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A B S T R A C T

Motivated by the increasing concerns over environmental challenges such as global warming and exhaustion of
fossil-fuel reserves, the renewable energy industry has become the most sought-after source of electrical energy
production worldwide. In this context, wind energy conversion systems (WECS) are one of the most dominant
and fastest-growing technologies, playing an increasingly vital role in renewable power generation. To meet
this growing demand and mitigate the vulnerability of WECS to various sets of internal/external faults, the
cost-effectiveness and efficient power production of WECS must be ensured, which highlights the critical role of
the control system. This topic has been intensively studied in the literature, and many control approaches have
been developed to deal with the simultaneous enhancement of efficiency and reliability of WECS. However,
sliding mode control (SMC) has proved its reliable and superior performance among most control strategies due
to its inherent robustness to parametric uncertainties and disturbances and ease of design and implementation.
Accordingly, this paper provides a comprehensive survey of existing literature on the application of SMC and
its emerging modifications to address different control design problems for WECS.
1. Introduction

Wind energy technology has witnessed considerable growth in the
past two decades by continuing to push the boundaries in energy effi-
ciency and supply reliability [1–4]. Taking into consideration the global
concerns on global warming, global warming, and the exhaustion of
fossil energy resources, wind energy conversion systems (WECS) have
established themselves as the world’s leading economically and ecologi-
cally power production technologies, overtaking other renewable green
resources such as solar, hydro, and ocean waves.

WECS are complex systems with nonlinear dynamics, strong coupled
internal variables, parameter uncertainties, and external disturbances,
which are expected to maximize the electric power generated from
the intermittent stochastic wind and minimize operational costs [5].
To meet the power generation capacity and safe operation of WECS,
four potential regions can be defined based on wind speed, as follows.
In region I, the wind speed is too low and the turbine is unable to
provide the expected/demanded power; thus, the wind turbine (WT)
stands idle. Contradistinctly, in region IV the wind speed is too high
and the WT is subjected to high mechanical loads; thus, it needs to
be shut down in order to prevent possible damages to the mechanical
components of the turbine. In region II (i.e., the partial-load region)
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the wind speed is above the cut-in speed but below its rated speed,
in region III (i.e., the full-load region) the wind speed is at or above
its rated speed but below the cut-out speed; where the rated wind
speed can be defined as the minimum speed at which the turbine is
capable of generating power at its maximum capacity. Accordingly, the
WECS control objectives can be categorized into three main classes:
(a) maximum power extraction (MPE), which is pursued in region
II by controlling the generator torque, (b) active and reactive power
regulation, which is broadly pursued in region III by performing the
generator DC-link voltage regulation (DCVR), grid-side converter (GSC)
and rotor-side converter (RSC) control as well as pitch angle control
(PAC), and (c) load mitigation, which ensures a smooth transition from
region II to region III.

Depending on the combinations of fixed/variable speed with
fixed/variable pitch angle of the blades, different classifications can be
considered for WTs. In fixed-pitch turbines, the pitch angle of the blades
cannot be controlled. Thus, they are unable to provide a reliable power
production performance due to their inability to mitigate structural
loads [6]. On the other hand, in variable-pitch turbines, the captured
aerodynamic power is limited by controlling the pitch angle at above
rated wind speed situations, which keeps the turbine operating at its
vailable online 2 July 2022
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Abbreviations

ANFIS Adaptive Neuro-Fuzzy Inference System
APC Active Power Control
ASMC Adaptive Sliding Mode Control
CR Chattering Reduction
DCVR DC-link Voltage Regulation
DDSG Direct Driven Synchronous Generator
DFIG Doubly-Fed Induction Generator
DOIG Double Output Induction Generator
DSIG Dual Stator Induction Generator
F-SMC Fuzzy Sliding Mode Control
FIS Fuzzy Inference System
FLC Fuzzy Logic Control
FO-SMC Fractional-Order Sliding Mode Control
FTC Fault Tolerant Control
GSA Gravitational Search Algorithm
GSC Grid-Side Converter
GSCV Grid-Side Converter Voltage regulation
HO-SMC Higher-Order Sliding Mode Control
ISMC Integral Sliding Mode Control
LFC Load Frequency Control
LQR Linear Quadratic Regulator
MIMO Multi-Input Multi-Output
MPC Model Predictive Control
MPE Maximum Power Extraction
MPPT Maximum Power Point Tracking
MSM Mechanical Stress Minimization
NN-SMC Neural Network Sliding Mode Control
PAC Pitch Angle Control
PI Proportional Integral
PID Proportional Integral Derivative
PMSG Permanent-Magnet Synchronous Generator
PMSM Permanent-Magnet Synchronous Motor
PSO Particle Swarm Optimization
PWM Pulse Width Modulation
RBFNN Radial Basis Function Neural Network
RPC Reactive Power Control
RSC Rotor-Side Converter
RSCV Rotor-Side Converter Voltage regulation
SCIG Squirrel-Cage Induction Generator
SEIG Self-Excited Induction Generator
SFG Simple First-order Generator
SMC Sliding Mode Control
SMO Sliding Mode Observer
SO-SMC Second-Order Sliding Mode Control
SSG Simple Second-order Generator
ST-SMC Super-Twisting Sliding Mode Control
TSMC Terminal Sliding Mode Control
WECS Wind Energy Conversion System
WT Wind Turbine

rated power. Variable-speed WTs are capable of producing power under
variable wind speed conditions. However, they require converters to
guarantee the desired generated power performance as well as coupling
them to the grid [7]. On the contrary, fixed-speed WTs are designed to
operate at a predetermined wind speed (rated wind speed) or designed
for optimum operation at a rated wind speed; however, in practice,
they have been found to operate in variable winds and are designed
2

Symbols

Aerodynamics

𝑘 Shape factor
𝑐 Scale factor
𝑃𝑟, 𝑇𝑟 Aerodynamic power and torque
𝐹𝑡 Thrust force
𝜌 Air density
𝑅 Rotor radius
𝜈𝜔 Effective wind speed
𝐶𝑃 , 𝐶𝑞 , 𝐶𝑡 Power, torque, and thrust coefficients
𝐶𝑝,max Maximum power coefficient
𝜔𝑟 Rotor speed
𝛽 Blade pitch angle
𝛽𝑜𝑝𝑡 Blade maximum pitch angle
𝜆 Tip-speed ratio
𝜆𝑜𝑝𝑡 Maximum tip-speed ratio
Drivetrain

4-Mass

𝐽𝐵 , 𝐽𝐺 , 𝐽𝐺𝐵 , 𝐽𝐻 Blade, generator, gearbox, and hub inertias
𝐾𝐿𝑆 , 𝐾𝐻𝑆 Low and high speed shaft constants
𝐾𝐵𝐻 Blade stiffness constant
𝜃𝐵𝐻 Angle between blade and hub
𝜃𝐿𝑆 Angle between hub and gearbox
𝜃𝐻𝑆 Angle between gearbox and generator rotor
𝐷𝐵 , 𝐷𝐻 , 𝐷𝐵𝐻 Blade, hub, and turbine damping coeffi-

cients
𝐷𝐿𝑆 , 𝐷𝐻𝑆 Low and high speed shaft damping coeffi-

cients
𝐷𝐺 , 𝐷𝐺𝐵 Generator and gearbox damping coeffi-

cients
𝜔𝐵 , 𝜔𝐻 , 𝜔𝐺𝐵,𝜔𝐺 Blade, hub, gearbox, and generator speeds
𝜔0 Synchronous speed of electrical system
𝑇𝐺 , 𝑇𝑊 Generator and aerodynamic torques

3-Mass

𝐽𝐺𝐵𝐺 Summation of gearbox and generator iner-
tia

𝐷𝐺𝐵𝐺 Gearbox and generator damping coefficient
𝜔𝐵𝐻 Turbine rotational speed
𝜔𝐺𝐵𝐺 Summation of gearbox and generator rota-

tional speeds

2-Mass

𝐽𝐵𝐻 Summation of blade and hub inertia
𝜃𝐻𝐿𝑆 Angle between 𝐽𝐵𝐻 and 𝐽𝐺𝐵𝐺
𝐾𝐻𝐿𝑆 Parallel shaft stiffness
𝑁𝐺𝐵 Gearbox ratio

accordingly. The generator of a fixed-speed WT is directly coupled
to the grid, which makes the generator speed dependent on the grid
frequency. Furthermore, although compared to the variable-speed WTs,
the fixed-speed ones have simpler structures, they have been found to
be less effective in terms of wind energy extraction and induction of
mechanical stress under variable wind speed conditions [8]. Accord-
ingly, the most commonly used large-scale WT structure, in the past
decade, has been found to be the variable-speed variable-pitch WT.
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1-Mass

𝐽𝑊 𝑇 Summation of all rotating components’
masses

𝜔𝑊 𝑇 Rotational speed on the 1-Mass system
𝐷𝑊 𝑇 Damping coefficient of the 1-Mass system
Generators

DFIG

𝑖𝑑𝑠,𝑖𝑑𝑟, 𝑖𝑞𝑠, 𝑖𝑞𝑟 𝑑-axis, 𝑞-axis stator and rotor currents
𝑣𝑑𝑠, 𝑣𝑑𝑟, 𝑣𝑞𝑠, 𝑣𝑞𝑟 𝑑-axis, 𝑞-axis stator and rotor voltages
𝑅𝑠, 𝑅𝑟 Stator and rotor resistances
𝐿𝑠, 𝐿𝑟, 𝐿𝑚 Stator, rotor, and magnetizing inductances
𝜓𝑑𝑠, 𝜓𝑑𝑟, 𝜓𝑞𝑠, 𝜓𝑞𝑟 𝑑-axis, 𝑞-axis stator and rotor flux
𝑇𝑒𝑚 Electromagnetic torque
𝑃𝑠, 𝑄𝑠, 𝑃𝑟, 𝑄𝑟 Stator and rotor active and reactive powers

PMSG

𝑖𝑠𝑑 ,𝑣𝑠𝑑 𝑑-axis stator current and voltage
𝑖𝑠𝑞 ,𝑣𝑠𝑞 𝑞-axis stator current and voltage
𝑆𝜔𝑒 Rotor electrical angular speed
𝐿𝑑 , 𝐿𝑞 𝑑–𝑞 axis mutual inductances
𝜙𝑠 Flux linkage

A critical issue to be considered is the fact that, similar to other
ower generation systems, WECS are prone to various faults and dis-
urbances associated with sensor, actuator, and system faults. In this
ontext, the gearbox faults have been found to be the most common
ause of WT failure, especially in the case of off-shore WTs operating
n harsh wind and weather conditions, where accessing maintenance or
nscheduled repairs are expensive and weather dependant [9]. Thus, it
as always been a significant challenge for engineers to guarantee the
PE along with the desired active and reactive power. As a result, a

reat deal of research effort in academia and industry has been devoted
o the development of reliable control approaches that guarantee WECS
ower generation [10–15], power conversion efficiency and quality
ncrement [16–21], mechanical damage alleviation [22–25], and op-
rational and maintenance costs reduction [24,26–29] both, with and
ithout considering fault effects.

Classical proportional–integral–derivative (PID) controllers are the
tandard conventional control methods traditionally used for WECS
ontrol [30]. However, their lack of robustness to disturbances and
perating point changes, along with the nonlinear behavior of WTs and
he likelihood of fault presence, they cannot be counted as reliable
ontrol methods. In this regard, researchers have proposed various
nnovative advanced control strategies to enhance the performance
f the WECS control system. Robust control methods are widely in-
estigated in the literature to mitigate undesirable effects of wind
nd enhance the power quality, where 𝐻2 and 𝐻∞ methods are the
ost used ones [31,32]. State feedback linearization (SFL) methods are

ther model-based nonlinear control design approaches that retain the
onlinearity through nonlinear feedback. However, their performance
elies on the system model information, thus lacking the robustness
o parameter uncertainties and external disturbances. Authors in [33]
eveloped an SFL controller to damp the subsynchronous control in-
eraction effects in DFIG-based WTs. As reported, compared to the
onventional subsynchronous resonance damping controller and PI, the
eveloped approach demonstrated superior damping performance. Soft
omputing-based methods such as fuzzy logic control (FLC), artificial
eural networks, and metaheuristic algorithms-based controllers are
ther investigated advanced approaches that offer an efficient and
3

uick response to overcome uncertainties in WECS [19,34,35]. In [19],
an observer-based fault-tolerant control (FTC) scheme was presented to
deal with the MPE problem in the presence of sensor faults. Similarly,
authors in [17,21,36] developed fuzzy-based FTC approaches for power
control of WTs. Energy-shaping control (ESC) approaches, on the other
hand, have been found to be effective in demonstrating a clear phys-
ical energy interpretation, which can preserve system nonlinearities
and simplify controllers’ implementation. Authors in [37] proposed
an ESC scheme for subsynchronous control interaction mitigation of
DFIG-based wind farms. To this end, they established the Hamiltonian
model to describe the system structure and obtained the controller by
solving the energy equation. Among the advantages of ESC schemes
over classical approaches, are: (1) the controller does not require a
linearized model of the DFIG-based wind farm, which enables the
ESC to provide effective sub-synchronous control damping over a wide
range of operating conditions; (2) the design of ESC does not include
any filters, thus increasing its flexibility for the varying SSCI frequency;
(3) it yields improved robustness to parameter uncertainties and ex-
ternal disturbances [38]. Model predictive control (MPC) approaches
are other widely-used advanced methods [39]. In [24], an MPC-based
active FTC was proposed to mitigate WT’s economic cost by reducing
fatigue and maximizing power extraction. As the authors reported,
the proposed control scheme transforms the original nonconvex opti-
mization problem of MPC into a convex problem using new decision
variables, demonstrating superior performance compared to the con-
ventional MPC. Authors in [12] developed a fault-tolerant MPC scheme
to maximize the captured power by tracking the optimal generator
speed of a WT operating in region II. An adaptive sliding mode ob-
server (SMO) was also used to estimate the sensor and actuator faults.
Alongside different controllers, some control methods use observers to
estimate unknown system and disturbance states, as not all the system
states are always available, and also the dynamics of the wind are
unknown [40]. The effects of unsymmetrical loads and grid voltage
dips have been found to be more common in isolated power grids
than in national grids. These issues cause non-sinusoidal output cur-
rents, power and torque pulsations, and unequal power losses, which
eventuate fatigue on the mechanical components. To deal with these
issues, some linear control-based direct power control approaches such
as torque ripple elimination and power pulsations minimization [23]
and imbalance stator current suppression [18] have been developed.
A well-performed perturbation compensation-based sliding mode con-
trol (SMC) was proposed in [41] for optimal power extraction of
PMSG-based WTs. The system nonlinearities and unmodeled dynamics,
uncertain parameters, and stochastic wind speed variations were aggre-
gated into a perturbation and estimated by developing a sliding mode
perturbation and state observer. Accordingly, the proposed control
scheme effectively compensated the perturbations, avoided the over-
conservativeness of SMC, and delivered a robust control performance.
Various operational conditions were investigated, where reportedly, the
developed control scheme outperformed the conventional PID, FLC,
and conventional SMC in terms of global control consistency, robust-
ness against perturbations, and tracking accuracy. Table 1 provides a
comparative illustration of the advantages and disadvantages of the
most-implemented control approaches on WECS.

