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ABSTRACT Effective control of the generator’s shaft speed will ensure maximum power is captured from
the wind turbines. However, the parameters of the wind energy conversion system (WECS)-based generators,
including stator resistance and inductance, could change over time due to power loss, winding degradation,
or core saturation. These parametric uncertainties affect the performance of the designed controllers.
Although the slidingmode controllers (SMCs) are robust tomatched uncertainties, the unmatched parametric
uncertainties were not effectively compensated for by the SMC. This study investigated the performance of
the SMC and super-twisting SMC (ST-SMC) under unmatched uncertainties using variable wind speed.
Initially, the controllers were designed with the nominal parameters of the WECS-based permanent magnet
synchronous generator (PMSG). Then, the values of the stator resistance and inductance were changed
without changing the control design to test the robustness of the controllers to unmatched uncertainties.
Finally, the uncertainties were estimated by the disturbance observer and incorporated into the controllers as a
compensation mechanism. The controllers were designed using the synthetic wind profile and validated with
the real-wind data. The transient and overall response of the controllers were analyzed using mean-absolute
error (MAE) and root-mean-square error (RMSE) of the shaft speed tracking. The results demonstrated
that the uncertainty compensation-based SMC/ST-SMC approach provides satisfactory shaft speed tracking
performance even under parametric uncertainties.

INDEX TERMS Disturbance observer, wind speed estimation, sliding mode control (SMC), uncertainties,
wind energy conversion system (WECS).

I. INTRODUCTION
Using fossil fuels for power generation has increased air
pollution and led to global warming. This is obvious since
about 25% of the world’s population who reside in remote
communities rely on fossil fuels to meet their energy
needs. This emphasizes the need for cleaner alternate energy
sources. One practical and most affordable solution for
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the increasing demand for clean energy is using renewable
energy sources [1], [2]. As a sustainable alternative to
conventional energy sources, renewable energy schemes such
as hydro, solar, biomass, and wind, which are character-
ized by pollution-free features, are increasingly gaining
popularity [3].
Due to its simple installation, ease of mobility, and envi-

ronmental friendliness, wind energy, which is in abundance,
is one of the fastest-growing and sought-after renewable
energy sources. Wind energy can be harnessed by converting
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wind-induced mechanical energy from the rotating blade into
electricity via generators. Based on the recent global wind
report [4], in 2022 alone, the new wind farm installations,
including offshore and onshore, have reached 77.6 GW. This
is a notable increase of 53% from the 50.7 GW reported
in 2018. Consequently, this notable surge underscores the
growing need and widespread application of wind power
generation scale globally. However, to optimally utilize
the generated power, the existing standalone and isolated
power wind farms need to be integrated with the grid.
Remarkably, the grid-forming schemes have also been the
focus of many researchers [5], [6], [7], [8]. Nonetheless,
to have efficient integration of the wind farms, it is
essential to have advanced control that is robust enough
to eliminate the impact of frequency mismatch, harmonic
distortions, and instability from the transient conditions,
among others. Hence, Selvam et al. [9] presented a dis-
tribution static compensator (DSTATCOM) for the power
distribution of WECS, which minimizes harmonic distortion
and stabilizes the grid’s varying parameters. Valladares et al.
[10] investigated the possibilities of integrating the wind
energy conversion system (WECS) with the grid using the
hardware in the loop (HIL) configuration. The study demon-
strated successful integration with effective DC link voltage
stabilization.

Furthermore, the successful design, routine maintenance,
and effective control of the energy conversion equipment
are critical to the effective harnessing of electrical energy
from the wind. Thus, to extract the maximum power
from the wind, advanced control is necessary [11]. The
WECS [12], [13], [14], [15], [16] is the most commonly used
component for wind energy production. Thus, its control,
which is the focus of this study, is crucial. In addition,
it is worth noting that at each time interval when the
wind profile varies, an optimal point exists where the
turbine captures the maximum power. Interestingly, the rotor
voltage of the generator can be regulated to extract this
maximum power [17]. Conversely, the control of the WECS
is difficult due to its parametric uncertainties and inherent
nonlinearities. In this regard, a reliable and robust control
scheme is essential for achieving the best performance of
the WECS.

Remarkably, over the years, the study on WECS has
garnered substantial consideration from scholars in numerous
institutes and organizations around the world. Generally,
doubly fed induction generators (DFIGs) and permanent
magnet synchronous generators (PMSGs) are the most
popular generators for the WECS application. The detailed
performance analysis using different control approaches for
the DFIG-based WECS was presented in [18]. For instance,
using higher-order SMC, Mousavi et al. [19] employed
an observer to compensate for the sensor faults associated
with the DFIG. An adaptive fault-tolerant using SMC was
presented for the DFIG-basedWECS in [20]. Rauth et al. [21]
proposed a sensorless control of DFIG-basedWECS for start-
up and grid integration.

Although DFIG is widely used for wind power generation,
the PMSG, which is the focus of this study, has advantages
over the DFIG. For instance, the PMSG can be used with
full-scale converters, which allows for flexible, far-reaching
control of the wind generator’s power output. Its gearless
configuration allows direct-drive operation, which reduces
maintenance costs and improves efficiency. Another essential
feature is that it operates at lower speeds, making it suitable
for variable-speed wind turbines, and allows maximum
power to be captured from varying wind profiles [22], [23].
However, in reality, the wind varies over a short period, and
thus, the torque generated by the wind on the wind turbine’s
blade will change accordingly.

Recently, advancements in nonlinear control have empha-
sized the integration of disturbance observers (DOB) with
SMC for enhanced robustness and tracking performance. For
instance, Yang et al. [24] proposed an adaptive super-twisting
SMC combined with an extended state observer for hydraulic
systems, achieving asymptotic stability and chattering-free
operation. Similarly, Yang et al. [25] introduced aDOB-based
command-filtered control framework for uncertain nonlin-
ear systems for handling mismatched disturbances while
avoiding computational complexity. The torque generated by
the wind can be estimated using DOBs, and subsequently,
information on the corresponding reference speed of the
generator is provided for optimal capture of the wind
power.

