.507 s, while the
proposed VGRTA and VGSTA control techniques track the reference speed in around 0.007 s and 6.765× 10−5

s, respectively. Compared with the VGRTA and FBLC schemes, the VGSTA’s power coefficient, Cp and TSR
approach their set points accurately. Therefore, the MPPT is more effective in case of the VGSTA scheme.

Similarly, in the case of VGRTA and VGSTA, the mechanical power of the shaft around the ORC is more
appealing than that of the FBLC, which confirms the reduction of chattering.

In this analysis, the generator torque against TSR and mechanical power on the generator side versus
HSS speed is displayed in Figures 10 and 11, respectively. In Figure 10, the variations of mechanical torque on
the generator side around ORC is smoothly tracked in case of VGRTA and VGSTA which ensure the alleviation
of chattering. It is obvious from the results that the performance of VGRTA and VGSTA is far better than
the performance of the FBLC. Moreover, it is apparent from the results that the performance of VGSTA is
better than the performance of VGRTA in terms of operating on top of ORC, achieving CPmax

and λopt with
minimum chattering which guarantees the extraction of maximum power from wind.
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Figure 6. Wind speed profile.
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Figure 7. Evolution of PMSG rotational speed.
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Figure 10. Optimal power point tracking on PMSG side. Figure 11. PMSG torque vs. tip-speed-ratio, λ .

6.2. Case 2: test under varying load and varying PMSG inertia
Once the MPPT performance of the proposed control techniques is assessed, model uncertainties are included
to validate its robustness against parametric variations. The parametric variations are incorporated into the
system model as follows:

• The load is varied from 0.08 to 2.085 in the time interval of (20 to 35 s).

• The PMSG inertia is varied from 0.0552 to 0.70 in the time interval of (70 to 85 s).

The variation of load and inertia are illustrated in Figure 12. Figure 13, illustrates the comparison of the
PMSG speed for the three control candidates under parametric variations. The VGSTA shows better tracking
of the PMSG speed, as depicted in the zoomed-in sections of the stated figure. While the FBLC and the
VGRTA schemes exhibit some steady-state error and overshoots during tracking and deviate from the reference
speed, which can lower the power extraction. The power coefficient, Cp and TSR of FBLC and VGRTA show
some disturbance and error but no such error is observed in the case of VGSTA as illustrated in Figure 14. The
VGSTA scheme maintains Cp at its optimum value, which confirms its robustness against parametric variations.
The tip-speed-ratios variation with time and the PMSG power variation with its rotational speed can be seen
in Figures 15 and 16, respectively. The VGSTA scheme proves itself the best candidate for maintaining the tip-
speed-ratio at its optimal value, λopt = 7 . Although FBLC and VGRTA schemes exhibit much larger deviations
from the optimal regime characteristic (ORC), no such considerable deviation can be observed in the VGSTA
strategy. From the PMSG torque vs the tip-speed-ratio evolution, depicted in Figure 17, it can be concluded
that the operating point is driven much closer to the optimum value of the tip-speed-ratio, λopt = 7 , by the
VGSTA scheme, thus ensuring the maximum power extraction, when compared with the FBLC and VGRTA
schemes. Therefore, it can easily be concluded that the proposed VGSTA and VGRTA based HOSMC strategies
are much robust against load variations and insensitive to parametric variations than the feedback linearization
based benchmark control strategy. Moreover, among the proposed control schemes, VGSTA outshines the
VGRTA in overall performances.

7. Conclusion
The article presented two versions of the higher–order sliding mode control strategy to deal with the chattering
phenomenon and the mechanical stress found in the conventional sliding mode control strategy. The proposed
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Figure 12. Variation in inertia of PMSG and load for
case 2 study.
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Figure 16. Optimal power point tracking under varying
load and inertia.

Figure 17. Generator torque vs tip-speed-ratio under
varying load and inertia.

strategies, namely the VGSTA and VGRTA, have been applied to accomplish the MPPT of a variable-speed
wind energy conversion system based on permanent magnet synchronous generator. The proposed control
strategies inherit the properties of robustness and successfully deal with the nonlinear behavior of the system,
erratic nature of the wind speed, external disturbances as well as model uncertainties. For a given reference
speed, the generator speed and its missing derivative have been retrieved through a uniform robust exact
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differentiator. The performance validation and effectiveness of the proposed control strategies have been
supported by Matlab/Simulink simulations, carried out under varying wind speed, parametric variations, and
load disturbances. The comparative analyses of simulation results revealed that both the proposed MPPT
control approaches particularly VGSTA provided better performance in terms of tracking MPP (operating on
ORC, achieving CPmax

and λopt ) with minimum chattering than the existing feedback lineariztion control
technique.
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