Among all the existing control strategies, sliding mode control has
been shown to be a suitable and effective method for various nonlinear
control problems thanks to its fast dynamic response, good transient
performance, stability, and robustness to matched parameter variations
and external disturbances [42–48]. However, albeit the satisfactory
tracking performance of the conventional SMC technique in practical
applications, it still suffers from some shortcomings, such as its vulner-
ability to measurement noise, the difficulty in achieving asymptotical
stability in the presence of mismatched perturbations, producing un-
necessarily large control signals to overcome parametric uncertainties,
and the most serious one which is associated with the high-frequency
oscillations caused by the discontinuous switching control; the chat-

tering phenomenon [49–51]. Due to the non-existence of a switching
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Table 1
Comparison of the most-implemented control approaches on WECS control.

Method Advantages Disadvantages

PI • Fast response
• Minimized steady-state error
• Simplicity of design and implementation
• Able to re-tune controller in the field

• High sensitivity to external disturbances and
parameter uncertainties
• Unfitting steady-state response during transients
• High steady-state error for uncertain systems
• Poor control performance for WECSs

PID • Low overshoot
• Minimized steady-state error
• Simplicity of design and implementation
• Able to re-tune controller in the field

• High sensitivity to external disturbances and
parameter uncertainties
• Better control performance for WECSs compared
to PI, but still poor

FOPID • Fast dynamic response with more stable
performance compared to PID
• Acceptable robustness against disturbances

• High sensitivity to variation of control
parameters (fractional orders)
• Not sufficiently good robustness against external
disturbances and parameter uncertainties

𝐻∞ ,𝐻2 • Enhanced power control performance compared
to traditional methods
• Reduced tracking error
• Good disturbance rejection and suppressed
measurement noise

• Require complex mathematical equations and
understanding
• The controller is generally of very high order,
which makes it problematic in implementations
• Slow response and dynamics

NN • Self-learning controller
• Robustness to parameter uncertainties and faults

• Slow and complex response
• Require an extensive and comprehensive data set

Fuzzy • Robustness to parameter uncertainties and faults
• Suitable for small and large-scale nonlinear
systems

• Slow control method
• Complex rule development
• Due to many parameters to tune, fine-tuning is
problematic, which makes it almost impossible to
have an optimal controller with FLC

MPC • Good performance on different control tasks of
WECSs
• Reduced switching frequency
• On-line optimization
• Minimized forecast error

• Require accurate filter and system model
• Complex mathematical calculations and high
computational burden
• Sensitive to parameter uncertainties

SMC • Fast dynamic response
• Good and consistent transient performance
• Stability and robustness to external disturbances
and model uncertainties

• Chattering phenomenon
• Large control signals to overcome disturbances
and uncertainties
component element capable of shifting to an infinite frequency, the
effects of the chattering phenomenon on the real-application systems
cannot be precisely estimated [52]. Hence, the main effort is usually
to decrease this phenomenon to mitigate its consequences [53]. Since
WECS exhibit a highly nonlinear behavior and are often operating in
harsh environments, and thanks to the well-proven merits of SMCs,
these control strategies have found to play a decisive role in power
control and performance enhancement of WECS [54–56].

This study reviews existing literature on the application of conven-
tional SMC and its modifications to address different control design
problems for WECS. To this end, Section 2 is devoted to the model-
ing of WT systems, while the rest of the paper presents a survey of
research studies on WECS control using conventional SMC (Section 3),
adaptive SMC (Section 4), fractional-order SMC (Section 5), higher-
order SMC (Section 6), fuzzy SMC (Section 7), and neural network SMC
(Section 8). Finally, Section 9 concludes the paper.

2. Wind turbine modeling

In this section, a brief summary of the wind-to-electric energy
conversion concept is presented. Fig. 1 depicts the block diagram of
WECS, where the aerodynamic wind energy is converted into useful
mechanical energy through the blades driving the rotor. WECS can be
classified into three main parts as follows [57]:

1. The mechanical part consists of the turbine blades, aerodynamic
torque, and the drivetrain. This section’s input is the wind
4

kinetic energy, which is converted into rotational mechanical s
energy, and then transmitted to the wind generator through the
drivetrain.

2. The electrical part comprises the generator, rotor- and grid-side
converters (RSC and GSC) alongside their harmonic filters, and
the transformer. The rotational mechanical energy produced by
the mechanical section is converted into electrical energy by the
generator.

3. The control part includes various controllers to perform the
desired tasks such as: (a) maximize the wind power capture,
(b) provide the safe-mode operating situation for the turbine
by controlling the power, current, voltage, rotational speed,
and torque considering the limitations, and (c) minimize the
mechanical stress on the drivetrain.

In order to calculate the wind energy, a knowledge of the wind
speed distribution at the given site is necessary. Various wind speed
models are used in the literature, while the Weibull statistical distri-
bution has found to be the most commonly used method for analyzing
wind speed measurements and determining wind energy potential [59].
The Weibull distribution can be expressed by the following probability
density function.

𝑓 (𝜔) = 𝑘
𝑐

(𝜔
𝑐

)𝑘−1
𝑒−(𝜔∕𝑐)

𝑘
, (1)

where the dimensionless parameter 𝑘 is the shape factor, 𝑐 denotes the
cale factor, and 𝜔 is the wind speed.
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Fig. 1. General block diagram of wind energy conversion systems [58].
Fig. 2. Probability density of the Rayleigh distribution.

The average expected wind speed is calculated as

�̄� = ∫

∞

0
𝜔𝑓 (𝜔) 𝑑𝜔 = 𝑐

𝑘
𝛤
( 1
𝑘

)

(2)

where 𝛤 (𝑡) = ∫ ∞
0 𝑒−𝑢𝑢𝑡−1𝑑𝑢 denotes Euler’s Gamma function [60].

The Weibull distribution is known as the Rayleigh distribution
if 𝑘 = 2. Hence, for the Rayleigh distribution and considering the
average wind speed, the scale factor is calculated as 𝑐 = 2

√

𝜋
�̄�. The

wind speed probability density function of the Rayleigh distribution
with average wind speeds are illustrated in Fig. 2. More information
regarding Weibull distributions can be found in [59].

2.1. Aerodynamics

This section represents the conversion of wind power to rotational
energy, where the aerodynamic performance of WECS is affected by
the wind speed, pitch angles of the blades, and the rotor speed. The
aerodynamic power (𝑃𝑟), aerodynamic torque (𝑇𝑟), and thrust force (𝐹𝑡)
of the turbine can be expressed as follows:

𝑃𝑟 =
1
2
𝜌𝜋𝑅2𝜐3𝑤𝐶𝑃 (𝜆, 𝛽) , (3)

𝑇𝑟 =
1
2
𝜌𝜋𝑅3𝜐3𝑤𝐶𝑞 (𝜆, 𝛽) , (4)

𝐹 = 1𝜌𝜋𝑅2𝜐2 𝐶 (𝜆, 𝛽) , (5)
5

𝑡 2 𝑤 𝑡
where 𝜌 = 1.225 [kg∕m3] denotes the air density at sea level for the
International Standard Atmosphere (ISO 2533:1975), 𝑅 [m] is the rotor
radius, and 𝜐𝑤 [m∕s] is the effective wind model at the rotor plane.
𝐶𝑝, 𝐶𝑞 , and 𝐶𝑡 represent the power, torque, and thrust coefficients,
respectively, where 𝐶𝑞 (𝜆, 𝛽) = 𝐶𝑝 (𝜆, 𝛽) ∕𝜆.

The aerodynamic torque produced by the WECS can be expressed
by 𝑇𝑟 = 𝑃𝑟∕𝜔𝑟, where 𝜔𝑟 [rad∕s] represents the rotational speed of
the rotor. The dimensionless power coefficient 𝐶𝑝 is a function of the
blade parameters, the tip-speed ratio (𝜆 = 𝑅𝜔𝑟∕𝜐𝑤) and the pitch
angle 𝛽; an experimental coefficient that is generally adopted from
a look-up table in terms of (𝜆, 𝛽). However, using nonlinear curve-
fitting techniques [17,61,62] it can be approximated as mathematical
functions such as (6) and (7) as follows.

𝐶𝑃 (𝜆, 𝛽) = 𝐶1

(

𝐶2
𝜆𝑖

− 𝐶3𝛽 − 𝐶4

)

𝑒−𝐶5∕𝜆𝑖 + 𝐶6𝜆, (6)

𝐶𝑃 (𝜆, 𝛽) = 𝐶1 − 𝐶2𝛽 sin

(

𝜋
(

𝜆𝑖 + 𝐶3
)

𝐶4 + 𝐶5𝛽

)

− 𝐶6
(

𝜆𝑖 − 3
)

𝛽, (7)

where
1
𝜆𝑖

= 1
𝜆 + 𝐶7𝛽

−
𝐶8

𝛽3 + 1
, (8)

In order to capture the maximum power from the wind, the power
coefficient 𝐶𝑝 should be obtained based on the optimum pitch angle
𝛽𝑜𝑝𝑡 and the optimum tip speed ratio 𝜆𝑜𝑝𝑡, i.e. 𝐶𝑝,max ≜ 𝐶𝑝

(

𝛽𝑜𝑝𝑡, 𝜆𝑜𝑝𝑡
)

,
where 𝐶𝑝,max denotes the maximum value of the power coefficient for
the turbine. The theoretical value of 𝐶𝑝,max cannot exceed 0.593, which
is known as the Betz limit [63], and means that the turbine can extract
59.3% of the maximum available power; however, this value cannot be
reached in practice [64].

2.2. Pitch actuator system

The main objective in region III is to maintain the generated power
around the rated values while limiting structural loads to avoid me-
chanical and electrical constraints violations. The pitch system consists
of three identical pitch actuators that are assumed to have the same
dynamic structure, where each one can be individually controlled
using its associated internal controller. The pitch actuator provides the
rotational movement of each blade around its longitudinal axis and
adjusts the pitch angle, the angle between the blade string and the blade
rotation plane. The hydraulic pitch system is generally modeled as a
closed-loop transfer function between the measured pitch angle 𝛽 [◦]
and its reference 𝛽 [◦]. Considering only one pitch actuator, the pitch
𝑟𝑒𝑓
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Fig. 3. Schematic diagram of a four-mass drivetrain.
system is usually modeled by the following first-order and second-order
systems [65,66].

�̇� (𝑡) = 𝜏−1
(

𝛽𝑟𝑒𝑓 (𝑡) − 𝛽 (𝑡)
)

[◦∕s
]

, (9a)

𝛽 (𝑡) = −2𝜁𝜔𝑛�̇� (𝑡) − 𝜔2
𝑛𝛽 (𝑡) + 𝜔

2
𝑛𝛽𝑟𝑒𝑓

(

𝑡 − 𝑡𝑑
) [◦∕s2

]

, (9b)

where 𝜁 and 𝜔𝑛 [rad∕s] denote the damping ratio and the natural
frequency of the pitch actuator model, respectively, 𝑡𝑑 represents the
communication delay to the pitch actuator in [s], and 𝜏 is the pitch
actuator time constant.

According to traditional pitch control schemes, the foregoing objec-
tives are accomplished by maintaining the generator torque constant
while the collective pitch control regulates the generator speed to
the rated value. As a baseline controller, the standard collective gain
scheduling PI controller has been broadly employed in the literature to
deal with the pitch control problem and cope with the nonlinearities
caused by the pitch actuation mechanism. However, other advanced
blade pitch control approaches have been widely investigated in the
literature to overcome the deficiencies associated with the standard
PI approach and deliver more desirable control performance, such
as fractional-order PID with extended pitch memory [13], high-order
SMC [67], MPC [68], fuzzy-based control [69], and adaptive neural
network control [70].

2.3. Drivetrain

The mechanical part of WT, namely the drivetrain, is an intricate
part comprising the low-speed shaft, high-speed generator shaft, gear-
box, mechanical coupling sections, bearings, and mechanical brakes.
The drivetrain provides the generator’s required rotational speed by
converting the high torque on the low-speed shaft to a low torque on
the high-speed shaft to be transferred to the generator unit. Various
𝑛-mass drivetrain models have been studied in the literature [71–74],
𝑛 = 1, 2,… , 6. The one-mass model is straightforward, where all the
drivetrain components are lumped together and work as a single rotat-
ing mass. Accordingly, when the focus is on the study of the interactions
between wind farms and AC grids, it can be used for the sake of time
efficiency [75]; however, due to neglecting the dynamics of the flexible
shaft, the one-mass model cannot represent the mechanical oscillations
properly and thus, may result in unstable mechanical modes [71]. In
the two-mass model, the generator and gearbox masses are lumped
together. In this model, the turbine’s low-speed mass is connected to
the high-speed mass of the generator through a flexible shaft. Thus,
this model has been found to be acceptably accurate for transient
stability studies of wind energy systems [76–78]. On the other hand,
the three-mass model is more accurate with a higher transient stability
than that of the two-mass model, but it requires more computational
effort. In this model, the blades and shaft flexibilities are considered,
where the blades are considered as a single mass element separated
from the hub by an elastic component [79]. More accurate dynamic
behavior of WT drivetrain can be achieved by increasing the number
of masses [72,80,81]. Although higher-mass models have been found
6

Fig. 4. Schematic diagram of a three-mass drivetrain.

to be more appropriate for transient stability analysis, especially dur-
ing fault conditions, they slow the simulations due to complex and
lengthy mathematical computation. Thus, for the sake of simplicity, the
lower-mass drivetrain models are mostly taken into consideration by
researchers for analyzing the transient behavior of WTs. A brief review
on dynamic models of four-, three-, two-, and one-mass are presented
in this section. The four-mass drivetrain dynamic model shown in Fig. 3
can be represented by [72]:

2𝐽𝐵�̇�𝐵 = 𝑇𝑊 −𝐾𝐵𝐻𝜃𝐵𝐻 −𝐷𝐵𝐻
(

𝜔𝐵 − 𝜔𝐻
)