In [26], a Takagi-Sugano fuzzy logic-based integral SMC
was designed to estimate torque disturbance and control the
WECS. Torchani et al. [27] presented a proportional-integral
(PI) SMC by incorporating the effects of shaft stiffness into
the PMSG dynamics using the mass-spring-damper concept.
However, the study highlighted that the PI scheme affects the
SMC’s performance primarily due to nonlinearities. In [28],
a robust finite time integral SMC for MPPT of the WECS
in a standalone configuration. In related work, Zhang et al.
[29] designed a super-twisting SMC technique combined
with a time-varying two-time scale DOB, simplifying the
traditional cascade control into a single-loop structure.
Elsewhere, Zhang et al. [30] introduced a hybrid reach-
ing law-based SMC with a time-varying nonlinear DOB,
which effectively balances chattering reduction and fast
convergence. The method demonstrated enhanced robustness
against parameter uncertainties and external disturbances.
Advancing this trend, Wang et al. [31] developed a model-
free SMC strategy integrated with a finite-time generalized
proportional integral observer, eliminating the dependency
on motor parameters compared to conventional model-based
methods.

As briefly highlighted above, the SMC has been a popular
choice for the control WECS due to its applicability to
linear and nonlinear systems, robustness to disturbances, and
finite-time convergence, among others [32]. Nonetheless,
the SMC is known for its chattering effect due to the
discontinuous sign function, adversely affecting the actu-
ators in practice. Interestingly, this phenomenon has been
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FIGURE 1. The conversion of wind into electrical energy using a (PMSG).
The blue highlighted section is the focus of this study, which includes
wind speed and aerodynamic torque estimation, parametric uncertainty
estimation and compensation, and shaft speed control for optimal power
harnessing.

extensively minimized by improving the design of the SMC
through many approaches to WECS [33]. Nonetheless, the
impact of unmatched parametric uncertainties still hinders the
performance of the SMC.

The paper’s content is divided into seven sections.
The motivation and contribution of the work have been
comprehensively highlighted in Section II. Section III briefly
describes the maximum power point tracking (MPPT)
and mathematical modeling of the PMSG-based WECS.
Section IV presents the control design and the corresponding
parametric uncertainty estimation techniques. Section V
presents the stability assessment of the complete control
system. Section VI presents the simulation results and
analysis. Finally, Section VII discusses the conclusion of the
whole study.

II. MOTIVATION AND CONTRIBUTION
As illustrated in Fig. I, the effective conversion of wind
energy to electrical energy depends on the maximum power
that can be harnessed from the wind at each instant. Multiple
methods for maximum power point tracking (MPPT) exist,
including extreme search [34], power signal feedback [35],
and optimal gradient method [36], among others. Although
these methods have been applied for the WECS, their
complex computation, sensor delay, and cost limit their
applications [34]. Another method is the use of tip-speed-
ratio to achieve the MPPT, which depends on the torque
generated by the wind energy on the turbine blades. However,
calculating the torque is challenging, considering the varying
nature of the wind. Therefore, the concept of disturbance
observer is employed to estimate the aerodynamic torque
in real-time using the generator’s shaft speed information.
In this regard, the shaft speed control is crucial and requires
advanced controllers. However, since the WECS is highly
nonlinear and prone to the influence of uncertainties, the
control must be robust enough to reject the associated
disturbances and uncertainties.

As highlighted in the introduction section, the SMC
is a popular control for the WECS. One notable feature
of the SMC is its robustness to matched disturbance.
However, the unmatched disturbances that affect the system
dynamics are not directly related to the control signal

and, thus, were not satisfactorily rejected by the SMC.
For machines (motors/generators), the stator inductance and
resistance change over time due to various factors such
as properties of the materials, operation conditions, and
environmental factors. Typically, heat is dissipated when
the machine operates over a long period due to power
losses in the winding. The heat increases the temperature
of the stator winding and, in turn, increases the resistance.
In other cases, the insulation could degrade due to corrosion
or mechanical stress, leading to high stator resistance.
On the other hand, the degradation of the windings or the
saturation of the magnetic core leads to a reduction of
inductance.

In this study, the unmatched disturbances associated with
parameters of the PMSG-based WECS were estimated using
a disturbance observer for better compensation by the SMC.
In addition, the aerodynamic torque is estimated using the
higher-order exponential disturbance observer and incorpo-
rated into the MPPT algorithm. Moreover, a super-twisting
SMC is designed to assess its robustness to uncertainties
compared to the traditional SMC. Different wind profiles
were used for a comprehensive analysis of the control
schemes. The summary of the contribution of the paper can
be summarized as follows:

1) Unlike the study by Chakri et al. [37], which uses
an anemometer to measure the wind speed, this study
uses aerodynamic torque observers, which provide
sensorless estimation of the wind profile without the
need for wind speed sensors (e.g., anemometer). This
approach removes the cost of wind speed sensors and
reduces the need for maintenance. It also provides
faster and more accurate wind speed estimation in
real-time for better MPPT and efficient shaft speed
control.

2) In [38], [39], and [40], the authors estimated the
uncertainties associated with WECS using a high-
order observer (HODO) and compensated by a linear
quadratic regulator (LQR). In this study, uncertainty
estimation using an exponential DOB offers better
estimation, and the shaft speed tracking performance
was assessed using three different scenarios. The
designed ST-SMC was investigated without uncer-
tainties (nominal), with uncertainties (without com-
pensation), and with uncertainties (with compensa-
tion). These cases allow the compensation mechanism
and the robustness of the designed control scheme
to be comprehensively analyzed under parametric
uncertainties.

3) Previous studies generally used a single wind profile
or even a fixed wind speed for the control design and
analysis. This study used a synthetic wind profile for
the control design and validated it with real-wind data.
The results demonstrated that the ST-SMC approach
can be successfully applied for shaft speed tracking
even under the influence of parametric uncertainties
and varying wind profiles.
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FIGURE 2. The relationship between power coefficient, Cp, and
tip-speed-ratio, λ for different turbine pitch angle, β.

III. MAXIMUM POWER POINT TRACKING (MPPT) AND
MODELING OF WIND TURBINE
This section presents the summarized dynamic model of
the PMSG-based WECS presented in [41], [42], [43], [44],
and [45].

A. MODELLING OF WIND TURBINE (WT) AND PMSG
Generally, the wind that acts on the wind turbine generates
an aerodynamic power (Pw) as expressed in the following
formulation [41]:

Pw(t) =
1
2
ρπR2TCp(λ, β)v

3 (1)

where v denotes the wind speed, Cp(λ, β) denotes the power
coefficient of the WT, which describes the amount of wind
power to be harnessed on the turbine blade’s pitch angle
(β) and the tip-speed ratio (λ). RT denotes the radius of the
turbine, and ρ denotes the density of air (wind).
Although Pw represents a proportional relationship, the

Cp(λ, β) is generally experimentally determined based on the
λ and β of the WT and is generally provided by the WT’s
manufacturer. It was investigated that for different β, there
exists optimal, λ where the Cp(λ, β) is maximum. This can
be illustrated in Fig. 2 using the following formulation [42]:

Cp(λ, β) = 0.5
(
116
KC

− 0.4β − 5
)
e
−

(
21
KC

)
;

1
KC

=

(
1

λ+ 0.088β

)
−

(
0.035
β3 + 1

) (2)

Furthermore, the angular speed of the turbine (ωT) is
related to λ and v in the following relation [42]:

λ =
ωT

v
RT (3)

Then, the optimal reference turbine’s shaft speed (ωref) can
be derived from (3) as [38]:

ωref =
λopt

RT
v (4)

where λopt is the optimal tip-slip-ratio at the point where the
coefficient Cp(λ, β) is maximum (see Fig. 2). On the other
hand, the aerodynamic torque (Ta) that causes the turbine to
rotate is related to the speed, ωT, and the power, Pw, as [43]:

Ta(t) =
Pw(t)
ωT (t)

=
1
2
ρπR3TCq(λ, β)v

2 (5)

TABLE 1. Parameters of PMSG-based WECS.

Then, where the torque coefficient Cq = Cp(λ, β)/ λ.
In addition, the PMSGs are proven to have high efficiency
and stability compared to other types of generators, as re-
affirmed by the comparative analysis conducted in [44]. Thus,
the PMSG-based WECS of (6) presented in [45] is adopted
in this study, where KT = 3MψP/2. The parameters of the
system are tabulated in Table 1.

dω(t)
dt

= −
CV
EJ
ω(t) −

1
EJ
Te(t) +

1
EJ
Ta(t)

dTe(t)
dt

= −
SR
SL
Te(t) − NPKTω(t)id (t)

−
MψNPKT

SL
ω(t) +

KT
SL

Vq(t)

did (t)
dt

= −
SR
SL
id (t) +

NP
KT
ω(t)Te(t) +

1
SL
Vd (t)

(6)

B. PROBLEM DESCRIPTION
The main objective of this study is to control the angular
speed of the generator effectively so that the wind turbine
can harness the maximum wind energy. However, since the
WECS is highly nonlinear and prone to the influence of
uncertainties, the control must be robust enough to reject
the associated disturbances and uncertainties. Therefore,
considering the problem formulation of (6), the following
assumptions were made before designing the controllers:

i. The shaft speed, ω(t), d-axis current, id (t), and
electromagnetic, Te(t) are the state variables i.e., they
are accessible and could be measured with sensors.

ii. The aerodynamic parameters, v(t) and Ta(t), cannot
be easily and accurately measured in real-time. Thus,
they will be considered unavailable, and the dynamic
disturbance observers will be designed to estimate
them.

iii. The unmatched parametric uncertainties cannot be
directly measured. Hence, the total uncertainties are
considered a lumped disturbance to be estimated by the
dynamic DOBs.

It is worth noting that a separate observer will be designed
for the torque, Ta(t), and the uncertainties affecting Vq(t)
and Vd(t) control signals, respectively. In each case, the
higher-order estimators would be considered due to their
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improved estimation accuracy compared to the zero-order
estimators.

IV. CONTROL DESIGN AND UNCERTAINTY ESTIMATION
In this section, the continuous super-twisting SMC (ST-
SMC) was designed and compared with the traditional
discontinuous SMC for shaft speed tracking and the current
regulation. Three cases of the control structure would
be investigated based on the ability of the control to
reject or compensate for the uncertainties associated with
the WECS.

A. DESIGN OF SUPER-TWISTING SMC (ST-SMC)
In SMC design, the sliding surface, which depends on the
tracking path or regulation, is pre-defined. Herein, the ω(t)
tracking error (εi) and the id (t) regulator (εc) are defined as:{

εω(t) = ωref (t) − ω(t)
εi(t) = id (t) − iref (t)

(7)

However, since the current is required to be regulated at
zero for a surface-mounted PMSG, the iref(t) = 0. Then, the
sliding surfaces for both theω(t) and id(t) are defined as Zω(t)
and Zi(t), respectively, to ensure asymptotic convergence of
the speed tracking and current regulation as:{

Zω(t) = ηsεω(t) + ε̇ω(t)
Zi(t) = ηi

(
id (t) − iref

)
; iref = 0

(8)

where ηs and ηi are the convergence gains, which define
the tracking and regulation convergence speed, respectively.
Also, since the sliding surface is expected to converge as
time, t → ∞, the speed error dynamics of (8) can be
represented as:

ε̇ω(t) + ηsεω(t) = 0 (9)

Theorem 1. Equation (9) is a first-order homogeneous
differential equation with a solution of (10). Thus, it is
obvious that depending on the magnitude ηs, the sliding
surface Zω(t) will approach zero exponentially. Further-
more, a maximum convergence error exists at the initial
tracking process i.e., t = t(0), which exponentially decays
to zero:

ε̇ω(t) = εω(t0)e−ηst ⇒ |εω|max = |εω (t0)| (10)

Also, as the main objective of this study is to assess the
effectiveness of the controller under parametric uncertainties,
three cases of the control action were investigated as follows:
i) Case 1: Without uncertainties
In this scenario, the control design will be analyzed

using the plant’s nominal values, which will allow the
exact behavior of the control system to be studied without
any uncertainty. Thus, this case will demonstrate the best
performance of the control and will serve as the benchmark
for the analysis. Thus, the derivative of the sliding surfaces

of (8) can be expressed as:

Żω(t) = ηsε̇ω(t) + ε̈ω(t)
= ω̈ref (t) + ηsω̇ref (t) −9Aω(t) −9BṪa(t)
−9CTe(t) −9Dω(t)id (t) +9ETa(t) +9FVq(t);

Żi(t) = ηi

(
−
SR
EL

id (t) +
NP
KT
ω(t)Te(t) +

1
EL

Vd (t)
)
(11)

where the constant parameters9A,9B,9C,9D,9E, and9F
are defined for convenience of the formulation as follows as:

9A =

(
CV
EJ

(
Cv
EJ

− ηs

)
+
MψNPKT
EJSL

)
;

9B =
1
EJ

;

9C =

(
SR
SL

+
Cv
EJ

− ηs

)
1
EJ

;

9D =
NPKT
EJ

;

9E =

(
Cv
EJ

− ηs

)
1
EJ

;

9F =
KT
EJSL

(12)

Furthermore, the control signals Vq(t) and Vd (t) for the
ω(t) and id(t), respectively, can be expressed in (13), where
CSQ(t) and CSD(t) are the switching control components of
the controller to be designed. It is worth noting that the torque,
Ta(t), the corresponding reference speed, ωref(t), and their
derivatives cannot be measured directly. Thus, their estimates
would be used by the controllers as illustrated as:

Vq(t) =
1
9F

(
− ¨̂ωref(t) − ηs ˙̂ωref(t) +9Aω(t) +9B

˙̂Ta(t)

+9CTe(t) +9Dω(t)id(t) −9ET̂a(t)

)
+

1
9F

CSQ(t);

Vd(t) = SRid(t) −
EL NP

KT
ω(t)Te(t) +

EL

ηi
CSD(t)

(13)

Finally, the two ST-SMCs for the ω(t) and id(t) were
designed based on (8), whereµQ1, µQ2, µ1, η2, ηD1, and µD2
are the positive control gains that determine the speed and
convergence of the control action as follows:

CSQ(t) = −µQ1 |Zω(t)|δ1 sign (Zω(t))− µQ2∫
sign (Zω(t)) dt

CSD(t) = −µD1 |Zi(t)|δ2 sign (Zi(t))− µD2∫
sign (Zi(t)) dt

µQ1, µQ2, µD1, µD2 > 0 ; 0 < (δ1, δ2) < 1

(14)

ii) Case 2: With uncertainties
In this scenario, the parameters of the PSMG-basedWECS

are changed. This reflects the reality of the system whereby
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the parameters can increase or change after continuous
operation or due to changes in temperature and other
environmental impacts. Thus, two constant parameters, stator
resistance (SR) and stator inductance (SL) change or deviate
from their respective nominal values. This phenomenon can
be referred to as the uncertainty affecting the original system.
Therefore, the original dynamics of (6) can be modified to
include the resulting uncertainties UQ(t) and UD(t) affecting
the control signals Vq(t) and Vd (t), respectively, as follows:

dω(t)
dt

= −
CV

EJ
ω(t) −

1
EJ
Te(t) +

1
EJ
Ta(t)

dTe(t)
dt

= −
SR
SL
Te(t) − NPKTω(t)id(t) −

MψNPKT

SL
ω(t)

+
KT

SL
Vq(t) + UQ(t)

did(t)
dt

= −
SR
SL
id(t) +

NP

KT
ω(t)Te(t) +

1
SL
Vd(t) + UD(t)

(15)

These uncertainties, which relate to the changes in the
system parameters, can be calculated for analysis using the
formulation of (16). In reality, it would be difficult to quantify
the exact variation of the individual parameter. As illustrated,
if none of the parameters change, i.e.,1SR and1SL = 0, the
uncertainties UQ(t) and UD(t) would certainly be zero. Thus,
these parameters would be deliberately changed to analyze
their behavior and impacts on the control system.

UQ(t) =

(
SR
SL

−

(
SR +1SR
SL +1SL

))
Te(t)

+

(
MψNP KT

SL
−

MψNP KT

( SL +1SL)

)
ω(t)

+

(
KT

SL
−

KT

( SL +1SL)

)
Vq(t)

UD(t) =

(
SR
SL

−

(
SR +1SR
SL +1SL

))
id(t)

+

(
1
SL

−
1

( SL +1SL)

)
Vd(t)

(16)

Assumption 1: The WECS perturbation terms UQ(t) and
UD(t) are considered as upper-bounded and satisfy the
Lipschitz continuity condition such that |UQ(t)| ≤ �Q and
|UD(t)| ≤�D, where�Q ∈ ℜ

+ and�D ∈ ℜ
+ are upper-limits.

iii) Case 3: Control with uncertainty compensation
In this case, the uncertainty terms of (16) were incorporated

into the control signal of (13) using the procedure of (7)
to (12). After simplification, the control signals can be
expressed in (17). However, the uncertainty terms cannot be
measured by the controller. Thus, the estimated uncertainties,
which would be determined using a disturbance observer,
would be utilized. In this analysis, the controller has
prior knowledge of the uncertainties, and its compensating
terms are incorporated into the control signal. Thus, the
effectiveness of the control for disturbance rejection would

be assessed.



Vq(t)=
1
9F

(
− ¨̂ωref (t) − ηs ˙̂ωref (t) +9Aω(t) +9B

˙̂Ta(t)
+9CTe(t) +9Dω(t)id (t) −9E T̂a(t)

)
−
SL
KT

ÛQ(t) +
1
9F

CSQ(t);

Vd (t) = SRid (t) −
SLNP
KT

ω(t)Te(t) − SLÛD(t) +
SL
ηi
CSD(t)

(17)

where CSQ(t) and CSD(t) are the switching control compo-
nents of the controller expressed in (14), while ÛQ(t) and
ÛD(t) are the DOB estimates of the perturbations UQ(t) and
UD(t), respectively.
Assumption 2: To simplify the subsequent stability analy-

sis, in addition to assumption 1, the perturbations are assumed
to obey the following:

SL
KT

UQ(t) ≤ ℧Q |Zω(t)|δ1 (18)

SLUD(t) ≤ ℧D |Zi(t)|δ2 (19)

with the controller parameters δ1 and δ2 as in (14) while℧Q ∈

ℜ
+ and ℧D ∈ ℜ

+ are upper-limits.

B. TORQUE AND UNCERTAINTY ESTIMATION
According to the control laws of (17), it is obvious that
the uncertainties, UQ(t) and UD(t), the torque, Ta(t), and its
variants, including the ωref, were not directly available to
the control. Thus, they need to be estimated using dynamic
estimators. However, the Ta(t) was estimated and analyzed
in our previous study [46]; hence, it would be considered
a known or measurable term. Nonetheless, the UQ(t) and
UD(t) would be estimated using the higher-order exponential
disturbance observer (HOEDO) as expressed in (20) and (21).
The HOEDO was chosen because it can provide more
accurate estimations than traditional observers.