−𝐷𝐵𝜔𝐵 , (10a)
2𝐽𝐻 �̇�𝐻 = 𝐾𝐵𝐻𝜃𝐵𝐻 +𝐷𝐵𝐻

(

𝜔𝐵 − 𝜔𝐻
)

− 𝐾𝐿𝑆𝜃𝐿𝑆 −𝐷𝐿𝑆
(

𝜔𝐻 − 𝜔𝐺𝐵
)

−𝐷𝐻𝜔𝐻 , (10b)
2𝐽𝐺𝐵�̇�𝐺𝐵 = 𝐾𝐿𝑆𝜃𝐿𝑆 +𝐷𝐿𝑆

(

𝜔𝐻 − 𝜔𝐺𝐵
)

−
(

𝐾𝐻𝑆𝜃𝐻𝑆 +𝐷𝐻𝑆
(

𝜔𝐺𝐵 − 𝜔𝐺
))

𝐷𝐺𝐵𝜔𝐺𝐵 , (10c)

2𝐽𝐺�̇�𝐺 = 𝐾𝐻𝑆𝜃𝐻𝑆 +𝐷𝐻𝑆
(

𝜔𝐺𝐵 − 𝜔𝐺
)

−𝐷𝐺𝜔𝐺 − 𝑇𝐺 , (10d)

�̇�𝐵𝐻 = 𝜔0
(

𝜔𝐵 − 𝜔𝐻
)

, (10e)

�̇�𝐿𝑆 = 𝜔0
(

𝜔𝐻 − 𝜔𝐺𝐵
)

, (10f)

�̇�𝐻𝑆 = 𝜔0
(

𝜔𝐺𝐵 − 𝜔𝐺
)

, (10g)

where 𝐽𝐵 , 𝐽𝐺, 𝐽𝐺𝐵 , and 𝐽𝐻 denote the blade, generator, gearbox, and
hub inertia in [kgm2], respectively; 𝐾𝐿𝑆 and 𝐾𝐻𝑆 are the low- and
high-speed shaft spring constants in [Nm∕rad], respectively, and 𝐾𝐵𝐻
[Nm∕rad] represents the blade stiffness constant. 𝜃𝐵𝐻 [°] denotes the
angle between the blade disk and the hub, 𝜃𝐿𝑆[°] is the angle between
the hub and gearbox, and 𝜃𝐻𝑆 [°] is the angle between the gearbox and
generator rotor. 𝐷𝐵 [N s∕rad] is the blade damping coefficient, and 𝐷𝐻 ,
𝐷𝐵𝐻 , 𝐷𝐿𝑆 , 𝐷𝐻𝑆 , 𝐷𝐺, and 𝐷𝐺𝐵 represent the damping coefficients of
hub, turbine, low-speed shaft, high-speed shaft, generator, and gearbox
in [Nms∕rad], respectively. 𝜔𝐵 , 𝜔𝐻 , 𝜔𝐺𝐵 , and 𝜔𝐺 respectively repre-
sent the rotational speeds of the flexible blade disk, hub, gearbox, and
generator in [rad∕s]. 𝜔0 [rad∕s] is the synchronous speed of the electri-
cal system, and 𝑇𝐺 and 𝑇𝑊 represent the generator and aerodynamic
torques in [Nm], respectively.

The three-mass drivetrain dynamic model illustrated in Fig. 4 can
be represented by [73]:

2𝐽𝐵�̇�𝐵 = 𝑇𝑊 −𝐾𝐵𝐻𝜃𝐵𝐻 −𝐷𝐵𝐻
(

𝜔𝐵 − 𝜔𝐻
)

−𝐷𝐵𝜔𝐵 , (11a)
2𝐽 �̇� = 𝐾 𝜃 +𝐷

(

𝜔 − 𝜔
)

−𝐾 𝜃
𝐻 𝐻 𝐵𝐻 𝐵𝐻 𝐵𝐻 𝐵 𝐻 𝐿𝑆 𝐿𝑆
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Fig. 5. Schematic diagram of a two-mass drivetrain.

Fig. 6. Schematic diagram of a one-mass drivetrain.

− 𝐷𝐿𝑆
(

𝜔𝐻 − 𝜔𝐺𝐵𝐺
)

−𝐷𝐻𝜔𝐻 , (11b)

2𝐽𝐺𝐵𝐺�̇�𝐺𝐵𝐺 = 𝐾𝐿𝑆𝜃𝐿𝑆 +𝐷𝐿𝑆
(

𝜔𝐻 − 𝜔𝐺𝐵𝐺
)

−𝐷𝐺𝐵𝐺𝜔𝐺𝐵𝐺 − 𝑇𝐺 , (11c)

�̇�𝐵𝐻 = 𝜔0
(

𝜔𝐵 − 𝜔𝐵𝐻
)

, (11d)

�̇�𝐿𝑆 = 𝜔0
(

𝜔𝐻 − 𝜔𝐺𝐵𝐺
)

, (11e)

where 𝐽𝐵𝐻 is the summation of blade and hub inertia, 𝐽𝐺𝐵𝐺 [kgm2]
represents the summation of gearbox and generator inertia, 𝐷𝐺𝐵𝐺
[Nms∕rad] is the gearbox and generator damping coefficient, 𝜔𝐵𝐻 and
𝜔𝐺𝐵𝐺 are the turbine rotational speed, and the summation of gearbox
and generator rotational speeds in [rad∕s], respectively.

The two-mass drivetrain dynamic model depicted in Fig. 5 can be
represented by:

2𝐽𝐵𝐻 �̇�𝐵𝐻 = 𝑇𝑊 −𝐾𝐻𝐿𝑆𝜃𝐻𝐿𝑆 −𝐷𝐻𝐿𝑆
(

𝜔𝐵𝐻 − 𝜔𝐺𝐵𝐺
)

−𝐷𝐵𝐻𝜔𝐵𝐻 ,
(12a)

2𝐽𝐺𝐵𝐺�̇�𝐺𝐵𝐺 = 𝐾𝐻𝐿𝑆𝜃𝐻𝐿𝑆 +𝐷𝐻𝐿𝑆
(

𝜔𝐵𝐻 − 𝜔𝐺𝐵𝐺
)

−𝐷𝐺𝐵𝐺𝜔𝐺𝐵𝐺 − 𝑇𝐺 ,
(12b)

�̇�𝐻𝐿𝑆 = 𝜔0
(

𝜔𝐵𝐻 − 𝜔𝐺𝐵𝐺
)

, (12c)

where 𝜃𝐻𝐿𝑆 [°] is the angle between 𝐽𝐵𝐻 and 𝐽𝐺𝐵𝐺. 𝐾𝐻𝐿𝑆 [Nm∕rad]
represents the parallel shaft stiffness, expressed as

𝐾𝐻𝐿𝑆 =

(

𝑁2
𝐺𝐵

𝐾𝐻𝑆
+ 1
𝐾𝐿𝑆

)−1

, (13)

where 𝑁𝐺𝐵 denotes the gearbox ratio.
The one-mass drivetrain dynamic model shown in Fig. 6 can be

represented by:

2𝐽𝑊 𝑇 �̇�𝑊 𝑇 = 𝑇𝑊 − 𝑇𝐺 −𝐷𝑊 𝑇𝜔𝑊 𝑇 , (14)

where 𝐽𝑊 𝑇 [kgm2] represents all the masses of rotating components,
𝜔𝑊 𝑇 [rad∕s] is the rotational speed, and 𝐷𝑊 𝑇 [Nms∕rad] denotes the
damping coefficient of the single mass.

2.4. Generators

The generator converts the mechanical wind energy into electrical
energy. Various generators have been developed for WECS, where the
7

most used ones are doubly fed induction generator (DFIG), permanent-
magnet synchronous generator (PMSG), and squirrel-cage induction
generator (SCIG) [65,82]. The DFIG has established itself as the most
commonly used generator thanks to advantages such as independent
control of active and reactive power using partial capacity converters,
low installation costs, and the flexibility to operate in both sub- and
super-synchronous speeds with the state-of-the-art improvements in
power electronic devices and corresponding controllers [83]. However,
since the stator is directly connected to the grid, DFIGs are highly
sensitive to voltage fluctuations and grid disturbances [84], in the sense
that any amount of voltage dip can lead to a sharp increase in stator
and rotor currents and damage the converters, which can result in
deterioration of WT’s energy conversion process [85]. Besides, due to
the gearbox requirement, the WT’s overall size is increased, and regular
maintenance is also necessary. On the other hand, PMSG is preferred
in offshore applications due to the self-excitation system and the elim-
ination of the gearbox, which results in reduced mechanical losses,
enhanced reliability, and lower maintenance costs. In addition, being
capable of producing higher torque at low speeds, they can provide
the maximum electric power to the grid with improved quality [86].
However, PMSGs can also be impacted by grid side voltage sag, which
can result in ripples with rising magnitude in the DC-link voltage due
to unbalanced power flow between the generator and the GSC and also
rising magnitude of the injected currents beyond the safe operating
limit of the inverter [87]. Besides, the magnets’ characteristics tend to
change when subjected to high currents or temperatures over time [88].
Similar to PMSGs, SCIGs are counted as good solutions in isolated
power systems, as they are relatively inexpensive motors and require
minimum maintenance [89].

2.4.1. DFIG
The dynamic rotor and stator currents equations of DFIG in the

synchronous 𝑑𝑞 reference frame can be expressed as follows [90]:

𝑑𝑖𝑑𝑠
𝑑𝑡

= −
𝑅𝑠
𝜎𝐿𝑠

𝑖𝑑𝑠 +

(

𝜔𝑠 +
𝜔𝑟𝐿2

𝑚
𝜎𝐿𝑠𝐿𝑟

)

𝑖𝑞𝑠 +
𝑅𝑟𝐿𝑚
𝜎𝐿𝑠𝐿𝑟

𝑖𝑑𝑟

+
𝜔𝑟𝐿𝑚
𝜎𝐿𝑠

𝑖𝑞𝑟 +
1
𝜎𝐿𝑠

𝜐𝑑𝑠 −
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
𝜐𝑑𝑟, (15a)

𝑑𝑖𝑞𝑠
𝑑𝑡

= −

(

𝜔𝑠 +
𝜔𝑟𝐿2

𝑚
𝜎𝐿𝑠𝐿𝑟

)

𝑖𝑑𝑠 −
𝑅𝑠
𝜎𝐿𝑠

𝑖𝑞𝑠 −
𝜔𝑟𝐿𝑚
𝜎𝐿𝑠

𝑖𝑑𝑟

+
𝑅𝑟𝐿𝑚
𝜎𝐿𝑠𝐿𝑟

𝑖𝑞𝑟 +
1
𝜎𝐿𝑠

𝜐𝑞𝑠 −
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
𝜐𝑞𝑟, (15b)

𝑑𝑖𝑑𝑟
𝑑𝑡

=
𝑅𝑠𝐿𝑚
𝜎𝐿𝑠𝐿𝑟

𝑖𝑑𝑠 −
𝜔𝑟𝐿𝑚
𝜎𝐿𝑟

𝑖𝑞𝑠 −
𝑅𝑟
𝜎𝐿𝑟

𝑖𝑑𝑟 +
(

𝜔𝑠 −
𝜔𝑟
𝜎

)

𝑖𝑞𝑟

−
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
𝜐𝑑𝑠 +

1
𝜎𝐿𝑟

𝜐𝑑𝑟, (15c)

𝑑𝑖𝑞𝑟
𝑑𝑡

=
𝜔𝑟𝐿𝑚
𝜎𝐿𝑟

𝑖𝑑𝑠 +
𝑅𝑠𝐿𝑚
𝜎𝐿𝑠𝐿𝑟

𝑖𝑞𝑠 −
(

𝜔𝑠 −
𝜔𝑟
𝜎

)

𝑖𝑑𝑟 −
𝑅𝑟
𝜎𝐿𝑟

𝑖𝑞𝑟

−
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
𝜐𝑞𝑠 +

1
𝜎𝐿𝑟

𝜐𝑞𝑟, (15d)

The flux equations of stator and rotor are given as

𝜓𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟, (16a)

𝜓𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟, (16b)

𝜓𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠, (16c)

𝜓𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠, (16d)

where
{

𝑖𝑑𝑠, 𝑖𝑞𝑠
}

and
{

𝑖𝑑𝑟, 𝑖𝑞𝑟
}

are the 𝑑-axis and 𝑞-axis stator and rotor
current components in [A], respectively, and

{

𝜐𝑑𝑠, 𝜐𝑞𝑠
}

and
{

𝜐𝑑𝑟, 𝜐𝑞𝑟
}

represent the 𝑑-axis and 𝑞-axis stator and rotor voltage components
in [V], respectively. 𝑅𝑠 and 𝑅𝑟 are the stator and rotor resistances in
[Ω], 𝐿𝑠, 𝐿𝑟, and 𝐿𝑚 are stator, rotor, and magnetizing inductances in
[H], respectively.

{

𝜓𝑑𝑠, 𝜓𝑞𝑠
}

and
{

𝜓𝑑𝑟, 𝜓𝑞𝑟
}

are the stator and rotor
flux components in [Wb], respectively. 𝜔 = 𝑃𝜍 and 𝜔 represent the
𝑟 𝑟 𝑠
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rotor electrical speed and synchronous frequency, respectively, where
𝜍𝑟 [rad∕s] is the rotor speed and 𝑃 is the number of pole pairs.

The electromagnetic torque 𝑇𝑒𝑚 can be expressed with stator fluxes
and currents as

𝑇𝑒𝑚 = 3𝑃
2

(

𝜓𝑑𝑠𝑖𝑞𝑠 − 𝜓𝑞𝑠𝑖𝑑𝑠
)

. (17)

Neglecting the power losses associated with the rotor, the stator and
rotor active and reactive power can be expressed as

𝑃𝑠 = −𝜐𝑑𝑠𝑖𝑑𝑠 − 𝜐𝑞𝑠𝑖𝑞𝑠, (18a)

𝑄𝑠 = −𝜐𝑞𝑠𝑖𝑑𝑠 + 𝜐𝑑𝑠𝑖𝑞𝑠, (18b)

𝑃𝑟 = −𝜐𝑑𝑟𝑖𝑑𝑟 − 𝜐𝑞𝑟𝑖𝑞𝑟, (18c)

𝑄𝑟 = −𝜐𝑞𝑟𝑖𝑑𝑟 + 𝜐𝑑𝑟𝑖𝑞𝑟. (18d)

Accordingly, the total active and reactive power of the turbine are
𝑃 = 𝑃𝑠 + 𝑃𝑟 and 𝑄 = 𝑄𝑠 + 𝑄𝑟, respectively. Positive values of 𝑃 and
𝑄 imply the power injection into the grid by the turbine, and negative
values imply power withdrawal from the grid.

Remark 1. Setting 𝜐𝑑𝑟 = 𝜐𝑞𝑟 = 0 in the DFIG dynamic model leads to
the dynamic model of the SCIG [72].

2.4.2. PMSG
The dynamic currents equations of PMSG in the synchronous 𝑑𝑞

reference frame is expressed as follows [91]:

𝑑𝑖𝑑𝑠
𝑑𝑡

= −
𝑅𝑠
𝐿𝑑

𝑖𝑑𝑠 + 𝜔𝑒
𝐿𝑞
𝐿𝑑

𝑖𝑞𝑠 +
1
𝐿𝑑

𝜐𝑑𝑠, (19a)

𝑑𝑖𝑞𝑠
𝑑𝑡

= −
𝑅𝑠
𝐿𝑞
𝑖𝑞𝑠 − 𝜔𝑒

𝐿𝑑
𝐿𝑞

𝑖𝑑𝑠 − 𝜔𝑒𝜓𝑠 +
1
𝐿𝑞
𝜐𝑞𝑠, (19b)

here,
{

𝑖𝑠𝑑 , 𝑖𝑠𝑞
}

[A] and
{

𝜐𝑠𝑑 , 𝜐𝑠𝑞
}

[V] denote the stator currents and
oltages, respectively, 𝑅𝑠 [Ω] is the stator resistance, 𝜔𝑒 [rad∕s] is
he rotor electrical angular speed, 𝐿𝑑 and 𝐿𝑞 represent the d–q axis
utual inductance [H], and 𝜑𝑠 [Wb] is the flux linkage generated by

he permanent magnets.
The stator flux equations are given as

𝑑𝑠 = 𝐿𝑑 𝑖𝑑𝑠 + 𝜓𝑚, (20a)

𝜓𝑞𝑠 = 𝐿𝑞𝑖𝑞𝑠. (20b)

The electromagnetic torque 𝑇𝑒𝑚 generated by the PMSG can be
alculated by
{

𝑇𝑒𝑚 = 3𝑃
2 𝜓𝑚𝑖𝑞𝑠 +

3𝑃
2

(

𝐿𝑑 − 𝐿𝑞
)

𝑖𝑑𝑠𝑖𝑞𝑠 if 𝐿𝑑 ≠ 𝐿𝑞
𝑇𝑒𝑚 = 3𝑃

2 𝜓𝑚𝑖𝑞𝑠 if 𝐿𝑑 = 𝐿𝑞
(21)

3. Conventional SMC for WECS

This section is devoted to study the state-of-the-art literature on con-
ventional sliding mode control of WECS. To this end, a brief overview
of the SMC method is first carried out, and then, application of conven-
tional SMC to tackle different control problems associated with WECS
is presented.

3.1. Preliminaries on SMC method

Sliding mode control is one of the most effective control methods
under high uncertainty conditions [92,93]. The sliding mode strategy
is based on the discontinuous control signal design driving the system
states toward predesigned surfaces in state space. SMC design com-
prises two steps: (i) the design of a stable sliding surface to obtain
the desired dynamics and (ii) the design of a control law that ensures
the reaching of the states to the chosen sliding surface in finite time
and staying on it. Essentially, in a system controlled by an SMC, state
dynamics consist of two modes: reaching mode and sliding mode [93].
8

In the reaching mode, the controller forces the states to reach the
sliding surface, and as all the states reach the sliding surface, the sliding
mode occurs [92]. Let us consider the nonlinear system represented by
the following state equation:

𝐱(𝑛) = 𝐟 (𝑥, 𝑡) + 𝐠 (𝑥, 𝑡) 𝑢 (𝑡) , (22)

here 𝐱 is an n-dimensional column state vector, 𝐟 and 𝐠 are n-
imensional continuous functions in 𝑥 and 𝑡 vector fields, and 𝑢 is the
ontrol input.

Generally, the time-varying sliding surface of the n-order system is
elected as follows:

(𝐱, 𝑡) = 𝐂𝑇 𝐱 =
𝑛
∑

𝑖−1
𝑐𝑖𝑥𝑖 =

𝑛−1
∑

𝑖=1
𝑐𝑖𝑥𝑖 + 𝑥𝑛, (23)

where 𝐂 =
[

𝑐1, 𝑐2,… , 𝑐𝑛−1, 1
]𝑇 should be selected so that the polynomial

p𝑛−1+ 𝑐𝑛−1p𝑛−2+⋯+ 𝑐2p+ 𝑐1 is Hurwitz, where p represents the Laplace
operator.

The control law should meet the sufficiency conditions for a sliding
mode’s existence and reachability such that 𝐒�̇� ≤ 0. The existence
of a sliding mode on the sliding surface implies stability of the sys-
tem [94,95]. For the considered system, the control input consists of
two components; a continuous component 𝑢𝑒𝑞 and a discontinuous one
𝑢𝑛 [96].

𝑢 (𝑡) = 𝑢𝑒𝑞 (𝑡) + 𝑢𝑛 (𝑡) , (24)

The continuous component ensures the system’s movement on the
sliding surface whenever the system is on the surface. This component
maintains the sliding mode and satisfies the condition �̇� = 0, resulting
in the convergence of the output to 𝐱𝑑 . On the other hand, the discon-
tinuous component is responsible for forcing the states with arbitrary
initial values toward the sliding surface in a finite time, so that the
state trajectory is attracted to the sliding surface 𝐒 (𝑥, 𝑡) = 0. It is worth
mentioning that, the discontinuous component 𝑢𝑛 normally includes
the 𝑠𝑔𝑛 (⋅) function, which causes undesirable chattering. In this con-
text, many studies use the boundary layer methods and replace the
𝑠𝑔𝑛 (⋅) function with the saturation function 𝑠𝑎𝑡 (⋅) or 𝑡𝑎𝑛ℎ (⋅) function
to restrain the chattering phenomenon. To ensure an attractive and an
invariant sliding surface, a positive definite Lyapunov function 𝑉 (𝑥) is
defined, where in order to provide the asymptotic stability about the
equilibrium point, the derivative of 𝑉 (𝑥) with respect to time must be
negative definite �̇� (𝑥) < 0.

3.2. Conventional SMC for WECS

Numerous studies with various control objectives have been carried
out using conventional SMC for WECS with different generator types.
Some of the studies are discussed in this section; however, the full sum-
mary can be found in Table 2, where the index ‘‘ex.’’ denotes that exper-
imental investigations were also carried out in the study. Accordingly,
studies are categorized based on generator types consisting of doubly
fed induction generator (DFIG), permanent-magnet synchronous gener-
ator (PMSG), and squirrel-cage induction generator (SCIG), permanent
magnet synchronous motor (PMSM), direct driven synchronous gener-
ator (DDSG), double output induction generator (DOIG), dual stator
induction generator (DSIG), simple first-order generator (SFG), and
simple second-order generator (SSG). Also, the main control objectives
pursued in each study are categorized as MPE, active power control
(APC) and reactive power control (RPC) denoting the power setpoints
tracking rather than the maximum power points, chattering reduc-
tion (CR), rotor-side (RSCV) and grid-side (GSCV) converter voltage
regulation, DC-link voltage regulation (DCVR), fault-tolerant control
(FTC), pitch angle control (PAC), load frequency control (LFC), and
mechanical stress minimization (MSM). Figs. 7 and 8 demonstrate the
percentage-based and year-based distribution of studies devoted to
SMC-based control of WECS during the past two decades, respectively.
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Table 2
Summary of conventional SMC methods applied to WECS. The index ‘‘ex.’’ indicates experimental studies.

Reference Main control objectives Generator

MPE APC RPC CR RSCV GSCV DCVR FTC PAC LFC MSM

[97–101] * DFIG
[102]𝑒𝑥. * * * * DFIG
[103,104], [105]𝑒𝑥. * * DFIG
[106] * * DFIG
[107] * * * * DFIG
[108]𝑒𝑥. * * DFIG
[109–117], [118]𝑒𝑥. * * DFIG
[119,120], [121]𝑒𝑥. * * * DFIG
[122] * * * DFIG
[123], [124]𝑒𝑥., [125]𝑒𝑥. * * * DFIG
[126] * * DFIG
[127] * * DFIG
[128,129] * * * DFIG
[84,130–133], [15]𝑒𝑥., [134]𝑒𝑥. * * * * * DFIG
[135] * DFIG

[136–141], [86]𝑒𝑥.,[142]𝑒𝑥. * PMSG
[143] * * PMSG
[144]𝑒𝑥., [88]𝑒𝑥. * * PMSG
[145–147] * * PMSG
[148] * PMSG
[149,150] * * * PMSG
[151]𝑒𝑥. * * * PMSG
[87]𝑒𝑥. * * * * PMSG
[152], [153]𝑒𝑥. * PMSG

[154] * SCIG
[155] * * SCIG
[156–158] * SCIG

[159] * * * DDSG

[160,161] * DOIG

[162] * * * DSIG

[163–166] * SFG
[167] * * SFG
[168] * * * SFG
[66,169–174] * * SFG
[175,176] * * SFG
[177] * * * SFG
[178] * SFG

[179] * SSG
[180] * * SSG
[181] * * SSG
As it is observed, compared to other SMC-based methods, the con-
ventional SMC has gained the most attention owing to its simplicities
in design and implementation procedure. However, higher-order SMC
strategies’ preferabilities among scholars have shown a growing trend
during the past few years.

3.2.1. DFIG (SMC)
Authors in [84,132] developed SMC controllers to control the DC-

link voltage, rotor-, and grid-side converters to enhance the fault ride-
through performance of DFIG-based WT, while [133] utilized a non-
linear perturbation observer-based SMC to deal with the same prob-
lem. According to the results reported, the presented control schemes
demonstrated superior performance compared to PI, conventional SMC,
conventional vector control, and feedback linearization control. In
another work [125], the authors investigated SMC’s application in FTC
of DFIG-based WECS under low voltage grid faults. As the authors re-
ported, the developed control scheme was able to effectively withstand
the balanced and unbalanced voltage dips and tracks the torque and
reactive power references.

An improved SMC controller with reduced chattering was proposed
in [103] for wind power capture maximization of a grid-connected
DFIG-based WECS under bounded uncertainties and disturbances. In
order to mitigate the chattering effects, the authors developed a control
component that delivered the minimum discontinuous action required
for effective disturbance rejection. In contrast, [104] proposed an ex-
ponential reaching law to deal with the chattering phenomenon. As
9

Fig. 7. Distribution of the total research studies devoted to SMC-based control of
WECS.

reported, the proposed approaches effectively reduced the chattering
problem and minimized the machine losses. In [119], the APC and
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Fig. 8. The number of research studies devoted to SMC-based control of WECS over
the past two decades.

RPC of a DFIG-based WT in the presence of various uncertainties was
investigated using the SMC approach. As the authors reported, although
some minor chattering still exist in the developed SMC, they can be
counted acceptable due to less tracking error and better performance
of SMC in the transient time response in terms of overshoot and settling
time compared to the 𝐻∞ robust control method.

.2.2. PMSG (SMC)
The MPE of a PMSG-based offshore WT was studied in [144], taking

dvantage of an SMC controller to ensure the voltage source converter’s
table operation in a high voltage direct current station during DC
aults. Experimental investigations were carried out, and an improved
ynamic response of the system in terms of signal quality, stability, and
esponse time of the system was reported using the proposed strategy in
omparison with conventional PI. In another study [141], the authors
ncorporated a generalized high-order disturbance observer with inte-
ral SMC (ISMC) to deal with the same problem. In the presented work,
he fast-changing uncertainties were estimated using a disturbance
bserver, while the ISMC was responsible for the rotor speed control.
omparative simulation results were provided, and as reported, by
uaranteeing less steady-state error and smaller response time, the
roposed scheme was shown to have better performance over the linear
uadratic regulator (LQR) approach. In order to recover the transient
erformance of a PMSG-based WT subjected to external disturbances,
combination of a PI-type ISMC and feedback linearization methods
as proposed in [88]. In order to reduce the chattering, the authors

eplaced the conventional signum function in the switching control law
ith 𝑠𝑎𝑡 (⋅) functions, where two design parameters were implemented

o make a trade-off between desired control and chattering reduc-
ion objectives. As reported through the experimental investigations,
he developed scheme successfully eliminated the steady-state error
nd retained the feedback linearization technique’s nominal transient
erformance.

.2.3. Other generators (SMC)
SMC-based PAC strategies were proposed in [66,173] to maximize

ower extraction of a WT with an SFG model. Authors in [66] enhanced
he SMC’s performance by applying the boundary layer method [182]
o the control law and reducing the chattering, while authors in [173]
tilized an adaptive disturbance observer to estimate the load dis-
urbance. As reported, compared to the standard PI-based baseline
ontroller, the developed control schemes demonstrated superior per-
ormance in terms of tracking error. A robust FTC approach based on
MC was proposed in [167] to optimize the wind energy captured by a
T in the low wind speed range of operation. According to the authors,

he need for a state observer could be removed by using the proposed
10

trategy. Besides, the SMC switching gain could be adapted so that the u
unmeasurable signals are compensated. Authors in [166] proposed an
augmentation of Newton Raphson wind speed estimator and an ISMC
to maximize the power capture in region II and power regulation in
region III of a variable speed variable pitch WT. The authors dealt with
the chattering problem by replacing the conventional signum function
in the switching control law with the tangent hyperbolic function
𝑡𝑎𝑛ℎ (⋅). According to the authors, in comparison with conventional
SMC, the proposed control strategy demonstrated superior performance
in terms of optimum power extraction with reduced transient load on
the drivetrain. In another study [168], an observer was utilized to
estimate the wind power system states under perturbation of nonlinear
load, and an ISMC-based load frequency controller was also developed
to reduce the frequency deviations of the overall power system.

4. Adaptive SMC for WECS

The parameters of the WECS are not always constant over time, and
the system is not exempt from parameter variations, perturbations, and
uncertainties [5,183]. Since many of these uncertainty and perturbation
bounds cannot be directly estimated, their negative impact on the SMC
controller’s robust performance is inevitable [184]. In such situations,
dynamic gain adaptation laws can be utilized to deal with uncertain
disturbances and avoid the chattering phenomenon’s incrementation
due to large switching control signals [185].