ÛQ(t) = ∅1(t) + Nq
1Te(t)

˙̂UQ(t) = ∅2(t) + Nq
2Te(t)

¨̂UQ(t) = ∅3(t) + Nq
3Te(t)

∅̇1(t)=−Nq
1

(
−
SR
SL
Te(t) − NPKTω(t)id (t)

−
MψNPKT

SL
ω(t) +

KT
SL
Vq(t) + ÛQ(t)

)
+

˙̂UQ(t)

∅̇2(t)=−Nq
2

(
−
SR
SL
Te(t) − NPKTω(t)id (t)

−
MψNPKT

SL
ω(t) +

KT
SL
Vq(t) + ÛQ(t)

)
+

¨̂UQ(t)

∅̇3(t) = −Nq
3

(
−
SR
SL
Te(t) − NPKTω(t)id (t)

−
MψNPKT

SL
ω(t) +

KT
SL
Vq(t) + ÛQ(t)

)
(20)
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ÛD(t) = ϒ1(t) + Nd
1 id (t)

˙̂UD(t) = ϒ2(t) + Nd
2 id (t)

¨̂UD(t) = ϒ3(t) + Nd
3 id (t)

ϒ̇1(t) = −Nd
1

(
−
SR
SL
id (t) +

NP
KT
ω(t)Te(t)

+
1
SL
Vd (t) + ÛD(t)

)
+

˙̂UD(t)

ϒ̇2(t)=−Nd
2

(
−
SR
SL
id (t) +

NP
KT
ω(t)Te(t)

+
1
SL
Vd (t) + ÛD(t)

)
+

¨̂UD(t)

ϒ̇3(t)=−Nd
3

(
−
SR
SL
id (t) +

NP
KT
ω(t)Te(t)

+
1
SL
Vd (t) + ÛD(t)

)
(21)

whereØi(t) andϒi(t) denote the observer auxiliary variables,
Nq
i and Nd

i represent the observer gains for the UQ(t) and
UD(t) estimations, respectively, for i = 1,2,3.
Analysis of Estimation Convergence: The approach for

the convergence analysis ofUQ(t) andUD(t)would be similar.
Thus, one observer is considered, whereby the estimation
error is defined in (22). After substituting the estimation
formulation and using the system dynamics of (6), the error
dynamics can be expressed in (23).

ŨQ1(t) = UQ(t) − ÛQ(t) ;

ŨQ2(t) = U̇Q(t) −
˙̂UQ(t) ;

ŨQ3(t) = ÜQ(t) −
¨̂UQ(t)

(22)


˙̃UQ1(t) = ŨQ2(t) − Nq

1 ŨQ1(t)
˙̃UQ2(t) = ŨQ3(t) − Nq

2 ŨQ1(t)
˙̃UQ3(t) = −Nq

3 ŨQ1

⇒


˙̃UQ1(t)
˙̃UQ2(t)
˙̃UQ3(t)

 =


−Nq

1 1 0

−Nq
2 0 1

−Nq
3 0 0


 ŨQ1(t)ŨQ2(t)
ŨQ3(t)

 (23)

Theorem 2. According to the error formulation of (23),
the corresponding characteristics equation can be determined
in (24). Therefore, it is obvious that if the observer gains
N q
i and Ndi for the UQ(t) and UD(t) are calculated such

that (24) is Hurwitz [47], the uncertainty estimation errors
will decay to zero asymptotically.{

s3 + Nq
1 s

2
+ Nq

2 s+ Nq
3 = 0

s3 + Nd
1 s

2
+ Nd

2 s+ Nd
3 = 0

(24)

Remark 1: Generally, low wind speeds are much easier
to estimate due to the slow varying nature of the wind
profile. The high wind speed is often challenging to estimate
satisfactorily. In this regard, many researchers assumed wind
profiles to vary slowly, simplifying the torque estimation.
However, in reality, the wind speed can change fast,
which requires better estimation techniques. In our recent
preliminary study [46], the performance of the proposed
estimation was investigated for a wide range of wind speeds
ranging from low to extremely fast-changing profiles. In all

cases, the observer can effectively estimate a wide range of
wind profiles, including low and high speeds.

V. STABILITY ANALYSIS OF THE CONTROL SYSTEM
In this section, the stability of the closed-loop WECS is
investigated, and formulations to estimate the finite-time
convergences of trajectories will also be derived. We will
analyze the stability of the closed-loop system for the case
with uncertainties and DOB estimates.
In the event that assumption 2 is satisfied, the

super-twisting control design parameters µQ1 ∈ ℜ
+,

µQ2 ∈ ℜ
+, µD1 ∈ ℜ

+, and µD2 ∈ ℜ
+can be designed based

on the relationship [48]:
µQ1 > 2℧Q; µQ2 ≥ µQ1

5µQ1 + 4℧Q

2
(
µQ1 − 2Q

)℧Q

µD1 > 2℧D; µD2 ≥ µD1
5µD1 + 4℧D

2 (µD1 − 2℧D)
℧D

(25)

Theorem 2: For the WECS of (15) in the context of (16)
and estimators (20) and (21), if the sliding surfaces are
designed as (8) and the control laws designed as (17) and (14)
with gains satisfying (25), then the sliding surfaces Zω(t)
and Zi(t) are bounded-time stable. Moreover, estimates of
convergence times for trajectories originating at Zω(0) = Zω0
and Zi(0) = Zi0 are respectively not larger than:

TZω =
λmax

{
PZω

}
δ1λ

δ1
min

{
PZω

}
λmin

{
QZω

}V δ1ω {Zω0}

TZi =
λmax

{
PZi
}

δ2λδ2min
{
PZi
}
λmin

{
QZi

}V δ2i {Zi0}
(26)

Proof of Theorem 2: Like in the recent work of
Alhassan et al. [49], let us take two positive definite (PD)
functions Vω and Vi which are radially unbounded (RU) in
Euclidean space as possible Lyapunov functions given by:{

Vω = ξTωPZωξω
Vi = ξTi PZiξi

(27)

where ξω ∈ ℜ
2×1, ξi ∈ ℜ

2×1,PZω ∈ ℜ
2×2, and PZi ∈ ℜ

2×2,

are, respectively, defined as follows: ξω =

[
ξω1 ξω2

]T
=
[
|Zω(t)|δ1 sign (Zω(t)) Wω

]T
ξi =

[
ξi1 ξi2

]T
=
[
|Zi(t)|δ2 sign (Zi(t)) Wi

]T
(28)