4.1. DFIG (ASMC)

Authors in [186] developed an adaptive SMC (ASMC) controller
for maximum power point tracking (MPPT) of DFIG-based WTs in
the presence of external disturbances. The authors diminished the
chattering effects and achieved finite-time convergence by selecting the
control gains using the positive semi-definite barrier function. An ASMC
scheme was developed to deal with the load mitigation problem of
WT systems [187] in the presence of system uncertainties and external
disturbances. The authors replaced the conventional 𝑠𝑔𝑛 (⋅) function

ith the saturation function 𝑠𝑎𝑡 (⋅) to suppress the chattering effects. As
he authors reported, the reachability of the sliding surface and stability
f the sliding motion was guaranteed. In [188], a variable-displacement
ump-controlled pitch system was developed to deal with flap-wise
oad fluctuations and generator power mitigation of WTs. An adaptive
liding mode pump displacement controller and a backstepping stroke
iston controller were also proposed to control the pitch system. Later,
n electro-hydraulic servo pitch system was proposed by employing
hydraulic pump-controlled hydraulic motor to enhance the pitch

ontrol efficiency [189], where, an ASMC controller was developed
o track the desired pitch angle trajectory. According to the authors,
ompared with the conventional pitch systems, the developed control
cheme has the advantages of larger power/torque to volume ratio,
etter pitch angle tracking accuracy, and higher overall efficiency due
o valve-less control.

.2. PMSG (ASMC)

In [190–192], ASMC controllers were developed to deal with the
aximum power capture problem of variable speed WTs perform-

ng in region III. In order to reduce the chattering phenomenon and
chieve a smooth pitching action, an adaption mechanism for the
pper bounds of the norm of the uncertainties was proposed in [190],
hile [191,192] introduced modified sliding surfaces. The proposed

chemes demonstrated less mechanical stress and fluctuation of genera-
or torque in comparison with the conventional SMC. Taking advantage
f the super-twisting algorithm, a robust aerodynamic torque observer
ncorporated with an ASMC control scheme was presented in [193] to
eal with the WECS power control problem in the presence of system

ncertainties and external disturbances.
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Table 3
Summary of adaptive SMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[186] MPPT Partial-load DFIG • Chattering reduced using barrier
functions
• Grid disturbances considered

• Comparisons only with PI

[187] Load mitigation Full-load DFIG • Chattering reduced by replacing 𝑠𝑔𝑛 (⋅)
with 𝑠𝑎𝑡 (⋅)
• External disturbances considered

–

[188] PAC Full-load DFIG • Load fluctuations considered • Chattering problem not tackled
• No comparisons with other controllers

[189] PAC Full-load DFIG • External disturbances and model
uncertainties considered

• Chattering problem not tackled
• Comparisons only with PI

[190] MPE, PAC Full-load PMSG • Chattering reduced using an adaption
mechanism for the upper bounds of the
uncertainties
• Uncertainties considered
• Simulation on FAST model

–

[191] MPE Full-load PMSG • External disturbances and parametric
uncertainties considered

• No comparisons provided
• Chattering problem not properly tackled

[192] MPE Full-load PMSG • Wind speed estimation using an
observer
• External disturbances and parametric
uncertainties considered

• No comparisons provided
• Chattering problem not tackled

[193] MPE Partial-load PMSG • Wind speed estimation using
higher-order observer
• External disturbances and parametric
uncertainties considered

• No comparisons provided
• Chattering problem not tackled

[194] MPE, FTC, MSM Full-load SSG • Actuator faults and model uncertainties
considered
• Chattering reduced by replacing 𝑠𝑔𝑛 (⋅)
with 𝑠𝑎𝑡 (⋅)

• No comparison with SMC-based
approaches

[195] MPE, FTC Partial-load SSG • Sensor faults estimated using an
observer
• Chattering reduced by approximating
𝑠𝑔𝑛 (⋅)

• Chattering problem not properly tackled
• No comparisons provided

[196] PAC, MPE, FTC Full-load SSG • Actuator faults estimated using SMO • Chattering problem not tackled
• No external disturbances considered
• No comparisons provided
𝑖
t
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4.3. Other generators (ASMC)

In [194], an active FTC strategy was presented to control the rotor
speed and power of a WT in the presence of actuator faults and uncer-
tainties. In this regard, the authors designed a full-order compensator
for fault and disturbance attenuation, and an adaptive output feedback
SMC with an integral surface to perform the FTC. Compared with PID
and disturbance accommodation controller, it was shown that the pro-
posed strategy demonstrated better fault-tolerant capability and more
robust behavior with fewer fluctuations and less fatigue on the rotor
speed, generator speed, output power, and drivetrain torsion angle.
Authors in [195] developed a robust fault-tolerant ASMC controller to
optimize the wind energy captured by a variable speed WT operating
at low wind speeds. The proposed method involved a robust descriptor
observer that provided a robust simultaneous estimation of states and
the unknown sensor faults and noise. In another study [196], authors
proposed a strategy for compensating the pitch actuator faults to re-
cover the nominal pitch dynamics of a WT by utilizing a PI controller
as a baseline system to achieve nominal pitch performance, along with
an adaptive step-by-step SMO as a fault compensator to eliminate the
actuator fault effects. According to the authors, the proposed control
design was able to recover the nominal pitch actuation in the presence
of low-pressure actuator faults.

Table 3 summarizes the objectives, features, advantages, and dis-
advantages of the discussed studies on ASMC approaches for WECS
control.
11

d

5. Fractional-order SMC for WECS

Fractional-calculus-based SMC controllers have shown their supe-
rior control performance compared to their integer counterparts thanks
to two main characteristics they add to the control system [197–199];
(a) more tunable parameters which lead to more degrees of freedom
to the control algorithm, and (b) the memory effect introduced by the
fractional-order (FO) differential operators [200]. Due to the distinctive
memory features of FO derivatives [201], the status on the FO sliding
surface will reach the equilibrium with faster convergence [13]. These
features have been demonstrated as reliable solutions to mitigate the
chattering problem of conventional SMCs in many practical applica-
tions [43,202–205]. A general representation of an adaptive FO-SMC
for typical systems is depicted in Fig. 9, where 0 < 𝛼 < 1 corresponds
to the FO differentiation/integration of the error signal and 𝑐𝑖 > 0,
= 1, 2,… , 5. It should be noted that, the differentiation/integration

erms may change as per the designer’s preference.

.1. DFIG (FO-SMC)

Authors in [206] designed a fractional-order adaptive terminal SMC
or both the RSC and GSC of the DFIG system. The authors developed
FO sliding surface to mitigate the chattering problem. The designed

ontroller was compared with conventional SMC and PI, and it was
educed that it exhibited the fastest transient response in terms of
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Fig. 9. The general block diagram of an adaptive FO-SMC.
ettling time and convergence of tracking errors at all test conditions.
n a similar study [207], the authors proposed an adaptive fractional
ntegral terminal SMC to control the 𝑑𝑞 axis series injected voltage of
he unified power flow controller in order to improve the transient
tability of a DFIG wind farm penetrated multi-machine power system.
aking advantage of a fractional-order terminal sliding surface, less
hattering and more robust performance of the developed control
trategy was reported in comparison with the conventional PI control
pproach. Authors in [208] proposed an active fault-tolerant nonlinear
ontrol scheme for the RSC control of a DFIG-driven WECS subjected to
odel uncertainties and rotor current sensor faults. They proposed two

ractional-order nonsingular TSMC controllers for rotor current regula-
ion and speed trajectory tracking. A control scheme was incorporated
ith a state observer to estimate the rotor current dynamics during

ensors’ faults. The chattering problem was successfully attenuated,
nd fast finite-time convergence of system states was guaranteed. As
eported, the developed active FTC desirable outperformed the FO-SMC
echnique in terms of speed and power tracking performance under
aulty situations.

Using robust FO-SMC controllers with continuous control laws and
ctive state observers to estimate and compensate the uncertainties and
isturbances, authors in [209] investigated the MPPT control problem
f DFIG-based WECS. Later, a similar methodology was developed for
C-link voltage regulation and transient stability enhancement of DFIG-
ased WECS [203]. The authors proposed a nonlinear smooth sliding
urface to alleviate the chattering phenomenon, where the provided
imulation investigations validated the effectiveness of the developed
pproach. In another study [210], the authors used a robust perturba-
ion observer to design an FO-SMC in order to extract the maximum
ower and improve the fault ride-through capability. They substituted
he 𝑠𝑔𝑛 (⋅) function in the switching control law with 𝑠𝑎𝑡 (⋅) function to
inimize the chattering. In addition, the multi-objective grasshopper

ptimization algorithm was implemented to optimize the controller
arameters in [210]. Comparative investigations were carried out and
s reported, the proposed controller demonstrated better fault-tolerant
erformance compared to perturbation observer-based SO-SMC and
imple SO-SMC. An FO-SMC based on feedback linearization technique
as proposed in [211] to mitigate sub-synchronous control interaction

n DFIG-based wind farms under various operating conditions. The au-
hors proposed a fractional sliding surface along with the 𝑠𝑎𝑡 (⋅) function

to alleviate the chattering. The proposed control strategy was com-
pared with conventional vector control, feedback linearization SMC,
and high-order SMC, where, faster subsynchronous control interaction
damping performance was reported.

5.2. PMSG (FO-SMC)

Authors in [212] developed two gravitational search algorithm
(GSA) -optimized FO-SMC methods for PMSG to enhance its output
power quality. One was proposed to control the rotor-side 𝑑𝑞 axis
12
currents in the machine side converter, and the other one was pro-
posed to regulate the output voltage and the DC-link voltage of the
GSC. They proposed a fractional-calculus-based sliding surface to en-
hance the convergence speed and reduce the chattering. However,
as the reported comparative investigations with conventional SMC
and PI controllers have shown, despite the better tracking precision
and stronger robustness against parametric disturbances, some slight
chattering still remained with the proposed control scheme. A non-
linear FO-SMC scheme to improve the power production efficiency of
a 5-phase PMSG-based WECS was proposed in [213]. The provided
comparative investigations with SMC revealed that the proposed non-
linear FO sliding surface with fractional integration and differentiation
components effectively reduced the chattering phenomenon, yielding
superior power production over SMC and PI approaches.

5.3. Other generators (FO-SMC)

Some studies have investigated other types of generators and mo-
tors, such as PMSM. As an example, as shown in Fig. 10 [214], an
FO-SMC and a minimum order load torque observer was developed
for the high-accuracy speed regulation of PMSM in WT based on a
speed regulating differential mechanism. In this figure, 𝑖𝑞 = 𝑖𝑞𝑠,1 + 𝑖𝑞𝑠,2
represents the control law, �̂�𝐿 is the observed load torque, 𝜔𝑠 is the
reference rotor speed of PMSM, and 𝑘𝑡 is the torque constant. Compar-
ative experimental results under operating conditions of changing wind
speeds was carried out and as reported, the proposed FO-SMC with
load torque observer could effectively eliminate undesirable chattering
effect and provide better control performance in terms of state error
minimization.

FO-SMC [204,215] and fractional-order backstepping SMC [216]
were proposed to improve the variable speed WT’s efficiency at a
below-rated wind speed. Although the existence of the 𝑠𝑔𝑛 (⋅) func-
tion in the switching control law could impose some chattering, the
proposed FO sliding surfaces could effectively decrease the chattering
and enhance the controllers’ performance. The proposed controllers
were compared with their integer-order modes, and better external
disturbance rejection and power extraction were reported. Authors
in [217] presented an FO-SMC controller with dual sequence decom-
position technique to enhance the grid-connected wind farm’s dynamic
performance with distribution static synchronous compensator (D-
STATCOM) by eliminating the oscillations of the active and reactive
powers exchanged between the wind generator and the grid. The
authors proposed an FO sliding surface to mitigate the chattering. As
reported, the proposed control strategy reduced the torque oscillations,
and the fatigue on the turbine shaft and the gearbox was diminished.

Table 4 summarizes the objectives, features, advantages, and dis-
advantages of the discussed studies on FO-SMC approaches for WECS
control.
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Table 4
Summary of fractional-order SMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[203] DCVR, FTC Full-load DFIG • Chattering reduced using FO sliding
surface
• Grid faults considered
• Matched and mismatched disturbances
estimated using an observer

• No comparisons provided

[206] RSC, GSC Full-load DFIG • Chattering reduced using FO terminal
sliding surface
• Model uncertainties considered

• Wind speed too smooth (not realistic)

[207] APC Full-load DFIG • Chattering reduced using adaptive FO
integral terminal sliding surface
• Three-phase short-circuit fault
considered as disturbance

• Chattering reduction not completely
investigated
• Comparison only with PI

[208] FTC, APC, RPC Partial-load DFIG • Chattering reduced using adaptive FO
integral terminal sliding surface (with
full investigation)
• Finite-time convergence ensured
• Rotor current sensor faults and model
uncertainties considered
• Rotor dynamics estimated using an
observer

–

[209] MPPT, APC Full-load DFIG • Chattering reduced using adaptive FO
sliding surface (with full investigation)
• Finite-time convergence ensured
• Rotor dynamics estimated using an
observer

• Comparison only with PI

[210] MPE, FTC Full-load DFIG • Chattering reduced by replacing 𝑠𝑔𝑛 (⋅)
with 𝑠𝑎𝑡 (⋅)
• Perturbation observer estimated model
uncertainties
• FO-SMC parameters tuned using
Grasshopper algorithm

• Chattering reduction was not achieved using
FO surface, but by replacement of 𝑠𝑔𝑛 (⋅) with
𝑠𝑎𝑡 (⋅)

[212] MPE, DCVR Full-load PMSG • Chattering reduced using adaptive FO
sliding surface
• External disturbances considered

• Chattering problem not properly tackled
compared to SMC

[213] MPE Full-load PMSG • Chattering reduced using FO sliding
surface

• External disturbances not considered
• Chattering problem not properly tackled

[204] MPE, FTC Partial-load SSG • Chattering mitigated using FO terminal
sliding surface
• Finite-time convergence ensured
• Actuator faults considered

–

[214] MPE Partial & Full-load PMSM • Chattering reduced using FO sliding
surface
• Grid load fluctuations considered
• Load torque estimated using an
observer

–

[215] MPE Partial-load SSG • Chattering reduced using FO sliding
surface
• Finite-time convergence ensured
• External disturbances and unmodeled
dynamics considered

• Chattering problem not properly tackled

[217] APC, RPC Full-load SSG • Torque oscillations reduced and the
fatigue on the turbine shaft and the
gearbox was diminished

• The chattering problem not investigated
• Finite-time convergence not investigated
• No comparisons provided
6. Higher-order SMC for WECS

Despite the conventional SMCs that only consider the first-order
derivative of the systems, higher-order SMCs (HO-SMCs) consider
higher-order derivatives with respect to time. As a result, the sliding
variable and its consecutive derivatives tend to zero in finite time with
higher stabilization accuracy, the undesired effects of the chattering
phenomenon are mitigated, and the control system is more robust
against uncertainties and disturbances [218–220]. In the following sub-
sections, HO-SMC control of WECS are categorized into three groups;
13
(a) the SO-SMC, including the general SO-SMC and the super-twisting
SMC (ST-SMC), which is a type of SO-SMC developed for systems
with relative degree one to avoid the chattering in the main control
loop [221], (b) the terminal SMC (TSMC) with remarkable merits in-
cluding fast and finite-time convergence [222], well-proven chattering
reduction property [223,224], and strong robustness against system
uncertainties and unmodeled dynamics [225], and (c) some other HO-
SMC methods. Fig. 11 demonstrates the year-based distribution of
studies devoted to SO-SMC and TSMC based control schemes for DFIG
and PMSG based WECS during the past two decades.
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Fig. 10. The block diagram of the developed FO-SMC with load torque observer [214].

Fig. 11. The distribution of studies on SO-SMC and TSMC control of DFIG and PMSG
based WECS over the past two decades.

A general representation of an adaptive ST-SMC for typical systems
is illustrated in Fig. 12. It is worth mentioning that the sliding sur-
face’s design can be changed as per the designer’s preference. Hence,
Fig. 12 shows an integer-order conventional sliding surface, while other
types of sliding surfaces (such as fractional-order, fuzzy, etc.) can be
embedded.

6.1. Second-order SMC

In this section, the state-or-the-art literature of SO-SMC controllers
used for different control problems of WECS is presented. The ST-SMC
which is a type of SO-SMC [226,227] is also considered along with the
general SO-SMC.

6.1.1. DFIG (SO-SMC)
Authors in [228] designed a fault-tolerant SO-SMC for MPPT control

of a DFIG-based 1.5 MW three-blade WT subjected to external dis-
turbances and unmodeled dynamics, while later in [229], the authors
developed another SO-SMC controller to deal with the same problem in
the presence of unbalanced voltage sags and grid frequency variations.
Owing to utilizing higher-order sliding modes in both studies, the
chattering were efficaciously mitigated. The comparative performance
verifications in both works were provided, and superior fault ride-
through performance of the proposed schemes were reported. In a
similar study, an adaptive SO-SMC strategy was developed to maximize
the captured energy and reduce the mechanical stress on the shaft of a
WECS in the presence of model uncertainties, parameter variations, and
external perturbations [230]. The authors added a tuning parameter
to the control law, allowing better behavior of the controlled system
in terms of chattering elimination. Another adaptive SO-SMC control
scheme was also investigated based on appropriate receding horizon
adaptation time windows for DFIG-based WECS [231]. The authors
14

L

added adaptive parameters to the control law to alleviate the chatter-
ing, where, as reported, the proposed method enhanced the adaptation
strategy’s reactivity against fast varying uncertainties with significantly
reduced chattering.

Authors in [232,233] developed SO-SMC controllers for the grid
synchronization and power control of 7MW DFIG-based WT in order to
allow the WT to operate under distorted and unbalanced grid voltages.
Both studies used the super-twisting (ST) algorithm to mitigate the
chattering effect and achieve the desired dynamic performance. As
the authors reported, the proposed control strategies demonstrated
satisfactory robustness against parameter deviations and disturbances.
Aiming at the active power maximization of a DFIG-based WT in region
II, as well as applying power limitations in region III, SO-SMC strategies
were presented in [234,235]. In order to guarantee the minimum
chattering behavior of the control action, authors in [234] presented an
augmentation of the classic ST algorithm with the conventional SMC.
In contrast, authors in [235] applied a modified ST algorithm with
variable gains, which allows a wider range of operation with a smooth
control action. According to the reported simulation and experimental
results, both methods maintained desirable performances in terms of
power maximization and minimum induced mechanical extra stress on
the drivetrain.

A coordinated SO-SMC was developed in [236] for grid synchroniza-
tion and power optimization of a DFIG-based WECS. To maximize the
captured wind energy, voltage regulation according to the grid require-
ments, and optimal tracking of the rotor speed, the authors utilized the
ST algorithm. A reaching law was also proposed to accelerate the reach-
ing speed, and the WT stator voltage was controlled to synchronize with
the grid voltage without employing the current control loop. Fig. 13
depicts the control structure investigated in the study, where 𝑖𝑟,𝑑𝑞 is
he rotor current in 𝑑𝑞 frame, 𝑈𝑔,𝑑𝑞 and 𝑈𝑟,𝑑𝑞 represent grid and rotor
oltages in 𝑑𝑞 frame, and 𝑈𝑠,𝑎𝑏𝑐 and 𝑈𝑠,𝑑𝑞 denote the stator voltages in
𝑏𝑐 and 𝑑𝑞 frames, respectively. As the authors reported, the proposed
ontrol scheme outperformed the conventional SMC in the presence of
arameter perturbations.

In [237], a control strategy based on the augmentation of a power
anagement supervisor for MPE and ST-SO-SMC for active and reactive

oad power control of standalone hybrid wind energy with battery
nergy storage system was developed. As the authors reported, the
hattering problem was effectively handled using the ST algorithm.
urthermore, in comparison with conventional PI, the proposed control
trategy demonstrated enhanced power quality of the installed load in
he presence of sudden load uncertainties and external perturbations.
n [238], by considering the energy stored in the turbine inertia,
n inertial power-based perturb-and-observe third-order ST-SMC was
roposed for MPPT control of WTs. Simulation and experimental com-
arisons were carried out, where as reported, the proposed scheme
ncreased the MPPT efficiency for the step and ramp variations of the
ind speed compared to the conventional SMC. In another study [239],

he authors implemented the strategy of oriented grid flux vector
ontrol and developed an ST-SMC controller for APC and RPC of
FIG-based WECS, while in contrast, authors in [240] investigated

he performance comparison of the backstepping SMC method and
he ST-SMC for the same problem in hand. Both studies used the
T algorithm to reduce the chattering effect caused by the control
witching; however, as the authors in [240] reported, the backstep-
ing control method demonstrated better robustness against parametric
ncertainties in comparison with the developed ST-SMC.

Authors in [241] developed a multiple-input/multiple-output
MIMO) ST-SO-SMC controller for stator reactive power regulation and
PE of grid-connected DFIG-based WECS operating in region II. As

eported, taking advantage of the ST algorithm, the proposed control
cheme delivered a desirable MPE performance with minimum chat-
ering. Later in [242,243], the authors dealt with the same problem
y proposing ST-SO-SMC schemes and utilizing the quadratic form

yapunov function method to guarantee the finite-time stabilization
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Fig. 12. The general block diagram of an adaptive ST-SMC.
Fig. 13. The block diagram of the developed HO-SMC based control scheme with the
SMC-based observer [236].

and determine the ST-SO-SMC parameters. Advantaging from the ST al-
gorithm, reduced chattering phenomenon and higher sliding precision
were reported. Both control schemes were compared with previously
presented conventional methods, and their superiorities and robustness
against uncertainties and external disturbances were validated. Authors
in [244] proposed an SMO-based ST-SMC control scheme for MPE
of DFIG-based WTs subjected to uncertainties. The ST-based torque
observer was implemented to estimate the wind speed variations.
They used the ST algorithm to alleviate the chattering phenomenon.
Simulations and experimental investigations were conducted, where as
reported, the proposed scheme maintained the MPE objective under
system uncertainties and wind speed variations.

By employing the ST algorithm in the controller design to cope
with the chattering phenomenon, authors in [245] proposed a SO-
SMC-based direct power control strategy for DFIG-based WT operating
under unbalanced grid voltage conditions. In similar studies, authors
in [246,247] proposed augmentations of ST sliding mode disturbance
observer with SO-SMC. Comparisons with conventional methods were
also provided, and the proposed strategies’ better performance in terms
of power quality improvement and maintaining constant power output
under non-ideal grid conditions were reported. More studies can be
found in [248,249].

6.1.2. PMSG (SO-SMC)
Authors in [250] proposed an augmentation of FLC and SO-SMC

to extract the maximum wind power in a hybrid system consisting of a
PMSG-based variable speed WT and batteries as energy storage system.
To attenuate the grid current harmonics and achieve a smooth regu-
lation of grid active and reactive powers quantities, another SO-SMC
was developed, and its performance in terms of grid power disturbances
mitigation and maximum power extraction was reported in comparison
with conventional SMC. In an experimental investigation [251], a
15
control scheme based on a SO-SMC and the disturbed single input–
single output error model to control the generator and the grid-sides
of a variable speed experimental WECS driven by the OPAL-RT real-
time simulator was proposed. According to the authors, the proposed
second-order sliding surface efficiently mitigated the chattering, and
hence, the developed control scheme effectively controlled the genera-
tor speed and DC-link voltage in the presence of unknown disturbances,
parametric variations, and uncertainties.

A two-stage cascade structured control strategy for a grid-connected
2 MW gearless PMSG-based WECS was proposed in [252]. The authors
designed a second-order sliding surface to mitigate the chattering, re-
sulting in a SO-SMC control scheme that simultaneously minimized the
resistive losses into the generator and regulated the active and reactive
powers delivered to the grid. The proposed scheme’s robustness against
unmodeled dynamics, external disturbances, and three-phase voltage
dips was studied. As reported, the proposed control scheme guaranteed
the finite-time convergence and alleviated the chattering problem. A
comparative study of SO-SMC and conventional SMC through robust
control of PMSG-based WECS in the presence of external disturbances
was also presented in [253]. The system was connected to the grid
through a resistor–inductor filter, and the chattering problem of SMC
was reported to be attenuated in the SO-SMC by utilizing the ST
algorithm. More studies can be found in [254–259].

Table 5 summarizes the objectives, features, advantages, and dis-
advantages of the above-discussed SO-SMC designs for WECS control.

6.2. Terminal SMC

Remarkable merits of TSMC controllers including fast and finite-
time convergence [222], reduced chattering [208,223,260], and strong
robustness against system uncertainties and unmodeled dynamics [225,
261] have encouraged many scholars to investigate its performance
in the control problem designs for WECS. Accordingly, this section
provides an overview of the published literature in this area.

6.2.1. DFIG (TSMC)
Authors in [262] dealt with the control problem of DFIG-based

WECS subjected to diverse and challenging situations by developing a
higher-order SMC. They utilized a fast adaptive TSMC with a nonlinear
sliding surface to mitigate the chattering phenomenon. According to
the authors, the proposed controller illustrated more robustness toward
external disturbances and wind speed variations than the conventional
PI and feedback linearization methods. In other studies, the authors de-
veloped incorporations of a TSMC and higher-order SMO [263], fuzzy
TSMC controller with a fuzzy adaptive observer [264], and FO-TSMC
controller [265] to control the active power of DFIG-based WT and mit-
igate the chattering phenomenon. As reported, in terms of steady-state
tracking error and high control precision, the overall control schemes
demonstrated superior performance over the conventional methods in
the presence of external disturbances and unmodeled generator and

turbine dynamics.
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Table 5
Summary of SO-SMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[229] MPE Full-load DFIG • Unbalanced voltage sags and grid
frequency variations considered

• Chattering reduction not investigated
• No comparisons provided

[230] MPE, MSM Full-load DFIG • Chattering reduced using adaptive
ST-SMC with variable gain
• External disturbances and parameter
uncertainties considered

• Chattering reduction not completely
investigated
• No comparisons provided

[231] MPE Partial-load DFIG • Chattering reduced using adaptive
SO-SMC with variable gain
• Fast varying disturbances considered

• No comparisons provided

[232,233] APC, Grid
synchronization

Full-load DFIG • Chattering reduced using adaptive
ST-SMC
• Unbalanced grid voltages considered
• Experimental investigations provided

• Chattering reduction not completely
investigated
• No comparisons provided

[234] MPE Full-load DFIG • Chattering reduced using ST-SMC
• Experimental investigations provided
• External disturbances and unmodeled
dynamics considered

• Chattering reduction not completely
investigated
• No comparisons provided

[235] MPE, MSM Full-load DFIG • Chattering reduced using adaptive
ST-SMC with variable gain
• External disturbances considered

• Chattering reduction not completely
investigated
• No comparisons provided

[236] MPE, Grid
synchronization

Partial-load DFIG • Chattering reduced using adaptive
ST-SMC
• Parameter perturbations estimated
using an observer

• Wind speed too smooth (not realistic)

[238] MPE Full-load DFIG • Chattering reduced using third-order
ST-SMC
• External perturbations estimated using
an observer
• Experimental investigations provided

• Wind speed too smooth (not realistic)

[242,243] MPE, RPC Partial-load DFIG • Chattering reduced using adaptive
ST-SMC
• External disturbances considered

• Wind speed too smooth (not realistic)
• Chattering reduction not completely
investigated

[244] MPE Full-load DFIG • Chattering reduced using adaptive
ST-SMC
• SMO estimated the wind speed
variations
• Experimental investigations provided

• Wind speed too smooth (not realistic)
• Comparison only with PID (no
advanced method)

[245] APC, RPC Full-load DFIG • Chattering reduced using ST-SMC
• Unbalanced grid voltages considered
• Experimental investigations provided

–

[250] MPE, APC, RPC Full-load PMSG • FLC augmented with ST-SMC to reduce
chattering
• Grid disturbances considered

–

[251] GSC, RSC, DCVR Full-load PMSG • Chattering reduced using ST-SMC
• External disturbances and parametric
uncertainties considered
• Experimental investigations provided

• Chattering reduction not completely
investigated
• No comparisons provided

[252] APC, RPC, FTC Full-load PMSG • Chattering reduced using SO-SMC
• External disturbances and unmodeled
dynamics considered

• Chattering reduction not completely
investigated
• No comparisons provided

[257] MPE Partial-load PMSM • A disturbance observer estimated the
lumped uncertainties
• Experimental investigations provided

• Wind speed too smooth (not realistic)
• Chattering reduction not investigated
Authors in [266] proposed an integral TSMC approach to enhance
he power quality of WTs in the presence of uncertainties, parameter
ariations, and severe voltage sag conditions. However, although the
hattering was reduced in the developed control scheme compared
o the conventional SMC, the existence of a 𝑠𝑔𝑛 (⋅) function in the

control law had led to an undesirable chattering problem. Accordingly,
later, the same authors proposed an FLC-based auto-tuned integral
16
TSMC [83] to simultaneously deal with the power quality enhancement
of WTs and chattering elimination. As reported, the chattering was
effectively mitigated. Compared to the conventional SMC, the superior-
ities of the proposed control scheme in terms of active power, currents,
DC-link voltage, and electromagnetic torque quality were revealed.
Active power enhancement and stability improvement of a DFIG-
based wind farm was investigated by developing a third-order TSMC
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control scheme [267]. According to the authors, taking advantage of
the terminal sliding surface, the chattering problem was mitigated; and
hence, the proposed scheme maintained better synchronism between all
generators in the multi-machine system for both fixed and chaotic wind
profiles compared with the conventional PI.