Wω = µQ2

∫
sign (Zω(t)) dt;Wi = µD2

∫
sign (Zi(t)) dt

PZω =
1
2

[
µ2
Q1 + 4µQ2 −µQ1

−µQ1 2

]

PZi =
1
2

[
µ2
D1 + 4µD2 −µD1

−µD1 2

] (29)

For simplicity, let us define ∥γω∥
1/δ1 = |Zω(t)|+Wω

1/δ1 and
∥γi∥

1/δ2 = |Zi(t)| +W 1/δ2
i . Thus, since the functions Vω and
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Vi are PD and RU, the following inequality set is satisfied:{
λmin

{
Pzω
}
∥γω∥

1/δ1 ≤ Vω ≤ λmax
{
Pzω
}
∥γω∥

1/δ1

λmin
{
Pzi
}
∥γi∥

1/δ2 ≤ Vi ≤ λmax
{
Pzi
}
∥γi∥

1/δ2

(30)

where λmin {·} and λmax {·} signify the least and largest
eigenvalues, respectively. At this juncture, the derivatives
of our possible Lyapunov functions Vω and Vi can be
respectively expressed as:

V̇ω = −
1

|Zω(t)|δ1

[
ξTωQ1Zωξω −

SL
KT

ÛQ(t)Q2Zω
Tξω

]
V̇i = −

1

|Zi(t)|δ2

[
ξTi Q1Ziξi − SLÛD(t)Q2Zi

Tξi

]
(31)

When we invoke Assumption 2, we can easily obtain:
V̇ω≤−

1

|Zω(t)|δ1
ξTωQZωξω ≤

1

|Zω(t)|δ1
λmin

{
Qzω

}
∥ξω∥

1/δ1

V̇i ≤ −
1

|Zi(t)|δ2
ξTi Qziξi ≤

1

|Zi(t)|δ2
λmin

{
Qzi
}
∥ ξ

ξ
i

∣∣∣1/δ2
(32)

where

QZω =
µQ1

2[
µ2
Q1 + 2µQ2 −

(
4µQ2
µQ1

+ µQ1

)
℧Q −

(
µQ1 + 2℧Q

)
−
(
µQ1 + 2℧Q

)
1

]
QZi =

µD1

2[
µ2
D1 + 2µD2 −

(
4µD2
µD1

+ µD1

)
℧D − (µD1 + 2℧D)

− (µD1 + 2℧D) 1

]
(33)

In the event that the super-twisting law gains are designed
to satisfy Eq. (25), QZω > 0 and QZi > 0 (i.e., PD) are
feasible by employing Eq. (28). Hence, V̇ω < 0 and V̇i < 0
are achieved. Equation (32) can be referred to and the fact
expressed as in Eq. (34):

|Zω(t)|δ1 ≤ ∥γω∥ ≤
V δ1

λδ1min
{
PZω

} ; ∥γω∥ ≥
V δ1

λδ1 max
{
Pzω
}

|Zi(t)|δ2 ≤ ∥γi∥ ≤
V δ2

λδ2min
{
Pzi
} ; ∥γi∥ ≥

V δ2

λδ2max
{
Pzi
}
(34)

to obtain Eq. (35):
V̇ω ≤ −

λ
δ1
min

{
PZω

}
λmin

{
QZω

}
λmax

{
PZω

} V δ1

V̇i ≤ −
λ
δ2
min

{
PZi
}
λmin

{
QZi

}
λmax

{
PZi
} V δ2

(35)

The expression just presented is an initial value problem
whose solution we are after. To proceed, let us consider the
case that the solution of the following initial value problem.{

v̇ω(t) ≤ −cωv
δ1
ω (t); vω (t0) = vω0

v̇i(t) ≤ −civ
δ2
i (t); vi (t0) = vi0

(36)

TABLE 2. Simulation parameters.

is given by Eq. (32):{
vω(t) = (vω0δ1 − δ1cωt)

1
δ1 ; vi(t) = (vi0δ2 − δ2cit)

1
δ2

(37)

signifies that both vω(t) and vi(t) converge to zero within
finite times Tsω and Tsi respectively given by:{

Tsω =
vδ1ω (t0)
δ1cω

;Tsi =
vδ2i (t0)

δ2ci
(38)

By employing the theory of comparison of [50], it happens
that Vω(t) ≤ vω(t) and Vω(Zω0) ≤ vω0. Similarly, Vi(t) ≤

vi(t) and Vi(Zi0) ≤ vi0. In this way, by invoking Eq. (37),
Vω(t) and Vi(t) can be found, where cω and ci in this context
are presented as Eq. (39). Thus, Zω(t) and Zi(t) grasp the
origin at most after finite times respectively expressed as in
Eq. (40).

cω =
λδ1 min

{
Pzω
}
λmin

{
Qzω

}
λmax

{
PZω

}
ci =

λδ2min
{
PZi
}
λmin

{
Qzi
}

λmax
{
PZi
} (39)


Tω =

λmax
{
PZω

}
δ1λδ1min

{
PZω

}
λmin

{
QZω

}V δ1 (Zω0)
Ti =

λmax
{
PZi
}

δ2λδ2min
{
PZi
}
λmin

{
QZi

}V δ2 (Zi0) (40)

Remark 2: In most studies, the controller and observer
gains are selected using a trial-and-error approach. However,
in this study, the parameters were chosen based on theoretical
analysis, such as Lyapunov-based methods and estimation
error convergence analysis. The controller and observer gains
are presented in Table 2. The gains are selected according
to Eqs. (14) and (25) to ensure stability and fast estimation
convergence. Furthermore, the in-built optimization feature
of MATLAB was used to obtain optimal gains while meeting
the stability criteria. It is evident from the corresponding
responses that effective shaft-speed tracking and uncertainty
estimation were achieved.

VI. RESULTS AND ANALYSIS
To analyze the performance of the designed controllers and
the proposed observer, the dynamic formulations of (6)
for the PMSG-based WECS and the observer dynamics
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FIGURE 3. The block representation of HOEDO-based ST-SMC control of WECS with uncertainty estimation and compensation.

of (20) and (21) were simulated in the MATLAB environ-
ment, as illustrated in Fig. 3. It is worth noting that when the
wind acts on the turbine blades, it creates an aerodynamic
torque. However, the torque cannot be measured directly;
thus, it is considered an external disturbance to be estimated
by the observer. Thus, the observed Ta(t) and its auxiliary
terms were fed to the controllers along with the observed
parametric uncertainties related to the parameters of the
PMSG. So, the controllers have prior knowledge of the
uncertainties for better robustness and effective shaft-speed
tracking.

The model parameters of Table 1 and the control gains
of Table 2 were considered. The synthetic wind profile of
Fig. 4, using the modified dynamics of (41), was used for
the analysis, where Aw and fw represent the amplitude and
frequency of the wind profile, respectively. To further assess
the performance of the controllers, the real wind profile
from wind farm data, as shown in Fig. 4, was used for the
validation. In all cases, the simulation analysis was conducted
for 100 seconds to allow for a comprehensive analysis of the
control system.
v(t) =

Aw


10 + 0.55 (sin (0.2π fwt)− 0.875 sin (0.6π fwt)

+0.75 sin (π fwt)− 0.625 sin (2π fwt)

−0.5 sin (6π fwt)+ 0.25 sin (10π fwt)

+0.125 sin (20π fwt)


(41)

A. SHAFT SPEED TRACKING UNDER PARAMETRIC
UNCERTAINTIES
Figure 4 shows the response of the aerodynamic torque
and its estimation using the HOEDO. As illustrated, the
torque was estimated satisfactorily as it followed the desired
torque well. This torque estimation was then incorporated
into the controllers to generate appropriate control signals
for the WECS, as illustrated in (13) and (14). In addition,
the response of the parametric uncertainty estimation for
UD(t) and UQ(t) was illustrated in Fig. 4 for the combined
uncertainties of resistance and inductance in the d and q axes,
respectively. In both cases, the estimation was satisfactory.

B. DISTURBANCE AND PARAMETRIC UNCERTAINTY
ESTIMATIONS
Herein, the performance of the two controllers is investi-
gated in terms of tracking errors under different operating
scenarios. Thus, the main objective of the work is to
achieve precise speed tracking of the generator for maximum
power harnessing of the wind source. The following three
scenarios were analyzed for a comprehensive assessment of
the designed controller’s performance:

Case 1: The speed tracking is analyzed using the nominal
values of the PSMG-based WECS of Table 1 and the
formulation of (6) without any uncertainty. Thus, the ideal
behavior of the control system will be investigated.

Case 2: In this case, the three parametric uncertainties
relating to system parameters, namely, resistance and induc-
tance, i.e. UQ(t) and UD(t) of (16), were considered. These
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FIGURE 4. The estimation performance of the designed observers for wind speed (v ), aerodynamic torque (Ta), and parametric
uncertainties (UD and UQ) using synthetic and real-wind data. In both cases, the wind speed and the disturbances were estimated
satisfactorily.

FIGURE 5. The Performance of SMC and ST-SMC with PMSG’s nominal values without any uncertainty (Case 1); (a) Speed tracking; (b) Tracking
error (ω-ωref).

parameters were chosen because they will inevitably change
from their nominal values after long-term operation. Thus,
the nominal resistance was increased by 50%, whereas the
inductance was decreased by 2%. Therefore, the controller’s
robustness would be tested in the presence of these parametric

uncertainties. Hence, the reliability of the control schemewill
be tested and analyzed.

Case 3: Here, the disturbance rejection mechanism is
incorporated into the controllers such that the uncertainty
compensation is part of the controllers, as shown in (17).
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FIGURE 6. Performance of SMC and ST-SMC for the three cases with only changes of stator resistance (1SR = +50%)
using synthetic wind profile. It is obvious that the changes in resistance affect the performance of SMC, but the
impact was satisfactorily compensated for using the disturbance observers (case 3). On the one hand, the ST-SMC
demonstrates inherent robustness to the associated uncertainty.

FIGURE 7. Performance of SMC and ST-SMC for the three cases with only changes of stator resistance (1SR = +50%)
using real wind profile. It is obvious that the changes in resistance affect the performance of SMC, but the impact was
satisfactorily compensated for using the disturbance observers (case 3). On the one hand, the ST-SMC demonstrates
inherent robustness to the associated uncertainty.
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FIGURE 8. Performance of SMC and ST-SMC for the three cases with only changes of stator inductance (1SL = −2%)
using synthetic wind profile. The changes in inductance caused the SMC to be unstable, but the impact was
satisfactorily compensated using the disturbance observers (case 3). On the one hand, the ST-SMC demonstrates
inherent robustness to the associated uncertainty.

FIGURE 9. Performance of SMC and ST-SMC for the three cases with only changes of stator inductance (1SL = −2%)
using real wind data. The changes in inductance affect the SMC significantly, but the impact was satisfactorily
compensated for using the disturbance observers (case 3). On the one hand, the ST-SMC demonstrates inherent
robustness to the associated uncertainty.
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FIGURE 10. The performance of SMC and ST-SMC for the three cases with simultaneous changes in stator resistance
and inductance (1SR = +50% and 1SL = −2%) using synthetic wind profile. The combined changes affect the SMC
significantly, but the impact was satisfactorily compensated using the disturbance observers (case 3). On the one
hand, the ST-SMC demonstrates inherent robustness to the combined uncertainties.

FIGURE 11. The performance of SMC and ST-SMC for the three cases with simultaneous changes in stator resistance and
inductance (1SR = +50% and 1SL = −2%) using real wind data. The combined changes affect the SMC significantly, but
the impact was satisfactorily compensated using the disturbance observers (case 3). On the one hand, the ST-SMC
demonstrates inherent robustness to the combined uncertainties.
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FIGURE 12. Implementation of the SMC and ST-SMC with the change of stator resistance (1SR = +20%); (a) Trajectory of the
sliding surface for SMC; (b) Trajectory of the sliding surface for ST-SMC. The STMC drove the states to their origins and stayed
there, unlike the SMC, which caused visible chattering at the origin.

Thus, the controllers’ ability to compensate for the uncertain-
ties would be assessed.