Authors in [268] proposed an adaptive TSMC for APC and RPC
of the rotor-side and the grid-side converters in a DFIG-based WT.
The proposed strategy utilized the abc frame of reference, and its gain
parameters were defined dynamic, depending on the absolute value
of the respective sliding surfaces. The authors proposed a nonlinear
terminal sliding surface to reduce chattering. However, some slight
chattering remained due to the existence of the discontinuous 𝑠𝑔𝑛 (⋅)
unction in the switching law. Alternatively, they replaced the 𝑠𝑔𝑛 (⋅)
unction with 𝑡𝑎𝑛ℎ (⋅) function to overcome the issue and attenuate the
hattering. The effectiveness of the proposed scheme for the WT control
as investigated in a multi-machine environment in the presence of

witching faults, reference tracking, and wind speed variations.

.2.2. PMSG (TSMC)
The three-phase GSC control problem of variable speed PMSG-

ased WECS was investigated in [269]. The authors proposed two
ntegral-type TSMC controllers with attenuated chattering to control
he active and reactive powers exchanged between the converter and
he grid. In order to reduce the chattering, they used integrators to
often the switching signals and generate continuous control signals.
xperimental investigations were carried out and the performance
f the proposed control strategy in terms of control energy wastage
eduction and robustness against matched and unmatched parametric
ncertainties was reported. In [270], an augmentation of NTSMC with
soft-switching SMO was proposed to deal with the control problem

f remotely located PMSG-based photovoltaic-wind hybrid systems.
ccording to the experimental results reported by the authors, the
hattering problem was effectively alleviated, and the incorporation of
he NTSMC-based speed controller with the proposed observer-based
isturbance rejection method guaranteed the robustness against model
ncertainties and external disturbances.

.2.3. Other generators (TSMC)
A fault-tolerant FO nonsingular TSMC strategy was proposed

n [204] for MPE of WTs subjected to actuator faults. The design
as based on an FO nonsingular terminal sliding surface to guaran-

ee the fast convergence speed of system states and simultaneously
uppresses chattering. According to the authors, the proposed scheme
emonstrated superior power production performance over the SO-SMC
nd conventional SMC approaches in fault-free and faulty situations.
uthors in [271] proposed a composite control strategy for the MPE
f WT systems operating in region II; the incorporation of a second-
rder fast TSMC and SMC with PID-based sliding surface. According
o the authors, the chattering problem and mechanical loads were
educed utilizing the PID-based SMC, whilst the TSMC extracted the
aximum wind power and guaranteed the fast finite-time convergence.
s reported, the proposed control scheme demonstrated superior per-

ormance compared to indirect speed control, the nonlinear static state
eedback control, the nonlinear dynamic state feedback control, and the
irst-order SMC in the presence of parametric uncertainties, external
isturbances, and unmodeled dynamics.

Maximum power capture [272] and pitch angle control [67] prob-
ems of variable speed WTs were investigated by developing adaptive
onsingular TSMC controllers. Authors in [272] substituted the signum
unction in the switching control law with 𝑡𝑎𝑛ℎ (⋅) to reduce the chatter-
ng, while authors in [67] proposed a fractional-based sliding surface
o deal with this phenomenon. As reported, the proposed schemes
utperformed conventional methods in terms of robustness against
nput disturbances and parametric uncertainties.

Table 6 summarizes the objectives, features, advantages, and
isadvantages of the above-discussed TSMC approaches for WECS
17

ontrol. t
6.3. Other HO-SMC

Apart from WECS applications of SO-SMC, ST-SO-SMC, and TSMC,
other HO-SMC approaches have also been investigated in the literature,
which will be reviewed in this section.

6.3.1. DFIG (other HO-SMC)
In [273,274], the maximum wind energy capture of a 1.5MW WT

was investigated. The authors proposed adaptive neuro-fuzzy inference
system (ANFIS)—based wind speed estimators, and augmentations of
the HO-SMC based observer and feedback linearization [273] and SO-
SMC [274] were developed to track the rotor speed. Both studies
considered the derivation of generator torque as a virtual control func-
tion to avoid the chattering phenomenon. Comparative investigations
were conducted and the superiorities of the proposed methods in terms
of power extraction and load mitigation in comparison with the indirect
speed control and quasi-continuous SMC methods were reported.

6.3.2. Other generators (other HO-SMC)
Authors in [275] proposed non-homogeneous quasi-continuous HO-

SMC to deal with simultaneous MPE and mechanical load reduction
problem for variable speed WTs. They also incorporated a wind speed
estimator with a sliding mode output feedback torque controller to
ensure the achievement of optimal rotor speed. On the other hand,
authors in [276] dealt with the same problem by developing a quasi-
sliding mode control approach. They introduced an auxiliary sliding
variable with a positive tunable constant to attenuate the chattering.
As reported, compared with conventional SMC, the proposed control
scheme alleviated the chattering phenomenon while guaranteeing ro-
bustness against parametric uncertainties, external disturbances, and
unmodeled dynamics. In another study [277], the authors developed
a quasi-continuous SMC to deal with the pitch control problem of WTs.
However, although a superior performance of the developed control
scheme than that of PI was reported, the chattering problem still
existed with the controller. Hence, they replaced the 𝑠𝑔𝑛 (⋅) function in
he control law with 𝑠𝑎𝑡 (⋅) function to mitigate the chattering effects.
he incorporation of aerodynamic torque observer and HO-SMC was
eveloped in [278] to deal with the control problem of variable speed
T working in regions II and III. Due to the proposed second-order

MO with the controller, no chattering in the rotor speed was reported.
he proposed control strategy was reported effective in terms of power
egulation and robustness against parametric uncertainties.

. Fuzzy SMC for WECS

The estimation of the system’s parameter uncertainties increases
he adjustability of the switching gain of SMC, leading to chatter-
ng attenuation and controller’s robustness attainment [279]. Since
uzzy inference systems (FIS) can approximate unknown continuous
unctions without any requirement for prior knowledge of parametric
ncertainties and external disturbances bounds, they have been widely
sed together with SMCs in practical applications [280–282]. Also, FIS
ave been utilized as the reaching control to replace the discontinuous
witching control law and smooth the SMC’s control signal; however,
hey cannot precisely drive the sliding surface to zero and thus cannot
nsure an ideal sliding motion [283]. A general representation of an
daptive Fuzzy-SMC (F-SMC) for typical systems is depicted in Fig. 14.
he fuzzifier block converts the signal values into fuzzy linguistic
alues, and the fuzzy interface mechanism adaptively determines the
ontrol action based on the fuzzy rules. The control signal is then trans-
erred to the system using the defuzzifier block. It is worth mentioning
hat the sliding surface’s design is as per the designer’s preference and

he system’s dynamics.
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Table 6
Summary of TSMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[262] APC, RPC Partial & Full-load DFIG • Chattering reduced using fast adaptive
TSMC
• External disturbances and wind
variations considered

• Comparison only with PI (no advanced
method)

[265] MPE Partial-load DFIG • Chattering reduced using ST-FO-TSMC
• External disturbances and unmodeled
dynamics considered

• Comparison only with PI (no advanced
method)
• Not good chattering mitigation
performance

[266] APC, FTC Full-load DFIG • Chattering reduced using integral
TSMC
• Parameter variations and grid voltage
sag considered

• Not good chattering mitigation
performance

[267] APC, FTC Full-load DFIG • Chattering reduced using TSMC
• Short circuit fault considered

• Comparison only with PI (no advanced
method)

[83] APC, FTC Full-load DFIG • Chattering reduced using FLC-based
integral TSMC
• External disturbances and unmodeled
dynamics estimated using SMO

–

[269] APC, RPC Full-load PMSG • Chattering reduced using integral
TSMC
• Matched and unmatched parameter
uncertainties considered
• Experimental investigations provided

• No comparisons provided

[270] MPE, APC, FTC Partial & Full-load PMSG • Chattering reduced using TSMC
• External disturbances estimated using
SMO
• Experimental investigations provided

• No comparisons provided

[271] MPE, MSM Partial-load SSG • Chattering reduced using SO-TSMC
• External disturbances and parametric
uncertainties considered

• Chattering reduction not completely
investigated

[67] PAC Full-load SSG • Chattering reduced using adaptive
FO-TSMC
• External disturbances and parametric
uncertainties considered

• Chattering reduction not completely
investigated
• No comparisons provided
Fig. 14. The general block diagram of an adaptive fuzzy SMC.
7.1. DFIG (F-SMC)

An optimal F-SMC for DFIG-based WT was proposed [284] to
achieve the MPE with zero stator reactive power regulation. To this
end, the FIS was deployed to avoid the undesirable chattering phe-
nomenon in SMC, and a combination of particle swarm optimization
(PSO) and GSA was proposed to tune the control parameters optimally.
An adaptive F-SMC was designed for MPE of a variable speed adjustable
pitch DFIG-based WT [285]. The authors incorporated an adaptive
fuzzy-based weight with the SMC to reduce the chattering effects.
Compared to the conventional SMC and PID controllers, the authors
18
reported that their controller performs better with respect to parameter
variations and load disturbances. Later, authors in [286,287] devel-
oped adaptive fuzzy ISMC controllers to deal with the same problem
as [285]. Similar to [285], the authors used fuzzy gain adjustment pro-
cedures to adaptively tune the weighting parameters in the switching
control law, and reduce the chattering. In addition, authors in [286]
proposed a modified Newton–Raphson estimator for precise estimation
of effective wind speed, and as a result, more robustness of the proposed
strategy was reported in the presence of input torque disturbance,
compared to conventional SMC and ISMC. In a similar study [288],
an SMC with fuzzy switching gain adjustment was developed to tackle
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Fig. 15. The block diagram of the developed F-SMC-based MPPT control strategy
in [289].

the MPE control problem. The authors changed the 𝑠𝑔𝑛 (⋅) function
in the switching control law with 𝑡𝑎𝑛ℎ (⋅) function to deal with the
chattering problem. However, although the designed control system
demonstrated exemplary performance in the presence of disturbances
and uncertainties, they were not as satisfactory as [286].

7.2. PMSG (F-SMC)

In [289], a fuzzy integral sliding mode current control strategy
was proposed to extract the maximum wind power and high-order
voltage harmonics mitigation for a direct-driven WECS. The fuzzy logic
generator was employed to derive the peak power points based on the
variations of measured DC-side voltage and current, while the integral
SMC was to track the peak power points. The proposed MPPT control
strategy is shown in Fig. 15, where the changes of DC-side current and
voltage over a sampling period and the changes of optimum DC-side
current are chosen as the input and output variables, respectively. Here,
𝛥𝐼𝑑𝑐 and 𝛥𝑉𝑑𝑐 represent the DC-side current and voltage variations, re-
spectively, 𝑉𝑑𝑐 [𝑘], 𝐼𝑑𝑐 [𝑘], 𝑉𝑑𝑐 [𝑘 − 1], and 𝐼𝑑𝑐 [𝑘 − 1] denote the DC-side
voltage and current at the sampling instants 𝑘 and 𝑘− 1, respectively.

Taking advantage of the Takagi–Sugeno (TS) fuzzy model, a distur-
bance observer-based integral F-SMC with diminished chattering was
designed in [290] for MPE of a PMSG-based WTs. The asymptotic sta-
bility of the control system with 𝐻∞ was derived in terms of the linear
matrix inequality format, and the reachability of the sliding surface was
derived based on the Lyapunov function. In a similar study [291], the
authors developed an F-SMC for WECS control, combined with a non-
linear disturbance observer for estimation of aerodynamic torque and
angular shaft speed reference. They embedded a fuzzy-based variable
switching gain scheme with the controller to mitigate the chatter-
ing. In [292], a passivity-based fuzzy ISMC for PMSG-based WECS
was investigated. The authors developed a fuzzy-based sliding surface
to alleviate the undesirable chattering effects. They used the double
orthogonal complement and Frobenius theorem to present the fuzzy
sliding surface’s existence condition. Also, by constructing the proper
Lyapunov function, the system’s asymptotic stability was achieved.

7.3. Other generators (F-SMC)

An F-SMC control strategy was developed for MPPT control of a
PMSM motor in [293], while later, authors in [294] designed an SMC
combined with a type-2 fuzzy PID for MPPT of a variable speed WT.
They replaced the sliding surface with a type-2 fuzzy PID surface to
reduce the chattering phenomenon. Compared with the conventional
SMC, better performance of the proposed control strategy in terms
of better chattering reduction and robustness against large paramet-
ric uncertainties was reported. Authors in [295] proposed an F-SMC
19
controller for wound-field synchronous generator-based variable-speed
WECS in order to maximize the power extracted from the WT. The
FIS was used for on-line adjustment of the switching gains, while a
fast sigmoid function with a variable boundary layer was proposed to
reduce the chattering phenomenon. An actuator faults diagnosis and
FTC approach for WTs with a hydrostatic transmission was presented
in [296] by incorporating a TS fuzzy system and an SMO. According
to the authors, the TS observer maintained the sliding motion on
the surface with reduced chattering. As reported, in the presence of
actuator faults, the proposed FTC yielded similar results to that of the
fault-free case.

Table 7 summarizes the objectives, features, advantages, and
disadvantages of the discussed F-SMC designs for WECS control.

8. Neural network-based SMC for WECS

One of the main drawbacks of conventional SMC and HO-SMC
controllers in practical applications is the requirement to know the
parameter variations and external disturbances; information that is
frequently not known in practice. Thus, designers often choose it as a
conservatively large value, which results in considerably large control
inputs, chattering occurrence, and also higher power consumption
of the system. As an alternative, neural network (NN) -based con-
trol strategies have been used to approximate the uncertainties and
disturbances along with their bounds [297–299].

8.1. DFIG (NN-SMC)

Authors in [300,301] presented real-time discrete sliding mode
field-oriented controllers for the MPE problem of grid-connected DFIG-
based WT systems in both balanced and unbalanced grid conditions.
The proposed schemes were augmented with a recurrent high-order NN
estimator for DC-link and DFIG mathematical models approximation.
Simulation [301] and experimental [300] investigations on a 1∕4 HP
DFIG prototype in the presence of external disturbances and unknown
dynamics were carried out. In comparison with the conventional PI
and SMC methods, the merits of the proposed studies with regards
to reference tracking, robustness to parameter variations, and sensi-
tivity to speed changes were reported. Authors in [302] developed a
robust predictor neural SMC scheme for DFIG-based WT systems in the
presence of parameter variations and external disturbances. In order
to suppress the chattering, the authors used 𝑡𝑎𝑛ℎ (⋅) within the sliding
surface. As reported, the higher-order NN identifier, which was trained
on-line using an extended Kalman filter, was effectively augmented
with the SMC strategy and successfully compensated the measurement
delay in stator and rotor current.

8.2. PMSG (NN-SMC)

In [303,304], the MPE problem of PMSG-based WECS was inves-
tigated using a radial basis function neural network (RBFNN)-based
SMC approach. The perturbation boundaries and full system states
were assumed to be unknown, where, according to the authors, due
to synthesizing a real-time dynamic learning law, the presented con-
trol scheme demonstrated superior performance in terms of chattering
reduction and optimum generated power in comparison with SO-SMC.
The block diagram of the control scheme investigated in [303] is
illustrated in Fig. 16, where the RBFNN is used to identify the uncertain
WT dynamics, and an online update algorithm is derived to update the
weights of the RBFNN.

Generalized global SMC controllers incorporated with a feed-
forward NN to estimate the nonlinear drift terms and input chan-
nels [305] and support vector machine NN to mitigate the chat-
tering [306] were investigated to deal with the MPPT problem of
PMSG-based WT systems. Authors in [305] compared the proposed
strategy with the feedback linearized control approach, where bet-
ter performance was exhibited in the presence of wind speed and
parametric variations.
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Table 7
Summary of F-SMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[284] MPE Partial-load DFIG • Chattering reduced using F-SMC
• Controller parameters tuned by PSO
and GSA
• External disturbances and parametric
uncertainties considered

• Chattering reduction not completely
investigated
• No comparisons provided

[286] MPE Partial-load DFIG • Chattering reduced using adaptive
integral F-SMC
• Wind speed estimated using
Newton–Raphson estimator
• Input disturbances considered

• Chattering reduction not completely
investigated
• No comparisons provided

[287] MPE Partial-load DFIG • Chattering reduced using adaptive
integral F-SMC

• Chattering reduction not completely
investigated
• No disturbances or uncertainties
considered
• No comparisons provided

[288] MPE Partial-load DFIG • External disturbances and parametric
uncertainties considered

• Implementation of F-SMC failed to
mitigate the chattering problem. Authors
replaced 𝑠𝑔𝑛 (⋅) with 𝑠𝑎𝑡 (⋅) to deal with
the chattering

[289] MPE, DCVR Partial-load PMSG • Chattering reduced using F-SMC
• Voltage harmonics at the generator
side eliminated

• No disturbances or uncertainties
considered
• Comparison only with PI (no advanced
method)

[290] MPE Partial-load PMSG • MPE achieved using a F-SMC
• External disturbances estimated using a
fuzzy-based disturbance observer

• No investigation on chattering
mitigation provided

[291] MPE Partial-load PMSG • Chattering reduced using F-SMC
• Aerodynamic torque estimated using a
nonlinear disturbance observer

• No comparisons provided

[292] MPE Partial-load PMSG • Chattering reduced using integral
F-SMC
• External disturbances considered

• No comparisons provided

[296] FTC Partial-load SSG • Chattering reduced using F-SMC
• SMO estimated the actuator faults

• Chattering not investigated
• No comparisons provided
Fig. 16. Block diagram of the developed RBFNN-based SMC approach for maximum
power capture in [303].

8.3. Other generators (NN-SMC)

In [307], a radial fuzzy wavelet NN was proposed and incorpo-
rated with SMC for a switched reluctance generator of variable speed
WECS. The proposed strategy utilized the hill-climb searching, and
as the authors reported, compared to the conventional PI and fuzzy
control methods, it achieved faster convergence to MPPT. By assuming
unknown system states and perturbations boundaries, incorporations of
RBFNN with ISMC were investigated for MPE of SFG-based [308] and
self-excited induction generator (SEIG) [309] WT systems. In order to
20
mitigate the chattering effects, authors in [308] substituted the 𝑠𝑔𝑛 (⋅)
function in the control law with 𝑠𝑎𝑡 (⋅) function, while authors in [309]
used the RBFNN to adaptively tune the switching gain. Optimal NN-
SMC control schemes were also investigated for variable speed WECS
using adaptive PSO [310] and genetic algorithm [311]. Although both
NN-SMCs were reported with reduced chattering, authors in [310]
replaced the 𝑠𝑔𝑛 (⋅) function with 𝑠𝑎𝑡 (⋅) function in the control law
to achieve better results. According to the authors, utilization of
evolutionary optimization algorithms have effectively enhanced the
trajectory tracking performance of NN-SMC controllers.

Table 8 summarizes the objectives, features, advantages, and dis-
advantages of the discussed studies on NN-SMC approaches for WECS
control.

9. Conclusion and future trends

This paper provided a comprehensive review of the state-of-the-art
studies on SMC-based control strategies for WECS control are provided.
According to the literature, regardless of the well-known performance
of conventional SMC in practical applications, it still exhibits some
weaknesses in delivering the desired performance when it comes to
WECS control, especially when the WT deals with various faults, param-
eter uncertainties, and external disturbances. In this regard, different
modifications have been developed in the literature to mitigate the
chattering problem, increase the convergence speed, achieve better
tracking precision, and prevent unnecessarily large control signals from
being produced in order to overcome the parametric uncertainties.
Considering the reviewed studies, the advantages and drawbacks of
SMC-based control strategies and their performance in dealing with
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Table 8
Summary of NN-SMC approaches for WECS control.

Work Objectives Operating region Generator Advantages Disadvantages

[300] APC, RPC Full-load DFIG • Balanced and unbalanced grid
conditions considered
• Recurrent high-order NN estimator
used for DC-link voltage approximation
• Experimental investigations provided
• External disturbances and unknown
dynamics considered

• Chattering problem not investigated

[302] APC, RPC Full-load DFIG • Chattering reduced by replacing 𝑠𝑔𝑛 (⋅)
with 𝑡𝑎𝑛ℎ (⋅)
• NN-SMC predictor compensated the
current measurement delays
• Parameter variations and external
disturbances considered

• No comparisons provided

[303] MPE Partial-load PMSG • RBFNN compensated the external
disturbances
• RBFNN augmented with integral SMC

• Comparison with only PI (no advance
method)

[305] MPE Partial-load PMSG • Chattering reduced using integral-type
sliding surface
• Feed-forward NN used to estimate the
nonlinear drift terms

• Not good chattering mitigation
• No comparison with advanced methods

[309] MPE Partial-load SCIG • Chattering reduced by augmentation of
RBFNN with integral SMC
• RBFNN compensated the external
disturbances

• Chattering problem not investigated
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various WECS control objectives have been investigated. Accordingly,
it was revealed that advanced SMC-based controllers could be counted
as highly reliable strategies capable of improving the power generation
of WECS by mitigating the undesirable effects of faults, disturbances,
and parameter variations.

A comparative study of the advantages and disadvantages of the dis-
cussed modified SMCs for WECS control is illustrated in Table 9. As the
simplest common modification on SMC, some studies have substituted
the 𝑠𝑔𝑛 (⋅) function in the conventional SMC’s sliding surface with 𝑠𝑎𝑡 (⋅)
r 𝑡𝑎𝑛ℎ (⋅) to reduce the undesirable chattering effects. Few studies have
mployed reaching laws to achieve a faster convergence rate in finite
ime. Since the amplitude of chattering depends on the magnitude of
ontrol, decreasing the amplitude of the discontinuous control leads
o chattering reduction. However, it can result in the undesirable sys-
em’s transient response degradation. Hence, the reaching law approach
rovides a trade-off by decreasing the amplitude of the discontinuous
ontrol when the system states are near the sliding surface (to reduce
he chattering) and increasing the amplitude when the system states are
ar from the sliding surface. On the other hand, fuzzy-based and neural
etworks-based SMCs have successfully overcome the conventional and
imple modified SMCs with reduced chattering, effective disturbance
ejection, and superior control performance. However, despite their
hattering reduction and superior control performance compared to
onventional SMCs, they cannot ensure an ideal sliding motion and
equire more data to deliver the desired performance, demanding fur-
her improvements in the control structure. In this respect, higher-order
nd fractional-order SMCs have successfully established themselves as
esirable alternatives with outstanding performance and superiorities
ver other SMC-based approaches in terms of ensured fast finite-time
onvergence, mitigated chattering, robustness against external distur-
ances and model uncertainties, and higher control precision. However,
espite the novelties presented in each method, more developments are
et to be done to achieve better control performances. Accordingly,
onsidering the reviewed studies and methods, augmentation of HO-
MCs and FO-SMCs with fuzzy and neural networks can deliver even
etter control performances, tackling the deficiencies of SMCs in terms
f robustness against external disturbance, unmodeled dynamics, and
arametric uncertainties.

Though achieving the desired WECS control performance does not
21

ntirely depend on the developed controller structure. Proper tuning of u
he controller parameters and appropriate and realistic WECS modeling
lso plays a critical role in the performance validation of the devel-
ped control schemes. Furthermore, the controller parameters are often
recomputed offline by trial-and-error, thus preventing them from
onsistently deliver the best performance, especially for WECS with
arying operating conditions. Hence, optimal tuning procedures using
ptimization algorithms and adaptive soft computing-based methods
uch as fuzzy, neural networks, and learning approaches can result
n more precise parameters, and lead to better control performances.
urthermore, barrier function (BF) -based SMC approaches have proven
heir remarkable performance in forcing the state trajectories to con-
erge to a predefined neighborhood of zero in finite time without
nowing the upper bound of disturbances [312,313]. The BF-based
MC approaches have been found to deliver effective approximations
f the external disturbances, yielding a more stable closed-loop system.
ccordingly, considering the WECS exposure to various disturbances,

ncorporating BFs with other modified SMCs can yield even better
erformances; an open research area that is still to be investigated
hrough WECS control.

On the other hand, despite the remarkable performance of SMCs
n dealing with WECS control problems, these model-based method-
logies require a priori knowledge of the system. The importance of
his issue will be even more salient when the WECS is dealing with
aults and external disturbances, which are utterly inevitable in WECS.
ccordingly, as the first solution, various observers can be employed
ith the SMC-based controllers to deal with the faults. However, only
% of the discussed studies have utilized observers, which demands
ore investigations in this field. Moreover, data-driven methods can

erve as efficient ways to attain control objectives, as they do not
ely on the mathematical model of the system and depend merely
n the input/output (I/O) data. As subsets of data-driven approaches,
einforcement learning and deep learning methods can be incorporated
ith SMCs. However, artificial neural networks that are deep learning
lgorithms have already been implemented with SMCs and have shown
heir capabilities to increase the controller’s performance. It is worth
oting that deep learning methods learn from a training set and then
pply the learning to a new data set, while reinforcement learning
pproaches dynamically learn by adjusting actions based on contin-
ous feedback from the system. Accordingly, reinforcement learning
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Table 9
Comparative study of the most-investigated modified SMCs for WECSs control.

Method Advantages (over approaches in the parenthesis) Disadvantages

Simple modified SMC (replacing
𝑠𝑔𝑛 (⋅) with 𝑠𝑎𝑡 (⋅) or 𝑡𝑎𝑛ℎ (⋅), using
exponential reaching law),
Section 3

• Reduced chattering (SMC)
• Better control performance (SMC)
• Less steady-state error (SMC)

• The chattering is reduced but not much
• Relatively large control signal
• Singularity problem in practical
implementations

Adaptive SMC, Section 4 • Reduced chattering (SMC)
• Better disturbance rejection (SMC)
• Less steady-state error (SMC)

• The chattering is reduced but not much
• Relatively large control signal (less
than SMC)

Fractional SMC, Section 5 • Mitigated chattering (SMC, ASMC, SO-SMC,
Terminal-SMC, Fuzzy-SMC, NN-SMC)
• Ensured finite-time convergence of the states
• More robustness against external disturbances,
unmodeled dynamics, and parametric uncertainties (SMC,
ASMC, SO-SMC)
• Faster convergence speed (SMC, ASMC, SO-SMC,
Fuzzy-SMC, NN-SMC)
• More tunable parameters, leading to more precision
• Less steady-state error (SMC, ASMC, SO-SMC,
Fuzzy-SMC, NN-SMC)

• Complex mathematical computation

Second-order SMC and
Super-twisting SMC, Section 6.1

• Reduced chattering (SMC, ASMC)
• Ensured finite-time convergence of the states
• More robustness against external disturbances and
uncertainties (SMC, ASMC)
• Faster convergence speed (SMC, ASMC, Fuzzy-SMC,
NN-SMC)
• Less steady-state error (SMC, ASMC)

• Complex mathematical computation
(less than FO-SMC)

Terminal SMC and Nonsingular
TSMC, Section 6.2

• Mitigated chattering (SMC, ASMC, SO-SMC, Fuzzy-SMC,
NN-SMC)
• Ensured finite-time convergence of the states
• More robustness against external disturbances,
unmodeled dynamics, and parametric uncertainties (SMC,
ASMC, SO-SMC)
• Faster convergence speed (SMC, ASMC, SO-SMC,
Fractional-SMC, Fuzzy-SMC, NN-SMC)
• Less steady-state error (SMC, ASMC, SO-SMC,
Fuzzy-SMC, NN-SMC)
• FTSMC can resolve the singularity problem (SMC,
ASMC)

• Complex mathematical computation
(less than FO-SMC)

Fuzzy SMC, Section 7 • Reduced chattering (SMC, ASMC, SO-SMC)
• More robustness against external disturbances,
unmodeled dynamics, and parametric uncertainties (SMC,
ASMC, SO-SMC)
• Adaptive control performance
• Faster convergence speed (SMC, ASMC)
• Less steady-state error (SMC, ASMC)

• Cannot ensure an ideal sliding motion
• The convergence speed is less than
HO-SMC and FO-SMC approaches
• Requires more data

Neural Network SMC, Section 8 • Reduced chattering (SMC, ASMC, SO-SMC)
• More robustness against external disturbances,
unmodeled dynamics, and parametric uncertainties (SMC,
ASMC, SO-SMC, HO-SMC)
• Adaptive control performance
• Faster convergence speed (SMC, ASMC)
• Less steady-state error (SMC, ASMC)

• The convergence speed is less than
HO-SMC and FO-SMC approaches
• Requires more training data
approaches can be a more efficient breakthrough to enhance the SMC-
based controllers’ performance in dealing with WECS control problems
with varying operating conditions.

In contrast, data-driven approaches perform real-time analytics,
learning, and decision making based on a massive amount of data,
including various sets of sensor data, information about the surround-
ing environment and weather conditions, and wind speed estimations.
Hence, having access to powerful processing resources to run predictive
or learning methods can effectively enhance the data processing, reduce
the computational burden, and eventually improve the controller’s
performance. This opens a new window to the cloud-based (internet
of things) data-driven sliding mode control of wind energy conversion
systems, which is welcomed to be investigated in the future.
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