Figure 5(a) shows the response of the speed control
performance for the nominal values of the system without
any uncertainties using the synthetic wind profile of Fig. 4.
The corresponding tracking error demonstrated that the ST-
SMC within error within ±0.02 rad/s has better tracking
performance compared to the traditional SMC, with an error
within ±0.06 rad/s, as shown in Fig. 5(b). Moreover, the
ω(t) tracking performance, corresponding tracking errors,
and the control signals Vq(t) and Vd(t) for each of the three
cases are presented in Figs. 6-11. The results demonstrate
the effectiveness of the ST-SMC even in the presence
of unknown disturbance. On the other hand, the SMC’s
performance deteriorates in the presence of disturbance (Case
- 2). Moreover, the control was validated using real wind
data from a wind farm, and the corresponding responses were
presented. As shown, the performance of the control followed
a similar pattern to that of the synthetic wind response, where
the ST-SMC demonstrated superior performance. Finally, the
control Vq(t) and Vd(t) for each control were analyzed for
the two different wind profiles, as shown. It is worth noting
that the SMC exhibits a lot of chattering effects, which would
adversely affect the actuation in practical implementations.

Remark 3: The estimation error is the primary metric
for evaluating DOB performance. As shown in Fig. 4, the
proposed HOEDO achieves a minimal error of 0.05 N·m
in torque estimation, significantly outperforming the gen-
eralized disturbance observer (GDO) [51], generalized
high-order disturbance observer (GHODO) [52], and high-
order optimal disturbance observer (HOODO) [39], which
reported errors as high as 0.6273 N·m. This demonstrates
HOEDO’s superior estimation, enabling improved shaft-
speed tracking, and better energy harnessing.

C. DISCUSSIONS
As earlier stated, unmatched disturbances, including para-
metric uncertainties, were complex for the SMC to handle.
Figure 13 (a)-(b) shows the typical implementation of the
SMC and ST-SMC algorithms. The control mechanism
forced the states of interest to follow the predefined trajectory
from the initial position to the final desired position (origin).
However, chattering generally occurs on the sliding surface
using the traditional SMC, which is mitigated using the
advanced ST-SMC. This process can be clearly identified
where the SMC struggles to settle at the original, particularly
in the presence of uncertainties (Case 2), as compared to the
ST-SMC.
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TABLE 3. Summary of shaft speed tracking perfromance of the SMC AND ST-SMC using synthetic and real wind profiles.

FIGURE 13. The RMSE of the overall response (0 – 100 sec) of the speed tracking using the real-wind data; (a) Although the SMC
was ineffective in rejecting the uncertainties, the compensation mechanism (case 3) significantly rejects the parametric
uncertainties (case 2); (b) The ST-SMC demonstrates strong robustness to parametric uncertainties as compared to its
performance without the uncertainties (Case 1). A slight improvement can be observed using the compensation mechanism for
the ST-SMC (Case 3).

In the preceding sections, the SMC and ST-SMC algo-
rithms were analyzed according to their ability to handle
uncertainties and unmatched disturbances. The disturbance
compensation performance was investigated using three
different cases. Firstly, the controllers’ performance was
compared without changing the system parameters (Case 1),
i.e., using nominal plant dynamics. Then, the unmatched dis-
turbance was introduced to the system by changing the stator
resistance and inductance value by some percentage. Finally,

the compensation scheme was designed using the disturbance
observers. In each case, the control performance using the
synthetic wind and the real wind data from a wind farm
were analyzed. Table 3 Summarized the overall performance
of the controllers using two popular performance indices,
namely, root mean square error (RMSE) and mean absolute
error (MAE) of the speed tracking (ω-ωref). To have a better
comparative analysis, the transient response (0-10 sec) and
the overall response (0-100 sec) were analyzed.
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Although the RMSE is generally higher than the MAE,
both describe the deviation between the reference and
actual signals. Low values indicate more accurate control
performance in each case and vice versa. Table 3 shows that
both MAE and RMSE have a similar pattern. Thus, to clearly
demonstrate the effectiveness of controllers, the visualization
of the summarized results of Table 3 is presented using the
RMSE of real-wind data. As shown in Fig. 12(a), the response
of SMC without compensation (case 2) is ineffective as it
deviates significantly from the original response (case 1) of
1.42 rad/s to 14.93 rad/s when the stator inductance was
changed. However, the control was not much affected when
only the resistance changed (2.11 rad/s). Nonetheless, the
compensation mechanism (case 3) shows the effectiveness
of the parametric uncertainty estimation and compensation.
On the other hand, Fig. 12(b) demonstrates the superior
inherent uncertainty rejection of the ST-SMC, demonstrating
a little deviation from the original response (case 1) of
1.24 rad/s to 1.53 rad/s compared to SMC.

In summary, the analyses demonstrated that the com-
pensation mechanisms using uncertainty estimation could
improve the speed-tracking performance of the wind turbine
generator, particularly for the traditional SMC. Although
the performance of the ST-SMC was enhanced slightly,
its inherent robustness can effectively reject the para-
metric uncertainties associated with the changes in stator
inductance and resistance of the generator. Thus, the
ST-SMC not only minimizes the chattering problem of
the SMC but also improves its robustness to parametric
uncertainties.

VII. CONCLUSION AND FUTURE WORK
This study investigates the impact of the generator’s para-
metric uncertainties due to changes in stator resistance and
inductance on the shaft speed tracking of WECS using SMC
and ST-SMC algorithms. The uncertainties were expressed as
a lumped disturbance and effectively estimated using the con-
cept of disturbance estimation. The controllers demonstrated
significant speed tracking when the nominal parameters of
the WECS were used. However, the performance of the
traditional SMC was significantly affected when the uncer-
tainties were introduced. Remarkably, the performance was
greatly improved when the compensation mechanism was
incorporated into the control scheme. The overall response
of the controllers using the speed tracking error performance
indices (RMSE and MAE) shows that the advanced ST-
SMC has superior robustness to parametric uncertainties
as compared to the traditional SMC. The analyses show
that the proposed scheme could be satisfactorily applied
for sensorless wind speed estimation and control of the
turbine’s shaft speed for optimal harnessing of wind energy,
even in the presence of inevitable parametric uncertainties.
Finally, this research focuses on the turbine-generator side
of the WECS. However, the grid is often characterized by
voltage fluctuations and harmonic distortion due to different
loading conditions. Therefore, the possible application of the

DOB-based ST-SMC for grid integration would be the focus
of our future work.

Moreover, the study validated the control method using
simulation studies, limiting generalizability. Future work
should implement the study in hardware-in-the-loop setups
for further practical insights.
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